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Asymptotics of eigenvalues
and eigenvectors of Toeplitz matrices

A. Béttcher, J. M. Bogoya, S. M. Grudsky and E. A. Maximenko

Abstract. Analysis of the asymptotic behaviour of the spectral character-
istics of Toeplitz matrices as the dimension of the matrix tends to infinity
has a history of over 100 years. For instance, quite a number of versions
of Szegd’s theorem on the asymptotic behaviour of eigenvalues and of the
so-called strong Szegs theorem on the asymptotic behaviour of the deter-
minants of Toeplitz matrices are known. Starting in the 1950s, the asymp-
totics of the maximum and minimum eigenvalues were actively investigated.
However, investigation of the individual asymptotics of all the eigenvalues
and eigenvectors of Toeplitz matrices started only quite recently: the first
papers on this subject were published in 2009-2010. A survey of this new
field is presented here.
Bibliography: 55 titles.

Keywords: Toeplitz matrices, eigenvalues, eigenvectors, asymptotic
expansion.

§ 1. Introduction

Let a: T — C be a Lebesgue integrable function on the unit circle T and let
T.(a) := (aj,k)?;io denote the n x n Toeplitz matrix formed by the Fourier coef-

ficients of a:
1 27

ag a(e)e " dep.

27 0
Then a is called the symbol of the sequence of matrices {Ty(a)}5 ;.

The behaviour of various spectral characteristics of Toeplitz matrices (eigenval-
ues and singular values, eigenvectors, determinants, condition numbers and so on)
has been an object of active investigation for a century, starting with Szegd’s
paper [1] (see also the books [2]-[6] and the references there). First and foremost
note the numerous versions of Szegé’s theorem on the asymptotic distribution of
the eigenvalues and the Avram-Parter-type theorems on the asymptotic behaviour
of the singular values (see [7]-[12]). There is extensive literature on the asymptotic
behaviour of the determinants of Toeplitz matrices (see the monographs [4]-[6] and
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the papers [13]-[19] and the references there). The asymptotics of the maximum
and minimum eigenvalues has also been a focus of research (see [20]-[25]). The
shape of the limit set of the eigenvalues and its stability have been investigated
(see [26]-[28] and [15]). Note that the latter papers (by contrast with most of
the papers cited before them) concern the more complicated case of essentially
complex-valued symbols, which has not yet been analyzed in full generality.

This considerable interest in the asymptotic behaviour of the spectral charac-
teristics of large Toeplitz matrices was motivated to a significant extent by many
important applications: stochastic processes and time series analysis (see [2]); sig-
nal processing [29]; the numerical solution of differential and integral equations [30];
image processing [31]; quantum mechanics [32]. We point out the survey paper [19],
which discusses the influence of the Ising model in statistical mechanics on the
development of the asymptotic theory of the determinants of Toeplitz matrices.

Despite the considerable interest in this field that many authors have displayed,
the individual asymptotic behaviour of all eigenvalues and eigenvectors was hardly
investigated before 2008. In this connection we can only mention the well-known
case of tridiagonal Toeplitz matrices (for instance, see [2] and [5]) and the case
of linearly growing matrix elements considered recently in [33], where the eigen-
values and eigenvectors are calculated explicitly. On the other hand the impor-
tance of this problem is beyond doubt. For example, many papers are devoted
to numerical methods for finding the spectrum of Toeplitz matrices of large size
(see [34], [35] and the references there). For dimensions of order 103-10* this prob-
lem can be solved effectively using modern hardware and the algorithms described in
the above papers. However, in statistical physics and some other applied problems
we encounter dimensions of order 108-10'2, when no alternative to the asymptotic
method exists. In addition, asymptotic formulae give more precise information on
the local structure of the set of eigenvalues, the distances between them, accumu-
lation points, their dependence on physical parameters and so on.

In our opinion, the main difficulties arising in the implementation of the asymp-
totic method are as follows. First, the distances between successive eigenvalues are
small (very small when we are in a neighbourhood of an accumulation point!) and
our asymptotic formulae must be able to ‘separate’ them. Furthermore, in addi-
tion to n (the dimension of the matrix) being large, the problem involves another
parameter, the index j of the eigenvalue. So the asymptotic expansions with respect
to m, as n goes to infinity, which we construct must hold uniformly in j, 1 < j < n.
Finally, we stress that the determinants that appear in the eigenvalue problem in
a natural way are related to one of the most complicated cases, when the symbol
of the Toeplitz matrix has zeros on the unit circle.

In the papers [36]-[38], published in 2009-2010, asymptotic representations were
constructed in the case of real-valued polynomial symbols (in other words, for Her-
mitian Toeplitz matrices with a finite number of nontrivial diagonals) that satisfy
the so-called SL (simple loop) condition. This means that the real-valued symbol
has precisely one minimum and one maximum on the unit circle (the precise defini-
tion is expressed by conditions (i) and (ii) in § 2). The SL condition ensures a certain
regularity in the arrangement of the eigenvalues; for instance, there are no multiple
eigenvalues. In [36] and [37], based on Widom’s well-known formula for the deter-
minant of a Toeplitz matrix with polynomial symbol (see [21] and also [5], §2.4)
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we found an equation for the eigenvalues, with an exponentially small remainder
term, and performed an asymptotic analysis of this equation. In [38] we also used
explicit formulae from [39] to calculate eigenvectors of matrices with polynomial
symbols, and on this basis we wrote down asymptotic formulae with a remainder
term which is exponentially small in n.

In the paper [40] published in 2012 the authors considered the case of infinitely
smooth symbols also satisfying the SL condition. Using the asymptotic formula
for determinants with Fisher-Hartwig singularities obtained in [18] the authors
obtained the same nonlinear equation as in [36] and [37], but with remainder of
the form o(1). Next they deduced two-sided estimates for the distance between
arbitrary pairs of successive eigenvalues. Before the statement of this theorem the
authors mentioned that the smoothness conditions imposed on the symbol can be
relaxed.

