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Chapter 1

Introduction

The theme of the thesis is to analyze the convergence and develop some
algorithms for matrix eigenvalue problems from the viewpoint of discrete
integrable systems. Matrix eigenvalue problems are fundamental and im-
portant problems in numerical linear algebra. In the long history of nu-
merical linear algebra, many numerical algorithms with linear and nonlinear
recursion formulae have been developed to solve matrix eigenvalue problems.
On the other hand, integrable systems are unique in the study of nonlinear
dynamical systems in physics since the solutions to integrable systems are
concretely written down. A skillful time-discretization of some integrable
system is called a discrete integrable system. In recent studies, surprisingly,
it has turned out that matrix eigenvalue problems and discrete integrable
systems are in a close connection with each other, though the two subjects
have different backgrounds.

In this chapter, firstly, historical backgrounds of numerical algorithms for
matrix eigenvalue problems and discrete integrable systems are explained by
showing typical examples, respectively. Secondly, the relationship between
matrix eigenvalue problems and discrete integrable systems is described. The
purposes and the outline of the thesis are given in the latter part of this
chapter.

For an m-by-m matrix A € C™™ a complex constant A € C and a
nonzero vector & € C™ which satisty

Az = \x (1.1)

are called an eigenvalue and an eigenvector of A, respectively. A pair of an
eigenvalue A and an eigenvector @ is an eigenpair. The standard eigenvalue



problem of A is the problem of finding the whole or a part of eigenpairs of
A.

The Bernoulli method is developed for computing the solutions of the
greatest absolute value to a given univariate algebraic equation by Bernoulli
[4] in 1730s. The Bernoulli method is applicable to compute the eigenvalue
of the greatest absolute value of a matrix if the characteristic polynomial of
a given matrix is known. Let Aq, Ag,..., \,, be the eigenvalues of a given
matrix A such that |A;| > [A2| > -+ > |A,| > 0. In the Bernoulli method, a
sequence { f, }n=o.1,. is generated by the linear recurrence equation

fn+m + alfn—i—m—l + ann+m—2 +---+ am—lfn—i—l + amfn = O> (12>

where a1, as, . .., a,, are the coefficients of the characteristic polynomial of A.
Then, it holds that

lim J7L = A (1.3)

n—oo  f,

The Bernoulli method is also applicable to compute the limit of a sequence
{fn}n:(),l,,..

An extension of the Bernoulli method is proposed by Aitken [1] in 1920s
for computing all solutions to a univariate algebraic equation by using deter-
minants whose entries are given by {f,}n=01...

The power method is used for computing matrix eigenvalues and eigen-
vectors by using a sequence { f,, }n—o1,.. given by

fo=z A"z, (1.4)

where A is a given matrix with eigenvalues Ai, Ao, ..., \,, and x is an initial
vector. The inner product f, of the vectors & and A"« is called a moment.
Then, it holds that (1.3). In 1950s, the Lanczos algorithm [41] is developed for
reducing matrices to tridiagonal matrices. The characteristic of the Lanczos
algorithm is to use the moments similar to the power method.

The qd algorithm

qé’rz—l—l) + 6](:_—:1) _ qlin) + 6](Cn), q;(cn+1)6](<3n+1) _ qé@leén)j (15>
=0, e™W=0 k=12,..., n=01,..., (1.6)

is proposed for finding poles of rational functions by Rutishauser [51] in 1954.
In the following years, it is shown that the qd algorithm is applicable to
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compute all the eigenvalues of tridiagonal matrices called Jacobi matrices by
Rutishauser [52]. The variables of the qd algorithm are expressed as follows,

(n+1) gr(n) (n+1) r7(n)
(n) Hy, H,™, (n) _ Hy 4 Hk+1

G = LoD o % T Lot gm0 (1.7)
AEHD T A
where H ,g") are Hankel determinants defined by
HY =0, H" =1, H" = det(fusirj2)i<ijcn (1.8)
Then, it follows that
O ()
nh_)IIC}O G = Mk, nll_)IIolo e, =0. (1.9)

The LR algorithm based on a matrix decomposition is developed by
Rutishauser [53]. The qd algorithm is equivalent to the LR algorithm for
Jacobi matrices [28]. In 1890s, the determinant identities and the expansion
expressions of Hankel matrices are shown by Hadamard [27], and Henrici
28, 30] describes the qd algorithm through Hadamard’s techniques. The qd
algorithm is then regarded as an extension of the Bernoulli method. The
power method is also regarded as a specialization of the qd algorithm for
which a different sequence { f,, },,—0.1,... is given. The Lanczos method is equiv-
alent to the qd algorithm for which a different sequence {f,,},—0.1,.. is given.

The term “integrable systems” is used for nonlinear systems whose solu-
tions can be concretely written down.

One of the most typical integrable systems is the Toda lattice equation
[58]

d B d

aVkH = Vi1 (Jks1 — Ji), ajk = Vi1 — Vi,

k=1,2,....m, t>0, (1.10)

which describes physical phenomena such as chains of particles with nonlinear
interaction and ladder-type LC circuits [60]. The infinite Toda equation, on
the infinite lattice n € Z, possesses an N-soliton solution. The Lax pair of
the infinite Toda equation is given by Flaschka [15] as follows,

Uyt + Sy + Vil g = ATy, (1.11)
AW,

R VA 1.12
i KWkt (1.12)



The “discrete integrable system” is a skillful time-discretization of an
integrable system. A remarkable property of discrete integrable systems
is that discrete integrable systems have the same structure of solutions as
continuous-time integrable systems. The discrete Toda equation [32, 33, 34]
is given as follows,

o e =g e g e = gl (1.13)
Equation (1.13) with boundary conditions e[()") =0 and e) = 0 for n =
0,1,... is called the discrete finite Toda equation. Hereinafter, the discrete
Toda equation means the discrete finite Toda equation.

In 1993, a surprising fact in the studies of integrable systems and nu-
merical linear algebra is shown that the discrete Toda equation (1.13) is
equivalent to the recursion formulae of the qd algorithm (1.5) [34]. This fact
suggests that eigenvalue problems and discrete integrable systems are in a
close relation with each other.

Some numerical algorithms for computing matrix eigenvalues are designed
based on the similarity transformation of matrices associated with discrete
integrable systems. It is known that such algorithms, called the integrable
algorithms, have high relative accuracy. Such good properties stem from dis-
crete integrable systems. In 2001, the dLV algorithm for computing singular
values of bidiagonal matrices is designed by using the discrete Lotka-Volterra
(dLV) system, which stands for the prey-predator modal in mathematical bi-
ology, by Tsujimoto et al. [63]. By Fukuda et al. [16], the dhLV algorithm
for computing a kind of band matrices with complex eigenvalues is devel-
oped based on the discrete hungry Lotka-Volterra (dhLV) system, which is
a generalization of the dLV system. The dhToda algorithm for comput-
ing eigenvalues of totally nonnegative (TN) matrices of Hessenberg form is
proposed based on the discrete hungry (dh) Toda equation, which is an ex-
tension of the discrete Toda equation by Fukuda et al. [18]. TN matrices are
entry-wise nonnegative matrices whose minors are all nonnegative.

The main purpose of the thesis is to analyze and solve matrix eigenvalue
problems through a sequence {f,}n—01.. appearing in discrete integrable
systems.

As is mentioned above, in the history of numerical algorithms, the lin-
ear sequence { f,,}n—01,. plays a key role in developing numerical algorithms
related with the qd algorithm. Under certain conditions, the recurrence
equations (1.2) hold for the linear sequence { f,, }n—o1... appearing in discrete
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integrable systems. In fact, the determinant expressions (1.7) and the Hankel
determinants (1.8) indicate that the variables q,(gn) and e,(gn) of the qd algo-
rithm are expressed by using the linear sequence { f, }n—o1,.. in (1.2). Thus,
reconsidering the linear sequence { f,, }n—o,1,.. appearing in discrete integrable
systems is very important in order to investigate discrete integrable systems
and the integrable algorithms deeply.

According to the fact that the Bernoulli methods is used for computing
the limit of a given sequence of numbers, it is expected that the convergence
of a sequence {f,}n—01,.. could be investigated by means of the discrete
integrable systems. Thus, the asymptotic behavior of a special solution to a
discrete integrable system given by the Fibonacci sequence, which is one of
the most famous and interesting sequences in combinatorics, is discussed in
the thesis.

The convergence of the integrable algorithms has been proved using their
recursion formulae or the explicit expression of determinant solutions only in
the case where a given matrix has distinct and positive eigenvalues [52, 30,
16, 18]. With the developments of computational environment, the analysis
of the convergence of numerical algorithms becomes significant even in the
case of multiple eigenvalues in order to show the robustness of numerical
algorithms for numerical error. However, the proof of the convergence in the
case of multiple eigenvalues has not be completely finished even for the qd
algorithm. The second purpose of the thesis is to analyze the asymptotic be-
havior of the qd algorithm for a tridiagonal matrix with multiple eigenvalues.

In matrix eigenvalue problems, inverse problems which are called inverse
eigenvalue problems are important subjects. One of interesting topics in
inverse eigenvalue problems is to construct a matrix with prescribed eigen-
values. There are several papers on such inverse eigenvalue problems for a
tridiagonal matrix [8, 5, 26]. However, effective approaches have not been yet
found for inverse eigenvalue problems for TN matrices because of the hard re-
striction of TN matrices. According to (1.7), (1.8) and (1.9), the variables of
the qd algorithm are expressed by using the eigenvalues of a given tridiagonal
matrix. The facts suggest that the solutions to discrete integrable systems
might be expressed by using the eigenvalues of the associated matrices. The
third purpose of the thesis is to approach inverse eigenvalue problems by
making use of expressions of the linear sequence {f,},—01,.. appearing in
determinant solutions to discrete integrable systems.

The thesis is organized as follows.



In Chapter 2 [Al], the asymptotic behavior of a special solution to the
discrete Lotka-Volterra system given by some Fibonacci sequences is shown
from the viewpoint that the qd algorithm is an extension of the Bernoulli
method for computing the limit of a sequence of numbers. It is proved that a
special solution to the discrete Lotka-Volterra system given by the Fibonacci
sequence converges to a special constant such as the golden ratio.

In Chapter 3 [A4], the asymptotic behavior of the qd algorithm is dis-
cussed in the case where a tridiagonal matrix with multiple eigenvalues is
given. The convergence rate of the variables of the qd algorithm is estimated.

In Chapter 4 [A2], an inverse eigenvalue problem for tridiagonal matrices
with multiple eigenvalues is considered. A method for constructing a tridi-
agonal matrix with the same eigenvalues, except for multiplicities, as a given
nonsymmetric dense matrix is proposed by using the properties of the qd
algorithm. Some numerical examples are given.

In Chapter 5 [A3], an inverse eigenvalue problem for Hessenberg-type TN
matrices is taken up. A finite-step procedure for constructing Hessenberg-
type TN matrices with prescribed eigenvalues is designed based on the dis-
crete hungry Toda equation. As examples, some TN matrices are constructed
by using the proposed procedure.

In Chapter 6 [A5], an extension of the procedure in Chapter 5 [A3] for
dense TN matrices is proposed. The recursion formula for constructing dense
matrices with prescribed eigenvalues is derived by use of Hankel-like de-
terminants and Hadamard-like polynomials. The initial conditions for the
constructed matrices to be TN are found. The relationships between the
proposed procedure and the numerical algorithms based on the Toda-type
discrete integrable systems are also mentioned.

Chapter 7 is devoted to concluding remarks of the thesis.



Chapter 2

Some Fibonacci sequences in
the discrete Lotka-Vorterra
system

In Chapter 1, we give an explanation of the relationship among the Bernoulli
method, the qd algorithm and the discrete Toda equation. The Bernoulli
method is applicable to compute the limit of a given sequence of numbers.
Thus, it is interesting to verify that discrete integrable systems could compute
the limit of a sequence. In this chapter, a special solution to the discrete
Lotka-Volterra system, which is one of discrete integrable systems, given by
the famous Fibonacci sequence is discussed.

2.1 The discrete Lotka-Vorterra system

One of the prey-predator dynamics of (2m — 1) species in mathematical
biology is described by the following integrable Lotka-Volterra (LV) system
[66],

dU,(t
;t( — Up()(Upsa(t) — Upa (1)), k=1,2,... 2m—1, (2.1)

)
Uo(t) = O, Ugm(t) = O, t Z 0,

~—

where Ug(t) denotes the number of the kth species at the continuous time t.
The LV system (2.1) describes that the kth species falls prey to the (k—1)th



and preys on the (k+ 1)th. In [9], the LV system (2.1) is called the Kac-Van
Moerbeke lattice, and its solution is represented as

Uyer(t) = 20T l) gy Tea(O7alt),

Tk(t)f'k_l(t)? %k(t)Tk(t)
with two kinds of the Hankel determinants
Wo (t) w1 (t) s We—1 (t)
wi(t)  we(t) -+ wi(t)

Th(t) = : ; ; '
wr-1(t) wr(t) - wara(?)
wi(t)  walt) -+ wr(t)

) wa(t)  ws(t) wy1(t)

(1) := : : . :
wr(t) wrpa(t) - wor—a(t)

The index k of 7(t) and 74(¢) denotes the dimension of them. The Hankel
determinant 7y (t) differs from 73 (¢) in that the (1,1) entry is wy(t) not wy(t).
The every other entry of 7(¢) is also distinct to that of 7;.(¢). A skillful
time-discretization of (2.1) yields

WA+ =aP ), k=1,2,...,2m -1, (2.2)
u(()n) =0, uggz , n=0,1,...,

where u,(cn) is the number of the kth species at the discrete time n [35, 63].

Here (2.2) is called the discrete Lotka-Volterra (dLV) system. A determinant
solution to (2.2) is shown in [46, 55, 63] as

Fr(n n+1 n) 7y(n+1
o _ HUHSY ) HHT

Ugp—q = AR Uy, = W7 (2.3)
g m| R EE
H}gn) _ f1. f2 fk 7 I:I].(;n) — fz f3 k‘+1 7
f/ET—L)l Ign) T fQ(Z)—z fk:n) fk(:i)l o 2(2)—1
2.4)
HM =1, H" =0, H"=1. (2.5)



The Hankel determinants H\" and H\™ have a structure similar to 7(t) and
7(t) on their dimensions and entries. The Hankel determinants H,in) and
H ,En) satisfy

AP = B — B AP, 20
HEL AP = HORPD — AP HE) 27

which is called Hirota’s bilinear form [35, 38, 46, 62, 63]. This is useful for

proving the determinant solution (2.3). The proof is also derived from the

study of orthogonal polynomials [56]. With respect to the entry fj(”) in H ,i")

and H ,g"), the time evolution from n to n+1 is given by the recursion formula
n+1 n n .
D = fm s i =0,1,.,2m 2, (2.8)

It is emphasized here that the time evolution from n to n+ 1 of fg(zl)_l is not
given by (2.8). Hirota’s bilinear form plays a key role for getting the formula
concerning the time evolution of fé;?_l, which is not included in (2.8).

An algorithm for matrix singular values is designed based on the dLV sys-
tem (2.2) [38, 39, 63]. However, in [38, 39, 63], the entry f](n) is not mainly
discussed. In this chapter, by focusing on f;"), we first consider the determi-
nant solution (2.3) given by the m-step Fibonacci sequences [43] which cover
the well-known Fibonacci, Tribonacci sequences [64] and so on. This study
is mainly twofold. One is to derive a relationship between the Hankel deter-
minants A and &Y by considering Hirota’s bilinear form. The second
is to clarify a time evolution from n to n + 1 of fz(gq)q through the obtained

relationship between A5 and I:LS?H), and is to prove that if {f;n)}jzo,lw,
for fixed n, is an m-step Fibonacci sequence, then { f;nﬂ
We next show that, as n — oo, the dLV variable u§"> has an interesting
relationship with the ratio of two successive m-step Fibonacci numbers. We

also demonstrate some examples in order to confirm theoretical results nu-
merically.

)}jzo,L,“ is also so.



2.2 m-~step Fibonacci sequence in determinant
solution

The m-step Fibonacci sequence {F}};—¢1,.. is given by the recursion formula
Fiym =Fj+Fign+- -+ Fjpma, j=0,1,..., (2.9)

for some integer Fy, F1, ..., Fy,_1 [43]. The 2-step Fibonacci sequence is well-
known as the basic Fibonacci sequence such that the ratio Fj,/F; converges
to the golden ratio 7, = (v/5 + 1)/2 as j — oo [64]. The 3-step Fibonacci
sequence is also called the Tribonacci sequence. In this section, we show that
fj(”) is associated with the m-step Fibonacci sequence.

As is shown in (2.4), the Hankel determinants Hl("), Hé"), o ,Hr(r?) and
f]l(n),flz("), ...,H}(r?) are composed of fén),fln), ceey f2(:1)—1- The all entries

of Hl(”H), H§"+1), o HEY and flfnﬂ), ﬁ§"+1), . ,ﬁ,gfffll) are also repre-
sented in terms of £, ™, ..., f{ | through (2.8). In other words, the
determinant solution (2.3) is given by fén), fl("), NN 2(:1)_1. Let us assume

here that { f;n) }izo1,..2m—1, for fixed n, is an m-step Fibonacci sequence,
namely,

fo = i I =01, m (2.10)
for some integer fon), fln), ey ff:ll Then we give a lemma concerning the

evolution from n to n+1 of the Hankel determinant Hf,? ) with the determinant
dimension m.

Lemma 2.2.1. Let {f;n)}j:0717_,_72m_1, for fized n, be an m-step Fibonacci
sequence as in (2.10). If m is even, then it holds that

HHD = g, (2.11)
Otherwise,
H D = o ™), (2.12)
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Proof. First, let us discuss the case where m is even. Let m = 2¢. Let us
begin with considering the Hankel determinant

n+1 n+1 n+1
g
f1(n+1) 2(n—l—l) . 2(21—}—1)
n+1
Hy ™ =70 7 (2.13)
(n‘Jrl) (n‘+1) . (n.+1)
20—1 20 40—2

which appears in the left hand side of (2.11). By using (2.8) and (2.10), we

may rewrite the (2¢,1) entry of H2n+:L
n+1 n
ée_*ﬁ f% i
- 2z 1+(f0n)+f1 +f2(21)
= f A1 + 1) + <f§“’ A 4 (s )]
_ 2(21 ) + (fOnJrl +f2n+1 +f2n+1 )

Similarly, for the (2¢,2), the (2¢,3), ..., the (2(,2() entries of H{J™ . it holds
that

(n+1) (n+1) (n+1) n+1)
f2£+k 2 = f2£+k 2+(fk +fk '+f2(g+k,3), k=2,3,...,2¢(

Thus, HQ(?H) is represented as

(n+1) (n+1) (n+1) (n+1)
0 1 20—2 20—1
(n+1) (n+1) (n+1) (n+1)
1 2 20—1 20
n+1 (n+1) . . . . .
Hz(zz ) = Z H21z 25 : : . : : )
(n+1) (n+1) (n+1) (n+1)
2{7:)2 2(71 1 4@7:4 4@773
201 f2e T f41273 f4272
(n+1) (n+1) (n+1) (n+1)
0(n+1) 1(n+1) 2(fz121) 2&111)
f1 fz T 201 20
(n+1) . .
H222j = : : " : :
n+1 n+1) (n+1) (n+1)
2&4 +21§ 2Ee +11 T f e+14 f +13
f f2j+1 f2]+2z 1 f2]+2z 2
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For every j, the (25 + 1)th row of HQ(Z;F;) is just equal to the 2/th one. So, it
is obvious that Hézgl) =0, HZ(Z;FI) =0,..., Héz;}l_)Q = 0, and then, by using
(2.8), we derive

(n+1) (n+1) (n+1) (n+1)

f 0 f 1 T 20—2 20—1
(n+1) f(n+1) L (n+1) (n+1)
1 2 20—1 2

n+1
HQ(E ) = : : . : :

(n+1) (n+1) (n+1) (n+1)
AT DR T

f2z71 20 e f4€—3 f4572
ST IR N
f1 f f2 +f3 fzz—1+f2e fzz +f2e+1

(n) O o
fzz 2 +f2@ 1 sz 1 +)f2z f4@ 4 +f4z 3 f4e 3 +)f4572
fzz-1 fze e f4e—3 f4e—2

0

f 1 f 2 T 20—1 20

f2(22 f2(21 T 4324 f4€f3
(n) (n) . (n) (n)

201 20 40-3  J40—2

_ gg(n)
— tgp -

Therefore, we have (2.11) if m is even.
Next, let us discuss the case m = 2¢ + 1 in a way similar to the case
m = 2(. Note that, from (2.8) and (2.10),

n+1) (n+1) (n+1) n+1)
fzz:k 1_2f25+k L+ (fes + +fk ‘|‘fzg:_k 5, k=1,2,...,20+1.
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Thus, HZZL) is rewritten as

(n+1) f(n+1) . (n+1) (n+1)
(zn—l—l) 1(n+1) ) )
—1 f 1 f 2 T 20 f 2041
n+1 (n+1) . . . .
2é+1 ZH2£+1 2j : : " : )
j=0 (n+1) (n+1) (n+1) (n+1)
T o) () g
fze f2e+1 T f4z—1 f4£
(n+1) (n+1) (n+1) (n+1)
f(% D ey ey e
n+ n+ n n
f 1 2 T 20 f 20+1
Fr(n+1
H2(e+1,)2j = : : . :
(n+1) (n+1) . (n+1) (n+1)
2£L+11) (n+1) %ﬂ-lz %f";‘rll)
f2 f2]+1 U f2;+2z 1 f2j+2z
By taking account that HQ?LI o = 0, HQ?LI s =0, ..., Hé;irll’ég_g =0, we
derive
(n+1) (n+1) (n+1) (n+1)
%nJrl) 1(n+1) 2&111) n+1
f 1 f 2 e 20 f 20+1
n+1 . . . .
HyfD =20 0 L 21
(n+1) (n+1) L (n+1) (n+1)
/() (o)
f2e fze+1 T f4e—1 4¢
Obviously, from (2.8), the right hand side of (2.14) becomes ZHQ(Z)A. There-
fore, we have (2.12) if m is odd. O

Lemma 2.2.1 leads to a lemma concerning the evolution from n to n + 1
of A" with the determinant dimension m.

