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1. Introduction

For self-adjoint matrices, there are formulas for the eigenvalues in the form of Rayleigh quotients; more precisely, max-, min-, minmax-, and
maxmin-formulas are known; for this, see, e.g., the book [12, Section 5.4].

In the present paper, we obtain corresponding formulas for the real and imaginary parts as well as for the moduli of the eigenvalues of a
diagonalizable matrix. First, these formulas are of interest on their own in Linear Algebra. Second, these are also of potential interest, for
example, in the theory of linear dynamical systems. The reason for this is as follows. The real parts of the eigenvalues multiplied by the time
are equal to the arguments of the exponential functions that describe the decay behavior of the solution (see, e.g., [4, Section 7.1, p.2011,
Formulas (89), (90)]). Further, the system is asymptotically stable if the real parts of all eigenvalues are negative. Moreover, when the
eigenvalues are pairwise conjugate-complex, then the moduli of the imaginary parts are the circular damped eigenfrequencies of the system
(see, e.g., [4, Section 7.1, p. 2011, (89)]).

The paper is structured as follows.

In Section 2, preliminary materials are assembled on biorthogonality relations for the eigenvectors of a diagonalizable matrix A and the
eigenvectors of A* that will be useful in the sequel. Moreover, the construction of positive semi-definite matrices R; and of the positive
definite matrix R = Z;?:I R; is reviewed where the last one is employed to define a weighted scalar product (-,-) that plays a key role
in deriving the new results. In Sections 3, 4, and 5, formulas for the Rayleigh-quotient representation of the real parts, imaginary parts,
and moduli of the eigenvalues of a diagonalizable matrix are given, as the case may be. In Section 6, a connection between the matrices
R! %,R*I RAE;“‘*R, and R~ 'A*RA is established that play a key role in the study of the real parts, imaginary parts, and moduli of the
eigenvalues of A, respectively. Section 7 describes the applications and Section 8 a numerical example. Finally, Section 9 contains the
conclusions and an outlook on to future work. The non-cited references [1], [7], [8], [9], [10], and [11] are given because they may be useful
to the reader in the context of the present paper.

2. Preliminaries

As a preparation to Theorem 2.1, we formulate the following conditions (C1) - (C4):
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(Cl) Aec™n

(C2) A is diagonalizable, and A;, i =1,--- ,n are the eigenvalues of A as well as p;, i = 1,--- ,n the associated eigenvectors

(C3) uf,i=1,---,n are the eigenvectors of A* corresponding to the eigenvalues Aii=1,-- nof A*

CH Li#Aji#ji,j=1,--,n

Based on Theorem 2.1, in Theorem 2.2 the positive semi-definite matrices R; and the positive definite matrix R = ):'}:1 R; are constructed,
they play a key role in the subsequent sections.

We mention that, even though condition (C4) may be omitted, it is nevertheless useful here since it will turn out to be fulfilled in the
numerical example in Section 8 and since the biorthogonal system in Theorem 2.1 can be constructed more easily than without this condition.
As a consequence, also the matrices R; and R can be computed more easily than without condition (C4).

The material in this section is known, i.e. this is a review section. Therefore, the compiled results are given without proofs. But, it is indicated
where the proofs can be found. Now, two theorems follow.

Theorem 2.1. (Biorthogonality relations with A; # Aj, i # j,i,j=1,---,n)
Let the conditions (C1) - (C4) be fulfilled. Then, after appropriate normalization of the eigenvectors p;, i=1,--- ,nand u},i=1,---,n, one
has the biorthogonality relations

(pi7uj):6ija i?jzla“'an7 (21)
where (-, ) is the usual scalar product on C”.
Proof. See [2, Theorem 1]. O

Theorem 2.2. (Construction of positive definite matrix R)

Let the conditions (C1) - (C4) be fulfilled. Let ot; = A;(A) be the eigenvalues and u; be the associated left eigenvectors of A for j=1,--- ,n;
further, let A* € C"*" be the adjoint matrix of A so that uj are the right eigenvectors of A* corresponding to the eigenvalues @; of A* for
j=1,---,n,ie.,

ujA:ajuj, j: 17“' ,n
and
A =0gu;, j=1,,n.
Let
pj:OTj+Olj=2ReOtj=2Re(Xij,j=1,-~~,n, 2.2)
Gj = (xjfij=2ilmocj, j= 1,-'- N,
and
Rj:ujuj,j:1,~-~,n. (23)
Then,
A'Rj+RA=pjR;j, j=1,.n, 2.4)
RjA*A*RjZO'jRj., j:1,~-~,n. 2.5)
In other words: The matrix eigenvalue problem
AV +VA=puv

has the n solution pairs

(1, V) = (pj:Rj)
with real p;, and the matrix eigenvalue problem

VA—A*V =puV
has the n solution pairs

(1, V) = (), R;)

with purely imaginary o;.
The matrices R; € C"*" are positive semi-definite for j = 1,---,n. Further,

R:=

-

R; (2.6)

j=1

is positive definite.
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Proof. The assertions on (2.4) and on R; and R follow from [5, Theorems 4 - 6]. The proof of (2.5) is derived in a similar way as for

(2.4).
Remark 2.3. Since R in (2.6) is positive definite, by
(u,v)R := (Ru,v), u, ve C",
a weighted scalar product (-, -)g is defined and by
ullg == (Ru,u)?, ueC™,

a weighted norm || - ||g.

O

Remark 2.4. For definiteness, one can assume condition (C4) for Theorem 2.2. But, as [3, Theorem 4] shows, Theorem 2.2 is valid without

this condition.

3. Formulas for the representation of the real parts of the eigenvalues of a diagonalizable matrix

In this section, we want to derive formulas for the representation of the real parts of the eigenvalues of a diagonalizable matrix A by Rayleigh
quotients. More precisely, max-, min-, minmax-, and maxmin-representations are obtained corresponding to associated formulas for the

eigenvalues of self-adjoint matrices, assembled, for instance, in the book [12, Section 5.4].