In [41] and [42] we considered an SL-symbol whose fourth derivative exists and
has a certain regularity. We used a method distinct from [37] and [40]. It is based
on a precise equation for the eigenvalues, which we derived, and on an asymptotic
analysis of it. This equation is given in terms of the inverse matrix of a certain
Toeplitz matrix of dimension n + 2 with positive symbol equal to the ratio of the
difference a(t)—A (where X is the spectral parameter) and a second-order polynomial
with the same zeros as this difference. We also point out [43], where the symbol is
only assumed to have a first derivative and to satisfy certain additional conditions
near the minimum and maximum points.

In [44] and [45] we abandoned the selfadjoint case and investigated Toeplitz
matrices with complex-valued symbols. These symbols have a special feature: the
corresponding function takes the unit circle to a curve without interior. In other
words, the unit circle covers its image with multiplicity two by going in the ‘direct’
and ‘reverse’ direction along it. It is well known that then the limit set of the
sequence of spectra coincides with this image curve, so for large n the eigenvalues
lie close to this curve. Again, as in [36] and [37], in these papers we used known
explicit formulae for determinants and inverse matrices because our symbols were
polynomials. The resulting equation for the eigenvalues has the same structure as in
the real-valued case; however, it must be considered in the complex domain, rather
than on an interval of the real line, which brings in quite a number of significant
technical difficulties.

In 2009-2010 Kadanoff and his collaborators published the papers [46] and [47],
where they considered a symbol, with power-like singularities, in the Fisher-Hartwig
class. They presented formulae for the eigenvalues and eigenvectors. These for-
mulae were deduced using heuristic arguments and justified by numerical experi-
ment. In the same period of time, in 2008-2010 we considered a certain subclass
of Fisher-Hartwig symbols. In this way, in [48]-[50] we refined and justified the
formulae in [46] and [47] rigorously for symbols in the intersection of the classes
under consideration.

We also point out the paper [51] close to this field. It looks at the asymptotic
behaviour of the eigenvalues and eigenvectors of the Wiener-Hopf integral operator
on a finite interval as the length of the interval tends to infinity, and it deals with
the case of a symmetric rational (generally speaking, complex-valued) symbol. This
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problem is related to the same problem for Toeplitz matrices; however, its pecu-
liarity consists in there being an infinite number of eigenvalues and eigenfunctions
of the operator for an interval of any length.

Finally, we mention [52] and [53], where we go over from convergence in the sense
of distributions (Szegd’s theorem) to uniform convergence of the quantile function.
For rather wide classes of symbols, approximation of eigenvalues can be expressed
in terms of this function.

In §2 we state results for SL-symbols based on [43] and [42]. Toeplitz matrices
with symmetric symbols are the subject of § 3, where we present the main results
of [44] and [45]. In §4 we look at Fisher-Hartwig symbols and discuss results
from [48] and [50]. In §5 we investigate Wiener-Hopf operators on a finite interval
(see [51]).

§ 2. SL-symbols

2.1. Eigenvalues. Assume that o > 0 and let W denote the weighted Wiener
algebra of functions a: T — C with representations

o0
a(t)= Y ait/, teT,

j=—o00

where the Fourier coefficients satisfy

lalla = lag|(1+ i)™ < oo,

j=—o0

Along with a € W we look at the function g: [0,27] — R given by g(o) := a(e'?).

We define the class SL® as the set of symbols a in W such that

(i) a is real-valued;

(ii) the range of g is an interval [0, u] where p > 0; g(0) = g(27) = 0, ¢"(0) =

¢"(2m) > 0, and there exists a point ¢y € (0,27) such that g(po) = u,
g'(o) > 0 for o € (0,¢0), ¢'(0) <0 for o € (pg,2m) and g"(vo) < 0.

Note that (i) is equivalent to all the matrices Ty, (a), n € Z4, being Hermitian
(selfadjoint). If a € W, then g € Cl*1[0,27], where |a] is the integer part
of a. Thus, if @ € SL® with o > 1 then, in particular, g belongs to C*[0,27].
Furthermore, in (ii) we assume that g has second derivatives at the points o = 0,
o and 27.

We will say that the symbol a belongs to the class MSL® with a > 1 if a € SL®
and the following additional condition is satisfied:

(iii) there exist functions ¢;, g2 € W such that

a(t)=(t —1)qi(t) and a(t) — a(e°) = (t — “°°)qa(t). (2.1)

By Lemma 3.1 in [41], if @ € SL®, then the functions ¢; and g2 defined by (2.1)
must belong to W=, In the definition of the class MSL® we impose the stronger
condition (iii), that is, we assume that the symbol has additional smoothness at the
points where it takes the minimum and maximum values. Using the same lemma
we can show that each a € MSL® has the representations

a(t) = (t —1)%q3(t) and a(t) —a(e??) = (t — e"?0)2q4(t), (2.2)



1582 A. Bottcher, J. M. Bogoya, S. M. Grudsky and E. A. Maximenko

with g3,q4 € we—1,

Let a € MSL®, & > 1. For each A € [0, u] there exists precisely one point ¢ () on
the interval [0, po] such that g(¢1(X)) = A and precisely one point @2(X) € [po, 27]
such that g(p2(X)) = A. In other words ¢; and @2 are the inverse functions of g
restricted to [0, o] and [pg, 27, respectively. For each A € [0, u], g takes values
not exceeding A on the intervals [0, p1(A)] and [p2(A),27]. Let ¢(A) denote the
arithmetic mean of the lengths of these two intervals:

P(A) = %(@1@) — (V) + 7= %Ha € [0,27]: g(o) < A},

where |- | denotes Lebesgue measure on [0,27]. Note that ¢: [0,u] — [0,7] is
continuous and bijective and let ¢ : [0, 7] — [0, u] denote its inverse function. Up to
a linear change of the argument, ¢ and v are the distribution function and the
quantile function of the ‘random variable’ a on the probability space [0, 27] with
normalized Lebesgue measure. Set

o1(s) = p1(¥(s)) = 1(A) and  o2(s) = @2(Y(s)) = p2(A).