Lemma 2.2.2. Let {f(")}j —0.1...2m—1/ for fized n, be an m-step Fibonacci

sequence as in (2.10). Moreover, let H 7é 0. If m is even, then it holds
that

HO D — g, (2.15)
Otherwise,
HH) — o™, (2.16)
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Proof. Eq. (2.7) with k = m becomes
HAG — Y G =0
since it holds that H'" ll = 0. By combining it with Lemma 2.2.1, we derive
HRG = HY Y,
if m is even. Otherwise,
HO ) o pr(n) frim.

Thus, by taking account that HS” # 0, we have (2.15) and (2.16). O

Lemma 2.2.2 is useful for observing the time evolution from n to n + 1
of ag;z_l. So, with the help of Lemma 2.2.2, we have a proposition for the

1
sequence {f;nJr )}j:O,l ..... 2m—1-

Proposition 2.2.3 (Akaiwa-Iwasaki [Al]). Let {fj(”)}j:(),l ..... om—1, for ﬁxed
n, be an m-step Fibonacci sequence as in (2.10). Moreover, let H 7&

0. Then {f("Jr1 }i=01,..2m—1 also becomes an m-step Fibonacci sequence,
namely,

n+1 (n+1) n+1) (n+1) .
FOED = oD e ) = 0,1, m = 1 (2.17)

Proof. 1t is easy to prove (2.17), except for the case where j = m — 1. From
(2.8) and (2.10), we derive, for j =0,1,...,m — 2,

(n+1)
fj+m fg—i—m + fj+m+1

:(fjn)+f]+ +fj+m 1>+(fj(+1+f]+2 +fj(—7i?rn>
= (f"+ 1) + (f]H + )+ e+ F)
_ f(n—i—l) + f (n+1) . f jzr—i-l .

j+m

.....

(+) }] =0,1,...2m—1, given by adding f2

inafter, we show that { fj nH

14



(n+1 . . . 1
{ f " )}J 12...2m—2, is also an m-step Fibonacci sequence, namely, Q(Zjil) =

f n+1 + f (n+1) 4 f2n+1
Flrst, let us dlscuss the case where m = 2/ in Lemma 2.2.2. The Hankel

determinant A" in (2.15) is transformed by (2.8) into

g B B BB
fa +f3 /3 +f4 o faol + farn f2e+1+f2z+2
ﬁ(n) _ . . .
20 : . : :
.. (n) () (n) (n)
fze 1 + f +)f2z+1 Ja—s (+)f45,2 Ja—o (‘F)fuq
f2z f2e+1 T f4e—2 f4e—1
n+1 n+1 n+1 n+1
fli +1; sz +1; N %111; fa +13
2 f3 s 20 f2£+1
= : : : . (2.18)
(n+1) (n+1) (n+1) (n+1)
20—1 20 40-3 402
(n) f . (n) n)
20 2041 40-2 40-1

Let us add the 1st, the 3rd, ..., the (2¢ —1)th one. Then, by using (2.8) and
(2.10), we may rewrite the (2¢,1), the (2¢,2), ..., the (2¢,2¢ — 1) entries in
the 2¢th row of (2.18) as
n n+1) n+1 n+1)
Fatdy + R + 50 o f)
ﬂﬁj[ugl ) s+ SR A il + 2]
= 2(23 + f 20+j+1
= flt D =0,1,... 20— 2,

2045

Simultaneously, the (2¢,2¢) entry becomes

B )+ Y
= [(fsdy + ) + (Fiphy + Fiodo) + o+ (P + £30)]
+ (Y +f£?121 +f4”“>
<£T+ﬁﬁ? am“><m“+ﬁ$l o i)
_ 2?+11 +f(n+1 +f4n+1'
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Thus, it follows that

n+1 n+1
TR
n+1 n+1
gy

= o
(1) plnt)
2(5;111) n+1
20 f2€+1

Let us recall here that I:] (n+1) _
FI(TH’l) we have f(n+l) (7L+1

2 = Ja—1
j=m —11fmlseven

(n+1)
20—1
(n+1)
20

(n+1)
40—3
(n+1)
40—2

(n+1)
2é 1

n+1

+f2

(n+1)
n+1
f2€+1

n+1
f(z 2)

(n+1)

—l—f4

(n+1)

(2.19)

I:I (n), Therefore, by Comparing (2.19) with
+ f Y,

s f4€ 2 , namely, (2.17) with

Next, let us discuss the case where m = 2¢ + 1. Similarly as the case
where m = 2¢, by using (2.8) and (2.10), we derive

(n+1)  p(n+1)
1 2
(n+1) (n+1)
2 3
Hé?}ﬂ = :

n+1 n+1)
%H; f%m
fz+1 fe+2

+ .
(n+1) n+1
20 f2[+1
(n) f
20 2041

fn+1) fn+1)
1 2

n+1 n+1
f3 Y fé”

(n+1)
n+1
f 2041
("+1)
) n+1 (
) '+ f 2
(n+1) (n+1)
n+1 n+1
fml ’ fm )
(n+1) (n+l)
)
FPVART Y,

(n+1)
f2é+11)
(n+

f2€+2

n+1)
ep1

+f4

(n+1)

(2.20)

The 2nd term in the right hand side of (2.20) is transformed by (2.8) into

—f[é?}rl Thus, it follows that

(n+1) (n+1)
1 2
(n+1) (n+1)
2 3
r(n) .
2H2(4+1 - : :
(n+1) (n+1)
(n+1) (n+1
foetr Joso

(n+1)

n+1

f 26+1

(n+1)

40—1

(n+1)

40

16

(n+1)
f2£—:_11)

n
f2€+2

(n+1)

n+1 + f(n—i-l)

2041

+f4

n+1

(2.21)



Therefore, by combining (2.21) with Lemma 2.2.2, we have fj:ll 2(?+1) +

fzzfll -4 f(n+1 namely, (2.17) with m = 2¢ + 1 if m is odd. H

For n =0,1,..., we successively have a main theorem in this section by
induction of Proposition 2.2.3.

Theorem 2.2.4 (Akaiwa—lwasaki [Al]) Let {fjgo)}j:0717._.72m_1 be an m-step

Fibonacci sequence such that J285 7é 0. Then it holds that, for every n,
{fj”)}j:071,_._72m_1 is also an m-step Fibonacci sequence.

In particular, if { fJ(O)}jZO,LQ,g is a 2-step Fibonacci sequence in the case
where m = 2, then, by taking account that an) = fén) +f 1(n) = fo(nﬂ) and
f én) =f 1(n) + f2(n) = f1(n+1), we give the following corollary.

Corollary 2.2.5. Let {f]((])}j:(],lg,g be a 2-step Fibonacct sequence such that

) £ 0. Then {féo), fo),fél),fl(l),...,fén),fl("), ...} is also a 2-step Fi-
bonacci sequence.

2.3 Convergence to the ratio of two succes-
sive m-step Fibonacci numbers

It is well-known that, in the case where {F}};—o1 . is a 2-step Fibonacci
sequence, Fi.1/F), which is the ratio of two successive 2-step Fibonacci
numbers, converges to 7, = (v/5 + 1)/2 called the golden ratio, as k — oc.
The ratio of two successive and sufficiently large 3-step Fibonacci numbers
approaches to the irrational number 1.839286755214161---. According to
[43], in an m-step Fibonacci sequence, the ratio Fj,1/F) converges to the
constant 7, as k — 0o, and 7, is equal to one of the real solutions to the
m-degree algebraic equation

g™ — g™t -~ —1=0. (2.22)

Obviously, 1 < 7, < 2. This is because 1 < 14+ (Fy_ms1 + Fromio + -+
Fr 1)/ Fy = Fp1/Fy = 2 — Fy_/Fy < 2 for every k in the case where
{F;}j=0.1,.. is a positive or negative m-step Fibonacci sequence. Moreover, it
is shown in [6] that the continued fraction

bl , b
1 2.2
TRATRA (2.23)
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becomes the largest solution to the quadratic equation 22—z —b = 0, through
considering an extended 2-step Fibonacci sequence {F;},;—o1,. given by the
recursion formula F;o = F,+1 + bF;. It is proved in [64] that the continued
fraction (2.23) with b = 1 is just equal to the golden ratio 7. So, the
discussion for the case where b = 1 in [6] properly coincides with that for the
case where m = 2 in [43].

In this section, with the help of Theorem 2.2.4, we show a relationship
of ugn) with the constant 7, = limg_,o Fii1/Fk. Let us recall here that
W = ™M We first derive a proposition for the behavior of £ and
£ as n increases.

Proposition 2.3.1 (Akaiwa-Iwasaki [Al]). Let {f © }] —0.1...2m—1 be a posi-

tive or negatwe m-step Fibonacci sequence. Moreover, let Hp, () # 0. Then
both f0 and fl( ") have the same sign, and their absolute values become larger
monotonically as n grows larger.

Proof. Let us assume that { f;")}jzo,ly_,.72m,1 is a positive m-step Fibonacci

sequence. Then it is obvious from (2.8) that f"™, f™™ . ) are

positive. As is shown in Proposition 2.2.3, {f("H)}j _0
Fibonacci sequence. Thus, fé;”fll = fi (”“ + flntd) 4t f(n+ ) is positive,

and then { f (n+1) }izo1,..2m—1 1s also a p081tlve sequence. By induction for

yhyeeey

1,..2m—1 1s an m-step

=0,1,..., it is proved that if {f] }j:0,17.,,,2m_1 is a positive sequence,
then {f](n)}j:(]’l’m’gm_l, for each n, is also so. Moreover, by using (2.8), we
. 0 0 0 1 1 1 2 .
derive f;) < f})+f}+)1 = f]() < fj()—i-f;ﬁl = f]() < - for j = 0,1.
Similarly, if {fgo)}j —01...2m—1 is negative, then {f;n)}j:0,17,,,72m_1 is also so

andf;0)>f]( f(3)1_f(1 >f(1)—|—f]+1—f(2)>---forj:O,l. u

J

Under the assumption that H ) and H ) are nonzero constants, we next
give a proposition concerning the nonzero boundedness of H ,g") and H ,g").

Proposition 2.3.2 (Akaiwa-Iwasaki [Al]) Let {f(o)}j:()’l’mzm,l be an m-
step Fibonacci sequence Moreover let H ) and H( be nonzero constants.
Then, for each n, H,g and Hk are also monzero constants.

Proof. Let us assume that H ,E") and H ,ﬁ”) are nonzero constant. Let us in-
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troduce new dependent variables

o BPHD, . HOAD,

w _ k1
2k—1 "7 " (n) £r(n) ’ 2k - (n) r7(n)
H,"H,” H,"H
In [39], it is shown that
2m— 2m—1
Z =S w (2.24)
k=1 k=1

2m1

Under the assumption of the proposition, it holds that » ;™" ,E:") becomes

some constant C. By combining it with (2.24), we derive

2m—1
S wt =c. (2.25)
k=1

It is remarkable here that H{nﬂ),]:I{nﬂ),HénH),I:IQ(nH) H(n+1) H(n+1)

m—1
may be regarded as the polynomials of fln), Q(n), ceey fé:;_l. So, let H,&nﬂ) =
M, and FI,&”H) = My for k =1,2,...,m — 1, where M, and M; are some
constant. From Lemmas 2.2.1 and 2.2.2, there exist some nonzero constant
M,, and M, such that Hy™) = M, and B3 = M,,. Thus, 227 ("™
is represented, in terms of My, Ms, ..., M,, and Ml, Mg, . Mm, as

2m—1 m—1 ~ ~
n M M, My M, M, M,
3wt = ( My | Mg )+— (2.26)

poet MMy MM, My My

Some denominators and numerators become 0 in the right hand side of (2.26),
if, at least, one of My, Ms, ..., M,,_; and Ml,MQ, . Mm 1 1s 0. This con-
tradicts (2.25). Therefore it is concluded that M; # 0 and M, # 0 for
k=1,2,...,m. The proof is completed by induction for n =0,1,.... ]

Proposition 2.3.2 implies that the sequence {ugn)}n:m,__ is theoretically
computable without overflow through the evolution from n to n + 1 by the
dLV system (2.2).

By combining Propositions 2.3.1 and 2.3.2 with Theorem 2.2.4, we finally
have a theorem for the asymptotic convergence of u; ™) a5 n — .
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Theorem 2.3.3 (Akaiwa-Iwasaki [Al]). Let {fj(o)}j:m ..... om—1 be a posi-
tive or negative m-step Fibonacct sequence. Moreover, let H,ff” and ﬁ,ﬁo)

be nonzero constant. Then the dLV variable uﬁ”) = fl(n)/fén) converges to
Tm = limy_ oo Fii1/Fy as n — o0.

Hereinafter, for m = 2,3,4,5, we numerically confirm Theorem 2.3.3,
namely, the convergence of u(ln) to 7,, as n — oo. Numerical examples have
been carried out with a computer with OS: Mac OS 10.6.2, CPU: Intel Core
2 Duo 3.06GHz, RAM: 4GB. We also use Wolfram Mathematica 6.0 with
16-digits precision arithmetic.

Let { f;o)}j:()’l ,,,,, am—1 be set as the positive m-step Fibonacci sequence
such that H,ﬁ”) # 0 and f[,g") #(0for k =1,2,...,m. For example, in the case
where m = 2, let f\” =1, f =2, f{” = 3 and f{’ = 5. Then H” =1,
g9 =2 7" = —1, AY =1 and v\ =2, «{ = —1/6, v = —3/5. For
n =0,1,...,50, the values of ui”) are plotted by the mark o in Figure 2.1.
As is shown in Proposition 2.3.2, it is guaranteed that H™ # 0, H™ # 0,
HQ(”) £ 0 and ]:.72(") #%0forn=0,1,...,50, provided that H}O) £ 0, I:I{O) £ 0,
HQ(O) # 0 and fIQ(O) # 0. So, by using the dLV system (2.2), ugl), u§2), ce

u§50) are numerically computable without overflow. Figure 2.1 agrees with

this fact. Figure 2.1 also describes that, as is shown in Theorem 2.3.3, u&n)
converges to some constant as n becomes larger. It is remarkable here that
u’™ converges even if all of u,(cn) are not always positive. This asymptotic
behavior differs from that shown in [38, 39, 63] for the case where all of

u,(gn) are positive. The 1st row of Table 2.1 shows the values of 7, derived

from solving (2.22), and u§5°). Table 2.1 tells us that uf’“) coincides with the
golden ratio 7, in 16-digits precision arithmetic.

Similarly, in the cases where m = 3,4, 5, the asymptotic convergence of
ugn)to 73 = 1.83928675 5214161, 74, = 1.927561975482925, 75 = 1.9659482366
45485 are shown in Figure 2.1 and Table 2.1. It is numerically confirmed
from Figure 2.1 and Table 2.1 that Theorem 2.3.3 also holds for m = 3,4, 5.

Additionally, it is observed that u§5°) tends to 2, as m becomes larger.
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Figure 2.1: A graph of the variable n (x-axis) and the values of u§”) (y-axis)
in the cases where m = 2,3,4,5. The symbols (), A, 7 and [ indicate the
cases m = 2, 3, 4 and 5, respectively.

Table 2.1: The real solutions to (2.22) and the values of u§5°) in the case
where m = 2, 3,4, 5.

m  The real solutions to (2.22) The values of u§50)
2 19 =1.618033988749895 —0.6180339887498948 1.618033988749895
3 13 =1.839286755214161 1.839286755214161
4 71, =1.927561975482925 —0.7748041132154339 1.927561975482924
5 75 = 1.965948236645485 1.965948236645486
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Chapter 3

Convergence of the qd
algorithm for tridiagonal
matrices with multiple
eigenvalues

It is well-known that the quotient-difference (qd) algorithm is applicable to
compute all the eigenvalues of a tridiagonal matrix. In most papers on the
convergence of the qd algorithm, it is assumed that a tridiagonal matrix has
distinct eigenvalues. Generally, the convergence of numerical algorithms is
proved by using their recursion formula. Thus, it is not easy to analyze
sensitively the convergence of numerical algorithms with respect to the mul-
tiplicity of eigenvalues.

In this chapter, for tridiagonal matrices with multiple eigenvalues, the
convergence and the convergence rate of the qd algorithm are shown by
making use of good properties of the qd algorithm.

3.1 The quotient-difference algorithm

The quotient-difference (qd) algorithm [51], which is one of the most im-
portant algorithms in numerical linear algebra, is originally proposed by
Rutishauser for the purpose of computing eigenvalues of tridiagonal matrices
and zeros of polynomials. The qd algorithm also has several applications to
computing singular values of bidiagonal matrices [11, 47] and the Laplace
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transformations of rational functions [45].

Symmetric dense matrices are transformed into symmetric tridiagonal
matrices by a sequence of Householder transformations without changing
eigenvalues [25]. Eigenvalues of symmetric dense matrices can be thus com-
puted by combining the qd algorithm with Householder transformations. In
finite arithmetic, a variant of the qd algorithm, which is called the differ-
ential qd with shift (dqds) algorithm, generates eigenvalues of tridiagonal
matrices with high relative accuracy [47]. The dqds algorithm is also use-
ful for computing singular values of bidiagonal matrices, which is equivalent
to computing eigenvalues of symmetric tridiagonal matrices [11]. The well-
known Linear Algebra PACKage (LAPACK) [42] thus adopts basic concept
of the qd algorithm in its eigenvalue and singular value solvers.

Similarity transformations for symmetric tridiagonal matrices give tridi-
agonal matrices of the form

(51 1
V1 U2 (3 1)
1

Um—1 Um

Though symmetric tridiagonal matrices are always nonsymmetrized, the tridi-
agonal matrices T' are not always symmetrized. In fact, T' cannot be sym-
metrized if they have multiple eigenvalues. In other words, T essentially
contain symmetric tridiagonal matrices. So, in this chapter we focus on the
qd algorithm for the tridiagonal matrices 7.

Almost all the articles concerning the qd algorithm deal with the case
where the eigenvalues of T" are real and distinct. It is shown in Rutishauser
[52, 54] and Henrici [30] that the variables q,in) and egfn) appearing in the qd al-
gorithm are expressed by using the Hankel determinants, and the asymptotic

behavior q,in) — Ay for k=1,2,...,m and eén) —0fork=1,2,....m—1
as n — oo is shown where A\, Ao, ..., \,, denote the eigenvalues of T. The

Hankel determinants associated with rational functions whose poles are of
order two or higher is analyzed by Golomb [24], but the asymptotic behavior
of the qd variables is substantially considered only in the case where T has
real and distinct eigenvalues. In the case where all the eigenvalues of 1" are
the same, by Ferreira and Parlett [12], the convergence of the LR algorithm,
which can be regarded as a generalization of the qd algorithm, is examined.
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In this chapter, we clarify the asymptotic behavior of the qd variables in the
case where T" has any kinds of multiple eigenvalues.

The remainder of this chapter is organized as follows. In Section 3.2, we
describe basic properties of the qd algorithm for the tridiagonal matrices. In
Section 3.3, we derive expressions of the qd variables in terms of the Hankel
determinants in the case where 7" has multiple eigenvalues, and then in Sec-
tion 3.4, we present the asymptotic expansion of the Hankel determinants.
In Section 3.5, we thus show the asymptotic behavior of the qd variables.

3.2 The qd algorithm for the tridiagonal ma-
trix
In this section, we briefly explain basic properties of the qd algorithm for

computing eigenvalues of the tridiagonal matrix 7.
The qd algorithm for 7" employs the recursion formula

q,(c Rt ,ﬁ_ )—q,(j‘)+e(”) k=1,2,....m, n=0,1,..., (3.2)
) — g o k=12, m =1, n=0,1,..., ‘
under the boundary conditions
6(()n)50, eM=0, n=0,1,..., (3.3)
and the initial conditions
(0)4‘6,20)1 =ug, k=1,2,....m
(0)_(0) _ (34)
q € = Uk, k=1,2,...,m—1,

where the superscript n denotes the iteration number of the qd recursion
formula (3.2) and the subscript k corresponds to the position of an entry of
T. The qd recursion formula (3.2) leads to the matrix identity

LOTDRUAD = R LM - p =0,1,..., (3.5)
where L™ and R™ are the lower and the u?g)er bldlagonal matrices with
the qd variables eg ), eé ), ey efn ; and q1 ,q2 yee ,qm , respectively, given
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as
(n)

1 q 1
M q n) -
Lo | R™ = R . (3.6)
™ 1 (n)
m—1 dm

Let us introduce a tridiagonal matrix 7™ with the same form as the tridi-
agonal matrix T as the product L™ R namely,

70 — (") R")

@t 1
e g o

1

Q$11e7(g)71 QT(ILL) + 61(3)—1

With respect to the evolution from 7™ to T+ we then derive
T+ = R (RN =0,1,..., (3.8)

which implies that eigenvalues of 70 and TV are equal to each other. In
other words, the similarity transformation from 7 to T(™*1) can be given
by the qd recursion formula (3.2). The matrices 7™ for n = 1,2, ... become
similar to the tridiagonal matrix 7" if 7 = T

Let us introduce a formal power series with respect to z € C,

F(2):=fo+ fiz + for? + fa2> 4+ - . (3.9)

Let H,g") be the Hankel determinants associated with F'(z) as HY;) =0,
H" =1 and

fo oo farka

fn+1 fn+2 te fn+k

q" = . k=12..., n=0,1,....

fn+k—1 fn+k fn+2k—2
(3.10)

25



Henrici’s book [30, pp. 594-640] provides several theorems for the qd algo-
rithm from the viewpoint of the formal power series F'(z) under the settings

¢\ = fori/foforn=0,1,....