First, we want to derive a relation corresponding to that of [12, Section 5.4(18)]. This is done in the following Formula (3.2).

Lemma 3.1. Let the conditions (C1) - (C4) be fulfilled. Then, with the denotations of Theorem 2.2,

n
(Au,u)g Z ) (u,u);, u€C"
=1

leading to
n
Re(Au,u)p =Y ReAj(A) (u,u)g,, ucC".
j=1
If matrix A is, beyond this, asymptotically stable, i.e., if
Relj(A) <0, j=1,---,n,

then

e(Au,u)R Z\Rel u,u)g;, u€C",

so that, in this case,
Re(Au,u)g <0,0#ucC"

and

[Re (Au,u)g| =Y |ReAj(A)| (u,u)g,, ucC".

Proof. Letu € C". Then from Theorem 2.1,
n
u=Yy (u, u;)pj

implying
(Au7 M)R = (RAL{, u) = (AM,RM)

= kf’, (u,u’; )(u u;)(Apj,Rpy)

3.1)

3.2)

(3.3)

3.4)

(3.5)

(3.6)

3.7)

(3.8)
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since
(M.,M)Rj = (Rju7u) = (u;uju,u) = (Mju7uju) = |MJM|2 = |(u7u;)‘2' (39)
So, (3.1) is proven. The rest is clear. O

Next, we have

Lemma 3.2. Let the conditions (C1) - (C4) be fulfilled. Further, let matrix A be asymptotically stable. Then, A*R + RA is negative definite.

Proof. From (2.4) and (2.2), we obtain

(—=[A*R+ RA]u,u)

i —p;j) (u,u)r, =2 Z’lRe Aj(A)) (u,u)r,
Jj=1 J

n
= 2 |Re A;(A )
; e i, U)R, (3.10)
> 2 min |Rel;(A
> nlun |[ReA;(A)| Z u,u)R
= co(Ru,u) >0, O#MGC”
with ¢ =2 'rrllin [ReA;(A)] > 0. O
j=1,
Next, we want to define vector spaces similar to those in [12, Section 5.4,(23)].
Comparing the formulas in [12, Section 5.4,(17)] and (3.2), one is led to define here the following vector spaces.
M :=C" My:={ueC"|(uu)g, =0,i=1,2,--- k—1}, k=2,--- |n. (3.11)

The next lemma characterizes these spaces.

Lemma 3.3. Let the conditions (C1) - (C4) be fulfilled as well as {py,---,p,} and {u],--- ,u;} be a biorthogonal set of eigenvectors of A
and A*, i.e., such that

(pjsup) = 8jk, jok=1,--,n.
Then,
My = [prs Prg1, - Pul, k=1,--- ,n. (3.12)
Proof. The proof is done for k = 3. The general case can be made by induction. So, we have to prove
={ueC"[(u,u)r, =0, (u,u)r, =0} = [p3,pa,--+, pal- (3.13)

(1) [p37p47“' ale CM3:
Letu € [p3,p4,- -, pn). Then, u = Z;f:3 Bjpj with elements ; € C, j=3,--- ,n. Let s € {1,2}. This entails, due to Theorem 2.1,

(u,u)r, = Zn: BB pn = Y BiBeuusppe)

TM=

jk:3 Jik=3
= Z BB (i (uspj).pe) = Y, BiB(ui(pj.ui), pe)
J.k=3 Jok=
ﬁ

3
= ) BiBidi(ul, pi) = BiSs O =
=3

TM=

J

Therefore, (u,u)g, =0, s = 1,2 and thus u € M3 so that [p3, p4,--- , ps] C M3 is proven.

(11) M3 - [p3ap47“' 7pn}:

Let u € M3. This implies (u,u)g, =0, s = 1,2 or (Ryu,u) = (u}usu,u) = (e (u,u?),u) = (w,u?) (u},u) = (w,u) (u,u?) = |(u,ul)|> =0, s =
1,2, that is,

(u,ul) =0, s=1,2.

Thus,
u € [u},u3)*. (3.14)
Now,
[}, 103) @ [uf w5~ =€
Since also

[u’l‘?u;]@[u;,uL 7”2] :Cna
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we deduce
[}, s = g, ). (3.15)
So, according to (3.14) and (3.15),
ue uz,uy, - uy).

Thus, there exist elements 93, -+, 7%, € C such that

U= }L:[P37P4-,"'>Pn]-

viuj € [p1,p2

n
=3
This completes the proof of the assertion. O
Similarly to [12, Section 5.4,(22)], we suppose that the eigenvalues A;(A),---,A,(A) of matrix A are arranged such that

ReAy(A) > ReAn(A) > - > Re Ay(A). (3.16)

If A is asymptotically stable, (3.16) is replaced by

[Re Ay (A)] > [ReAa(4)] = -+ > |Re Au(A)]. (3.17)
One has
Theorem 3.4. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to (3.16). Moreover, let the
vector spaces My, k=1,--- ,n be defined by (3.11) or (3.12).
Then,
Re(A
Rely(A) = max Re(Auwr 4 15 . . (3.18)

0FucM; (%”)R

If matrix A is, beyond this, asymptotically stable, i.e., if (3.2) is valid and if the eigenvalues are arranged according to (3.17), then also

Re(A
IRe A (A)| = max [Re(Auwr] 4 45 (3.19)
0F£ueMy (M,M)R
The maximum is attained for u = py.