Note that the derivatives of ¢ and @9 are unbounded in a neighbourhood of 0
and p, whereas the functions ¢; and oy have continuous first derivatives on the
whole of [0, 7]. In addition, it is easy to see that

9(01(s)) = g(o2(s)) = ¥(s) = A.

For each s € [0, 7] the function a — v(s) has two zeros, t = €'71(5) and t = ¢72(5),
We can define a positive function b in terms of these:

b(t,s) := = ez(ol((s)))( wl( z)e o)’ teT, sel0,n]. (2.3)

Let n: [0, 7] — R be defined by

1 [?™ logb(e'@ 1 [?" logb(e'”
n(s) = 7/ mdgf 7/ wdg. (2.4)
0 0

dr tan 70_6;2(5) 4 tan 70_‘721(5)

The singular integrals above are taken in the sense of the Cauchy principal value.
Let A1 p, - .., Ann denote the eigenvalues of the matrix T),(a). We can now state
the main results in [43].

Theorem 2.1. Let a > 1 and a € MSL®. Then for each n > 1:
(1) all eigenvalues of T, (a) are distinct, so that A, < -+ < Ay p;
(ii) the quantities s, = @(Ajn), j =1,...,n, satisfy the equations

(n4+1)sjn +n(sjn) =mj + Agl,)w (2.5)
where Aglgl = o(1/n*"Y) uniformly in j as n — oo;

(iil) for sufficiently large n, equation (2.5) has a unique solution s;,, € [0, 7] for
eachj=1,....n
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Set dj, =mj/(n+1).
Theorem 2.2. If all the assumptions of Theorem 2.1 are fulfilled, then

La]
d; +§:pk n) AR
Sjn = Gjn )k G

where AEQT)L = o(1/n%) uniformly in j as n — oco. The coefficients py can be calcu-
lated explicitly; in particular,

pi(s) = —n(s) and pa(s) =n(s)n'(s).

Theorem 2.3. If all the assumptions of Theorem 2.1 are fulfilled, then
Tk n)
)\j,’ﬂ:w ]n +Z J) +A]n7

where 5-3) = o(5(djn(m—djn)* ) for 1 < a <2 and o(-5djn (7 — djy)) for
a = 2 uniformly in j as n — oo. The coejﬁczents r, can be calculated explzcztly,
in particular,

ri(s) = —¢'(s)n(s) and ry(s) = %1#”(8)772(8) + ¢ (s)n(s)n’(s)-

Remark 2.1. Let a € MSL® and o € [1,2). Then the eigenvalues (for which
€ < djn <7 —€) have the following asymptotics:

Vit (1)
n-+1 no :

This means that the distance between two successive eigenvalues has the two-sided
estimate

c C

n+1<>\j+1’n_)\jn<n+1 (26)

where the constants ¢ and C' are independent of j and n. On the other hand the
difference A; , —1(d;,») also has order O(1/n). In this connection an approximation

Ajn = (djn) (2.7)

is often not sufficient for computations because the approximate formula (2.7) does
not ‘separate’ eigenvalues: a point ¥(d; ,,) need not lie closest to the jth eigenvalue,
but perhaps to some other eigenvalue, for instance, Ajy2 .

The assertion of Theorem 2.3 holds for all eigenvalues of T}, (a). However, bearing
in mind the behaviour of ¢(s) and 7(s) close to the endpoints of [0, 7] (see Lemmas
4.2 and 4.6 in [43]) we can refine the asymptotic formulae for the extreme eigenvalues
(cf. Corollary 2.5 in [41]).
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Theorem 2.4. Let a € MSL® for some a > 2.
(i) If j/(n+ 1) — 0, then

2 2
C1] C2] (4)
Ajn=9(0 ALY 2.8
i = 90) + 2T g T A (2.8)

where ¢; = 72g"(0)/2, ca = —72g"(0)1'(0) and A
(ii) If j/(n+1) — 1, then

cs(n+1—35)72  exn+1—j5)?

R (5)
Njm = g(m) + CESIE CFSE AT (2.9)
where c3 = 729" (¢0)/2, ca = —72g"(po)n (%) and Agi = o(((n+1-35)/n)?)

as n — oQ.

Theorem 2.1 and, as a consequence, also Theorems 2.2 and 2.3 are based on
the following result, which provides an exact equation for the eigenvalues. We
introduce some further notation. As functions of the form (2.3) are positive, the
operator T,,(b) is invertible for each n > 1. Let ©p: T x [0, 7] — C be defined by

Onlt,s) = [T (b( -, 5))xo)(¢):
Here the Toeplitz matrix and the inverse matrix are realized as operators in the
space
n—1

47 = {0 ) = it €T,

Jj=0

of polynomials of degree at most n — 1 and the function xg is identically equal to
one: xo(t) = 1. In other words, ©(t, s) is a polynomial of degree at most n — 1
constructed from the entries in the zeroth column of T}, ' (b( -, s)). For brevity we
set zj(s) =€)k = 1,2, so that we take 2"(s) to be treated as e'™7x(%).

Theorem 2.5. Assume that a > 1, and let a € MSL® and n > 1. Then A = ¢(s)
is an eigenvalue of the operator T, (a) if and only if

2371 (5)On+2(21(5), 5)On2(22(5), 8) = 217 (5)Onp2(22(5), 5)Onra(21(5), 5)-
(2.10)

Note that (2.10) involves the action of the inverse operator T}, !5 (b( -, 5)), so it is
rather difficult to analyze directly. However, it can be analyzed asymptotically as
n — oo, when we replace T}, /5 (b( -, s)) by the function (¢, s):=[T~(b( -, s))x0](£),
where T1(b) is the inverse of the (infinite) Toeplitz operator. As O(t, s) is easy to
calculate in terms of the Wiener-Hopf factorization of b, we obtain equation (2.5)
in this way.