Here, let us consider the case where F'(z) is a rational function whose de-
nominator coincides with the characteristic polynomial of 7', namely, det(z1,,—
T) where I,,, denotes the m-dimensional identity matrix. Moreover, let T}, be
the k-by-k principal submatrices of T defined by

Ui 1

T,=|" Y2 C k=1,2,...,m (3.11)

V-1 Ug
whose characteristic polynomials are expanded as

det(zly — T}) :zk+a§k) k= l—l—a(k) =2y —I—a(k) k=1,2,...,m,
(3.12)

where ag ), agk), . ,(f) are the constant coefficients. Then it is obvious that

all the coefficients agk), aé ) yen a,(f) are uniquely determined.

Let A, Az, ..., A denote elgenvalues of J such that [\| > [Ag| > -+ >
| Al Moreover let )\1, )\2, .. )\N be distinct eigenvalues of J with multi-
plicities mq,ms, ..., my, respectlvely. Of course, m; +mg+---+my =m
and [A| > |Xo] > --- > [Ay]. Then the characteristic polynomial of J is
factorized as

det(zl,, —=T)=(z—M)(z = A2) -+ (2 — Amn), (3.13)
and
det(zL, —T) = (2 — A\)™ (2 — Ag)™ -+ (2 — Ay)™V. (3.14)

The following theorem gives important properties concerning the qd algo-
rithm for the tridiagonal matrix 7.

Theorem 3.2.1 (Henrici [30, pp.596-613]). For any T, let us assume that
the sequence { fy}n=o1,. satisfies a system of linear equations

Form + 0™ frpmet + a0 i +aW =0, n=0,1,..., (3.15)
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where fo, fi,..., fm—1 are given by

f0:17 fk:_a’gk)fk—l_aék)fk—Z_"'_aggk)fOJ k:1727"‘am_]—'
(3.16)

If H,gn) %0 fork=1,2,...,m andn = 0,1,..., then the qd variables q,in)
and e,(gn) in (3.2) with (3.3) and (3.4) are expressed as

(n+1) z7(n)
(n) Hk: Hk—l

& = i)’ k=1,2,....m, n=0,1,..., (3_17>
H Y
g™ gty

e](cn):—k(';)1 é‘;rll), k=0,1,....m—1, n=0,1,.... (3.18)
Hk Hk

For each k such that |\g| > |Agt1| where Nyy1 = 0 there exists a constant
K} # 0 independently of n such that, for any p satisfying |Ag| > p > |Mes1l,

H™ = Kpy(MAg- - A" (1 +0 ((ﬁ)n)) , (3.19)

as n — oo. Moreover, it holds that, for each k such that |A\p_1| > |Ax| >
| Aky1| where \g = 00 and A\py1 =0,

lim ¢\ = Ay, (3.20)

n—0o0

and, for each k such that |A\g| > [Ags1],

S (O
nh—{go e, =0. (3.21)
As an example for the statements of Theorem 3.2.1, let us consider a 3-by-
3 tridiagonal matrix T where A\; = Ay # A3 and |A\;| = |[A2| > |A3]. Though
it turns out from Theorem 3.2.1 that lim,,_, qé") = A3 and lim,,_, egn) =0,

it is not clear whether three limits lim,,_, q§"), lim,, o qén) and lim,, e§”)

exist. Even if lim,,_, q§n) =q7, lim, o0 qén) = ¢; and lim, e§”) = e}, then

it is not shown that 7 converges to a bidiagonal matrix as n — oco. This
is because

g\ 1 0 ¢ 1 |o
lim 70 = lim | ¢™el™ (" + ™ 1 = | qief g+eil|l
2 €9 d3 €9
(3.22)
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Golomb [24] showed the asymptotic expansions of the Hankel determinant
H associated with the formal power series F'(z) whose poles are of or-
der two or higher. However, the Hankel determinants HYL), Hé"), o H (n)l

) m—

themselves and their asymptotic expansion have not been investigated yet.

3.3 Entries in the Hankel determinants
In this section, we give expressions of entries of the Hankel determinants

H ,En), appearing in the determinant expressions of the qd variables q,(gn) and

6](:)7 in terms of eigenvalues of the tridiagonal matrix 7'.

The subscript ¢ of Ay can be uniquely expressed by using two integers
ie€{1,2,...,N}and j € {0,1,...,m; — 1} as

C=mi+mo+---+mi_1+j5+1 (3.23)

For simplicity, let §, be the differential operator that

1/ 0\

Then, it follows that
SN = (?) AP (3.25)

Let us introduce k-by-m matrices

ST 2 Y P 4
SIATHL gt g At
AP [ AT eATE AR (3.26)
SIAPTRTL Go\pTR=L 5 AR

k=12....m, n=0,1,....

The m-by-m matrix AY is an extended Vandermonde matrix. The following

lemma describes the expansion of det(A,(qg)) in terms of .
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Lemma 3.3.1 (Golomb [24]). The extended Vandermonde determinant is
expanded as

det(AD) =] (4 —A)™™ >o0. (3.27)
1<i<j<N

With the help of Lemma 3.3.1, we derive expressions of f, in terms of
/\17>\27-~-7)\m or )\1,)\2,...,)\]\[.

Theorem 3.3.2 (Akaiwa et al. [A4]). For any T, let us assume that { fu }n—o1
satisfies (3.15) with (3.16). Then f, are expressed as

gooe

fo=Y_abeN;, n=0,1,..., (3.28)
=1
or
N m;—1 - /n '
o= Y (j)A;”, n=0,1,..., (3.29)
i=1 j=0
where ¢1,Ca, ..., Cp and é(()l), égl), e ,égv)_l are given by
C1 Jo
Co N1
Sl =)t T (3.30)
Cm fmfl
& =, (3.31)

Proof. By substituting f,, in (3.28) into (3.15) and by interchanging the sum-
mations, we can rewrite the left hand side of (3.15) as

> el [Ag (Z agmw—i)] . (3.32)
/=1 1=0

Since it is obvious from (3.12) and (3.13) that Y ", a§m>A;”—i =0, (3.32)
becomes 0. Thus, f, in (3.28) satisfy (3.15) with (3.16). By combining
(3.25) with (3.28), we immediately have (3.29).

Equation (3.28) leads to A (1, ca, .. em)T = (fo, f1, .-, fm_1)T. Since
it turns out from Lemma 3.3.1 that (ASS’)—l exists, c1,co,...,Cy are given
by (3.30). From (3.25) and (3.28), we derive (3.31). O
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3.4 Expansions of the Hankel determinants

In thls section, we give asymptotic expansions of the Hankel determlnants

H by examining dominant terms of the Hankel determinants H," ()

Let us begin with recognizing the Hankel determinants H ,5 as determi—

nants of products of matrices. Let us introduce an m-by-m matrix of the
block diagonal form

C = diag(Cy, Cs, ..., Cy), (3.33)
where (4, C’g, ...,Cy are m;-by-m; upper anti-triangular matrices whose en-

tries are éy) in Theorem 3.3.2,

&) A

R é(i)

Ci=| . i=1,2...,N. (3.34)
&) 0

m;—1

Also, for convenience in the following lemmas, let us prepare two integers
and vy which satisfy my +mo +---+my,, + vy +1=Fkfork=1,2,... ¢
Of course, if k = ¢ then p, and v, coincide with i and j in (3.23), respec-
tively. Then, by using Theorem 3.3.2, we obtain expressions of the Hankel
determinants ngn) in terms of Aén) in (3.26) and C' in (3.33).

Lemma 3.4.1. Let us assume that {f,}n—01,.. satisfies (3.29). Then, H,i")

are 6117])7’6$S€d as

gooe

H™ = det(AMCANT), k=1,2,....m, n=0,1,.... (3.35)

Proof. From Theorem 3.3.2, we can express the (s,t) entry of H ,5") as

N m;—

n—i—s—i—t S sl
Jnrstt—2 = Z Z ( )/\iJr =25, (3.36)

=1 5=0

Applying a formula for binomial coefficients

()
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0 (3.36), we derive

N m;—1 j
_ A0 (T8 = 1\ fns—1-(-n) (T = 1) 501y
Jrts+t—2 = Z Z Z i ( it )Ai ( . AT (3.37)

i=1 j=0 r=0

The replacements j —r = j" and r = 7’ in (3.37) lead to

Al TL+ S = Ints—1—j T A(2) t—1 \t—=1—7"
fn+s+t 2 — Z Z >\z Z ¢ j'+r! r! >\’L ’

i=1 j'=0 r’'=0

Since it holds that ¢ = uy, j' = v, and \i = A in the 1st term, and i = fup .,
" = vy and \; = \gyv in the 2nd term, we obtain

m m;—1—vy
— n+s—1 _
fn+s+t72 — § 58)\g E VZ‘H“ 5Z+r )\g_Hn .
(=1

r’'=0

Since 6, X7 is the (s, () entry of A and 37 A(V“_‘H Op4r Ajyys 18 the

(¢,t) entry of C’(Ak )T, we thus have (3.35). O

Let Wy == {(i1,d2,...,0) |1 < i3 < dg < -+ < 4 < m}. For a =
(1,12, ...,1) € Wy and b = (j1,J2, .., Jk) € Wi, let (X)§ denote the sub-
matrix obtained from X by deleting rows and columns except for the 7;th,
iath, ..., ixth rows and the jith, joth, ..., jith columns. An generalization
of Cauchy-Binet’s formula [50] enables us to divide H"” = det(A C(A?)T)
into sums of determinants.

Lemma 3.4.2. Let us assume that {f,}n—o1,. satisfies (3.29). Then H,i”)

are expressed as

geoe

H™ = de( A O"“)/io., k=1,2,....,m, n=01,..., (3.38)
ceWy
— o 0\« ‘
W;Vk det ((%) det <(Ak )wk) , (3.39)

where a, == (1,2,...,k) € Wy.
From the definition of A\™ in (3.26), it follows that

det((AM)2) = Go1)00@) - oty Aoy o) - Ay V), (3.40)
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where o (i) denotes the ith element of o and V, is defined as

Aa(l) Ae@)  Ao(k)
Vo = N e (3.41)
)\k 1 /\k'fl ‘ )\k 1

o(l) “o(2) 77 o(k)
Let (5? be the differential operator defined by

1/ 0\
o === =0,1,...,v. 3.42
14 p| (a)\z) y P ) » Ve ( )

The differential operator d; in (3.24) is equal to the case where p = v, in
(3.42). Applying Leibniz rule to (3.40), we obtain the following lemma for
expressions of (A( ))O‘k

=0,1,...

are exp ressed as

det((A[”)3%)

g

Vo(1) Vo2)  Va(k)
o(s)"Tsyn 1 r T
- Z Z Z (H5 )\ > (50(1)602(2 o 6glzk)va> ) (343)
r1=01r2=0 re=0
k=1,2,....m, n=0,1,....

It is here worth noting that the subscript k£ can be rewritten as
k=M, +n,
where £ := up + 1, n: =1, + 1 and
My=0, Meq:=mi+mo+ -+ me. (3.44)
Lemmas 3.4.2 and 3.4.3 yield the asymptotic expansions of H,i”) as n — o0.

Lemma 3.4.4. The asymptotic expansions as n — oo of H,in) are given as

Mf—l

H = ws | T M (5;”5*”Ag)"det ((A)) 1+ 0(m).  (3.45)
i=1
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Proof. From Lemmas 3.4.2 and 3.4.3, we can regard the Hankel determinants
H,En) as sums of (Vy(1) + Vo(2) + -+ + Vo)) terms. Each term is divided into
the part involving n and the other. The part involving n in each term is
expressed by using 0 = (0(1),0(2),...,0(k)) and r = (ry,re,...,7%) as

2 K
Vo(s)T™Tsyn  _ n n—o(s)

1o X0 =11 (V ( )Ms) : (3.46)

s=1 e

s=1 s) T's

The key point for the asymptotic expansions of H ,g") as n — oo is thus to
find o and r such that (3.46) becomes the most dominant as n — oco. By
taking into account that (Z) is the kth order polynomial with respect to n,
we observe that (3.46) becomes the most dominant as n — oo if ¢ is given
as

(s) = s, s=1,2,..., M¢_y,

(S) € {M£,1 + 1, M£,1 + 2, . ,M£ — 1, Mg},

S:M§_1+1,Mg_1—|—2,...,k},
(3.47)

g
o

and r enables us to maximize v, — 7 for every s = 1,2,... k. From
the definition of V, in (3.41), we see that the minimum of r satisfying

521(1)52?2) o 52’2’9)‘/" £ 0 are given as, fori =1,2,... k,

po— Qi +1, Aoi) = As(i-1)s
0, Ao(i) 7 Aoli=1);

where A,y = 0. The choice o = fj, also maximizes v, () with keeping (3.47),
where

M&*l n
6k = (,1727"'7M5717M§_77+17"'7M§_ 17Mg>

Thus, v,(s) — rs becomes maximal if r is given by

r; =V, ’izl,Q,...,Mg,l,
TM571+]'+1 :ja ]:0717777_]-
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Putting the above discussions together, we can express the dominant term
of H™ as n — oo as

M&*l

n—1
|| 0yn || Vyts—Syn V1 SVa VMe_1 ¢0 1 n—1
55 )‘s ( 5'y+s )"y—l—s) 51 62 U (5M5_1 67574-1 U 57+7771V5k7
s=1 s=0

where v := Mg —n+ 1. Since it holds that v,,; = (m¢—1) — (n—1) + s and

05 Ayss = 0, '\, it follows that

n—1 n—1

Vyts—S\n _ me="N\n __ Me—=Tyn\n
| | 57+s )\'y—i-s - | | 5k >‘l~c - (6k )‘kz) .
s=0 s=0

From 05* = s for s =1,2,..., Mg and 05, ; = Ony,_ 4541 fors =0,1,...,n—1,
we also derive

Of course, the (Vo(1) + Vo(2) + -+ + Vo(r)) terms in the sums in Lemma 3.4.3
contain some nondominant terms. Therefore, by taking into account that
the degrees with respect to n of them have smaller than the dominant terms,

we have (3.45). O
Lemma 3.3.1 immediately gives the expansions of the determinants of

(A
Lemma 3.4.5. The determinants det(A,&O))g’; are expanded as

det (A)3t) = [ I (- xl.)”“””] [T (- xT)’”’"". (3.48)

1<i<j<é—1 1<r<e—1

~ From (3.33) and (3.34), we also derive the expansions of determinants of

()2

Lemma 3.4.6. The determinants det((é’)sz) are expressed as

=1

-1
det ((C)ir) = (~1)" (H(&fﬁ_nmi) @) (349)

34



Proof. From (3.34), it immediately follows that

det(Cy) = (=)™ W _y™, i=1,2,...,N. (3.50)

m;—1

By combining (3.50) with (3.33) and by taking into account that k = m; +
My + -+ -+ me_1 + 1, we obtain

A A(6) A(©)
Cmg—n Cm§,n+1 e Cmgfl
. -1 . 3
det(€)2) = | [T det(Cy) | e
i=1 : o

S 0

&1
= (_1)Ms—1—(€—1)+n—1 <H(é§2_l)ml> (652_1)7’. []

i=1

Consequently, by using Lemmas 3.4.2-3.4.6, we complete the asymp-
totic expansions of the Hankel determinants H ,E”) in terms of the eigenvalues
A, gy A

Theorem 3.4.7 (Akaiwa et al. [A4]). Let us assume that Hlin) # 0 for

k=1,2,....mandn=0,1,.... Asn — oo, the Hankel determinants H,ﬁ")
are expanded as

H = K™D (33 -+ A" A" (1 4 O(n YY), (3.51)
k?:M§_1+1,M£_1—|—2,...7M5_1—|—m§— 1

If k = M, then , for p satisfying \5\5+1| <p< ]5\5], it holds that, as n — oo,

HY = KA A2 - AT)" (1 +0 ((ﬁ) )) . (352
€

where Ky, is a nonzero constant independently of n given as

. 1 e (YT ) a
Ky = W x (=1)F¢ (g(cgn)i—l) ) (an)g—ﬂn
¢-1
X H (;\] — j\i)4mimj H(S\g — ;\i)4mi77. (353)
1<i<j<¢—1 i=1
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Proof. Since it holds that 5\5 =Nfori=Mc—n+1,Mc—n+2,..., M,
the terms with respect to §; ¢ " in (3.45) can be simplified as

me— " n i n pn(me—n) \1(n=metn) )
<5i & "X,g) - ((mg—ﬁ>)\k §+n) B ((mgfn)!)p (1+0(n™)).

By combining it with Lemmas 3.4.2-3.4.4, we obtain (3.51) and (3.52). From
Lemma 3.4.2, it is obvious that kg, = det((é)g’z) det((Ag)))g:). Thus, from
Lemma 3.4.5 and 3.4.6, we see that Kj = liﬁk/((mg —n)! )1” becomes (3.53).
Moreover, it follows that K, # 0 since o 7& 0 leads to c 1 #0. ]

3.5 Convergence of the qd variables

In this section, by combining expressions of the qd variables qlin) and eé") using
the Hankel determinants H ,gn) with expansions of the Hankel determinants
H lgn)’ we clarify the asymptotic behavior of the qd algorithm as n — oo in
the case where the tridiagonal matrix 7" has multiple eigenvalues.

Theorems 3.2.1 and 3.4.7 give the most 1mportant theorem in this chapter,

which shows the convergence of the qd variables q,g and e, (") as n — 0.

Theorem 3.5.1 (Akaiwa et al. [A4]). Let us assume that H,En) # 0 for
k=1,2....mandn = 0,1,.... Moreover, let |[\i| > |Xa| > -+ > |An].
Then, for k = M¢_y +n, it holds that

lim " = A, (3.54)
lim ! = 0. (3.55)
n—oo

Proof. Let k = M¢_;+1 in Theorem 3.4.7. Then, the convergence as n — 0o
of q,(cn) = H(nJrl H(nl/(H(”)ngnJ{ )), is given as

-1 -1
(/ﬁkn(mgl) H S\;ni(nﬂ)j\zﬂ_(mg_l)) (@1 H )\;nm>

lim q,g " — lim =1 =1

n—00 n—00 &1 . ) &1
Hkn(mg—l) H )\znm)\z—(ms— ) K1 H )\;m(nJrl)
=1 =1
lim )\n—f—l (me—1)—n+(me—1) 5\
n—00 3
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We also obtain lim, e ¢\ = A¢ for k= Me_y +2, Me_y +3,..., M.

In a way similar to the case of q,(gn), we derive
lim e” = lim K 2A =0, k=1,2,...,my —1,
n—oo n—oo

where K, := Kk,lkk+1/(Kk)2. For k = my, it follows that

n . o —13— S —=(mo— ): !
lim eé ) = lim Kpn™tm "\ 2"”)\2( 2~1) <A—2) =0.

n— 00 n— 00 )\1

The cases where k¥ = M¢_ 1 + 1, My +2,..., M¢_qy +me — 1 and k =
My, Ms, ..., My_1 lead to, respectively,

lim e,(cn) = lim f(’kn*QS\? =0,

n—oo n—o0
~ n
) o b beibe [ AR
t = i R, (%) <o
where by, by, bg and by are some constants independent of n. O

It is therefore concluded that the qd variables q,(c”) and e,(cn) converge to
eigenvalues of the tridiagonal matrix and 0 as n — oo, respectively, in not
only the case of real distinct eigenvalues but also the case of multiple eigen-
values.
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Chapter 4

Construction of tridiagonal
matrices with multiple
eigenvalues based on the qd
formula

Inverse eigenvalue problems (IEPs) for tridiagonal matrices have been dis-
cussed in several papers. However, there do not exist many papers on [EPs
for tridiagonal matrices with multiple eigenvalues.

In this chapter, as a beachhead for solving IEPs by using discrete in-
tegrable systems and the associated integrable algorithms, a procedure for
constructing tridiagonal matrices with multiple eigenvalues is proposed based
on the qd recursion formula.

4.1 Inverse eigenvalue problems for tridiago-
nal matrices

One of the important problems in linear algebra is to construct matrices
with prescribed eigenvalues. This is an inverse eigenvalue problem which
is classified in Structured Inverse Eigenvalue Problem (SIEP) in [8]. The
main purpose of this chapter is to design a procedure for solving an SIEP
in the case where the constructed matrix has tridiagonal form with multiple
eigenvalues, through reconsidering the quotient-difference (qd) formula. It is
known that the qd formula has the applications to computing a continued
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fraction expansion of power series [31], zeros of polynomial [29], eigenval-
ues of a tridiagonal matrix called a Jacobi matrix [54] and so on. Though
Rutishauser’s book [54] refers to an aspect similar to that in the following
sections, it gives only an anticipated comment without proof in the case of
multiple eigenvalues. There is no observation about numerical examples for
verifying it. The key point for the purpose is to investigate the Hankel de-
terminants appearing in the determinant solution to the qd formula with the
help of the Jordan canonical form. In this chapter, we focus on the unset-
tled case in order to design a procedure for constructing a tridiagonal matrix
with prescribed multiple eigenvalues, based on the qd formula. The reason
why the case with multiple eigenvalues has not been sufficiently discussed is
expected that multiple-precision arithmetic and symbolic computing around
the published year of Rutishauser’s works for the qd formula have not been
sufficiently developed. The qd formula, strictly speaking the differential form
of it, for computing tridiagonal eigenvalues acts with high relative accuracy
in single-precision or double-precision arithmetic [47], while, actually, the qd
formula for constructing a tridiagonal matrix gives rise to not small errors.
Thus, the qd formula serving for constructing a tridiagonal matrix is not so
worth in single-precision or double-precision arithmetic. In recent comput-
ers, it is not difficult to employ not only single or double precision arithmetic
but also arbitrary-precision arithmetic or symbolic computing. In fact, sym-
bolic computation can be performed on scientific computing software such
as Wolfram Mathematica and Maple. Numerical errors frequently occur in
finite-precision arithmetic, so that constructed tridiagonal matrices may not
have prescribed multiple eigenvalues. The procedure developed in this chap-
ter is assumed to be carried out with symbolic computation.