Proof. There are two methods to derive this theorem.
Method 1: One uses equation (3.2) as starting point, i.e.,

n
Re(Au,u)p = Y ReA;(A)(Rju,u), ucC".
j=1

Choosing k € {1,---,n} fixed and u € My, using (3.11), one obtains

n n
Re(Au,u)p = Y ReAj(A)(Rju,u) < max Reldj(A) Y (Rju,u)
= =k, n =
n
= ReX(A) Z (Rju,u) = Re A (A) (u,u)g,
j=1
that is,
Re(A
Refdu,u)r _ ReA(A), 0 u € My
(M,M)R
and thus
Re(A
max  XeA®WR ReAg(A). (3.20)
04ueM;  (u,u)R
Now, the maximum is attained for u = p;, € My, that is,
Re(A Re(A
ReAg(A) = Re(Apy, )R < Re(Au,u)r < ReAg(A)
(P> P)R -~ 0£ueM  (u,u)R

so that the assertion (3.18) is proven.

Relation (3.19) is proven in the same way as (3.18), but based on (3.6) instead of (3.2) and (3.17) instead of (3.16).

Method 2: Let A;(R™! %) be the eigenvalues of R~ % and v; = v;(R! ’%) be the corresponding eigenvectors for j =
1,2,--- ,n. Define

MP = M® = e C" (v =0,j=1,- k—1}, k=2, n.



Journal of Mathematical Sciences and Modelling

87

From [12, Section 5.4(24)], it follows that
. RIARERA,
Ae(RTVARERAY oy R T wuwr
OyéueM,ER) (Mvu)R

asR™! A*R%RA is self-adjoint in the scalar product (-,-)g. Since from [6, Theorem 6, (25)]

Ap(R™TATERA) = Rey(A)
and further
(R™MARERA 1y y)g = Re (Au,u)g, u€ C",
we obtain

Re (A
ReA;(A) = max M.
o )k

Now, also due to [6, Theorem 6, (26)],

vj=vi(RTAEH) = py=pj(A), j=1,2,+n.
Therefore,

(u,vj)r = Yi_i(w,Ryv;) =Y (u,ufup;)
= Z?:](u7u7(pj7u7)):Z?:](uvu;kajl)
= (uau;)7j:1727"’7k71

so that
R)  _ n Np—0. i=1 .- k—
M, = {ucl"|(u,vj)p=0,j=1,--- ,k—1}

{MGC”‘(MI[;)Z(),‘]:LJ{*I}

[pk7pk+la"' 7[7;1] =My, k=1,2,--- ,n.

Thus, Formula (3.18) is proven.

Summarizing, in the first method, one follows a similar way as in the case of self-adjoint matrices A, and in the second method, one reduces
the case of diagonalizable matrices to the case of self-adjoint matrices by using a self-adjoint matrix that has the eigenvalues ReA;(A). O

From the two proofs of Theorem 3.4, it is clear that one can carry over many results from the self-adjoint case to the case of diagonalizable

matrices. In the sequel, we shall do so essentially without giving proofs.

So, we have the following further Rayleigh-quotient representations corresponding to [12, Subsection 5.4, (25)] in the case of self-adjoint

matrices.
One has the following theorem.

Theorem 3.5. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to (3.16).
Then, for every j = 1,--- ,n and every subspace M C C" with dimM = m = n+ 1 — j, the following inequalities are valid:

Re(Au,u)

Rej(A) < max R < ReMi (A),

04ueM  (u,u)R

and the following representation formulas hold:

Re(A
ReAj(A)= min max m-
' dimM=m0£ueM  (u,u)R

If matrix A is, beyond this, asymptotically stable and the eigenvalues are arranged according to (3.17), then also

Re(A
|[ReAj(A)]= min max M,
dimM=m 0#£ueM (M,M)R

Remark 3.6. From (3.21), it follows

Re(A
Re(Aur g1 = max ReAj(A), 0£ucC™.
(u,u)R j=ln

For the following theorem, we need the vector spaces Ny defined by
Nk = [P17P2a"‘ 7pk}1 k= 1727"' 1

Then, we have a result similar to that of Theorem 3.4.

(3.21)

(3.22)

(3.23)

(3.24)
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Theorem 3.7. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to (3.16). Moreover, let the
vector spaces Ny, k = 1,--- ,n be defined by (3.24).
Then,

Re(A
ReAy(A) = min RefAwr 15 . (3.25)

0F£ueN; (u, M)R
If matrix A is, beyond this, asymptotically stable, i.e., if (3.3) is valid and if the eigenvalues are arranged according to (3.17), then also

Re(A
IRe A (A)] = min [Re(Aurl 4y 5 (3.26)
0£ueNy (M, M)R
The minimum is attained for u = py.

Next, we want to state a maxmin characterization for the real parts of eigenvalues similar to results for the eigenvalues in [12, Subsection 5.4,
(26)].
One has the following theorem.

Theorem 3.8. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to (3.16).

Then, for every j = 1,--- ,n and every subspace N C C" with dimN = j, the following inequalities are valid:
. Re(Au,u)g
Re,(A) < : <Rel;(A 3.27
e n( )702}}3]\/ g = ej(A), (3.27)
and the following representation formulas hold:
Re(A
Relj(A)= max min m. (3.28)

dimN=j 04ueN  (u,u)R
If matrix A is, beyond this, asymptotically stable and the eigenvalues are arranged according to (3.17), then also

Re(A
|[ReA;(A)| = max min M.

3.29
dimN=j 0#ueN (M,M)R ( )

Remark 3.9. From (3.27), it follows

Re (A
Re(Auwwr o\ A1~ min ReAj(A), 0#£ueC".
(u,u)r j=ln

4. Formulas for the representation of the imaginary parts of the eigenvalues of a diagonalizable
matrix

In this section, we want to state formulas for the representation of the imaginary parts of the eigenvalues of a diagonalizable matrix A by
Rayleigh quotients. More precisely, max-, min-, minmax-, and maxmin-representations are obtained corresponding to associated formulas
for the eigenvalues of self-adjoint matrices, assembled, for instance, in the textbook [12, Section 5.4] resp. corresponding to those for the
real parts of diagonalizable matrices in Section 3.