We conclude this subsection by observing that the formulae in Theorem 2.3 have
proved to be numerically highly efficient and yield nice results for n = 40,...,100
(see [37], [41] and [43]).
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2.2. Eigenvectors. The arguments resulting in the exact equation (2.10) enable
us to deduce exact formulae for the components of the eigenvectors too. The results
presented in this subsection were published in [42]. Keeping the notation used
in §2.1, for brevity we write

0(t) = O(t,5jn) = [T (b(+ 550))x0) (1),
where we recall that s;, is related to the jth eigenvalue of the matrix T),(a)
by Xjn =1(8)n)
Theorem 2.6. Assume that o > 1 and let a € MSLY, n>1 and 1 < j < n. Then

the vector
x0n) = ppGm) 4 Gn) 4 pGm) (2.11)

whose pth component, p=20,1,...,n— 1, is given by
MG = 2200 + (1) Y0,
n+1)/2 373
Lo I e /(eu) —0(z1) () — e<z2>> dt
T

27TZ|9(21)‘ t—Zl t—Zz tp+1’

Ry = TEL,

is an eigenvector corresponding to the eigenvalue X; . In addition, MG s con-

Jugation symmetric: M,Sj’") = Mfff;)fl

That is, the eigenvector X ™) can be represented as a sum of three vectors:
the leading term MU the term LU concentrated in a neighbourhood of the
left-hand endpoint (for small p its components L](g] ™) exceed significantly the other
terms in absolute value) and the term RU™ | concentrated in a neighbourhood of
the right-hand endpoint. In other words, M ™ yields a rough approximation of
the eigenvector, which is satisfactory for central components, while LU and RU™)
play the roles of left- and right-hand corrections, respectively.

In the symmetric case, that is, when the symbol has the property a(t) = a(t~!)
(which is equivalent to g(o) = g(2m — o)), the statement of Theorem 2.6 can be
simplified slightly.

1 and let a € MSL® be a function with real
a(t™1)). Then for each s € [0, 2]
Yo =, @(A) = [g|[0,7r]]_1(>‘)7 ’(/}(8) = g|[0,‘n’](s)7

bless) = gé()?s _i(()ss)a)’

Corollary 2.1. Assume that a >
Fourier coefficients (so that a(t) =

o1(s) = s, o2(s) =27 — s,

and the formulae in Theorem 2.6 can be written as follows:

i . n—1\ wm J7
M = 247+ |9(Z1)sm<( —2>5j _2>’
(n+1)/2 77— 0(z)
Lom _ AT 00 /(0(t) —0(z1) _0(t) —9<Zl>> dt (2.12)
T

p o 27T’L|0(21)‘ t—Zl t—Zl tp+1’

) . G
RU™ = L)" .
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Theorem 2.6 reveals the structure of eigenvectors, but can only be implemented
if we calculate the exact eigenvalues and can invert (n + 2) x (n + 2)-matrices.
To simplify the formulae in Theorem 2.6 we look at the ‘basic’ approximation
(see Theorem 2.1) of the equation for the eigenvalues,

(n+1)s+n(s) =xj. (2.13)
Note that if it has roots 5} ,,, then
~ 1
|Sjan - $j7n| =0 na—1 )" n — 00,

uniformly in j. Equation (2.13) is easy to solve numerically. In addition, asymp-
totic approximations to its solution are given by the formulae in Theorem 2.3.
For s € [0, 7] we have the Wiener-Hopf factorization

b(t,s) = by (t,s)b_(t,s),

where
1

bi(t,s) = exp(i log b(t, s) + ?/ w dT). (2.14)
T _

Theorem 2.7. Let a € MSL®, a > 3. Let 2, := e%%6im) k& = 1,2, and for
p=0,1,....,n—1 set

T gl(nfl)/%p (1) 22(n71)/27p
? b+ (Z1)] b+ (22)]
P R CY /(bﬁ(t) —0 ' E) b0~ b+1(32)) dt
P 2milbs (Z1)| S t—721 t— 2o tpt1’
f{;j’") = Eglj’_r;)_l.
Let QU™ be the vector defined as the remainder term in the formula
X6 — prGm) 4 L) L pGn) 4 QUm). (2.15)

Then Qéj’n) =0(1/n*3) as n — oo and this relation holds uniformly in j and p.
The integral involved in Theorem 2.7 can often be simplified. For example, if the

symbol is rational, then the integral can be calculated using residue theory. In fact,

in this case the function b( -, s) given by (2.3) can be expressed by

P(t, s)

Q(t,s)’

where P and @ are polynomials in ¢. It is easy to see that the symbol b(-,s) has

a Wiener-Hopf factorization b(t, s) = b_(¢, s)by(t, s), where

b(t,s) =

P (1==4) P (1- 1)
b(t,s) = —2— DO (4 s) = Bo(s) e i)
BRI 1 Y (e | Y

here p and ¢ are positive integers, v;(s) and E{l(s) are formed from the 2p zeros
of P(-,s), u;(s) and ﬂj_l(s) are formed from the 2q zeros of Q(-,s), and Fy(s) is
a constant. Again, for brevity we write by (¢) instead of by (¢, s,.,).
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Theorem 2.8. Let a be a rational symbol in MSL®. Assume further that b(-,s)
has only simple poles. Then an eigenvector can be expressed in the following form:

X@n) = ppim) T 4 RGn) 4 qlm)

where, forp=0,1,...,n—1,

=) 21(”*1)/2*10 V/Z\2(n71)/27p
MY = 4 (1) e,
b |b+(21)‘ |b+(22)|
n+1)/2 o
Lum . a2 _22 )b+ (21) Z - U’ " (85m)
p - 2 _—
b+(21) ot o (Um(85,0)) (Vm (85,0) = 21) (Vm (85,n) — Z2)

R}(}J}") E Lngv;) 1

and for each v > 0 the limit relation Q](gj’n) = o(1/n") holds uniformly in j and p
as n — oo.

Note that if some of the poles of b(-,s) are multiple, then we can also find an

expression for El()j ) using residue theory.
In [42] we presented numerical experiments validating the formulae in Theo-
rems 2.7 and 2.8 and revealing the meaning of the different terms in these formulae.

§ 3. Symmetric symbols

In this section we consider complex-valued polynomial symbols of the form

.
a(t) = > axt”, ar=a_, teT, (3.1)
k=—r

where 7 > 1 and a, # 0. Such a polynomial is an even function of the angle ¢:
a(e?) =a(e™¥), e[, (3.2)

Let Z(a) denote the set of values of a, that is, the curve on the complex plane
formed by the points a(e®#):
#(a) := a(T).