This chapter is organized as follows. In Section 4.2, we first give a short
explanation of some already obtained properties concerning the qd formula.
In Section 4.3, we observe a tridiagonal matrix whose characteristic polyno-
mial is associated with the minimal polynomial of a general matrix through
reconsidering the qd formula. The tridiagonal matrix essentially differs from
the Jacobi matrix in that it is not always symmetrized. We also discuss
the characteristic and the minimal polynomials of a tridiagonal matrix in
Section 4.4. In Section 4.5, we design a procedure for constructing a tridiag-
onal matrix with prescribed multiple eigenvalues, and then demonstrate four
tridiagonal matrices as examples of the procedure.
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4.2 Some properties for the qd recursion for-
mula

In this section, we briefly review two theorems in [30] concerning the qd
formula from the viewpoint of a generating function, the Hankel determinant
and tridiagonal matrices.

Let us introduce Hankel determinants H\™ | H{™, .. given in terms of a
complex sequence { f,}3° given by

fn fn—i—l T fn+s—1

fn+1 fn+2 fn+s
H =70 T A
fn—l—s—l fn+s e fn+2$—2
s=1,2,..., n=0,1,..., (4.1)
where H(_nl) = 0 and Hén) = 1forn =0,1,.... Moreover, let F'(z) be a

generating function associated with {f,}&° as
:anzn=f0+f12+f222+“'- (4.2)
n=0

Let us assume that F(z) is a rational function with respect to z with
a pole of order [y > 0 at infinity and finite poles 2z # 0 of order [, < 1
for k =1,2,..., L. The sum of the orders of the finite poles is denoted by
l=01L+1+ -+, and F(z) is assumed to satisfy

G(2)

(z—21) (2 — z)l2 -+ (2 — 2l

F(2) = Go(2) + (4.3)

where G(z) is a polynomial of degree at most I, and Gy(z) is a polynomial
of degree Iy if [y > 0, or Go(2) = 0 if [y = 0. The following theorem gives the
determinant solution to the qd recursion formula

gDy QD) ) ) (44
R T T P |
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Theorem 4.2.1 (Henrici [30, pp. 596, 603, 610]). Let F(z) be expressed as
in (4.3). Then it holds that

H™W =0, s=1+1,1+2,..., n=l+11l+2,.... (4.5)
Let us assume that
H™W 40, s=1,2,...,1, n=0,1,.... (4.6)

Then the qd formula (4.4) with the initial condition

N R R (4.7)
fn
admits the determinant solution

FHD) g

(=" s=12.0 =01, (4.8)
HS Hs—l
H(”) H(”‘H)

40:_%%%§F s=0,1...,1, n=0,1,.... (4.9)
HS HS

From (4.9) with (4.5), it follows that ¢\ = 0 for n. = 0,1, ... Moreover,

it turns out that ¢! and ™ for s =1+1,1+2,... andn =0,1,... are not
given in the same form as (4.8) and (4.9).
Let us introduce s-by-s tridiagonal matrices,

(n) (n) (n)

4 q; €
) _ 1 qgn) + 6(1n)
| ey
1 ¢ +e”)
s=1,2,....1, n=0,1,..., (4.10)

of the qd variables ¢\ and €. Let I, be the s-by-s identity matrix. Then
we obtain a theorem for the characteristic polynomial of Tl(n .

Theorem 4.2.2. ([30, pp. 626, 635]) Let F(z) be expressed as in (4.3). Let
us assume that H™ satisfies (4.6). Forn =0,1,..., it holds that

det(zl, — T™) = (z — 27 ) (z — 272 - (2 — 27", (4.11)
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4.3 Tridiagonal matrix associated with gen-
eral matrix

In this section, from the viewpoint of the characteristic and the minimal
polynomials, we associate a general M-by-M complex matrix A with the
tridiagonal matrix Tl(n).

Let A1, Ao, ..., Ax be the distinct eigenvalues of A, which are indexed as
A1 = [A2] > -+ > |An]|. It is noted that some of |A{|,|[Aaf,...,|An| may
have the same values in the case where some of \j, A, ..., Ay are negative

eigenvalues or complex eigenvalues. Let M} be the algebraic multiplicity of
i, where M = My + My + --- + My. For the identity matrix I, € RM*M
let ¢a(z) = det(zIy — A) be the characteristic polynomial of A, namely,

da(z) = (z = A)M(z = M) (2 — Ay)MV, (4.12)
Let us prepare the sequence { f,,}5° given by
fo=wfA™, n=01,..., (4.13)

for some nonzero M-dimensional complex vectors u and w, where the super-
script H denotes the Hermitian transpose. Originally, fo, f1,... have been
called the Schwarz constants, but today they are usually called the moments
or the Markov parameters [10]. Since the matrix power series » - (zA)" is
a Neumann series (cf.[44]), F(z) = Y > w" (2A)"u converges absolutely in
the disk D : |z] < |\|~!. Moreover, we derive F(z) = wf (Ij;—2A)~'u which
implies that F'(z) is a rational function with the denominator det(/y; —zA) =
M 4(271) as follows,

(1 — /\12)M1<1 — )\QZ)MZ . (1 _ )\NZ)MN7

F(z) = (4.14)

where G/(z) is some polynomial with respect to z. It is remarkable that the nu-
merator GI(z) may have the same factors as the denominator (1 — \z)M (1 —
Aoz) M2 (1= Ay2)My . In other words, F(z) has the poles A\;1, A5, .. Ay
whose orders are less than or equal to My, M, ..., My, respectively.

Let us introduce the Jordan canonical form of A in order to investigate the
poles of F(z) with (4.13) even in the case where A has multiple eigenvalues.
Let M, be the geometric multiplicity of Ay which indicates the dimension of
eigenspace Ker(A — Aplpr). It is noted that Mj, is less than or equal to the
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algebraic multiplicity Mj. The matrix A has M,, eigenvectors corresponding
to A, and then the eigenvectors, denoted by vy 1, Vi, ..., Uk m,, satisfy

Avpy = Mevrg,  J=1,2,..., M. (4.15)

Hereinafter, for j = 1,2,..., My, let vy ;(1) = vy;. Moreover, for j =
1,2,..., My, let vy ;(2), vi;(3), ..., v (my,;) be generalized eigenvectors
associated with the eigenvectors vy ;(1), where my; is the maximal inte-
ger such that vy ;(1), vy ;(2), ..., vgj(my ) are linearly independent. Of
course, My + Mpo + -+ + My, = My. The generalized eigenvectors
vy,;(2), vk,;(3), ..., v j(my ;) are indexed so that

Avy (1) = Mo (i) + vp (i — 1),

i=2.3,. . mu, j=12..., M. (4.16)
From (4.15) and (4.16), we derive the Jordan canonical form of A as
VAV =J (4.17)
with the nonsingular matrix
V=WV Vy) e C"M (4.18)
and the block diagonal matrix
J = diag(Jy, Ja, ..., Jy) € CM*M (4.19)
where
Ve = (Vi Viz -+ Viom,) € CYXMe, (4.20)
Vig = (0 (1) i3 (2) -+ oy () € T3, (4.21)
Ji = diag(JkJ, kag, ce Jk,./\/lk) € CMkXMk, (422)
A1
Ak X
Jpj = € CMea XMhig (4.23)
1
Ak

Without loss of generality, we may assume that my 1 > mgo > -+ > my um,, -

Let my = max{mg 1, Mg2, ..., Mg, }. SINCe Mp1 > Mpo > -+ > My pmy s
it is obvious that my = my ;. With the help of the Jordan canonical form of
A as in (4.17), we get a proposition for the sequence { f,,}5° in (4.13).
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Proposition 4.3.1 (Akaiwa et al. [A2]). Let w be the vector given by a
linear combination of the eigenvectors and the generalized eigenvectors of A,
namely, for some constants Ky,

N My Mg

U= 3>k ivn(i). (4.24)

k=1 j=1 i=1
Moreover, for a vector w, let

My, M 5

Chi =) > Ryl (i — i+ Dw. (4.25)

j=1 i'=i

Then, the sequence {f,}e° in (4.13) can be expressed by

N my
=) <Z " 1)ck,m’,;@'+l, (4.26)

k=1 i=1

where the binomial coefficients are 0 if n < i — 1. Also, for some u and w,
it holds that

ki 70, 1=1,2,...,m, k=1,2,...,N. (4.27)

Proof. From V"'AV = J in (4.17), it holds that A" = V.J"V~!. By com-
bining it with (4.13) and (4.24), we derive

fo = wIVJIV

N My mg;

=D Y kg VIV g (6). (4.28)

k=1 j=1 i=1

Let p ;i be the column indexed in which vy (i) in V. Then it is obvious
that V~'vg (i) = ey ;(i) where ey ;(i) denotes a unit vector such that the
Pk jith entry is 1 and the others are 0. Thus, it follows that

N My Mg

Fo =) 30 haw Ve (). (4.29)

k=1 j=1 i=1

Since J is the block diagonal matrix, the matrix J" and its small blocks
(Ji)™ are also so. It also turns out that (.Ji ;)" is upper triangle. So, it is
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worth noting that J"ey ;(i) becomes the py ;;th column vector of J" and its
zero-entries are arranged in all rows except for its pi j1th, pi joth, ..., pr;ith
rows. The Jordan blocks Jj, ; can be decomposed as

Tej = Mo, + By (4.30)
0 1
0 " s
By, = € R XMk (4.31)
S
0

It is emphasized that E,,, . is a nilpotent matrix whose i'th power becomes
the zero-matrix O for i’ > my, ;. Thus, (Ji ;)" can be expressed as

mkj
n n n—i’ i —
()" = (Z., B 1) TR (4.32)
i'=1

where (Ey,, )’ = I, ,. Let us introduce an my, ;-dimensional unit vector
e(7) which is regarded as a part of ey ;(i). Then, by taking account that
Eile(i) = e(i— i +1) in (4.32), we derive

7

Trer (i) = (z" ’ 1) A ey (i =i+ 1), (4.33)

=1

Since it holds that Ve j(i —i' + 1) = vy ;(i — ¢’ + 1), by combining it with
(4.29) and (4.33), we therefore have

N My Mij 4

fn = Z Z Z Z /ikd"i'LUH’UkJ' (’L — i/ + 1)

k=1 j=1 i=1 /=1

n n—i
x <Z,,_ 1> AB=i'+, (4.34)
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By writing down two summations, we get

N My

=) [ffk,j,l’wH’Uk,j(l) <8) Ak

k=1 j=1

n n _
+ Kk,j,? (wH'vk,j (2) (0) )\Z + ’LUH’UkJ(l) (1> )\Z 1)

n n
g (w7 0) (0 + oo ()

Fuo (5 )4

n
+ Kk,jmy, (wHUk,j (M) (0) Nk

+ ’LUHU].CJ (mk,j — 1) (T) )\271

n n—myg ;+1
+ -+ wo (1) (mk,j B 1) Ap )]

Moreover, by paying our attention to the binomial coefficients, we can rewrite
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fn as

N My,
n
fo = §: [(0> P (“k,j,levk,j(l) + kg 2w vy 5(2)

j=1

+ o Ry, kavakJ (ka))

n . .
+ (1> A 1 (lik,j,z’wHUk(], 1) + g jzw v, 2)

+- +Kkjmkijvk](mk] 1))

+ .
n My
n—myg ;+1
+ ( L 1) )‘k " Z ’ikaj,mk,ij'Uk,j(l)
mg,; =1
N n My, M
=D [(0> Ne DD twgaw o (i — 14 1)
k=1 J=1 i=1
n My, Mg
+ 1) An—t ; Z_; kg jaw v (i — 2+ 1)

~- -

( n >)\7kLmk,j+1
mp; — 1

My Mi,j

XZ Z K jiw v (i — my; + 1) |

j=1i=my ;

From my, > my,; and w" vy ;(i — 7' + 1) = v, (i — 7' 4 1)w, it follows that

N myg My, Mg
:Z (ZZH’“W’U’W — 7 + 1w >
k=1

=1 i'=1 j=1 i=i’

n n—i
X (Z,/_ 1) AT (4.35)

The exchange of 7 and 4" in (4.35) brings us to (4.25) and (4.26).
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For example, let us consider the case where the constants sy ;,; are all 1.
Then u becomes the sum of all the eigenvectors and generalized eigenvectors.
Moreover, let w = V~Ha in (4.25) where a is an M-dimensional vector with
all the entries 1. Then it holds that ry, ;v (¢ —i+1)w = e (¢ —i+1)a = 1.
Thus, it is concluded that ¢ ; # 0. The above discussion suggests that there
exists at least one pair of u and w satisfying (4.27). O

Proposition 4.3.1 leads to a theorem concerning the generating function
F(z) with the moments f,, = wf A"u.

Theorem 4.3.2 (Akaiwa et al. [A2]). Let F(z) be the generating function
with the moments f, = w A"u. Then, F(z) converges absolutely in the disk
D :|z| < M|, and F(z) is expressed as

HOEDS) k% (4.36)

FEspecially, if Ay = 0, then F(z) is expressed as

F(Z) =CN,1 + CN2Z + .+ CNmNZmN_l
N—1 my i
ki
4.37
+;; 1= Ap2)f (4.37)

Let us assume that (4.27) holds for some w and w. If Axy # 0, then F(z)
has the finite poles \[*, M50, ..., )\]_Vl of orders my,ma, ..., my, respectively,
and the sum of the orders ism =my+mgo+---+my. If \y =0, then F(z)
has pole of order my — 1 at infinity and the finite poles \[ ', A5, ..., Ay,
of orders my,mo, ..., my, respectively, and the sum of the orders of all the
finite poles is m — my.

Proof. By substituting f,, in (4.26) into F'(z) in (4.2), we get

-EEe (£ )

k=1 i=1 n=0
N m 0o

:Zicm( >z ( )Ag—i“). (4.38)
k=1 i=1 n=1—1



By letting n =n' 4+ i — 1, we derive

F(z) = i mz —— ( > (" j_l N 1) (Akz)n’). (4.39)

k=1 i=1 n'=

It is noted that, for |z| < 1,

i (n/ ;L_Z ; 1) =5 ! 5 (4.40)

n'=0

From (4.39) and (4.40), it turns out that F'(z) converges absolutely in the disk
D : |z| < |A|7!. Simultaneously, we have (4.36) for z € D. It is obvious that
(4.36) with Ay = 0 becomes (4.37). Moreover, (4.36) and (4.37) immediately
lead to the latter statement concerning the poles of F'(z). O

Let 14(z) be the polynomial with minimal degree such that ¥4(A) = O.
Here 14(z) is called the minimal polynomial of A. Let us recall here that the
maximal dimension of the Jordan blocks Ji 1, Ji2, ..., Jxm, corresponding
to A is my. So, 14(2) is expressed as

Ya(z) = (2= A)™ (2 = A)™ -+ (2 — Ay)"V. (4.41)

Therefore, we have the main theorem in this section for the relationship
between the minimal polynomial a general matrix A and the characteristic
polynomial of a tridiagonal matrix Tl(n).

Theorem 4.3.3 (Akaiwa et al. [A2]). Let F(z) be given by the generating
function with the moments f, = w A"u. Let us assume that (4.6) and
(4.27) hold for some w and w. If \y # 0, 2 # 0,..., Ay # 0, then it holds
that

det(zl,, — T\M) = Yua(2), n=0,1,..., (4.42)
otherwise,
n 1/}14(2)
det(zLm my — T ) = S 1=01 (4.43)

Proof. 1t is remarkable that three integers L, [, [, and a complex z; associated
with the tridiagonal matrix Tl(n) in Theorem 4.2.2 are given in terms of three
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integers N, m,my and a complex )\, associated with the general matrix A.
If Ay # 0, then it follows from the latter statement of Theorem 4.3.2 with

L=N,l=m,lyli =milyo =mo,...,Ixn =my and z, = )\,;1. So, from
(4.11) and (4.41), we derive (4.42). Similarly, if Ay = 0, then L = N — 1,
l=m—mpy,lo=my— 1,11 =mq,lo =mag,...,In_1 =mpy_1 and 2 :/\,;1.
Thus (4.11) and (4.41) lead to (4.43). O

Incidentally, the editors in [54, pp. 444-445] give a simple example with
short comments concerning the minimal polynomial, the Jordan canonical
form of A and the multiple poles of F(z).

4.4 Minimal polynomial of tridiagonal ma-
trix

In this section, with the help of the Jordan canonical form, we clarify the
relationship of the characteristic polynomial with the tridiagonal matrix Tl(n)

to the minimal polynomial of Tl(n).
( )For simplicity, let us here adopt the following abbreviations for matrices
Ts",

T, = B L os=0,1,...,1, (4.44)

where | = m if Ay # 0orl = m —my if Ay = 0. Let py(z) = 1 and
ps(z) = det(zly — Ty) for s = 1,2,...,1. Then pi(2) is just the characteristic
polynomial of T, namely,

or(z) = (2= A)™ (2= X)™ -+ (2 — A\, (4.45)

where L = N if Ay #0or L = N — 1 if Ay = 0. The following proposition
gives the Jordan canonical form of the tridiagonal matrix 7;.

Proposition 4.4.1 (Akaiwa et al. [A2]). There exists a nonsingular matrix
P such that

PYT)"P =, (4.46)
J = diag(J11, Joq, ..., Jp1) € CXE (4.47)
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where Jy1,Ja1, ..., JJp1 are of the same form as (4.23).

Proof. The characteristic polynomials py(z), p1(2), ..., pi(2) satisfy

zpo(2) = uipo(2) + p1(2),
)

2ps(2) = vsps—1(2) + Usp1ps(2) + Psr1(2), (4.48)
s=1,2,...,1—1.

This is easily derived from the expansion of det(zI; — T}) into minors by the
sth row. By taking the Oth, the 1st, ..., the (my — 1)th derivatives with
respect to z in (4.48), we get

2D'po(2) + 1D 'po(2) = ur D'po(2) + D'py(2),
i=0.1,. . mp—1,

ZDips(Z) + iDi_lps(Z> - UsDips—1<Z) + us—HDips(Z) + Dips—‘rl (Z>7
i=0,1,....my—1, s=1,2....1—1,
(4.49)

where D'py(z) denotes the ith derivative of ps(z) with respect to z. Let
Pri = (D'po(Mr), Dipr(\g), ..., Dipp_1(M\))" € C'L. Then, by substituting
z = M\ in (4.49) and by taking account that D'p;(\x) = D'(z — \)™ (2 —
Ag)"2 - (2 — N)™ 2y, =0 for i =0,1,...,my — 1, we obtain

MePri +iprior = (1) 'prsy, 1=0,1,...,my — 1. (4.50)

Moreover, it follows that

{(TZ)TPIc,O = AP0, | (4.51)
(E)Tpk’i:AkPk,i—FPk’i_l, 1 = 1,2,...,mk—1,
where Pk,i = (]_/Z')pkﬂ ThU.S, by lettlng P = (Pl,O Pl,l st Pl,m1—1 | PQ’O PQ’l
cee P2,m2—1 | cee |PL70 PL71 cee PL,mL—l) € Cle, we have (E)TP = Pj

Here, it remains to prove that P is nonsingular. Of course, P ; # O since
the (i + 1)th row of Py ; is Dip;(\g)/i! = 1. Let Wy, = Ker((T7)" — A1)’
for i = 1,2,...my — 1, which indicates the generalized eigenspace of (1)
corresponding to \;. Then it is obvious from (4.51) that ((T;)" — A\.I}) Pro =
O and Py € Wy;. Equation (4.51) with ¢ = 1 also leads to that ((7})" —
)\kll)2Pk,1 = O and P;; € Wy, Simultaneously, it is observed that Py, ¢
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Wi1. Let us assume that Py; € Wiy, namely, (1})" Pyy = A\Pr1. Then,
from (4.51), we derive P,y = O, which contradicts with P, # O. Thus, it
follows that P, ¢ Wy . Similarly, by induction for ¢ = 2,3,...,my — 1 in
Py.;, we have

P]m §é Wk,l; Wkg, ceey Wk,i? P[m S Wk,z’—i—la 1= 1, 2, cee, M — 1. (452)

From (4.52), it turns out that Py, fori =0,1,...,my—land k =1,2,...,L
are linearly independent. Therefore, it is concluded that P is nonsingular
and the Jordan canonical form of (7;)" is given by (4.46). O

Proposition 4.4.1 implies that the minimal polynomial of (7;)" becomes
Ur(z) = (2= A)™ (2 = A)™ -+ (2 = AL)™, (4.53)

which is equal to the characteristic polynomial of 7} in (4.45). If mq = my =
.-+ =my = 1, then it is obvious that 7; is diagonalizable. Otherwise, T is not
diagonalizable. This is because multiplicity of roots in minimal polynomial
coincides with maximal size of the Jordan blocks. To sum up, we have a
theorem for the properties of the tridiagonal matrix 7;.

Theorem 4.4.2 (Akaiwa et al. [A2]). The minimal polynomial of T} is equal
to the characteristic polynomial of T;. Also, T} is a diagonalizable tridiagonal
matriz if and only if it has no multiple eigenvalues.