First, we want to state a relation corresponding to that of [12, Section 5.4(18)]. This is done in the following Formula (4.1).

Lemma 4.1. Let the conditions (C1) - (C4) be fulfilled. Then, with the denotations of Theorem 2.1,

n
Im(Au,u)g = Zlmlj(A)(u,u)R/, ueCn. 4.1)
j=1
Proof. Equation (4.1) follows directly from Lemma 3.1, Formula (3.1). O

Similarly to [12, Section 5.4,(22)] or (3.16), we suppose that the eigenvalues A;(A),---,A4,(A) of matrix A are arranged such that
ImAL(A) > ImAy(A) > -+ > ImAy(A). 4.2)
Then, one has a series of theorems for the imaginary parts of the eigenvalues corresponding to those of Theorems 3.4 - 3.8.

Theorem 4.2. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to to (4.2). Moreover, let
the vector spaces My, k= 1,--- ,n be defined by (3.11) or (3.12).
Then,

Im(Au,u)g

Ima(A) = IR k=12, .m. 4.3
m A (A) S M P 2,01 4.3)

The maximum is attained for u = py.

Proof. As for Theorem 3.4, there are two methods to derive this theorem.

Method 1: One uses equation (4.1) as starting point and proceeds as in Method 1 for the proof of Theorem 3.4.

Method 2: Let A; (R! RAEZA*R) be the eigenvalues of R~ % andv;=v; (R! W) be the corresponding eigenvectors for j=1,--- ,n.
Then, with [6, Theorem 6], the assertion follows in a similar way as in Method 2 for the proof of Theorem 3.4. O
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Next, we state a minmax characterization for the imaginary parts of eigenvalues similar to results for the eigenvalues in [12, Section 5.4,
(25)] or for the real parts of the eigenvalues in Theorem 3.5.
One has the following theorem.

Theorem 4.3. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to (4.2).

Then, for every j =1,---,n and every subspace M C C" with dimM = m = n+ 1 — j, the following inequalities are valid:
Im(A
ImAj(A) < max Im(Aw R _ 1, (), @4
0£ueM (u, M)R
and the following representation formulas hold:
Im(A
ImA;(A)= min max M. 4.5)

dimM=m 0#£ueM (I/l7 M)R
Remark 4.4. From (4.4), it follows

Im(A
Im(Au R o ImA;(4), 0 £ucCn.

(u7 M)R - Jj=1,
Next, we have a result similar to that of Theorem 4.2.

Theorem 4.5. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to (4.2). Moreover, let the
vector spaces Ny, k = 1,--- n be defined by (3.24).
Then,

Im(Au,u)g

ImA(A)= min ————— k=1,2,-- ,n. 4.6
m k( ) O#mug}\/k (M,M)R ’ bt 1 ( )

The minimum is attained for u = py.

Next, we state a maxmin characterization for the imaginary parts of eigenvalues similar to results for the eigenvalues in [12, Subsection 5.4,
(26)] for self-adjoint matrices or for the real parts in Theorem 3.8.
One has the following theorem.

Theorem 4.6. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to (4.2).

Then, for every j = 1,--- ,n and every subspace N C C" with dimN = j, the following inequalities are valid:
Im(A
Iman(A) < min MAGKR o), @7
0AueN (U u)R
and the following representation formulas hold:
Im(A
ImA;(A) = max min M. (4.8)

dimN=j 0ueN  (u,u)R
5. Formulas for the representation of the moduli of the eigenvalues of a diagonalizable matrix

In this section, we want to state formulas for the representation of the moduli of the eigenvalues of a diagonalizable matrix A by Rayleigh
quotients. More precisely, max-, min-, minmax-, and maxmin-representations are obtained corresponding to associated formulas for the
eigenvalues of self-adjoint matrices, assembled, for instance, in the textbook [12, Section 5.4] resp. corresponding to those for the real parts
in Section 3 and for the imaginary parts in Section 4.

First, we want to give a relation corresponding to that of [12, Section 5.4(18)]. This is done in the following Formula (5.1).

Lemma 5.1. Let the conditions (C1) - (C4) be fulfilled. Then, with the denotations of Theorem 2.2,

n
lAullz =Y 12 (A)]* lullk,, ucC", (5.1
j=1
Proof. Letu € C". From (3.7),
n
w="Y (u,u)px (5.2)
k=1
and thus,
n
Au="Y" (u,uf)Mypy. (5.3)
k=1
This entails
2 n n
|Aullg = (RAu,Au) = Y (A, Au)g, = Y (u,u) g (u,u) Ai (Pi, Pi)R, - (5.4

=1 Jiki=1
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Now, due to (2.1),

(prspi)r, = (Wujpy,pi) = (u(pr, 1), pi)
(5.5)
(s ;) (u, pi) = (pru3) (i u;) = O Gij-
Therefore, from (5.4) and (5.5),
2 C 2 2
Aull = Y 1Al | () 2.
k=1
Taking into account (3.9), leads to the assertion. O

Similarly to [12, Section 5.4,(22)] or (3.16) resp. (4.2), we suppose in this section that the moduli of the eigenvalues A;(A),- -+, A,(A) of
matrix A are arranged such that

M(A)] = [A2(A)] = - = |An(A)]. (5.6)
Then, one has a series of theorems for the moduli of the eigenvalues corresponding to Theorems 3.4 - 3.8 and Theorems 4.2 -4.6.

Theorem 5.2. Let the conditions (C1) - (C4) be fulfilled. Further, let the moduli of the eigenvalues of A be arranged according to (5.6).
Moreover, let the vector spaces M, k= 1,--- ,n be defined by (3.11) or (3.12).
Then,

Aea)] = max 1A4lE

k=12, ,n. (5.7)
0FAueM; HM”R

Proof. As in Theorems 3.4 and 4.2, there are two methods to derive this theorem.
Method 1: According to (5.1), one has

lAullz = Z A (AP llulz, ueC™.