Then (for instance, see Theorems 5.28 and 5.32 in [3]) the limit as n — oo of the
sequence of spectra of the T, (a) coincides with Z(a). Thus, for sufficiently large n
the eigenvalues of the matrix T),(a) lie in a small neighbourhood of Z(a).

3.1. Eigenvalues of symmetric Toeplitz matrices. Consider a symbol of the
form (3.1) and assume that
) the curve #Z(a) does not intersect itself; in particular, a(1) # a(—1);
2) a/(t) #0fort € T\ {-1,1};
3) a’(£1) #0.
As usual, set g() := a(e’¥?). Then it follows from (3.2) that

H)={z€C: z=9(p), pc(0,n]},  J(0)=g'(r)=0, d'(£l)=0.
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For sufficiently small § > 0 set %s(a) := g(£2s), where
Qs ={peC:0<Rep <, |Imyp| < d}.

First we look at the equation a(z) — A =0 for A € Z(a) \ {a(1),a(-1)}. It has 2r
roots in the complex plane, which we arrange in the order of ascending absolute
values. Taking the symmetry (3.2) into account we can represent this set of roots

as follows: ) ) L1
{U1,U2,-~-,Ur_1,ur,, a"'77}' (33)
Ur Ur—1 Uz U

Thus, the root ug, 1 < k < r — 1, which lies outside the unit circle T, corresponds
to the root 1/uy inside T. By conditions 1) and 2) precisely two roots lie on T:

u, = €' and ui =e %, v € (0,m). (3.4)
The other 2r — 2 roots are separated from T uniformly in A € Z(a) \ {a(1),a(-1)}.
Now let A € %Zs(a). It is easy to show that by 2) and 3), for sufficiently small §
the equation a(z) — A = 0 has a unique root in a neighbourhood of the upper
half-circle, which has the form z, = €!?, where ¢ := ©()\) is an analytic function
in Qs. In accordance with this definition g(p(A\)) = A for A € %Zs(a). We will regard
the ug := ug(A) = ug(g(p)) as functions of ¢ and denote them by ug := ug(p),
where ¢ € Q5. Now there exists a positive g such that

inf inf dist(u, T) > e® =1 (> o). 3.5
et S 1 sy 15t T) > € (> 60) (3:5)

Consider the functions

h(z) = kH1<1 - uh(w)), zeC, ¢es, (3.6)
and
0(p) = —ilog fm, p € Qs. (3.7

It follows from the definition (3.6) of h that h(z) # 0 for z € I's := exp{i€2s }. Hence
we can take a continuous branch of the function 6(p) in the domain ¢ € €5 such
that 0(0) = 6(w) = 0. We introduce the quantities

] 9(d n)
dj,n = nt1 and €jn ‘= dj,n - n j_ 1 (38)
and the domains
Q.= <p€(C:|ap—e»n|<cj7’n , (3.9
7 I (n+1)2
where j =1,2,...,n, ¢j» = 3M}, M; p,
M, = sup |0(p)| and M;, = sup [0'(p)| (3.10)
Weﬂj,n ’ @er,n

Note that c;,, is bounded uniformly in j and n.
Now we state the main result of this subsection.
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Theorem 3.1. Let a be a function of the form (3.1) such that conditions 1)-3) are
satisfied. Then the following results hold for sufficiently large n.
(i) All the eigenvalues of T),(a) are simple and X;,, € () forj=1,2,...,n
(ii) The points @;rn (€ Qs) such that X\j, = g(pjn) satisfy

where | Ay ()] = O(e™2™) and | AL (p)| = O(ne=2™) for some positive constant A,
uniformly in ¢ € Q;, and j as n — oo. Equation (3.11) has a unique solution in
the domain €2; .

(iii) Fach equation of the form

(n+1)p;, +0(05,) =7, i=12,...,n, (3.12)

has a unique solution in Q; ., and Xj, = g(¢},,) + O(e™"/n) for some positive
constant A uniformly in j as n — oo.
(iv) The function
0(¢)
Hjn(p) :=djn — T (3.13)
is a contraction mapping of ); , into itself; if

P =i and Q) = H (oY), k=2, (3.14)
then
M’ k M.
* k) Jsn Jsm
; —6( —Ln ) | ZLn 1
ot — ] = <n+1) (n+1)’ (3.15)
M M; . K!,
X E)y — g —Ln 3.16
[Ajn — g0l i n+1 ; (3.16)

where M; ., and Mj , are defined by (3.10) and K7, = sup cq, [9(¢)]-
Setting k = 2 in (3.15) and (3.16) we obtain the following asymptotic expansions
for ¢, and \jp.

Theorem 3.2. Let a(t) be a symbol of the form (3.1) such that conditions 1)-3)
are satisfied. Then

(1)

0(djn) | 0(din)0'(djm) | A6
. J ’ d A 1
Pim = djn n+1 + (n+1)2 R (3.17)
where Af,)l = 0(1/n3) as n — oo uniformly in j =1,2,...,n;
(ii)
ci(djn) | c2(djn) @
)\'n - dn > A ) ]‘
75 g(J7)+ n+1 +(’I’L—|—1) + J.n (3 8)
where A§77)L = O(djn(m — djn)/n3) uniformly in j =1,2,...,n as n — oo,

c1(d) = —g¢'(d)0(d) and ca(d) = %g”(d)&z(d) +4¢'(d)6(d)8'(d).
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We have given the asymptotic formulae (3.17) and (3.18) as examples. Using
estimates (3.15) and (3.16) for & > 2 we can find arbitrarily many terms of the
expansions for A;, and ¢; .

As a consequence of Theorem 3.2, we obtain a result on the extreme eigenvalues.