4.5 Procedure for constructing tridiagonal ma-
trix and its examples

In this section, based on the discussions in the previous sections, we first de-
sign a procedure for constructing a tridiagonal matrix with specified multiple
eigenvalues. We next give four kinds of examples for demonstrating that the
designed procedure can provide tridiagonal matrices with multiple eigenval-
ues. Examples have been carried out with a computer with OS: Mac OS X
10.8.5, CPU: Intel Core i7 2 GHz, RAM: 8 GB. We also use the scientific
computing software Wolfram Mathematica 9.0. In every example, all the
entries of u are simply set to 1 and those of w are not artificial. The readers

will realize that the settings of w and w are not so difficult for satisfying
(4.6) and (4.27).
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Let us here consider the relationship of five theorems in the previous
sections. Theorem 4.2.2 shows that the eigenvalues of Tl(n) in the tridiag-
onal form as (4.10) are equal to the poles of the generating function F(z)
and the multiplicity of the eigenvalues coincide with those of the poles of
F(z). Theorems 4.3.2 and 4.3.3 claim that the minimal polynomial of a gen-
eral matrix A, denoted by 1 4(z), is just the denominator of F'(z) involving
fn = wf A"u, and it coincides with the characteristic polynomial of Tl(n) de-
noted by ¢r(z), except for the factor corresponding to zero-eigenvalues. With
the help of Theorem 4.2.1, we thus realize that the nonzero elgenvalues of

T( ) with the entries 1nvolv1ng q§ ), q(o) e ,ql( and 610), ego), .. elO | become
roots of the minimal polynomial ¥ 4(z) in the case where qg ), qé ), o ,ql( )
and e; ), ego), . el(o)l are given by the qd formula (4.4) under the initial con-

dition eo =0and ¢\") = foi1/f, with f, = w? A"u. See also Figure 4.1 for

the diagram for getting g\ and e by the qd formula (4.4). A procedure for
(0)

constructing 7' = 7, with the same nonzero eigenvalues as A is therefore

as follows.
1: Set l=mif Ay #0and l =m —my if A\y =0.
2: Choose v and w as in (4.6) and (4.27).
3: Compute f, = w?Au forn =0,1,...,20 — 1.
4SaJM_0ﬂmn_QL” 2l — 3.
5: Compute q1 = foi1/fnforn=0,1,...,20 —2.
6: Repeat (a) and (b) for s =2,3,...,1[.

(a) Compute eﬁ”’l = q§”“> +e (nH) qs ) forn=0,1,...,20—2s+1.

(b) Compute ¢{” = ¢"TVe! "H /es | forn = O, 1d , 21 — 2s.
T Const(ﬁ)uct a tridiagonal matrlx by arranging q1 , Q5 ), ey ql(o) and ey
€11

(0) ()

According to Theorem 4.4.2; the minimal and the characteristic polynomials
of the resulting tridiagonal matrix 7" are equal to each other. Moreover, T is
diagonalizable if and only if it has no multiple eigenvalues.

It is necessary to control the eigenvalues of A for getting T as a tridiagonal
matrix with prescribed eigenvalues. It is easy to specify the eigenvalues of
diagonal matrices and the Jordan matrices.

First, in the procedure, let us consider the case where

A = diag(2,2,2,1,1,1) € R%*6
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Vot o= ql(ZI_S) =1

\/

21-3) (21-3)
0= eo _— el

(21-4)
2

/
fZI—l/fZl—2= q1(21—2)

initial settings Somnreesnneeesanssennese e

Figure 4.1: The qd diagram for a tridiagonal matrix construction.

which is a diagonal matrix with two eigenvalues 1 and 2 of multiplicities
3. Obviously, the characteristic and the minimal polynomials are factorized
as (z — 1)3(z — 2)? and (2 — 1)(z — 2), respectively. So, the integers [ and
m are immediately determined as [ = 2 and m = 6. Moreover, by letting
w=(1,1,1,1,1,1)T and w = (1,1,1,1,1,1)", we derive a tridiagonal matrix
as

c RQXQ

~

I
— N W
DO QO —

whose characteristic and minimal polynomials are both factorized as (z —
1)(z—2). The tridiagonal matrix T is diagonalizable matrix with the distinct
eigenvalues 1 and 2.

Next, let us adopt a bidiagonal matrix, which can be regarded as the
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Jordan matrix, with eigenvalues 2 of multiplicity 6 as A, namely,

2 1

2 1
2 1 6x6
9 1 e R°™°,
2 1
2
in the procedure. Since the characteristic polynomial of A are equal to the
minimal one, the integer [ and m are determined as [ = m = 6. Then the
procedure with w = (1,1,1,1,1,1)" and w = (1,1,0,1,0,1)" constructs a
tridiagonal matrix, which can not be symmetrized,

11 3
4 16
11 4
1 = =
12 9
1
0,
T = 3 € R6*6,
1 0 —
20 1
8 64
11
8

The characteristic and the minimal polynomials of A and T are all the same
polynomial with respect to z, which is factored as (z—2)%. So, the tridiagonal
matrix 7" is not diagonalizable.

Let us prepare the Jordan matrix
31

31
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The matrix A has multiple eigenvalues such as \y = 3, Ay = 3, A3 = 3,
A =3, A =3, A6 = 3, \y =2, \g = 2. It is noted that |\| = |[Xo| = | N3] =
IAs] = [Xs| = || > |[A7] = |As| > 0. The characteristic and the minimal
polynomials of A are factorized as (z — 2)*(z — 3)% and (2 — 2)%(z — 3)3,
respectively. So, let [ = 5 and m = 8 in the procedure. Then, the setting u =
(1,1,1,1,1,1,1,1) " and w = (1,1,1,1,1,1,1,1)T brings us to a tridiagonal
matrix, which can not be symmetrized,

13 1
Z %_g 13
L' 7 3%
T = (116 € R
260 169
1232 13
377 sdl
77
2

whose characteristic and minimal polynomials are both factorized as (z —
2)2(z —3)3, which is just equal to the minimal one of A. The tridiagonal ma-
trix T is not a diagonalizable matrix with eigenvalues 2 and 3 of multiplicities
2 and 3, respectively.

Finally, let A be set as the Jordan matrix with complex eigenvalues 2 + i
and 2 — ¢ of multiplicities 2 and distinct real eigenvalues 1 and 2, namely,

241 1
2+1

in this procedure. By taking account that the characteristic and the minimal
polynomial are equal to each other, the characteristic polynomial of A are
equal to the minimal one, let [ = m = 6 in the procedure. Under the setting
w=(1,1,1,1,1,1)T and w = (1,1,1,1,1,1) ", the resulting matrix T is a
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real tridiagonal matrix, which can not be symmetrized,

13
6
1

BU
36
@ _1920
114 361
863200
760 1600
1187
440

240
121

31

66 36

Rt

6

c RGXG

The characteristic and the minimal polynomials of A and T" are all the same
polynomials with respect to z, which is factored as (z —2+14)%(z —2—1i)%(z —
2)(z — 1). So, the tridiagonal matrix 7" is not a diagonalizable matrix with
the same complex multiple eigenvalues and real distinct ones as A.
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Chapter 5

A finite-step construction of
Hessenberg-type TIN matrices
with prescribed eigenvalues
based on the discrete hungry
Toda equation

Entry-wise nonnegative matrices whose minors are all nonnegative are called
totally nonnegative (TN) matrices. TN matrices appear in many mathemat-
ical branches and applications. However, there is no practical method for
inverse eigenvalue problems (IEPs) for TN matrices because of the difficulty
of satisfying the TN property.

The discrete hungry Toda equation is a kind of extension of the discrete
Toda equation. The numerical algorithm for computing eigenvalues of TN
matrices of Hessenberg form is developed from the discrete hungry Toda
equation.

In this chapter, an IEP for Hessenberg TN matrices is discussed from the
viewpoint of application of the discrete hungry Toda equation to numerical
algorithm. A finite-step procedure for constructing Hessenberg TN matrices
is designed based on the discrete hungry Toda equation.
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5.1 TN matrices and inverse eigenvalue prob-
lems

The real-valued nonnegative inverse eigenvalue problem (RNIEP) is a type
of inverse eigenvalue problems. Chu and Golub’s book [8], which is a fun-
damental reference in the area of inverse eigenvalue problems, notes that
the subjects of RNIEP cover the constructions of an entry-wise nonnegative
matrix A € R”™*™ with prescribed real eigenvalues A1, Ao, ..., \,,. Totally
nonnegative (TN) matrices are nonnegative matrices whose minors are re-
stricted to be all nonnegative. TN matrices appear in various branches of
mathematics, such as stochastic processes, probability and combinatorics
2, 14, 40, 48]. TN matrices also contain inner totally positive (ITP) matri-
ces and an inverse eigenvalue problem for an I'TP matrix has an application
to a vibrating beam in flexure [21]. If eigenvalues are not prescribed, then TN
matrices with banded forms are easily given by preparing TN matrices with
bidiagonal forms and computing their matrix products. Generally speaking,
however, we cannot prescribe eigenvalues for the resulting banded TN matrix
in this method.

The bidiagonal factorization theorem in [7, 13| states that TN matrices
can be decomposed into products of lower and upper bidiagonal TN matrices
with at most one nonzero offdiagonal entry. In this chapter, we consider a
sequence of m-by-m banded matrices with a positive integer M,

AM = [ ROAM=D R RM) =01, (5.1)

where L™ and R™ are, respectively, lower and upper bidiagonal matrices

Q1
Lo . A 1 R — Qs |
W i Q};)
n=01,.... (5.2)

The superscripts and subscripts distinguish matrices and identify entries,
respectively. The banded matrices in {A™}, 0. are matrices with the
band width min(M + 2,m + 1). Note that in the case where M > m — 1
these banded matrices are Hessenberg matrices. If the bidiagonal entries of
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L™ and R™ are all positive, then L™ and R™ are all TN. According to
Gasca and Micchelli [20], banded matrices given by products of bidiagonal
TN matrices are themselves TN. Though, in fact, L™ and R™ differ from the
bidiagonal matrices appearing in the bidiagonal factorization theorem, they
can be decomposed into such bidiagonal matrices. Thus, the banded matrices
in {A(”)}n:071,_._ can be also decomposed using the bidiagonal factorization
theorem.
A sequence of LR transformations,

LD RIHM) — RI LMy —0,1,.. ., (5.3)
generates a similarity transformation from A™ to A®*+Y such that A+ =
RMAM(RM)=1 The LR transformations in (5.3) exist even if A™ is not
TN, and A™ can be transformed to At without changing eigenvalues.
Focusing on the matrix entries in (5.3), we obtain the recursion formula for
the similarity transformation from A®™ to A1),

Ql(cn+M)+E]8i-il_1):Ql(cn)+El(cn)7 k:1727"‘7m7 n:0717""
l(€n+M)E]gn+1) :Qgi)lElgn)) k: 1a27"'7m_ 17 n:O’17""
(5.4)

Equation (5.4) is the discrete hungry Toda (dhToda) equation, which is orig-
inally derived from an inverse ultra-discretization of the numbered ball and
box system [61]. The subscript & and superscript n denote the discrete spa-
tial variable and discrete time variable, respectively. The dhToda equation
(5.4) with M = 1 is equal to the discrete-time Toda equation [32, 33, 34],
which is a discrete analogue of the continuous-time Toda equation [57]. The
bidiagonal matrices L™ and R also appear in the matrix representation,
called the Lax representation, of the dhToda equation (5.4) [61].

The discrete Toda equation, the dhToda equation (5.4) with M = 1,
is equal to the recursion formula of the quotient-difference (qd) algorithm.
The qd algorithm is a well-known algorithm for computing eigenvalues of
tridiagonal matrices, which are often called Jacobi matrices. As n — oo,
the tridiagonal matrix A®™ with M = 1 converges to an upper bidiagonal
matrix; specifically, the diagonal entries of A™ with M = 1 converge to the
eigenvalues of A® with M = 1. By Fukuda et al. [18], it is shown that
the dhToda equation (5.4) can be applied to compute eigenvalues of A®
with arbitrary values of M. The banded TN matrix A™ tends to an upper
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triangle matrix whose diagonal entries are eigenvalues of A® as n — ooc.
Subsequently, an algorithm based on the dhToda equation (5.4) for solving
an eigenvalue problem for the banded TN matrices is designed. A shift
of origin by accelerating the convergence is introduced, and then an error
analysis for it is presented by Fukuda et al. [19, 17].

Henrici’s book [30] briefly comments on the construction of tridiagonal
matrices with prescribed eigenvalues by employing the qd recursion formula.
The relationship between the inverse eigenvalue problem for tridiagonal ma-
trices and the Toda lattice is demonstrated in the book [8] by Chu and Golub.
Several papers deal with the construction of tridiagonal matrices and, apart
from the qd algorithm, a few effective algorithms have been proposed [5, 26].
In Chapter 4 [A2], the case of tridiagonal matrices with multiple eigenvalues
is discussed.

In this chapter, by investigating an inverse eigenvalue problem for banded
TN matrices, we clarify how to construct banded TN matrices with prescribed
eigenvalues. The key point is to examine the evolution not from n to n + 1
via the dhToda equation (5.4) but from k to k + 1 via

Elgn): én—&—M)_ ,(gn)+E;§TI1)> k=1,2,....m, n=0,1,...,
w BV
Qk+1: (n) k ) k:1727"‘,m_]—, TL:O,l,...
k
(5.5)

which is easily obtained from the dhToda equation (5.4). Hereinafter, we
refer to (5.5) as the dhToda equation, without distinguishing it from (5.4).
The remainder of this chapter is organized as follows. In Section 5.2,
by extending the Hankel determinants appearing in the determinant solu-
tion to the discrete Toda equation, we derive a determinant solution to the
dhToda equation (5.5). In Section 5.3, we present the relationships among ex-
tended Hadamard polynomials, where each extended Hadamard polynomial
is defined by the ratio of an extended Hankel determinant to its associated
polynomial. In Section 5.4, we observe the eigenpairs of banded matrices in
terms of the extended Hadamard polynomials. In Section 5.5, we restrict
the banded matrices to banded TN matrices. In Section 5.6, we present a
finite-step procedure for constructing banded TN matrices with prescribed
eigenvalues, and then we give an example to demonstrate the procedure.
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5.2 The determinant solution to the dhToda
equation

Hankel determinants are useful for analyzing the qd recursion formula [30]. In
this section, we begin by extending the Hankel determinants and considering
their properties. Some readers may find this intuitive, as the dhToda equa-
tion (5.5) is an extension of the qd recursion formula. We will then present
the determinant solution to the dhToda equation (5.5) using the extended
Hankel determinants.

Let us define a sequence of extended Hankel determinants by

7‘81) =0, Tén) =1,
fn fn-‘rM e fn+(k—1)M
(n) Jns1 Joemsr o Jare—n) M4
Tk = . . . 9
Jonak—1 fosmar—1 0 Jore—1)(M41)
k=1,2,...,m+1, (5.6)

where {f,}n=01.. is an arbitrary sequence. Moreover, let us assume that
k,m,n and M are the same as in the dhToda equation (5.5). The extended
Hankel determinants (5.6) differ from standard Hankel determinants in that
the subscripts in the entries increases by M as the column index increases by
1. Of course, the extended Hankel determinants (5.6) with M = 1 become
standard Hankel determinants. By considering Jacobi’s identity of deter-
minants, we derive the following relationship among the extended Hankel
determinants (5.6).

Lemma 5.2.1. The extended Hankel determinants (5.6) satisfy

n+M+1 n n+1 n+M n n+M+1
PRI — Dot ) i
k=0,1,....m, n=12,.... (5.7)

Proof. Let us begin by briefly explaining the Laplace expansion for the deter-
minant of a (2k+2)-by-(2k+2) matrix X. Let X (i1,4a, ..., ixr1]J1,J25 - -5 Jks1)
denote the (k + 1)-by-(k + 1) submatrix consisting of the intersections of
the 41th, isth, ..., iz 1th rows and the j1th, joth, ..., jri1th columns of

X. Moreover, let X(il, ig, Ce 7ik+1|j17j27 ce 7jk+1) be the (k + 1)—by-(k + 1)
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submatrix obtained by deleting the i;th, #sth, ..., iz 1th rows and the

Jith, goth, ..., Jki1th columns from X. Then, for fixed iy,4s,..., %11 with
1< < <igyy <2k + 2, it holds that
det X = Z (_1)il+i2+~"+ik+1+j1+j2+"'+jk+1

1<51 <G < <Jrp+1<52k+2

X det X(ilai% s 7ik+1‘j17j27 s 7.jk+1>

x det X (i1, 42, -« iks1]d15 J2, - - Jht1)- (5.8)
Equation (5.8) is called the Laplace expansion of det X.
For the (k+1)-dimensional column vectors e; := (1,0,...,0,0)7, exy1 :=
(0,0,...,0,1)" and £, == (fus frtts -« s furr) |, let
x o— (e Form o farg-om Foren | foo 00 0 €k+1
’ e; o - 0 Joten | foo Foanme 0 Fore-nym €k )7
(5.9)
Let us consider the case where iy = 1,iy = 2, ..., ix 1 = k+1in (5.8). The mi-
nors varnish except in the six cases where {ji, jo, ..., jrkr1} = {1,2,... , k, k+

1h,{2,... k k+2,2k+2}, {1,... k, k+2},{2,..., k+1,2k+2},{2,3, ..., k+
2},{1,...,k,2k + 2}. Taking these into account, we derive
det X = 2|€1 J LTS VIREE fn+(k—1)M fn+kMan S - fn+(kz—1)M ek+1‘
—2les fo foinr - Fare—vml| Frainr - Frore—1)ar Frvrns €xs1]
- 2|fn Jrnanr- - fn+(k—1)M fn+k;MHel S - fn+(k—1)M €k+1|-
By applying cofactor expansions, we can rewrite as

det X = 2(7‘,5”+M+1)Tl§n) - T,SnH)T,EnJrM) - T,gi)lT,ST{MH)), (5.10)

i (n) _ .
since 7, = | fn frinm Frirn|:
Moreover, by subtracting the last &£+ 1 rows from the corresponding first

k + 1 rows in X, we easily obtain

det X =
0 fn+M T fn—i—(k—l)M 0 0 _fn-‘,-M U _,fn—i—(k—l)M 0
e 0 o 0 far | o o Fargom enn

(5.11)

Similarly, it follows from the Laplace expansion for (5.11) that det X = 0.
Thus, by combining this with (5.10), we have (5.7). O
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With the help of Lemma 5.2.1, we can obtain the following theorem for
the determinant solution to the dhToda equation (5.5).

Theorem 5.2.2 (Akaiwa et al. [A3]). Let us assume that Q\" and E"
satisfy the boundary conditions
fn+1

Qv ==,
! In
EM =0 n=01,.... (5.13)

n=01,..., (5.12)

Then, the solution to the dhToda equation (5.5) is expressed by using the
extended Hankel determinants (5.6) as

(n) _(n+1)

T, T,
Ql(cn):%a ]{5:1,2,...,777,,
T Tr—1
w e
n + - .
E} W, k=0,1,....m, n=0,1,.... (5.15)

n=01,..., (5.14)

Moreover, if { fn}n=o1.. salisfies the linear equations
froom + a1 foom1+ - +anfn=0 n=01,..., (5.16)
with arbitrary constants fo, f1,..., fm-1 and ay,as, ..., a,, then it holds that
E,S?:o n=01,.... (5.17)

Proof. Since 7 1) =0, 0( =1, 7'1 fn and T(n+1 fna1, it is obvious that
an) = Tén)T(nH)/( (n) ("H ) and Eo (n) ("+M)/(T(§n)7'én+M)) satisfy the
boundary conditions (5 12) and (5.13), respectlvely. The solution to the
dhToda equation (5.5) is easily checked by substituting Q,(Cn) in (5.14) and
E™ in (5.15) for the dhToda equation (5.5) and by using Lemma 5.2.1.
By taking (5.16) into account and applying elementary transformations of

determinants to the (m + 1)th row of 7'7(1:21, we easily derive

=0, n=01,.... (5.18)
Moreover, by combining (5.18) with (5.15), we have (5.17). O

The solution to the original dhToda equation (5.4) has also been pre-
sented with other boundary conditions [61]. It is different from (5.14) and
(5.15), which is the solution to the dhToda equation (5.4) with the boundary
conditions (5.12) and (5.13), in entries of extended Hankel determinants.
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5.3 Extended Hadamard polynomials

The ratio of the Hankel polynomial to the Hankel determinant is often re-
ferred to as the Hadamard determinant [30]. Following Henrici [30], in this
section, we consider extended Hadamard polynomials in terms of the ex-
tended Hankel determinants (5.6) and their associated polynomials. We then
clarify the properties of the extended Hadamard polynomials.

Let us introduce polynomials with respect to z,

M) =0, o) =1,

fn fn+M o fn+(k—1)M 1
Jni1 Joirrsr oo fn+(k—1)M+1 z
o (z) = . ' Ak
fotho1 foeMik—1 o far-naen 27
Stk Jooranw o fn+(k71)M+k 2*
k=1,2,...,m, (5.19)

as extended Hankel polynomials associated with the extended Hankel de-
terminants. The meanings of k,m,n and M are the same as in (5.6). It
is noted here that the extended Hankel determinant 7',5") is the kth order
leading principal minor of the extended Hankel determinant g,(cn)(z), whose
degree is k. The extended Hankel polynomial Q,(Cn)(z) with M = 1 coincides
with the standard Hankel polynomial. Similarly to Henrici [30], we adopt

the extended Hadamard polynomials as

(b(_nl)(z) =0, én)(z) =1,

(m)
() () = (ff), k=1,2,...,m. (5.20)
Tk

The following two propositions describe a relationship among the extended
Hadamard polynomials.