Choosing k € {1,---,n} fixed and u € My, one obtains

Al

ZI/l 1 lullz, < < max [4;(4 |22HMHR

A (A |ZZ||”HR A4 (A) 1 lull

that is,

Al

< | M(A), 0#ue M
l[ullz

and thus

Al
< A (A)]. 5.8
Jman S S 2 (4) 58)

Now, the maximum is attained for u = p; € My, that is,

Apdle o JAule

A (A)| = X A (A)].
A= e S o, Tupe S A

so that the assertion (5.7) is proven.
Method 2:
Let A;(R~'A*RA) be the eigenvalues of R-'A*RA and v; = v;(R~'A*RA) be the corresponding eigenvectors for j = 1,2, ,n. With the

spaces M, ]ER) defined in the proof of Theorem 3.4, from [12, Section 5.4(24)], it follows that

R'A*RA
lk(RflA*RA) = max ( u, u)R
07éu€Mk(R) (u7 M)R

asR™IA*RA is self-adjoint in the scalar product (-,-)g. Since from [6, Theorem 7, (29)],
A(RARA) = | 14(A)
and further

(R'A*RAu,u)g = (Au,Au)g = ||Aul/3, ue C",
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we obtain
M’ (A)‘ZZ ”AMHIZQ
¢ 0zuem® |1ull}
FucM, R
and thus
M) = max 1Al

ouen® Telr
Now, also due to [6, Theorem 7,(30)],
vj= Vj(RilA*RA) =pj :p](A)7 J: ]727... .

Therefore, as in Section 3,

and
R
M]E ) = [pk7pk+17”' 7Pn} :Mk7 k= 1527"' 1
Thus, Formula (5.7) is proven. O

Next, we want to state a minmax characterization for the moduli of eigenvalues similar to results for the eigenvalues in [12, Subsection 5.4,
(25)].
One has the following theorem whose proof is conducted along the lines of Method 1 or Method 2 in the proof of Theorem 5.2.

Theorem 5.3. Let the conditions (C1) - (C4) be fulfilled. Further, let the eigenvalues of A be arranged according to (5.6).

Then, for every j =1,--- ,n and every subspace M C C" with dimM = m = n+ 1 — j, the following inequalities are valid:
AMHR
Ai(A)| < max A ullr <A (A)], 5.9
| ]( )|707éu€M HMHR —| 1( )| ( )

and the following representation formulas hold:

A
|A;(A)] = min max I u”R. (5.10)
dimM=m=n+1-j0#ucM HMHR

Remark 5.4. From (5.9), it follows

A
Wullk o) = max 1)1 0 £uec,
[l =

The next theorems correspond to Theorems 3.7 and 3.8 resp. Theorems 4.5 and 4.6.

Theorem 5.5. Let the conditions (C1) - (C4) be fulfilled. Further, let the moduli of the eigenvalues of A be arranged according to (5.6).
Moreover, let the vector spaces Ny, k = 1,--- ,n be defined by (3.24).
Then,

o Al
M(A)| = k=12, n. 5.11
R T P e4b

Finally, one has the following theorem.

Theorem 5.6. Let the conditions (C1) - (C4) be fulfilled. Further, let the moduli of the eigenvalues of A be arranged according to (5.6).
Then, for every j = 1,--- ,n and every subspace N C C" with dimN = j, the following inequalities are valid:

- lAulg
A)| < <|2;(A)], 5.12
M’n( )‘_OglulgN Hu”R —| J( )| ( )

and the following representation formulas hold:

A
|A;(A)]= max min I u”R. (5.13)
dimN=j 0#ueN ”MHR

Remark 5.7. From (5.12), it follows

A . —_ — n
””u”ﬂ”’* > min |A;(4)| =[p(A" "), 0£ueC™, (5.14)
R J=ln

where the last equal sign holds if A is nonsingular. If A is singular, then [p (A_l )]_l has to be interpreted as zero.
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6. Connection between the matrices R~14 R;“ RA, R! RAEiA R and R"1A*RA
The equation
(Rez)? + (Imz)* = ||? (6.1)

isvalidforallze C.
Now, letAcC"*" ne N, je{l,...,n}, and 1;(A) be an eigenvalue of A. Set z=A;(A). Then,

2 (AP = (ReAj(A))* + (ImA;(A))*. 6.2)
According to [6, Theorems 6 and 7],
ReAj(A) = Aj(R™ARIRA) (6.3)
Im2;(A) = Aj(R™BASAR), (6.4)
and
12j(A)* = 4;(R'A*RA) 6.5)
leading to
(A (R™ABERA)2 . (3, (R~ EASAR) )2 — 3 (R A*RA)
or

Aj((R™MARERAYZ) 4 3 (R EASAR)2) — 2 (R71TA*RA) (6.6)

From this relation, the question arises as to whether a similar relation also holds for the pertinent matrices. This turns out to be indeed true.
Namely, we have

Theorem 6.1. Let the conditions (C1) - (C4) be fulfilled. Then,
* 2 o\ 2
(RflA R;—RA) +<R—1RAE;4 R) — RA*RA. (6.7)

Proof. The proof is based on [6, Theorems 6 and 7]. One has
R—1A'R+RA 2 + (R1RAZAR .
2 2 Pj

2 2
— —1A*R+RA —1RA—-A*R
= (s (g,

(6.8)
= [ReAj(A))p; + [ImA;(A)*p;
= |A;(4)Pp;=A;(R"'A*RA)p; = R'A*RAp;,
j=1,---,nso that
. 2 ) 2
[(qu%) + (R’IW) } U= R’IA*RAM., ueC"
which is equivalent to (6.7). -

7. Applications

In this section, we apply the results of Sections 3, 4, and 5 to obtain the convexity of newly-defined numerical ranges of a diagonalizable
matrix A.