Theorem 3.3. Let a be a symbol of the form (3.1) and assume that conditions 1)-3)
are satisfied. Then the following results hold:
(i) if 52/(n+1) — 0, then

-2 -2
C3) C4]) (8)

ANin =g(0 A 3.19

i = 00) + oy g T A (3.19)

where c3 = 72" (0)/2, c4 = —72¢"(0)6'(0) and Af)l = 0(j*/n*) asn — oo;
(i) if (n+1—3)?/(n+1) — 0, then

1—4)2 1—4)2
es(n + 7) ce(n + 7) L A®

(n+1)2 CEE in (3.20)

)\j,n = g(ﬂ-) +

where ¢5 = w2g"(m)/2, c¢ = —m2g"(7)0'(7) and AEQT)L = O((n+1—3j)*/n?) as
n— oo.

Remark 3.1. The leading term of the asymptotic expansion (3.18) corresponds to
a point g(d) on the curve #Z(a). This approximation to the eigenvalue A; ,, =~ g(d)
has accuracy O(1/n) and cannot be considered satisfactory: the distance between
successive eigenvalues also has order O(1/n). Thus, this approximation ‘does not
separate’ eigenvalues (see Remark 2.1). On the other hand the approximation
Njn & g(ej,) has accuracy O(1/n?) (see (3.16) for k = 1) and can be treated as
an individual approximation to the eigenvalue A;,. In particular, the expression
g(ejn) can be used to analyze the position of \; ,, relative to the curve #Z(a). In fact,

glejn) = g<d - a(d)> = g(d _Refld) Ime(d)>,

n+1 n+1 n+1
where ) )
h(e* h(e®
Ref(d) = arg T(e—d)’ m6(d) og o]
Setting
¢ Ref(d) 7j —Ref(d)
€jn = d— —
n+1 n+1
we obtain P 1
~ .9 (€5 n)lm
9(esn) = 9(@n) =1 =T O(nQ )

That is, to within O(1/n?) the eigenvalue \;,, lies on the normal to %(a) at the
point g(€;,,). The distance from )\, along the normal has order O(1/n), provided
that Im (d) # 0. Note that depending on the sign of Im 6(d) the point \; ,, lies to
the right or the left of Z(a) in the plane.

The numerical gain from the formulae in Theorems 3.1-3.3 was fairly compre-
hensively analyzed in [44].
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3.2. Eigenvectors of symmetric Toeplitz matrices.

Theorem 3.4. Let a(t) be a symbol of the form (3.1) and assume that condi-

tions 1)-3) are satisfied. Then eigenvectors XU™) = (X}J’”));;:l associated with
the eigenvalues A;, can be chosen so that the following asymptotic expressions
(putting X := X, for brevity) hold:

XIEJ?”) =a;p(A) +bp(A) + ¢ p(A) + O(e=™), p=12,...,n, (3.21)

where the remainder estimate is uniform with respect to X\, and &, is independent
of n, j and p. Furthermore,

(=1)Te=we(N)  (—1)ieper(V)
N NG

ajp(N) = (3.22)

e[ 2isin(e(V) 1
bip(}) = (=1) Z[ E0) (a8 — ) (ay (3) — e O, (u, ()

(3.23)

and

¢jp(\) = (=17 bj 1), (3.24)

Remark 3.2. Theorem 3.4 was established as Theorem 2.3 in [45], albeit under the
additional assumption that the function a(¢) — A has only simple zeros for each A
in %Z5(a). Now, after [42], we can drop this technical condition.

Remark 3.3. Let us analyze the formulae in Theorem 3.4. As the root u,(X) lies
outside the unit circle, the term b;,(\) is small for components with large index
p, and the term ¢; () is small when n — p is large. In addition, it is easy to see
that, as n grows, the contribution of these terms can be significant for a few of the
first and last components, respectively. Note however, that the number of these
components does not depend significantly on n. Components in the middle part of
the vector X ") are mostly well approximated by a; ,(\) from (3.22). A numerical
illustration of this observation can be found in [45].

Remark 3.4. In (3.22)—(3.24) we can replace the exact eigenvalues by their approx-
imations (asymptotic expressions), for instance, the ones given by (3.18).

Remark 3.5. Formulae (3.22)—(3.24) become much simpler for eigenvectors corres-
ponding to the extreme eigenvalues (see Theorem 2.4 in [45]).

§ 4. Eigenvalues and eigenvectors of Hessenberg Toeplitz
matrices and a problem of Dai, Geary and Kadanoff’s

4.1. Eigenvalues. Dai, Geary and Kadanoff [46] and Kadanoff [47] considered
symbols of the form

a(t) = (2 —t— )7(—1&)57 teT, (4.1)
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where 0 < v < —f < 1. They conjectured that for large n the corresponding
eigenvalues A\ = \; ,, satisfy

Njm & a(n(%“)/” exp{—i(QM) — Zd(%U)} + 0<1>>, (4.2)
n n o\ n n

where d is some function (unknown to them). This conjecture was supported by
numerical experiment and a certain heuristic argument.

Now we state the main results of [48] and compare these with (4.2).

As usual, let H*> be the Hardy space of bounded analytic functions in the unit
disc D. For a fixed function a € C(T) let wind(a) denote the number of windings
of the image of a, that is, the curve Z(a) := {z € C: z = a(t), t € T}, about the
point A € C\ %(a), and let Z(a) be the set of points A € C for which wind(a) # 0.
In this subsection we treat matrices T}, (a) with symbols of the form a(t) = t~1h(t),
where

1) h € H*® and hg := h(0) # 0;

2) h(t) = (1 —1t)*f(t), where o € [0,00) \ Z and f € C>=(T);

3) h extends analytically to an open neighbourhood W of the set T\ {1} which
does not contain 1;

4) #(a) is a Jordan curve in C and windy(a) = —1 for each A € Z(a).

Note that if we set v = a/2 and f = v — 1 in (4.1), then the symbol satisfies
conditions 1)-4), with f(t) = (-1)*~1

Let D, (a) denote the determinant of T, (a). Then the eigenvalues of the matrix
T,.(a) are the roots of the equation D, (a — A) = 0. By our assumptions T, (a) is
a Hessenberg matrix, that is, it can be obtained from a lower triangular matrix by
adding one nontrivial diagonal. In combination with the Baxter-Schmidt formula
(see [5], §2.3, for instance) this enables us to represent D, (a — \) as a Fourier
integral. Its value depends significantly on the pole at A and the singularity of the
term (1 —¢)* at 1. Let Wy be a small neighbourhood of zero in C. We can show
that for each A\ € Z(a) N (a(W) \ Wy) there exists a unique point ¢, ¢ D such that
a(ty) = A. An asymptotic analysis of the Fourier integral just mentioned yields an
asymptotic representation for D, (a — ).