Proposition 5.3.1 (Akaiwa et al. [A3]). The extended Hadamard polyno-
mials (5.20) satisfy

200V (2) = QU o (2) + o\ (2), k=0,1,...,m—1. (5.21)
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Proof. This proof is similar to that of Lemma 5.2.1. The vectors ey, exy1, fr
are the same as in the proof of Lemma 5.2.1. Let us introduce a (k + 1)-

dimensional column vector z = (1,z2,...,2*)". Then, by expanding
et fo form 0 Farte-2m Fare-vm |z O - 0 €kr1
e; 0 0 0 fn+(k—1)M z fn - fn+(k—2)M €rt1
(5.22)
and considering that Q,(Cn) = | fo foem 0 fare—vm 2|, we obtain
n+1 n n n+1 n+1 n
o) — e () + i el (2) = . (5.23)

By dividing both sides of (5.23) by T,EH)T,ET_LJ{I), we derive

n+1 n n n+1 n
7',5 )TkE—)l Ql(c—)l(z) Ql(c—l )(Z) Q( )(Z)

-z + =k =0
n) _(n+1 n n+1 n !
Ot at A
which implies (5.21). O

Proposition 5.3.2 (Akaiwa et al. [A3]). The extended Hadamard polyno-
mials (5.20) satisfy

™M(2) ="M (2) + EMe™M (), k=0,1,...,m. (5.24)

Proof. Similarly to the proofs of Lemma 5.2.1 and Proposition 5.3.1, by ex-
panding

Fo Foym oo fn+(k—1)M €k+1 0 0 Snienr 2
fn 0O - 0 ep1 | Jorm 0 Foroevm Froiem 2
(5.25)
we derive
i ol @) = 0 () + e ) =0 (5.26)

By dividing both sides of (5.30) by T,E”)T,g"JrM), we obtain

n+M n n n+M n—+M
Ql(c i )(Z) _ Qé )(Z) 7‘]5317‘,571 : 9271 )(z) —0
(n+M) (n) (n)_(n+M) _(n+M) 77
Tk Tk Te Tk Tk—1
which immediately leads to (5.28). O
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5.4 Associated eigenvalue problems

In this section, we observe the eigenvalue problem of A®™ by focusing on the
extended Hadamard polynomials (5.20).
Let us introduce a monic polynomial with respect to z,

p(z) =z2"+ a2+t Q12+ A, (5.27)

where ay, as, . . ., a,, are the same constants as in (5.16). The following propo-
sition shows a relationship between an extended Hadamard polynomial in
(5.20) and the monic polynomial p(z).

Proposition 5.4.1 (Akaiwa et al. [A3]). The extended Hadamard polyno-
mials (5.20) satisfy

M (2) = oMM () 4 EM gt () k=0,1,...,m. (5.28)

Proof. Similarly to the proofs of Lemma 5.2.1 and Proposition 5.3.1, by ex-
panding

fo Foym oo fn+(k—1)M €r+1 0 0 Snienr 2
fn 0 - 0 epi1 | Jorm 0 For-vm Friem 2
(5.29)
we derive
ol M (2) = oM (2) + e () =0, (5.30)

By dividing both sides of (5.30) by T,En)T,gHM), we obtain

n+M n n n+M n+M
S O N SO Ry Sy S O
n+M n n) _(n+M n+M ’
R S S
which immediately leads to (5.28). O

In this section, we observe the eigenvalue problem of A™ by focusing on
the extended Hadamard polynomials (5.20).
Let us introduce a monic polynomial with respect to z,

p(2) = 2"+ a2+ 12+ (5.31)

where aq, as, . . . , a,, are the same constants as in (5.16). The following propo-
sition shows the relationship between an extended Hadamard polynomial in
(5.20) and the monic polynomial p(z).
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Proposition 5.4.2 (Akaiwa et al. [A3]). Let us assume that Q" and E”
forn=0,1,... satisfy the boundary conditions in (5.12) and (5.13), respec-

tively. If {futn=o01.. in {qb%l)(z)}nzojlw satisfies (5.16), then it holds that
oW (2) =p(z), n=0,1,.... (5.32)

Proof. For the extended Hankel determinant gﬁ,’;‘) in (5.19), by adding a,,
times the 1st row, a,,_1 times the 2nd row, ..., a; times the mth row to the
(m 4+ 1)th row, we get

In Jo+m e Jnt(m—1)m 1
fn+1 fn+M+1 T fn+(m—1)M+1 z
e . ) .
Qm (Z> - m—
Jntm—1 JnaMym—1 e fn+(m—1)(M+l) 2m!
m m m m
Z Qi frtm—i Z Qi formin—i - Z Qi [t (m—1)M—i Z a;z™”
i=0 i=0 i=0 i=0

where ag = 1. Considering (5.16) and (5.31), we realize that the (m + 1,1),

(m+1,2), ..., (m+ 1, m) entries are all 0 and the (m +1,m + 1) entry is
p(z). Thus, it follows that gﬁ,if)( ) = R p(z). Since oo ( ) = Qgg)(z)/n(,?) in
(5.20), we therefore obtain (5.32). O
Now, let us assume that p(z) has m distinct roots oy, 09, . . ., 0y, namely,
p(z)=(z—01)(z—09) (2 — o). (5.33)

Then, from Propositions 5.3. 1 5.4.1 and 5.4.2, we derive the relationships
between the Lax matrices L™ and R™ in (5.2) and an m-dimensional vector

O = (¢5(0:), o7 (03), .., 60 1 (0 >)T

Proposition 5.4.3 (Akaiwa et al. [A3]). Let us assume that Q" and E
forn = 0,1,... satisfy the boundary conditions (5.12) and (5.13), respec-

twely. If {fu}n=01,. in {@E")(z)}nzo,lw satisfies (5.16), then it holds that,
for distinct 01,09, ...,0, in (5.33),




Proof. Let us recall here that p(o;) = 0. Combining this with Proposition
5.4.2, we see that

oM (o) =0, i=1,2,....m, n=0,1,.... (5.36)

Propositions 5.3.1 and 5.4.1 with (6.39) immediately lead to

COAN P o)
1 '(Ui) _ Eén) 1 o] ' (04) ’ (5.37)
o1 (0) Do ) e
g (@1 (e
] I o) | e
PARICH o) e
which are equivalent to (5.34) and (5.35), respectively. O
Let Ay, Ao, ..., A\, be constants given in terms of o1, 09,...,0,, by
M=o, N=a), .., Ap=o (5.39)
Of course, A1, Mg, ..., A\, are distinct from each other. We thus have an

important theorem for the eigenpairs of the banded matrix A™ defined by
(5.1).

Theorem 5.4.4 (Akaiwa et al. [A3]). Let us assume that Q\" and E((]n)
forn = 0,1,... satisfy the boundary conditions (5.12) and (5.13), respec-
tively. Moreover, let 01,09,...,0, in (5.33) be distinct. If {fn}n=01,. in
{@gn)(z)}nzojlw satisfies (5.16), then, for distinct A1, Ag,..., Am in (5.39),
{1, <I>§”)}, {)s, q)én)}, ooy s (I)Sf)} are eigenpairs of AW = [ Rn+M=1)
R+ R(n)
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Proof. From Proposition 5.4.3, it follows that

A(n)q)l(-n) _ [ Rpe+M-1) R(n—i—l)(R(n)q)En))
= O'iL(n)R(n-f—M—l) L (R(n—i-l)q)'n—i-l))

7

= 2L RTM-1) (R(n+2)q>(”+2))

)

= oML )
= 0.

=\0", i=1,2,....m,

which implies that {1, Cbgn)}, {2, q)gn)}, oo { A, (1357?)} are eigenpairs of A™.
[l

Theorem 5.4.4 claims that det(z — A™) = (z — A1) (2 — Xa) -+ (2 — A).
It is obvious that p(z) = §ZZ)(z) = (z—01)(z —09) -+ (2 — o) is not the
characteristic polynomial of A™ with M # 1. It is, however, remarkable
that p(z) = qbg,?)(z) yields the roots of the characteristic polynomial of A™).
Of course, p(z) = o )(z) coincides with the characteristic polynomial of A
if M =1, that is, A" is a tridiagonal matrix.

5.5 The TN property

The sequence { f,}n—o1... satisfying (5.16) is uniquely determined by given
values of fy, fi, ..., fm_1. The dh'Toda variables Q,(Cn) and E,in) appearing in
the entries of A™ are similarly uniquely determined. This is because Qﬁj)

and E,in) are expressed by using the extended Hankel determinants (5.6)
with respect to {fn}n=01,.. Setting fo, fi,..., fm—1 thus plays a key role
in realizing the TN property of A™. We first express the extended Hankel
determinants (5.6) in terms of distinct oy, 09,..., 0y, which are shown in
Theorem 5.4.4 to be the M-roots of the eigenvalues of A™. Next, we clarify
what setting of fo, fi,..., fm_1 enables A™ to have the TN property.

It is worth noting here that {f, },—01. . satisfying (5.16) can be expressed
as

fa=co! +c0y +---+cpo,,, n=01..., (5.40)
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where ¢y, ¢, . .., ¢, are constants given by o1, 09, ...,0,, and fo, f1,. .., fr_1-
From (5.40), we derive a proposition for an expansion of the extended Hankel
determinants (5.6) using oy, 09, ...,0, and ¢, ¢, ..., Cp.

Proposition 5.5.1 (Akaiwa et al. [A3]). If {f.}n=01.. satisfies (5.40), then

the extended Hankel determinants (5.6) are expressed as

Tlgn) = Z (Cilciz e Cik)<0i1gi2 e Oik)n

1< <t << <m

X H (05, — 03;) H (U%—U%), k=1,2,...,m. (541)

1<5<i<k 1<j<i<k

Proof. By applying (5.40) to the (j+1)th column of ¢}§”>, denoted by fi,1jm =

T . .
(fasings frgmrans ooy fajarrn—1) ', we easily obtain
m
_ n (J)
fn+jM = g G0, 0;
i—1
: M _jM+1 iM+k—1 :
where ¢ = (oM oM+ GIMAEIT Thyg, it follows that
Fn) f f f
ko n n-+M n+(k—1)M
(k—1)
c“a“a' 0220220' e CZkJZkO'
11=1 i2=1 ip=1
m m m
n| (0 1 k—1
=33 S s (0u0n - 0i) 0@ o L gD
i1=1149=1 ip=1

This can be rewritten by reframing the summations as

(n) _ n
Tk = CirCiy * *+ €3y (04,04 -+ 0, )
1<i1<ig << <m
k

k
D)0 DL

Jj1=172=1 Jr=1
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By taking into account that

k
DD I B IR

Ji1=1j2=1 Jk=1
k k k
0 1 k—1
S e S L gl
b1 ia Lk
Ji=1 J2=1 Jr=1
k—1)M
11 1 oM .o gy
f—1)M
0iy Tis Ty, 1 Jf‘f S ‘71'(2 )
k-1 k-1 k-1 o _
A A Ce A M (k—1)M
O3 iy T, L oo, - o )
_ M M
— H (Uil - Uij) H (O-Z'l - Uij )7
1<j<I<k 1<j<I<k
we therefore have (5.41). O

Let us consider a sufficient condition for A™ being a TN matrix. From
Proposition 5.5.1, we find T,i") >0ifo; >09>--- >0, >0andc; > 0,¢cy >
0,...,¢m > 0. It is obvious from Theorem 5.2.2 that if T,En) > 0, then Qén) >0
and E,gn) > 0. Thus, L™, R™ R0+D RO+M=1) are all TN if oy > 09 >
o> 0,>0andc; >0,c0 >0,...,¢, > 0, since all of their minors are 0, 1,
or some positive constants given in terms of Q,(ﬂn) and E,in) [2, 48]. According
to Gasca and Micchelli [20, p. 110], if L™ R™) RO+ RO+M=1) are
TN, then their products LW RMRO+D ... RI+M=1) — A(") are so. If 07 >
gy > -+ > 0, > 01in (5.39), then it holds that

AL > A > > A, > 0. (5.42)

Thus, we have a theorem for A™ being a TN matrix.

Theorem 5.5.2 (Akaiwa et al. [A3]). Let us assume that Q\" and E"
forn = 0,1,... satisfy the boundary conditions (5.12) and (5.13), respec-
tively. Let oq,09,...,0,, which are the Mth roots of A1, \a, ..., A\, Tespec-
tively, be distinct positive with o1 > o9 > +++ > o, in (5.40). Moreover, let
C1,Cay . .., Cm be positive in (5.40). Then, A™ = L0 RO+M=1) .. pr+1) (™)
forn=0,1,..., which are composed of {fy}n=01,., are TN.

72



It is emphasized here that oy,09,...,0, are not restricted except for
o1 > 09 > -+ > 0, > 0. In other words, the eigenvalues of A" denoted
by A1, Ao, ..., Ay must only be positive and distinct to each other. Thus,
Theorem 5.5.2 also implies that TN matrices can have any set of distinct
positive eigenvalues.

5.6 A finite-step construction procedure

In this section, we describe how to construct TN matrices with prescribed
eigenvalues by making full use of the dhToda equation (5.5). We also give
an example to demonstrate the resulting procedure.

It is easy to check that the dhToda equation (5.5) can generate A® under
the boundary conditions (5.12) and (5.13). Strictly speaking, the boundary
conditions are necessary only for n =0,1,... (M +1)(m —1)+ M — 1 and
not for all n = 0,1,.... According to Theorem 5.5.2, eigenvalues of A
then become \; = oM Ny = o} ... N\, = oM if {f.}u=o1,. in (5.12) is
given in terms of ¢y, ¢y, ..., ¢y and 01,09, ..., 0, by (5.40). It is noted that
A1, A2, ...y Ay do not depend on the values of ¢y, ¢a, . . ., ¢,,,. To summarize, we
can derive a procedure for constructing the TN matrix A©) with prescribed
eigenvalues A1, o, ..., A\, as follows.

1: Select positive integers m and M where m is the matrix size and min{m+
1, M + 2} designates the band width.
Specify m distinct positive eigenvalues Aq, Ag, ..., \p.
Set 01,09, ...,0., as the positive M-roots of Ai, Ag, ..., A\, respectively.
Choose ¢q,¢a, . .., ¢y, as positive constants.
forn=0to (M +1)(m—1)+ M do
fo=c107 + 20} + -+ cpo,
end for
forn=0to (M +1)(m—-1)+M —1do
EY =0 and Q1 = fui1/fn
end for
:fork=1tom—1do
forn=0to (M +1)(m—k—1)+ M do

n) (n+M) (n (n+1)
El(c = Wi - k)+Ek—l

— = =
Mo 2

H
@

end for
forn=0to (M +1)(m—k—1)+ M do

— =
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16 Quh =BT Y
17 end for
18: end for
19: Construct L©® and R, RM . . RM=Y agin (5.2).
20: A0 = [0 pM-1) .. R R(0)
We observe that the procedure requires O(Mm?) finite arithmetic. More-
over, by using the original dhToda equation (5.4) not (5.5), we can obtain
AW AR which are similar, but are not equal, to A©.

We demonstrate the construction of 5-by-5 TN matrices with band width
6. Let m =5, M =5, and \; = 5° = 3125, \y = 4° = 1024, \3 = 3° = 243,
A = 25 =32 and A5 = 1° = 1 in the procedure. The positive constants
01, 09, 03, 04 and o5 are set as 01 = 1,00 = 2,03 = 3,04 = 4 and o5 = 5.
Let us recall here that ¢q,co, c3,c4 and ¢5 must be positive. Therefore, let
us consider the two cases where ¢y = 1,c9 = 1,¢c3 = 1,¢4 = 1 and ¢5 = 1,
and ¢; = 1,¢0 = 2,¢3 = 3,¢4 = 4 and ¢5 = 5. Numerical construction were
carried out on a computer with the following specifications: OS: Mac OS X
Ver. 10.9.5, CPU: 2.7 GHz 12-Core Intel Xeon E5, Compiler: C compiler Ver.
clang-600.0.54 with the multiple-precision floating-point arithmetic libraries,
GNU GMP Ver. 6.0.0 [22] and GNU MPFR Ver. 3.1.2 [23]. We used 53-bit,
64-bit and 96-bit precision arithmetic for generating the TN matrix A©.
The resulting matrices using 53-bit precision arithmetic were

885.000 961.070 442.988 109.221 15.0000
1448.00 1957.38 1222.37 435.067 95.0000
A© = 687.288 1082.01 701.610 253.198 | ,
290.531 427.490 264.537

56.1535 73.1240

1367.67 1163.89 481.448 112.174 15.0000
1440.22 1705.04 1049.47 378.985 85.0000
A0 = 663.777 952.493 596.957 214.141 |,
252.800 349.068 208.832

41.5420 50.7303

in the cases where ¢c; = 1, co =1, c3=1,cs, =land cs=1,and ¢; = 1,5 =
2,c3 = 3,¢4 = 4 and ¢5 = 5, respectively. All of the entries are rounded to
the nearest 6-digit numbers. In 6-digit representations, A® using 53-bit pre-
cision arithmetic is equal to A() using 64-bit and 96-bit precision arithmetic,
although they are distinct to each other in more than 6-digit representations.
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Table 5.1: The eigenvalues 5\1, 5\2, 5\3, A and A5 of A© that were computed
with 53-bit, 64-bit and 96-bit precision arithmetic under the settings c¢; =
l,eco =1,c3=1,c4 =1and ¢ =1, and ¢y = 1,¢c5 = 2,¢c3 = 3,¢c4 = 4 and

C5:5.

(a) cp=1,ca=1,c5=1,c4 = 1,¢5 = 1.

53-bit

64-bit

96-bit

3124.99999999996
1023.99999999352
242.999999838420
31.9999992918544
0.99999982866470

3125.00000000000
1024.00000000000
243.000000000051
32.0000000002290
1.00000000005619

3125.00000000000
1024.00000000000
243.000000000000
32.0000000000000
1.00000000000000

(b) c1 =1,c0 =2,c3 =3,c4 =4,c5 =5.

53-bit

64-bit

96-bit

3124.99999999994
1023.99999998810
242.999999606751
31.9999973784169
0.99999868220200

3125.00000000000
1024.00000000000
243.000000000018
32.0000000000423
0.99999999997805

3125.00000000000
1024.00000000000
243.000000000000
32.0000000000000
1.00000000000000

We find that setting c1, ¢a, 3, ¢4 and c5 affects the entries of A but not the
eigenvalues of A, From the positivity of all the bidiagonal nonzero entries
of L0 RO RM R®) RG) and R®, it is easy to check that the above A
matrices are both TN matrices in the procedure for obtaining A®). Table 5.1
shows the eigenvalues 5\1, 5\2, 5\3, 5\4 and 5\5 of A© that were computed using
the QR algorithm [49] with 1024-bit precision arithmetic and then rounded
to 16-digit numbers. As the number of bits grows larger, 5\1, 5\2, 5\3, Ay and A
get linearly closer to Ay, Ag, A3, Ay and A5, respectively. In 16-digit represen-
tations, ;\1, ;\2, ;\3, A\ and 5\5 using 96-bit precision arithmetic coincide with
A1, A2, Az, Ay and As, respectively. With respect to the numerical accuracy of
eigenvalues, similar properties are observed in other examples.
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Chapter 6

An extension of totally
nonnegative matrices with
prescribed eigenvalues from
Hessenberg to dense

In Chapter 5 [A3], an inverse eigenvalue problem for Hessenberg TN ma-
trices is discussed. In this chapter, target TN matrices are extended from
Hessenberg matrices to dense ones. The recursion formula for constructing
dense TN matrices is derived as an extension of the discrete hungry Toda
equation. A finite-step construction of dense TN matrices with prescribed
eigenvalues is developed based on a discrete integrable system to be derived.
A relationship between the proposed procedure and the numerical algorithms
based on discrete Toda-type equations is also mentioned.

6.1 Inverse eigenvalue problems for TN ma-
trices

An interesting topic in inverse eigenvalue problems is to construct a ma-
trix with prescribed eigenvalues. Such problem is classified according to the
forms and the properties of a matrix [8]. The real-valued nonnegative in-
verse eigenvalue problem (RNIEP) is a problem to construct an entry-wise
nonnegative matrix with prescribed real eigenvalues. The totally nonnega-
tive inverse eigenvalue problem (TNIEP) is a subclass of RNEIP. A totally
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nonnegative (TN) matrix is an entry-wise nonnegative matrix such that all
of its minors are nonnegative. As is shown in [40, 2, 14, 48|, TN matrices
play important roles in several fields, such as stochastic processes, proba-
bility and combinatorics. In [7, 13], it is proved that any TN matrix can
be factorized into products of lower and upper bidiagonal TN matrices with
at most one nonzero off-diagonal entry. In Chapter 5 [A3], it is proposed
to construct Hessenberg-type TN matrices with prescribed eigenvalues. The
proposed algorithm generates a sequence {A™ |n = 0,1,...} of m-by-m
matrices defined by

A0 = F) RorMaD) R M=) R R0 01 (6.1)

where M is a positive integer and L™ and R™ are lower and upper bidiag-
onal m-by-m matrices defined by

1 ()

E™ 1 (n)

o |t . R — 2
E™. 1 ()

(6.2)

for n = 0,1,..., respectively. The entries of L™ and R™ are generated by
recursion formula,

E]in):Q](cn+M)_ ](gn)—i_ElgTi‘il»l% k:1727"'7m7 n:O71"'.’

ng—)lz l(:+ )%, k=1,2,....m—1, n=0,1,...,
Ek

(6.3)

under some boundary condition. It is proved in Chapter 5 [A3] that the
eigenvalues of A™ coincides with prescribed eigenvalues. Moreover, the bidi-
agonal entries of A are all positive under some boundary condition, so that
all of A™ are TN matrices. The matrices A™ are banded matrices, whose
band widths are 1 + min(m, M + 1).