7.1. Applications pertinent to Section 3

In this subsection, we first generalize the notion of the numerical range of a matrix A with respect to the ordinary scalar product (-,-) on C",
denoted by W|. ,)(A), to the corresponding notion with weighted scalar product W,. ) (A).

As the next step, the real part of the numerical range W. .y, (A) will be defined, denoted by Re[W|. ), (A)].

Further, the real part of the spectrum Re[c(A)] is introduced.

Based on these notions, some applications of the derived results are obtained.

For example, the alternative form

Re[W..) (A)] = W, (R™T AEFRA)

is derived where the matrix R~ A*RT*RA is regular if A is asymptotically stable.
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Let the conditions (C1) - (C4) be fulfilled and the matrices R; and R be given by (2.3) and (2.6).
The numerical range of A with respect to the scalar product (-,-) is defined by

(Au,u) n
A) = =
W(.}.)( ) {Z€C|Z ) ,0£uecC" 3,
cf. [12, Section 5.4]. Accordingly, we define
(Au,u)g
W, A) = = 0 e
()(4) {ZEC 2= g 07 €€
Further, let
Re(A
Re[W,..), (A)] == {x ER|x= Re(Auwwg o 1, ¢ c"};
’ (M,M)R

we call it real part of the numerical range W(_ ., (A).
Let 6(A) = {4;(A), j=1,---,n} be the spectrum of A, i.e., the set of all eigenvalues of A.
Similarly as before, we define

Re[o(A)] := {ReAj(A), j=1,- n}

and call it the real part of the spectrum of A.
Finally, let co{Re[c(A)]} be the convex hull of Re[c(A)].
Next, we show the following corollary as an application of Theorem 3.5, Formula (3.21), and Theorem 3.8, Formula (3.27).

Corollary 7.1. (Application 1)
Let the conditions (C1) - (C4) be fulfilled. Then, the set Re[W,. .y (A)] is convex, and one has the chain of equations

Re(Au,u)g ; .
7(M7M)R ,0+#£ EC}

R—lA*R+RAM7u
{XER|X_((MZM)R)R,O7£M€CH

Re[W(..),(A)] {xER|x:

= Wi (R

= co{Re[oc(A)]}.
If the eigenvalues of A are arranged according to (3.16), then

RS[W( (A)} = [Reﬂ,n(A),Re/ll (A)]

)R
Proof. Let 0 u € C". Then,
2Re(Au,u)R ([A*R+RAJu,u)  (R™'[A*R+RAJu,u)r

(M,M)R B (”>”)R B (u,u)g

The convexity follows from the last form with R~![A*R + RA] and the scalar product (-, -)g, see the convexity of the numerical range of a
matrix due to Hausdorff in [12, Section 5.4]. Since, with (3.16), one has

co{Re[6(A)]} = [ReA,(A),Re A1 (A)],
it remains to show that
Re[W(,’,)R (A)] = [Re Ay(A),Re A1 (A)].

The proof of this relation is as follows.

@) Re[W(,7_)R (A)] C [Re?Ln (A),Re)l,l (A)]

This inclusion can be deduced from (3.21) with dimM =m =n— j+ 1 for j = 1 and (3.27) with dim N = n. Namely, from (3.21), for j =1
and dimM = n,i.e.,, M =C", one has

Re(A
max Re(Au, u)r < ReAi(A)
04ucC " (u,u)R

and from (3.27), for j = n and dimN =n,ie,N=C",

Re(Au,u)p

> ReAy(A).
0;24%%” (u,u)p — eAn(4)

(ii) [Re 24(A), Re A (A)] C Re[W.., (4)]

-

Let B € [ReA,(A),Re A1 (A)]. Then, there exists an o in 0 < o < 1 with

B = aReAy(A) + (1— ) ReAi (A).
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Now, with the eigenvectors p, and py,

_ Re(Apmpn)R

Redn(A € Re[W,. \ (A
W= ol W) ()]
and
Re(APhP])R
Rel(A) = —— 5= € Re[W(. ), (4)]-
) (P1,P1)R W )e(A)]
Thus, due to the convexity of Re[W(H,)R (A)], it follows that B € Re [W(,’,)R A)]. .

Corollary 7.2. (Application 2)
Let the conditions (C1) - (C4) be fulfilled. Further, let A be asymptotically stable. Then,

Re[W. .\, (A)]CR™ ={x€R[x <0}.
If A is only stable, then
Re[W. ) (A)] CRy ={x€R[x<0}.
Proof. The first assertion follows from (3.5). The second assertion follows in a similar way. O

7.2. Applications pertinent to Section 4

In this section, we proceed in a similar way as in 7.1. So, let

Im(A
ImW(...),(A)] = {xe R|x= w 0Auc C”};
we call it the imaginary part of the numerical range W<_">R (A).
Further, we define
Im[c(A)] :=={ImA;(A), j=1,---,n}

and call it the imaginary part of the spectrum of A.
Finally, let co{Im[c(A)]} be the convex hull of Im[c(A)].
Herewith, we obtain

Corollary 7.3. (Application 3)
Let the conditions (C1) - (C4) be fulfilled. Then, the set Im[W,. ), (A)] is convex, and one has the chain of equations

Im[W(. ), (A)] = {xER\x:W,O#MGC"}
R—1RA_A'R
= {xeRx—((umu)Ru’u)Rﬂ#ueC".}

= W(‘v')R (R71 RA%?*R)

= co{Im[c(A)]}.
If the eigenvalues of A are arranged according to (4.2), then

Im[W,._, (A)] = [ImAy(A), Im 2 (A)].

.