In all the statements in this subsection we take

SN+ 1) sin(ar)”

ap :=min{a,1} and ¢, :=
Theorem 4.1. Leta(t) =t~ 1h(t) be a symbol satisfying conditions 1)-4). Then for
each small open neighbourhood Wy of zero in C and points A € Z(a) N (a(W)\ Wp)

1 1
a/(t)\) Ca)\2na+1

Dp(a—\) = (—ho)" (t”+2 + Ri(n, A)), (4.3)
A

where Ry(n,\) = O(1/n*+t*0F1) a5 n — oo uniformly in X € a(W) \ Wy.

We now turn to the main results in this subsection. Set w,, := exp(—27i/n).
For the values of n under consideration there exist positive integers n; and no such
that w™,w="2 € a=1(Wp), but w1 wn=m2=1 ¢ =1 (W). Recall that a(ty) = .

n o
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Theorem 4.2. Let a(t) =t~ h(t) be a symbol with properties 1)-4). Then for each
small open neighbourhood Wy of zero and for each j between ny and n — ngy,

, 1 ca@? (W)
— plat)/n j - Zo A/ i
i =1 “n (1 n log(a’(w%)wzj) " Rz(n7j)>’ “4)

where Ra(n,7) = O(1/n%*1) + O(logn/n?) as n — oo uniformly in j.

Thus formula (4.4) proves the conjecture (4.2) in the special case when § = vy—1.
In addition, we have found the function

d(t) := tlog@?;(;))

and have refined the order of the error term.
Taking the value of a at the point (4.4) we obtain the following asymptotic
expression for ;.

Theorem 4.3. Let a(t) =t~ 1h(t) be a symbol with properties 1)-4). Then for each
small open neighbourhood Wy of zero in C and j between ni and n — na,

) . 1 Ja (w) o 2(7
)\j,n _ a(wﬁl)+(a+1)wia’(w%) ogn +wna (Wn) 10g< C aj(wnz)j) +R3(7’L’j), (45)
n n a (wy,)wr,

where Rs(n,j) = O(1/n®*1) +O(log? n/n?) as n — oo uniformly for j between n,
and n — ns.

Remark 4.1. Here we have written out only a few of the first terms of the asymptotic
expansion. Note however that using our method an arbitrary number of terms in
this expansion can be obtained.

A numerical illustration of Theorem 4.3 can be found in [48].

4.2. Eigenvectors. To present the formulae for eigenvectors we define a function
b0 on T by

. 1
bUm(t) = h(t) — Ayt
and let b"™ denote its pth Fourier coefficient.
Theorem 4.4. If b)) £ 0, then
xGmn) (béj’"));};é (4.6)

is an eigenvector of T,,(a) corresponding to the eigenvalue ;.

The next result describes the asymptotic behaviour of b,(oj ™) for large p and n.
Theorem 4.5. The relation

. Dy (wi)w,, 7P . D3 (w), ;
b = (D (Qufj)aza+1)P/n (1+ Ri(j,n,p)) + pifﬂ ) (1+ Ra(j,n.p)) (4.7)
1\(Wn
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holds, where

caa?(u) -1 1
D = D = —_= D =
1(“) u2a/(u) ’ Q(U) u2a,(u) ) 3<U) Caa2 (U) )
Ri(j,m,p) O< p+1) +O(10gn) uniformly in j as p,n — oo,
neo n
. logn 1o . . .
Ro(j,n,p) =0 +0 » uniformly in n and j.

We stress that we only consider points w? in W \ a=*(Wp). In this domain
the functions a and a’ are bounded and separated away from zero. Hence the Dy,
¢ =1,2,3, are also bounded and separated away from zero there. Note also that
since p < n, R; tends to zero as n — oo.

Remark 4.2. We compare the above results on the asymptotics of eigenvectors and
the results in [46] and [47] concerning symbols of the form (4.1).

We have already mentioned that for 5 = — 1 the function (4.1) becomes ‘our’
symbol of the form a(t) = t~'h(t), with h(t) = (=1)*"3(1 — )®. In [46] the
authors conjectured that an eigenvector has the form

‘ 1 1 n—1 .
x ) o 1+00/n) ., where ty -~ nlett)/ng (4.8)
7 0 g !
YR b=

as n — 0o. Theorem 4.2 refines this conjecture and proves it while giving a rigorous
estimate for the error term. Note that

DYMwi) = exp(z log Dl(w{l)) - exp(z 0(1)> =1+ O(i).

This shows that (4.8) corresponds to the first term on the right-hand side of (4.7) in
the case when the ratio p/n is close to zero. Otherwise the representation (4.8) can
give a large error: the corresponding numerical examples were presented in [50].

Remark 4.3. Our asymptotic expansion (4.7) holds for A;,, outside a small neigh-
bourhood Wy of zero and for large p. For small p, for instance, p =0,1,...,m — 1,
m < n, the values of bl(,j ™) can be calculated using the relation between the Fourier
coefficients of bU™) = 1/(h(t) — A\j ,t) and h(t) = (1—t)*f(t). Here we obtain a tri-
angular system of equations, which can be solved by O(m?) operations, and taking
m = [y/n] we need O(n) operations. We can calculate the remaining components
using asymptotic formulae (4.7), which also have order of complexity O(n) from
a numerical standpoint.

§ 5. Spectral theory of Wiener-Hopf operators with symmetric
complex kernels and rational symbols on a large interval

A truncated Wiener-Hopf operator has the form

(K- f)(t) = f(t) + /OT E(t —s)f(s)ds, te (0,7). (5.1)
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We assume here that k is a function in L?(R), so the integral operator in (5.1) is
a compact Hilbert-Schmidt operator on L?(0,7) for every 7 > 0. Let sp K, denote
the spectrum of K. As K, —I is compact, all points in sp K, \ {1} are eigenvalues.