The purpose of this chapter is to propose a method for constructing gen-
eral dense matrices, which are constrained to be TN, with prescribed eigen-
values. We consider two positive integers M and N. Let us introduce a

77



sequence {A™ |n =0,1,...} of m-by-m matrices defined by

A = cRM =01, ., (6.4)

where £ and R(™ are lower and upper banded m-by-m matrices defined
by
£ = g po+M) pot2M) - pnk(N=DM) -y

(6.5)
6.6

R(M — RH(M-1)N) R(n+2N)R(n+N)R(n)’ n=0,1,...,

respectively. Here, L™ and R™ are lower and upper bidiagonal m-by-m
matrices defined by

1 0 1
(n) 1 (n) -.
o= |t CRM—| = (6.7)
™1 (n)
m—1 dm

for n = 0,1,..., respectively. Since the band widths of £ and R™ are
min(m, N + 1) and min(m, M + 1), respectively, the band widths of A™ are

min(m, N + 1) + min(m, M + 1) — 1 (6.8)

forn=0,1,.... If N = M = 1, then A"™ are tridiagonal matrices which
called Jacobi matrices. Several algorithms for constructing tridiagonal ma-
trices with prescribed eigenvalues are discussed in [30, 5, 26, 8] and Chapter
4 [A2]. If N = 1, then A" are upper banded Hessenberg matrices which are
equivalent to A™ For any N > 1, M > 1, in this chapter, we show how to
construct TN matrices A™ with prescribed eigenvalues.

The recursion formula (6.3), which is called the discrete hungry Toda
(dhToda) equation, is originated from the study of a box and ball system
[61]. If M = 1, then the dhToda equation reduces to the discrete Toda
(dToda) equation [32, 33, 34]. The dToda equation is equivalent to the well-
known quotient-difference (qd) algorithm for computing eigenvalues of Jacobi
matrices [34]. An application of the dhToda equation is also proposed in [17,
18, 19] for computing eigenvalues of given TN matrices AO) In this chapter,
we derive an extension of the dhToda equation, and develop a method for
constructing TN matrices A™ with prescribed eigenvalues.
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The remainder of this chapter is organized as follows. In Section 6.2,
we begin with investigating a sequence generated by linear combinations of
powers of prescribed distinct eigenvalues Ay > 0,As > 0,...,),, > 0. In
Section 6.3, we consider an extension of Hankel determinants whose entries
are given by such a sequence, and then clarify the positivity of the extended
Hankel determinants thorough expanding them. In Section 6.4, we intro-
duce an extension of Hadamard polynomials associated with the extended
Hankel determinants, and then derive the recursion formula from the ex-
tended Hadamard polynomials involving the extended Hankel determinants.
In Section 6.5, by making use of the extended Hankel determinants and
the extended Hadamard polynomials, we prove that some of A are TN
matrices with eigenvalues A\, Ao, ..., \,,. In Section 6.6, we design a finite-
step procedure for constructing dense TN matrices without explicitly using
the extended Hankel determinants and the extended Hadamard polynomials.
Numerical examples are given for demonstrating the proposed procedure.

6.2 Sequence associated with prescribed eigen-
values

In Chapter 5 [A3], a felicitous sequence plays a key role for relating m distinct
positive eigenvalues of m-by-m Hessenberg TN matrices to the dhToda equa-
tion (6.3). The viewpoint of sequences is also useful in the case where the
TN matrix is extended from Hessenberg to dense. Readers will presume that
the number of parameters in a sequence increases according to the extension
of the matrix form. In this section, we consider such a sequence associated
with distinct positive eigenvalues of m-by-m dense TN matrices, denoted by
A1y A9y .oy Ay where Ay > Ay > -+ > )\, and then clarify relationships of
entries in the sequence.
For positive integers M and N, let us introduce

o= M]\V/)\_l, 09 1= Al]{/)\_Q, ey o= Y A, (6.9)

The constants oy, 09, ...,0, with N =1 in (6.9) just coincide with those in
Chapter 5 [A3]. Moreover, let us prepare a sequence { f,,(¢1, o, ..., Cm; 01,09,
ooy Om) n=o1,. from the constants oy,09,...,0, and arbitrary constants
C1,C9,y ..., Cm DY

fa=c07 + 0y +---+cpo,,, n=01.... (6.10)
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Then, we obtain the following proposition for linear combinations of entries
of the sequence {f,(c1,¢2,...,Cm; 01,09, ..., 0m) o1,

Proposition 6.2.1 (Akaiwa et al. [A5]). For any c¢i,¢a, ..., Cnm, the sequence
{fulcr, ey o Cm; 01, Oy Om) b0, Satisfies

fn+mN + alfn+(m—1)N + a2fn+(m—2)N + o+ amflfn+N + amfn =0, (611>
n=20,1,...,

where ay,as, ..., a, are constants given through expanding a monic polyno-
mial p(z) = (z — o) (z — o) - (2 — o) as

p(2) = 2"+ a12™ a1 2 Q. (6.12)
Proof. By using (6.10), we can rewrite the left hand side of (6.11) as

n n m

Yool Y ai(of)" T =Y ciofp(l). (6.13)
=0 i=1 =0 i—1
Thus, by taking into account that p(¢) = 0, we have (6.11). O

6.3 Extended Hankel determinants and their
positivity

In this section, we consider an extension of Hankel determinants in terms of

the sequence {f,(c1,¢2,...,Cm;01,02,...,0m)}n=01,., and then discuss the

positivity of the extended Hankel determinants.
Let us introduce determinants of k-by-k£ matrices

g™ =o, Hén) =1,
H™ = det (f,i") FlrHM) o plne2d) f}inﬂ’“*l)M)) , (6.14)
k=1,2,....m+1, n=01,...,

where k-dimensional column vectors are defined by

In
(n) Jnin
fi = . , k=1,2,....m+1, n=0,1,.... (6.15)
fn‘l’(k)*l)N
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If N =1in (6.14) with (6.15), then H,g") have the same form as the extended
Hankel determinants T]En) in Chapter 5 [A3]. So, 7‘,5") can be regarded as a
specialization of H ,gn) in (6.14). Since it is not necessary to distinguish T,En)
from H™ in (6.14) with (6.15), we also call H™ in (6.14) with (6.15) the
extended Hankel determinants in this chapter. Of course, if M = N =1
in (6.14) with (6.15), then H lgn) are equal to ordinary Hankel determinants.
The extended Hankel determinants H,g") in (6.14) with (6.15) can be also
expressed as
g."

(n+N)

H™ = det b , k=1,2,...,om+1, n=0,1,..., (6.16)

gl(€n+(l;—1)N)

in terms of k-dimensional row vectors
g]E;n) = (fm fn+M7 fn+2M7 R fn-i-(k—l)N)a (617>
k=12...m+1, n=0,1,....

The following proposition gives boundary conditions of the extended Hankel
determinants H ,gn) associated with the sequence {f,(¢1,¢2, ..., ¢m;01,09,. ..,
Om) fn=o1,.. in (6.14) with (6.15).

Proposition 6.3.1 (Akaiwa et al. [A5]). Let us assume that the extended

Hankel determinants H,g") are given by the sequence { f,(c1,¢ay ..., Cm; 01,09, . ..
Om) tn=o01,.. in (6.14) with (6.15) satisfying (6.10). Then, it holds that

HM =0, n=0,1,.... (6.18)

Proof. Proposition 6.2.1 immediately leads to

g](;H_mN) + Chg]({n—&-(m—l)N) 4ot am_lg’in+N) + almgl(cn) _ 0’ (619)
k=1,2...m+1, n=0,1,....

Equation (6.19) implies that the (m + 1) vectors gf:}rl,ggifv), . ,gf::{nN)

are linearly dependent. Noting that gf: J)rl, g,(::ilN ), cee gﬁ,’jjﬁ M) are just the

row vectors of H,S?J)rl, we have (6.18). O
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For the purg)ose of examining the positivity of the extended Hankel de-
terminants H (6.14) with (6.15), we present the following theorem for
expansions of them.

Theorem 6.3.2 (Akaiwa et al. [A5]). Let Sk := {{s1,S2,..., Sk} |s1,52, ...,
s € N1 < 81 < 89 < -+- < 8 < m} and & = {x1,29,...,21} €
Sik. Then, the extended Hankel determinants H,in) assoctated with the se-
quence {fn(c1,¢2,. .., Cm; 01,02, ..., 0m) tneoa,.. in (6.14) with (6.15) can be
expressed as

ny(M)y AN
Z CayCay *** Cay (O Oy + Oy Vg(k )Vf(k ), (6.20)
§kESK
k=1,2,....m, n=0,1,..

A

where Vg(f) = [1icjcick (af;i — 0ﬁj> for ¢ =M,N.

Proof. Substituting (6.10) for (6.14) with (6.15), we can rewrite the extended

Hankel determinants H lg") as

H]gn) = det (A](CN)D(TL)(A}(CM))T)7 k:1727"-;m+17 n:()’l’""
(6.21)

where A,(f) and D™ are respectively k-by-m matrices and m-by-m diagonal
matrices given by

1 1
¢ ¢ ¢
o1 T3 Tm
AY = . ) C k=1,2....m+1, (622
gDE D G
D™ = diag (c107, 20, ... cmo™), n=0,1,.... (6.23)

For a = {a,ay,...,04} and B := {f, B2,..., B}, let (X)§ denotes the
submatrix obtained from X by deleting all rows and columns except for the

aith, asth, ..., aith rows and the pith, Goth, ..., Sith columns. Then,
Cauchy-Binet formula [37] enable us to transform (6.21) into
HY = % det ((A;N>)g:> det ((D(”) (AMD)T )& ) , (6.24)
§k €Sk
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where #y := {1,2,...,k}. Noting that (D™ (APM)T)e = (DM)& (AT
and applying Cauchy-Binet formula to det((D(”))i’jn (A;M))T), we thus obtain

oY =Y det(A(N ) [Z det ((D™)) det (((A(M) ))]

EkESk Mk €Sk
(6.25)

Since D™ is a diagonal matrix, it holds that det((D(”))g’Z) = 0 for ny # &.
Moreover, it follows from (6.22) that (./\,(f\/[))"”"’c = vn@“ and (A(N))”" — W,

Mk 3
Therefore, by considering them in (6.25), we have (6.20). '

It is obvious from (6.9) that oy > 09 > -+ > 0, > 0. Simultaneously,
it follows that ‘/'EiM) > (0 and VE(kN) > (. Consequently, by combining them

with Theorem 6.3.2, we see that H,ﬁ”) >0 for k=1,2,...,mif ¢ > 0 for
=12....m

6.4 Extended Hadamard polynomials and their
relationships

In this section, we consider the extended Hadamard polynomials associated
with the extended Hankel determinants H ,in), and then clarify relationships
among them with the help of the Jacobi identity and the Pliicker relation for
determinants.
As polynomials associated with the extended Hankel determinants H ,5”)
n (6.14) with (6.15), let us introduce polynomials of order k with respect

to z given by using the column vectors _fk iy fk,"+M , fk”Jr F=DM) 4nd
zp = (1,2, 2% ..., 2" as
HY(2) =0, H“”( )=1,
H () 1= det (7 F000 o fIE 2, (6.26)
E=1,2,....om, n=0,1,....

Moreover, let ’H,(f")(z) be monic polynomials of order k with respect to z given
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as

. k=1,2,....,m, n=0,1,.... (6.27)

As is shown in Section 6.2, the denominators H, ,g") in (6.27) associated with
the sequence { f(c1,¢2,...,Cm;01,09,...,0m) }n=o1,. are nonzero if the con-

), are positive. The polynomi-

stants ¢, which are composed of entries of H ,En
als 7—[,&”) (z) with N = 1 are equivalent to the extended Hadamard polynomials
¢’(€n) appearing in Chapter 5 [A3]. Similarly to the case of the extended Hankel

determinants H\™ in (6.14) with (6.15), we hereinafter call H\" (z) in (6.27)

the extended Hadamard polynomials. The extended Hadamard polynomials

’H,(fn)(z) with M =1 and N = 1 become ordinary Hadamard polynomials.
Reconsidering (6.19), we obtain the following proposition for a relation-

ship of the Hadamard polynomial H,(Cn) (z) with p(z) = 2™ +a12" T a2™*+
ot Q12 Q-

Proposition 6.4.1 (Akaiwa et al. [Ab]). The Hadamard polynomials
H(2) = H"(2)/H™ associated with the sequence { fo(c1, ca, . .., Cmi 01, 03,

ey Om) =01, With ¢y >0, cg >0, ..., ¢y > 0 satisfy
H(2) =p(z), n=01,.... (6.28)
Proof. By using the row vectors g,(,?’, gngN), cee g%”rmN), we can rewrite

Hfr?)(z) in (6.26) as
(n)

gm 1
H™(2) = det gﬁ”f | Z : (6.29)
gy(g%mm m
Let us add the 1st, 2nd, ..., mth rows in Hy(,?)(z) multiplied by a,,, am,_1,

.., ay, respectively, to the (m + 1)th row. Taking account of (6.19) with
k = m, we can express the (m + 1)th row as

<Z a;gntm=aN) Zajzm_J) = (0., p(2)), (6.30)

j=0 7=0



where ag = 1 and 0,, denotes the m-dimensional column zero vector. Re-
placing the (m + 1)th row on the right hand side of (6.29) with (6.30) and
considering (6.16), we thus derive H )(z) = H )p(z) which immediately

leads to (6.28). O

The remainder of this section presents two relationships among the ex-
tended Hadamard polynomials H,gn)(z) We derive the following proposition
for the evolution of n to n 4 1 with respect to the extended Hadamard poly-
nomials H,gn)(z).

Proposition 6.4.2 (Akaiwa et al. [A5]). The extended Hadamard polynomi-
als H,(C")(z) = ngn)(z)/H,gn) associated with the sequence { f,(c1, ca, ..., Cm; 01,
02y Om) fneoa,. With c; >0, c2 >0, ..., ¢y > 0 satisfy

n+N n n n
HYH(2) = g HD (2) + H (=),
k=1,2,....m—1, n=0,1,..., (6.31)

where q,in) are given by using the extended Hankel determinants H,gn) in (6.14)

with (6.15) as

H(") H("+N)
qgﬂ:%, k=1,2....m, n=0,1,.... (6.32)
Hk Hk—l

Proof. For the polynomials H Ign) (2), let us consider the Jacobi identity [30, 36]
(see also Chapter 5 [A3])

n wr+1\{i1} n rig1\{i2}
(7)) (7))

ke \{J1} K1\ {j2}
" Ke+1\{i1} n Ki+1\{i2} n n Kk+1\{41,92}
= (#"2) (" (2)) + 1" (=) (H"(2))

kk+1\{J2} ke+1\{Jj1} kre\nda}

(6.33)

By observing the extended Hankel determinants H ,gn) in (6.14) with (6.15)
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and the polynomials H™ (z) in (6.26) with (6.15), we sec that

n K1 \{k+1}
(")
f‘%+1\{k+1}

= det

(7

Foen f,i”“'“‘”M)) = H™, (6.34)
rk+1\{1}
rr+1\{k}
— det fn+N) fkn+2N) f,g"JrNJr(k*Q)M) zzk,l) IZHIETEN)(Z)a
(6.35)
Ke4+1\{k+1}
rr+1\{k}

(5"
)
(
7o)
det( WOFI e ) = HR), (636)
')
(
")

re+1\{1}
w1 \{k+1}

— det fn+N) fkn+N+M) f]gn—&-N—&-(k—l)M) ):ngnJrN)’ (6.37)
kre+1\{1,k+1}

w1 \{k,k+1}

_det< () N gl RN ) ) (6.38)

By letting iy = k+ 1, i3 =1, j; = k+ 1 and jo = k in (6.33), we thus derive
n+N n n+N n n
VG BOHTY B () H ()
n+N - n n+N n n
T EPEE

(6.39)

Therefore, by using the extended Hadamard polynomials H,(gn) (z) in (6.27)
and the variables q,g") in (6.32), we can rewrite (6.39) as (6.31). O

Similarly, the following proposition gives the evolution from n + M to n
with respect to the extended Hadamard polynomials H;, (nH2M),

Proposition 6.4.3 (Akaiwa et al. [A5]). The extended Hadamard polynomi-
als H,(C")(z) = ngn)(z)/H,i") associated with the sequence { f,(c1, Ca, ..., Cm; 01,

02y« oys Om) fneoa,. With c; >0, c2 >0, ..., ¢ > 0 satisfy
n n+M n+M)
HE(2) = HEO () + e (2),
E=01,....m, n_0,1,..., (6.40)
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(n)
k

where e, are given by using the extended Hankel determinants H,gn) as

(n) rr(n+M
(n) ._ Hk—i—lHk—l )

€ = T ar (M) k:(),l,...,m—l, TL:O,l,..., (641)
HIE)HIE )
eM=0, n=01,.... (6.42)

Proof. Let us introduce a (k + 1)-by-(k + 3) matrix
._ (n+M)  p(n+2M) (nt-(k=1)M)  p(n+kM)  p(n)
F= < f*,k-i-l f*,k+1 f*,k+1 f*,k+1 f*,k+1 2k €k+1 ) )
(6.43)

where ey denotes the (k+1)-dimensional column unit vector whose (k+1)th
entry is 1. Then, we derive the Pliicker relation [30, 36] (see also Chapter 5
[A3]) concerning F,

det ((F )ZZE,\{M,M}) det <(F >:Zi§,\{k,k+1}>
— det ((F )’ZZE\{M,M}) det <(F ):Zii\{k,mz})
det ((F)5 iy ) det ((F)E2 gy ) = 0. (6.44)

The cofactor expansions or interchanges of columns of determinants enable

us to relate det((F):zi;\{ij}) to the extended Hankel determinants H,in) in
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(6.14) with (6.15) or the associated polynomials H,g”)(z) in (6.26) as follows,

det ((F):::\{k-i-zk-i-:%})

— (=) det (£, FUE o FRD ) — ()R E, (6.45)
det <(F)Z:I;,\{k,k+1}>
= det (0 0 GO ) = HY (),
(6.46)
det <(F)::E\{k+1 k+3}>
— det <fkn+M) FOEM gl )ZHIE:TH*M)(Z)’ (6.47)
det ((F)t 2 i)
= (—1)""" det (f,g”> FOE L e ): (—1)FtHM,
(6.48)
det <(F):::\{k+1,k+2}>
— det (f,g’”M) FEM) L plaka) ) _ g, (6.49)
det <(F i o\l k+3}>
— (—1)* ! det <fk+1 fkn+M fkn+k 1)M) Zk) _ (—1)’“*1H,§”)(z).
(6.50)

Substituting (6.45)—(6.50) for (6.44) and considering the positivity of the
extended Hankel determinants H, ,g") in (6.14) with (6.15), we thus obtain

n n+M n+M n+M n

B EHS B ) ) () _0 (6.51)
n n+M n+M n+M n ' '

R e 8

Equation (6.51) with the extended Hadamard polynomials H,(Cn)(z) in (6.27)

and the variables e,(cn) in (6.41) therefore leads to (6.40) for k =1,2,...,m—1.
From Proposition 6.3.1, it also turns out that, for &k = m, (6.51) is equivalent
0 (6.40) with (6.42). O
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6.5 TN dense matrices with prescribed eigen-
values

In this section, we first grasp eigenpairs of dense TN matrices A™ = L™
LtM) | [(nt(N-1)M) p(n+(M-1)N) pn+(M-2)N) ... R(") in terms of the
extended Hadamard polynomials ’H,(f) (z) associated with the sequence { f,, (¢,
Coy ey Cmi 01,09y ooy ) fneo,. With ¢4 > 0, c2 > 0, ..., ¢ > 0. We
next derive a key recursion formula for constructing dense TN matrices with
prescribed eigenvalues. Finally, we discuss the case where constructed TN
matrices are restricted to be Hessenberg form.
Let us introduce m-dimensional vectors defined by

R\ = . . i=1,2,...,m, n=01,.... (6.52)

3™ (o)

m—1\"1¢
By using Propositions 6.4.1-6.4.3, we obtain the following proposition for the

TN property of the bidiagonal matrices L™ and R™ in (6.7) and their rela-

tionships to the vectors hg") associated with the sequence {f,(c1,¢a, ..., Cm;
01,02, ... Om) fneo1,.. With ¢; >0, ¢co >0, ..., ¢y, > 01n (6.52).