Proof. The proof is similar to that of Corollary 7.1 and therefore omitted. O

7.3 Applications pertinent to Section 5

In this subsection, we continue along the same lines as in 7.1 and 7.2.
Thus, let

[Aul [
[ull

Wi (A) = {xeRé\x: ,O#ueC”};

and call it the numerical range of A with respect to the norm || - ||r-
Further, we define

[o(A)]:={IA;(A), j=1,---,n}

and call it the modulus of the spectrum of A.
Moreover, let co{|c(A)|} be the convex hull of |G (A)|.

Finally, let S C Rg be any set. We define
2 ={yly=5> seS}.

Next, we show the following corollary.



Journal of Mathematical Sciences and Modelling 95

Corollary 7.4. (Application 4)
Let the conditions (C1) - (C4) be fulfilled. Then, the set [W| |, (A)]? is convex, and one has the chain of equations

Aul|r 2 HAMHZ
Wi (A = {xeR x:[“ } = R 0#uec”
W1 (A)] { ol ullr [
S
= frerglen BB o o0 )
(u,u)R

Wi (R™'A*RA)
= coflo(4)]},

and R~'A*RA is self-adjoint and positive semi-definite in the weighted scalar product (+,-)r- If A is regular, then R~'A*RA is apparently
positive definite.

Further, if the moduli of the eigenvalues of A are arranged according to (5.6), then
W (I = [12a(A) 1%, | A1 (A) ]
Proof. The proof is done by using Theorem 5.3, Formula (5.9) and Theorem 5.5, Formula (5.12). O
Next, for § C Rg , we define
VS:={yly=1/ss€eS}
Herewith, one can rewrite Corollary 7.4 in the following form.

Corollary 7.5. (Application 5)
Let the conditions (C1) - (C4) be fulfilled. Then, the set W, (A) is convex, and one has the chain of equations

Au R
W .(4) = {xERar\x: ||||UH|I‘? ,O#MGC"}
R1A*
= xER(’Hx: —([ RA}MM)R&#MGC”,
(uvu)R

= W(.}.)R(RflA*RA)

Veol[o@)T.

If the moduli of the eigenvalues of A are arranged according to (5.6), then

Wi (A) = [[Aa(A)], [A1 (A)]].

Proof. For any subset S C RF)L , one has

V8= (V)2 =5s.

Thus, from Corollary 7.4, the equations of Corollary 7.5 follow. Since, for the arrangement (5.6), W|.| . (A) = [|4.(A)],|41(A)|] and since the
interval [[A,(A)],|41(A)[] is convex, so is W) ||, (A). O

8. Numerical example

In this section, we check the results of Subsection 7.1 as well as of Theorem 6.1, Formula (6.7) numerically. The numerical check of the
results of Subsections 7.2 and 7.3 is left to the reader.

8.1. A multi-mass vibration model

We take up the multi-mass vibration model of [2], shown in Fig.].

kl k2 kn kn +1
m - mp ny

— e

h > o > by 5 byy

N »n Yn
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Fig.1: Multi-mass vibration model

The associated initial value problem is given by

M3§+By+Ky =0, y(0) = yo, (0) = yo,

where y = [ylv' o 7)’n}T and
my
ny
M = m3 ,
my
b1 +by —by
—by by + b3 —bs3
—b3 b3+ by —by
B = ,
_bnfl bnfl +bn _bn
—by, by, +bn+l
ki +ky —ka
—ko ky+k3 —k3
—k3 k3 +kq —ky
K =
_kn—l kn—l +kn _k'l
—ky kn +knJrl

with the mass, damping, and stiffness matrices M, B, and K, as the case may be, and the displacement vector y as in [2]. In state-space
description, this problem takes the form

x=Ax,t>0,x(0) =xo,

where x = [yT 2|7, z =y, and where the system matrix A is given by
0 | E
A= -M'K | -M7B |
8.2. Data
The values mj, j=1,--- ,nand bj, kj, j=1,--- ,n+1 are also specified as in [2], namely as
m; 7j 17' 1
kj = 7]‘_17' 7n+1
and
P 1/2, jeven
;o 1/4, jodd.
Then,
M =E,
S -
S Y
S SR S
3 3 2
B: . . .
13 1
A S
L 2 7
(if n is even), and
2 -1
-1 2 —1
-1 2 -1
K = .
-1 2 -1
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We add the details from [2] in order to make the paper more readable on its own. Further, we choose n = 5 in this paper so that the state-space
vector has dimension m = 2n = 10. For the initial time, we take

to =0.
Finally, the initial conditions for y(¢) and y(¢) can be chosen as
yo=[-1,1,-1,1,—1]"
as well as
yo=[-1,—1,—-1,—1,—1]"
(which corresponds to IC(II) in [2, p.159]). But, they are not needed here.

8.3. Auxiliary computational results

As in [2], using the Matlab routine eig.m, one obtains

AM(A) = —0.050239361219464 4 0.516371450711010i,
A(A) = —0.050239361219464 —0.516371450711010i.
A3(A) = —0.187331625959257 4 0.994521686465592i,
A(A) = —0.187331625959257 — 0.994521686465592i,
As(A) = —0.375000000000000 + 1.363589014329465i,
A¢(A) = —0.375000000000000 — 1.363589014329465i,
A7(A) = —0.562668374040742+ 1.616358701643860i,
Ag(A) = —0.562668374040742 — 1.616358701643860i,
Ag(A) = —0.699760638780536+ 1.795981478159753i,
Ao(A) = —0.699760638780536 — 1.795981478159753i.

Therefore, Aj(A), j=1,---,m=2n= 10 are distinct. Thus, matrix A is diagonalizable, regular, and asymptotically stable. The eigenvalues
are ordered such that ReA;(A) > --- > Re A10(A).