Proposition 6.5.1. The bidiagonal matrices L™ and R™ in (6.7), involv-
. n n n+M n n+M n n n+N n n+N
ing e = B HT /() and g = 1 1 (7 HIY)
associated with the sequence { fn(c1,¢2, ..., Cm; 01,09, ..., 0m) n=o1,.. are TN
matrices. Moreover, for the associated vectors hz(-n),

Proof. Asis shown in Section 6.3, the extended Hankel determinants H ]gn) as-

sociated with the sequence {f,(c1,¢2,. .., Cn;01,00,...,0m)}neo1,.. are pos-
itive if ¢; > 0, ¢; > 0, ..., ¢u > 0. Thus, it is obvious that ¢\") =
a7 N EHMHTTYY and oY = H,g’leéﬁM)/(Hén)ngnJrM)) are also

so. Minors of the bidiagonal matrices L™ and R™ are 0, 1 or products
of some of q,i”) and e,(cn), respectively. Since minors of L™ and R™ are

nonnegative if q,(gn) > 0 and e,(c") > 0, it turns out that L™ and R™ are TN.
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From Proposition 6.4.1, it follows that
HD Ny =0, i=1,2,....m, n=01,.... (6.55)
By letting z = oV in Proposition 6.4.2 and by considering (6.55), we derive

NHTTV (M) = ¢V HY (o) + H (o),

‘ (6.56)
oM H 3 (o) = g M o(o) + Hila (o),
oM H Y (o) = an M (o).
Thus, by observing (6.56) in terms of R™ and h;"), we have (6.53).
Similarly, Proposition 6.4.3 with z = ¢ and " (z) = 0 lead to
Hy(ol') = Hg " (o),
H 07 = 1) 4 M ),
' ' b (6.57)
n n+M n+M
Hyl 1 (o) = H 3 0 + e H " (0)
whose matrix representation coincides with (6.54). O

Proposition 6.5.1 yields the following theorem for the TN property and
eigenpairs Of A(TL) — L(n)L(n+M) PR L(n+(N71)M)R(n+(M71)N) PR R(n+N)R(n)

Theorem 6.5.2 (Akaiwa et al. [A5]). The matrices A™ associated with the

sequence { fn(c1, oy ooy Cm; 01,09, .o, Om) bneoa,.. withcy > 0,00 > 0,..., ¢y >
0 are TN matrices and their eigenpairs are (A;, hz(n)) associated with the se-
quence { fn(c1,¢2, ooy Cmi 01,09, ..., Om) bno,.. withcy > 0,c0 > 0,..., ¢ >
0, namely,

AMRM = \RM =12 m, n=01,.... (6.58)

Proof. It is shown in [20] that any products of TN matrices are TN. Thus,
by combining Proposition 6.5.2 with it, we see that A™ are TN under the
assumption ¢; > 0,¢c0 > 0,..., ¢, > 0.
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Equation (6.55) in Proposition 6.5.1 simplifies (R TM-DN) ... p(n+2N)
RN RMRM as
R(n+(M_1)N) - R(n"r?N) R(n+N) (R(n)h(n))
= O"ZV [R(n+(M_1)N) e R(n+2N)R(n+N)(R(n)hgn-l—N))]

O_Z(M—I)N(R(n+(M—1)N)h§n+(M—1)N))

= gMNp [N, (6.59)

It is obvious from (6.9) that oM" = X;. By combining it with (6.59), we
obtain

RHM=DN) p+(M=2)N) . g p () _ y p(+MN) (6.60)

Similarly, it follows from (6.65) that

L Le+M) Lt MIN=2) [ (nk MN=1)) py (nFMN) gy ), (6.61)
Thus, by taking account that A(”)hl(") = (LU LM . [+ M(N=2)
Lm+M(N=1)y( RnH(M=DN) p+2N) ... RO)R™ and by using (6.59) and (6.61),
we have (6.58). O

From Proposition 6.5.2, we also obtain the following theorem concern-
ing L™ and R™ in (6.7), which forms A = LM [M+M) ... [n+H(N=1)M)
R+ M=DN) pn+(M=2)N) ... R(") and their entries.

Theorem 6.5.3 (Akaiwa et al. [A5]). For L™ and R™ associated with the
sequence { fn(c1,Ca, ..., Cmi 01,09, ..., Om) bneoa,.. Withcy > 0,¢2 > 0,..., ¢y >
0, it holds that

LOHN ROHM) — R re) 1 (6.62)

(n)

Moreover, ¢, and e,in)

. appearing in entries of L™ and R™ satisfy

el(i‘n):qlgn-i-M)_qliTZ)_i_el(cn_tN), k=1,2,....m, n=0,1,...,
() 6.63
o =g k=12 m—1, n=01,... (6.63)

e
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Proof. From Proposition 6.5.1, it follows that

o NN = R [0 p A (6.64)

7 7

It is obvious from (6.54) in Proposition 6.5.1 that h{"*") = [(n+N)pn+M+N),

Multiplying both hand sides of it by ¢¥ and by using (6.53) in Proposition

Nh(n+N)

6.5.1, we can rewrite o; as

NN = [N (N pntNEM)y ] (0 N) Rt M) p (M) (6.65)

Thus, from (6.65) and (6.64) we derive (6.62). By observing the equalily in
each entry in (6.64), we also have (6.63). O

Theorem 6.5.3 enables us to give similarity transformations of TN matri-
ces AW M) — [(n+M) | [ (n+H(N-1)M) pn+(M-1)N) p(n+(M=2)N) . .. p(") ynder

evolutions with respect to n.

Proposition 6.5.4 (Akaiwa et al. [Ab]). For the sequence {A(”)}n:071,,_,

gooo

holds that

and

AOFM) — (L)=LA® L) =1, (6.67)

Proof. Applying (6.62) in Theorem 6.5.2 to R™ LM L+M) ... [(n+(N=2)M)
L+N=DM) yepeatedly, we derive
R () p (M) |1 (n+(N=1)M)
= (R™W L) pm+M) . [ (nt(N=2)M) [ (n+(N=1)M)
— L(n+N) (R(n+M)L(n+M)) . L(n+(N—2)M)L(n+(N—1)M)

— L(n+N)L(n+M+N)R(n+2M) . L(n+(N—2)M)L(7’L+(N—1)M)

— L(n+N)L(n+M+N)L(n+2M+N) . (R(n+(N—1)M)L(n+(N—1)M))
_ L(n+N)L(n+M+N)L(n+2M+N) L. L(n+(N—1)M+N)R(n+MN)

— [,(n+N) [ (n+M+N) _,L(n+(N—1)M+N)R(n+MN)’ n=0,1,.... (6.68)
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Equation (6.68) gives the evolution from n to n + N of A,
RMAM — A+NIRM) -y —0,1,.. .. (6.69)

Since det R™ = ¢™g{™ .. ¢ > 0, the inverse matrices (R™)~! exist.
Thus, by combining it with (6.69) we have (6.66).
Similarly to (6.68), it follows that

RHM=1)N) pat(M=2)N) .| pn) [.(n)

— [(ntMN) pn+M) p(n+2M) | pn+NM) (6.70)

Equation (6.70) generates the evolution from n to n + M of A™),
AW LM — L) g+M) oy — 01, (6.71)
Thus, by noting det L™ = 1, we have (6.67). O

The remainder of this section describes some restrictions on two integers
M and N. If M = 0 modulo N in the recursion formula (6.63), then the
recursion formula (6.63) is essentially equivalent to the dhToda equation
(6.3). This is easily checked by replacing qliNn) and e,(CNn) with Qén) and E,(gn)
in the recursion formula (6.63), respectively. The recursion formula (6.63)
with N = 1 also simply becomes the dhToda equation (6.3). Moreover, if

M = N in the recursion formula (6.63), then by replacing q,(CN") and e,(CNn)

with (j,(cn) and ég:n)7 respectively, we can rewrite the recursion formula as

é](gn) :qu(cn+1)_qu(cn)+é]E;7L_t1)7 /{?:1,2,...777’1,, n:()?l?""
() A(ntD) é](gH'l) (672)

Qo1 = Qi RO k=1,2,....m—1, n=0,1,...,
€k
which is just the famous discrete Toda equation. Of course, the discrete
Toda equation (6.72) is a specialization of the dhToda equation (6.3). Thus,
we can regard the recurrence formula (6.63) as an extension of the dhToda
equation (6.3). The matrix structure of A™ with special M and N are shown
in the following proposition.

The multiple dqd algorithm for computing the eigenvalues of dense TN
matrices A™ is proposed by Yamamoto and Fukaya [65]. It is emphasized
that the recursion formula of the multiple dqd algorithm is not equivalent to
the extended dhToda equation (6.63). The recursion formula of the multiple
dqd algorithm coincides with the extended dhToda equation (6.63) only in
the case where M = N = 1, namely, A®™ = LR,
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Proposition 6.5.5 (Akaiwa et al. [A5]). Let L") and R(™7) be truncated
matrices of LW L+M) ... [(nt(N=DM) 4, (6.5) and RHM-DN) Rlnt(M=2)N)
-+ RM™ in (6.6), namely,
L) = [ M) p(nd2M) p it G=DM) 5 — 1 90N, (6.73)
R .= RIHU-DN) gn2N) gt NI p(n) = 5 — 1 2 M.  (6.74)
Moreover, let M and N be integers such that M = MN and N = NN,

respectively. Then A™ with M and N satisfying M = 0(mod N) can be
expressed as

N

AW = (LWRMMNT L =0,1,.... (6.75)
It also holds that
AN — (AN (6.76)
If N = 0(mod M), then it holds that
A = (LM ROV — 01, (6.77)
AWM — (AM)M (6.78)

Proof. For some positive integer j, let us asuume that
( L(nm(n,M))j _ LD RMIM). (6.79)

Considering that £ = L™ we can easily check that (6.79) with j = 1
holds. Multiplying the both hand sides of (6.79) by LMRM™M) we derive

(LR = L) R M) ) R M) (6.80)

Similarly to (6.68) and (6.70) in the proof of Proposition 6.5.4, with the help
of (6.62) in Theorem 6.5.3, we obtain

R M) [ (n) — [ (ntjM)po (n+MjM) (6.81)
From (6.80) and (6.81), it follows that

(LOREMYTE = ) M) R (n MM (m M), (6.82)
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Taking into account that £ L(+iM) — £+l apd ROFMIMR M) —
RG+HDM) i (6.82), we thus obtain

(L(n)R(n,M))j+1 — L) (n,(G+1)M) (6.83)

By induction for j = 1,2, ..., we conclude that (6.79) holds for j = 1,2,..., N.
Since the right hand side of (6.79) with j = N becomes just A™ we therefore
have (6.75).

Let q,(an) = Qfgn) and e,(CNn) = E,§”> forn =10,1,.... If M = 0(mod N),
then it holds that LV RWNmM) — A Thus, by combining it with (6.75),
we obtain (6.76) if M = 0(mod N). Similarly, we also have (6.77) and (6.78).

]

6.6 A finite-step construction of TN dense
matrices

In this section, we present a procedure for constructing of dense TN matrices
with finite computation cost. In Theorem 6.5.2, we show that the dense
TN matrices A™ which are products of bidiagonal TN matrices L™ and
R™ have the eigenvalues A1, Ao, ..., A\, if the initial values e(()n) = 0 and
qi") = fusn/fn are given by a sequence {f,} satisfying (6.10) with positive
constants oy,09,...,0, and ¢, ¢y, ..., Cp. In Theorem 6.5.3, we proved a
relationship concerning the evolution with respect to n in the product of
L™ and R™. The relationship gives the recursion formula (6.63), which
is referred to as the extended dhToda equation, with respect to q,in) and
e,(j). Thus, dense TN matrices A™ with prescribed eigenvalues i, Ao, . . ., A
are constructed by using the extended dhToda equation (6.63) with initial
values e(()n) and qgn) given by positive constants in (6.10). The procedure is
as follows.

1: Specify the matrix size m.

Specify a positive integer M, which indicates the upper band width.
Specify a positive integer N, which indicates the lower band width.
Prescribe eigenvalues Ai, Ay, ..., Ay, such that Ay > Xy > - > A, > 0.
Choose ¢y, ¢a, . .., ¢, as positive constants.

Compute o; = “¥/\; fori =1,2,...,m.

forn=0to (M + N)(m—1)+ MN do
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10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24:
25:
26:
27:
28:
29:
30:

31:

32:
33:

34:

35:
36:

fo=col +c0f + -+ cpop,

end for
forn=0to (M +N)(m—1)+ (N —1)M do
el™ =0
0 =
end for
forn=0to (M + N)(m—1)+ (M —1)N do
) - fn+N/fn
end for
forn=0to (M +N)(m—1)+ (N —-1)M — N do
o) _ D) ()
1 q1 ¢
end for
fork=1tom—2do
forn=0to (M +N)(m—k—1)+ (M —1)N do
(n) (n+M n+N
pi1 = /
end for
forn=0to (M +N)(m—k—1)+ (N —-1)M do
n n+M n+N
el(ng)l ql(c+1 )~ ql(ﬂJr)l + eé :
end for
end for
for n =0 to (M—l)Ndo
g = gDl feln)
end for
forn=0to M —1do
(Nn) 1
41
q(Nn)
Compute RV™ = 2
1
ﬁnNn)
end for
forn=0to N —1do
1
Mg
Compute LM™) = )
e%\/ﬁ) 1

end for
A0 = O M) . [ (N-1)M) p(M=1)N) ... R(N) R(0)
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This finite-step procedure needs the computational cost O((M + N)m?).

We give a numerical example of construction of 5-by-5 dense TN matrix.
Let us set parameters M =4, N = 3 and m = 5. Moreover, let us prescribe
the eigenvalues Ay = 5, \a = 4, \3 = 3, \y = 2 and A5 = 1 and choose
parameters o1 = V5, 00 = V4,05 = V3,00 = ¥2and o5 = V1 =1, and
c] = ¢y = - = ¢5 = 1. Numerical construction was carried out on a com-
puter, OS: Mac OS X (ver. 10.10.2), CPU: Intel Core i7 2.7 GHz, Compiler:
GNU C Compiler (ver. clang-600.0.56). We employed multi precision float-
ing point libraries, GNU GMP Library [22] (ver. 13.0.0) and GNU MPFR
Library [23] (ver. 6.2.0).

The resulting matrix

3.000000 8.010292 9.460189 5.063102 1
0.2431408 2.618892 7.867681 9.599262  5.131875
A® = | 0.005522672 0.1703295 2.856828 8.698981  10.29791
0.00002480504  0.002333276 0.1093556 3.125130  9.520207
0 0.000004689172 0.0006481098 0.05348237 3.399150

was computed by using 53-bit, 64-bit and 96-bit precision arithmetic. The
entries of A are written in 6-digit representation. Note that all the case
of 53-bit, 64-bit and 96-bit precision arithmetic resulted in the same 6-digit
representation.

Table 6.3 shows the computed eigenvalues 5\1, 5\2, A3, Ay and A5 of A™ by
using the QR algorithm [49] with 1024-bit precision arithmetic for 53-bit, 64-
bit and 96-bit precision arithmetic, respectively. The computed eigenvalues
are rounded in 15-digit numbers. Table 6.3 implies that the computed eigen-
values A1, Ao, A, Ay and As get linearly closer to the prescribed eigenvalues
A1, A2, A3, Ay and A5 as the number of bits become larger.

Tables 6.1 and 6.2 show entries ¢\ and ! of R™ and L™ which com-
pose the resulting A, respectively.
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Table 6.1: The computed entries ¢

0,1,2,3.

(3n)

(3n) L g of RGY for n =

) Q2 g e
k=1 k=2 k=3 k=4 k=5
¢ 1.282969 1.185928 1.242699 1.299143 1.347404
¢ 1306709 1.182876 1.233479 1.292734 1.342877
¢\ 1328202 1.183186 1.223977 1.285887 1.338142
¢ 1.347294 1.186712 1.214453 1.278552 1.333179
Table 6.2: The computed entries e{*™ i e{*™ and e{* of LU™ for n =

k=1

k=2

k=3 k=4

0,1,2.
e,(f) 3.
e,(:l) 2.
el(f) 2.

116606 x 1072
706313 x 1072
281775 x 1072

2.480502 x 1072
2.645286 x 1072
2.773123 x 1072

5.824590 x 1073
6.172281 x 1073
6.565911 x 103

1.369851 x 1072
1.473892 x 1072
1.593554 x 1072

Table 6.3: The eigenvalues ;\1, ;\2, ;\37 As and 5\5 of A© that were computed
with 53-bit, 64-bit and 96-bit precision arithmetic under setting ¢; = ¢y =
s =c5 = 1.

53bit

64bit

96bit

5.00000010393680
4.00000089084733
3.00000095209525
2.00000016636331
1.00000000287182

5.00000000008894
4.00000000074033
3.00000000076930
2.00000000013204
1.00000000000235

5.00000000000000
4.00000000000000
3.00000000000000
2.00000000000000
1.00000000000000
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Chapter 7

Concluding remarks

Each chapter of the thesis is summarized as follows.

In Chapter 2 [Al], it is shown that a sequence {f;n)}j:0717m,2m_1, ap-
pearing in the determinant solution to the discrete Lotka-Volterra (dLV)
system, becomes an m-step Fibonacci sequence if { f;o) }izo1,..2m—1 Is an m-
step Fibonacci sequence and HIEO) #+ 0, [:I,go) # 0 for k = 1,2,...,m where
n indicates a discrete-time variable. It is also proved that, as n — oo, one
of special solutions to the dLV system converges to the special constant that
is the ratio of two successive m-step Fibonacci numbers. In the case where
m = 2,3,4,5, the convergence of the special solutions to the constants is
demonstrated through numerical examples.

In Chapter 3 [A4], the asymptotic convergence of the quotient-difference
(qd) algorithm for tridiagonal matrices with multiple eigenvalues is clarified
from the viewpoint of the determinant expressions of the qd variables. First,
the expressions of entries of the Hankel determinants in terms of eigenvalues
are given in Theorem 3.3.2 where the Hankel determinants have the same
form as in the case where eigenvalues of tridiagonal matrices are real and
distinct. Next, in Theorem 3.4.7, the asymptotic expansions of the Hankel
determinants are presented in terms of multiple eigenvalues of tridiagonal
matrices. Finally, in Theorem 3.5.1, it is proved that the qd variables q,in)

and eé") converge to eigenvalues of tridiagonal matrices and 0 as n — oo,
respectively, independently of multiplicity of eigenvalues.

By Ferreira and Parlett [12], the convergence of the LR algorithm, which
is a generalization of the qd algorithm, for tridiagonal matrices is shown in
the case where eigenvalues are all the same. The result in Chapter 3 [A4] is
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considered to be obtained by restricting a special case of the LR algorithm.

In Chapter 4 [A2], it is clarified that the qd recursion formula is appli-
cable to construct tridiagonal matrices with prescribed multiple eigenvalues.
First, the denominator of the generating function associated with the se-
quence given from two suitable vectors and the powers of a general matrix
A is presented through considering the Jordan canonical form of A. Accord-
ingly, it is observed that the minimal polynomial of A coincides with the
characteristic polynomial of a tridiagonal matrix 7', denoted by ¢r(z), or the
polynomial z"L¢p(z) for the multiplicity my of the zero-eigenvalues of A.
Next, by taking account of the Jordan canonical form of 7T, it is shown that
the characteristic and the minimal polynomials of T" are equal to each other.
Finally, a procedure for constructing tridiagonal matrices with prescribed
multiple eigenvalues is proposed, and then four examples for the resulting
procedure are given.

In Chapter 5 [A3], based on the integrable discrete hungry Toda (dhToda)
equation, an inverse eigenvalue problem for Hessenberg-type banded totally
nonnegative (TN) matrices which can be expressed by products of several
bidiagonal TN matrices is discussed. The determinant solution to the dhToda
equation with certain boundary conditions is firstly presented in Theorem
5.2.2. Next, in Theorem 5.4.4, the eigenpairs of banded matrices associ-
ated with the dhToda equation are clarified. In Theorem 5.5.2, it is proved
that, under a restriction of boundary conditions in the dh'Toda equation, the
banded matrices become TN with arbitrary prescribed eigenvalues. It is also
shown from Theorem 5.5.2 that TN matrices can have any distinct positive
eigenvalues. Finally, a finite-step construction with O(Mm?) of the banded
TN matrices is designed in Section 5.6 where M and m denote the upper
band width and the matrix size, respectively.

In Chapter 6 [A5], based on an extension of the dhToda equation, a finite-
step construction of dense TN matrices given as products of bidiagonal TN
matrices A™ is developed. First, in Section 6.2, a sequence determined by
arbitrary parameters and prescribed eigenvalues A\, Ao, ..., A, is given, and a
polynomial in terms of parameters corresponding to Ai, Ao, ..., A, is defined.
Next, in Section 6.3, the extended Hankel determinants are introduced, and
their positivity is discussed by expanding the extended Hankel determinants.
In Section 6.4, the extended Hadamard polynomials given by the extended
Hankel determinants and associated polynomials are defined. The recurrence
relation of the extended Hadamard polynomials and expressions of entries of
bidiagonal TN matrices which compose dense TN matrices are derived. In
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Section 6.5, it is shown that the eigenpairs of A™ are A\, g, ..., \,, and vec-
tors whose elements are the Hadamard polynomials. The extended dhToda
equation is given from the relationship of the bidiagonal matrices. Finally, a
finite-step procedure with O((M + N)m?) for constructing dense TN matri-
ces is proposed based on the extended dhToda equation in Section 6.6 where
M, N and m denote the upper band width, the lower band width and the
matrix size, respectively. Numerical construction of a dense TN matrix A©
through the proposed procedure is also given.

In the thesis, through the linear sequence {f,},—01,. appearing in dis-
crete integrable systems and the integrable algorithms, the analysis of the
integrable algorithms and a new application of discrete integrable systems
are discussed. Especially, discrete integrable systems enable us to solve an
inverse eigenvalue problem for TN matrices that has been considered to be
difficult. Few studies for the eigenvalue and inverse eigenvalue solvers have
been published, although TN matrices appear in many fields, such as oscil-
lation in mechanical systems, stochastic processes in mathematical biology,
statistical computing, computer-aided geometric design [14, 20, 40]. An in-
verse eigenvalue problem for a symmetric pentadiagonal inner totally positive
(ITP) matrix, which is decomposed as products of bidiagonal matrices, has
practical applications to a vibrating beam in flexure [21]. It is expected that
a symmetric pentadiagonal I'TP matrix could be constructed through using
the construction procedure, since I'TP matrices are included in a subclass
of TN matrices. Moreover, it might be said that numerical algorithms for
inverse eigenvalue problems based on discrete integrable systems are novel
and meaningful.

Approaches to inverse eigenvalue problems for not only TN matrices but
also other structured matrices by using discrete integrable systems should
be the most important works in the future. The proposed procedure could
be more widely applicable to such problems. It is necessary to estimate
the numerical error of the procedure for solving inverse eigevalue problems
to improve the numerical stability and investigate suitable implementation.
One of the other future work is to investigate the asymptotic behavior of the
integrable algorithms. The key point might be that the recursion formula
of the qd algorithm is equivalent to the discrete Toda equation. It is also
expected to be able to analyze the convergence of the integrable algorithms
such as the dhToda algorithm and the dhLV algorithm [18], in the case where
target matrices are extended from TN matrices to matrices with multiple
eigenvalues.
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