The weighted matrix R is computed as

1.2501 —0.2868 —0.1297 0.0135 —0.0988 0.1966 —0.1314 —0.3356 —0.0196 0.2662
—0.2868 1.0887 —0.3824 —0.0842 0.0179 —0.1567 0.2066 0.0440 0.0239 0.0319
—0.1297 —0.3824 1.1899 —0.3531 —0.1196 0.2780 0.0018 0.2200 —0.1271 —0.3402

0.0135 —0.0842 —0.3531 1.0873 —0.3227 —0.0173 —0.0525 —0.1892 0.1947 0.0505

_ 0.0988 0.0179 0.1196 0.3227 1.2619 0.3017 0.0042 0.3092 0.0215 0.2699

0.1966 —0.1567 0.2780 —0.0173 —-0.3017 0.7620 0.2782 0.1039 0.0439 —0.0256
—0.1314 0.2066 0.0018 —0.0525 0.0042 0.2782 0.8373 0.3358 0.1512 0.0458
—0.3356 0.0440 0.2200 —0.1892 0.3092 0.1039 0.3358 0.9171 0.3240 0.1085
—0.0196 0.0239 —0.1271 0.1947 0.0215 0.0439 0.1512 0.3240 0.8373 0.2919

0.2662 0.0319 —0.3402 0.0505 0.2699 —0.0256 0.0458 0.1085 0.2919 0.7685

8.4. Numerical check of the validity of Corollary 21 (Application 1)

Here, we check the validity of

W € Re[W(_.),(A)] = [Re Ao (4),Re i (A)], 0 £u e
U,u)R

and choose u € {e,e1,e3,e1 2} where

e = [1,1,1,1,1,1,1,1,1,1)7,
e = [1,0,0,0,0,0,0,0,0,0]7,
e = [0,1,0,0,0,0,0,0,0,0]7,
e = [1,1,0,0,0,0,0,0,0,0]"

‘We obtain

[ReAi9(A),ReA;(A)] = [—0.699760638780535, —0.050239361219464]

and further

% — _0.076392659033957 € [Re Aio(A),Re i (A)],

e,e)Rr

Re(A

Re(Aer.e)r () 419568056678684 € [Re Aro(A),Re At (A)],
(e1,e1)r

Re(A

Re(Aer.exr —0.483140758290161 € [Re A10(A), Re Ay (A)],
(e2,€2)r

Re(Aey2,e12)r

~0.230440140020361 € [Re A10(A), Re Ay (A)].
(e12.€12)R
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8.5. Numerical check of the validity of Theorem 6.1

Here, we obtain

(x! A*RLRA )2+ (r! RA—j\*R)Z = rla*ga =

2.0451 —1.0850 0.0397 —0.0038 0.0066 —0.0013 —0.1139 —0.0054 —0.0091 0.0044
—1.0900 1.9991 —0.9022 —0.0478 —0.0070 —0.1139 0.0060 0.1256 —0.0031 —0.0078
—0.0561 —0.9022 2.0073 —1.0978 0.0429 —0.0054 0.1256 0.0104 —0.1216 —0.0090
—0.0038 0.0480 —1.0970 2.0007 —0.8984 —0.0091 —0.0031 —0.1216 0.0060 0.1347
0.0082 —0.0078 —0.0529 —0.8931 1.9473 0.0044 —0.0078 —0.0090 0.1347 0.0029
—0.1112 0.2210 —0.1122 0.0172 —0.0179 1.9892 —1.0016 0.0107 0.0015 0.0010
0.2338 —0.0003 —0.2482 0.1239 0.0124 —1.0016 1.9690 —0.9964 0.0154 —0.0020
0.1364 —0.2461 —0.0169 0.2447 —0.1037 0.0107 —0.9964 1.9701 —1.0036 0.0192
0.0152 —0.1246 0.2462 0.0010 —0.2633 0.0015 0.0154 —1.0036 1.9690 —0.9979
—0.0166 0.0110 0.1448 —0.2754 0.1288 0.0010 —0.0020 0.0192 —0.9979 1.9788
and, for
) —1A'R+RA “1RA—AR\? _ el 4
D= (RVARRA) | (RIRAARY_ plpepy,
we get

Dl := max_|Dj| = 3.0002 x 10714,
Jk=1,..., ’

B

So, Theorem 6.1 is numerically confirmed.
8.6. Computational aspects

In this subsection, we say something about the used computer equipment and the computation times.

(1) As to the computer equipment, the following hardware was available: an Intel Core2 Duo Processor at 3166 GHz, a 500 GB mass storage
facility, and two 2048 MB high-speed memories. As software package for the computations, we used MATLAB, Version 7.11.

(i1) The computation time t of an operation was determined by the command sequence ¢/ =clock; operation; t=etime(clock,t1). It is put out
in seconds, rounded to four decimal places. For the computation of the eigenvalues of matrix A in Subsection 5.3, we used the command
[XA,DA]=eig(A); the pertinent computation time was less than 0.0001 s.

9. Conclusion and outlook on to future work

It has been shown that there exist Rayleigh-quotient representations of the real parts, imaginary parts, and moduli of the eigenvalues of
diagonalizable matrices that parallel those representations known for the eigenvalues of self-adjoint matrices. The key idea is to use a
weighted scalar product defined by a positive definite matrix that is constructed by means of left eigenvectors of the considered matrix
and the right eigenvectors of its adjoint. The results are of interest on their own in Linear Algebra. They are also of potential interest in
applications. For example, in the theory of linear dynamical systems, in the study of stability of a vibration problem, the real parts of the
eigenvalues of the system matrix are important. Moreover, in systems with conjugate-complex eigenvalues, the moduli of the imaginary
parts of the eigenvalues are the circular damped eigenfrequencies of the system. A somewhat surprising point is also the derived relation
(R7! %)2 +(R7! RA%IA*R)z = R 'A*RA. On the whole, the results should be of interest to mathematicians as well as engineers.

The case of general matrices is more involved and will be dealt with in a subsequent paper.
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