Here we make the two basic assumptions. First, k is a symmetric complex
function, that is k(t) = k(—t) for ¢ € R. Second,

o0

a(z):=1 +/ k(t)e'™ dt, z €R,
— 00

the so-called symbol of the operator, is rational. These two assumptions are equiv-

alent to a representation of the form

m

Zpg(t)e_ket for t > 0,

k() =15
Zpg(ft)ef)‘“ for ¢ < 0,
=1

where the A\, are complex numbers with Re A > 0 and the p,(t) are polynomials with
complex coefficients. Since k(t) = k(—t) for all ¢t € R if and only if a(z) = a(—x)
for all x € R, the symbol is an even rational function, and we can write

s 12_4—2
a(m)znﬁ, .ﬁER,
J

j=1

where (; € C, p;j € C, Rep; > 0 and (:12 =+ M? for all j and k. To stress the
dependence of K, on the symbol a, following [54] we denote K. by W, (a).

Putting R := RU{%oc0} we extend the symbol by setting a(£00) = 1. As before,
let %Z(a) be the essential image of a, that is, Z(a) := a(R). By our assumptions
Z(a) is an analytic curve in the plane such that as x varies from —oo to 0 the
value a(z) of the symbol ranges from 1 to a(0) on this curve, and when x varies
further from 0 to 400, the value of the symbol traverses #Z(a) from a(0) to 1 in the
reverse direction.

It was shown in [54] that in our case the limit of sp W (a) coincides with Z(a).
So we will look for eigenvalues in a neighbourhood of %Z(a). We assume in addition
that Z(a) is a curve without self-intersections.

With each positive number 7 we associate the half-strip

S, = {zE(C: Rez >0, |Imz| < ﬁ}7
T

where 3 > 0 is fixed and sufficiently large. Consider a finite covering of the half
axis by open intervals Iy U--- U Iy = (0,00). For each interval I € {I,}N_; we
consider either the closed subintervals of I of the form

o= ()7 (+3)7]

or the closed intervals of the form

Tis o= [/f, (k + 1)7T]
T T
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lying in I (depending on the position of b(I)! in C); see (3.6) and (3.7) in [51].
In this way we obtain N families of rectangles

Spr={2€8S;: Reze I}

The proofs of the main results in this section are based on an explicit formula
(see [55]) for the Fredholm determinants

1
det| —— (W, (a) — AI) . (5.2)
1-—A

Note that for each A € Z(a)\{1} the equation a(z) = A has precisely 2r complex

roots
wi(N), wa(A), -, wr(A), —wi(N), —wa(A), ..., —wr(A). (5.3)

We can number them so that wi(A) € R and Imw;(A) > 0 for j > 2.

Fix an open neighbourhood U of Z(a). Then sp W, C U if 7 is sufficiently large.
Set I ={z € C: |Imz| <, a(z) € U}. For z € II consider the two functions

T T

Q(z) := H(z —iug) and P(z):= H[z —we(a(z))]

(=1 (=2

and set e )2 P )2
b(z) := 00)° .P(—z)Q'

The main result of this section is the following.

Theorem 5.1. Let closI be the closure of I in [0,00] and assume that for X in
a(clos I) all the roots wa(N),...,w-(N) are distinct. Then there exists 7o such that
the following results hold for all T > 1.

(i) If A = a(z) € U is an eigenvalue of Wr(a) such that Rez € I, for some
Iy C1I,then z € Si -.

(ii) For each I, » C I the set a(Sk,.) contains a unique eigenvalue A\, - of Wr(a),
which has algebraic multiplicity 1.

(iii) The function

is a contraction mapping of Sy  into itself; for

k n ne
z,(coz = 771- and zl(”) = @k,T(z,(C,T 1)), n>1,

the relation

Xer = a(z,i"T)) + O(

o +1) as T — 00

holds uniformly in k: there exist constants C,, < oo independent of k and T such
that

Cn

(n)
[Akr — a(zk?r)‘ < sl

1See the definition of the function b(z) below.
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(iv) The following asymptotic expression holds for the points zkﬁzz

(0) (0) (0)
c1(zy, ; ca(zy, ; c3(z 1
(0)+ 1( k,)+ 2( k,) 3( k,)+0< ),

= e T i T T @ir2 T (2ir)3 74
where
c1(2) =logh(z),  ea(z) = bbl((;) log b(2)
and
c3(2) = bb((j)); log b(2) + b"(z)bébz()z)}b/(z)z (log b(z))2.

(v) The following asymptotic expression holds for Ay r:

L hED)  BED) dE) o(4),

M = alzr) + 50 (2ir)2 " (2ir)? 4 (5.4)
where
G =d @), ) = dEe) + T
and
ds(z) = d'(2)c3(2) + a”’(2)er(2)ea(2) + a”’6(z) c1(z)?

Remark 5.1. We have presented formula (5.4) as an example of an explicit calcula-
tion of a few of the first terms in the asymptotic expansion. Using our method we
can find an arbitrary number of these terms.

In conclusion we present a result concerning eigenfunctions.

Theorem 5.2. Assume that all the numbers pq, ..., . are distinct. Let A be an
eigenvalue of the operator W.(a) such that all the roots wa(N),. .. ,w.(T) are dis-
tinct. Then each eigenfunction o, € L?(0,7) of W, (a) corresponding to X has the

following form:

pr(t) =D eV 4 eppjem ] (5:5)

J=1

and satisfies the relation o (7 —t) = 0p,(t) with 0 € {1} for all t € (0,7); it can
also be expressed by

Z zcjefiwj(k)'rﬂ coS (Wj (\) <t _ ;)) if0 =1,

j=1

Z 2icje @i/ 2 gin (wj()\) (t — ;)) if 0 =—1.

Jj=1

pr(t) =

2This appears as z in (i).
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Note that the coefficients cq, ..., ¢, in the last formulae can be calculated using
a system of r linear equations with known coefficients.
The numerical aspects of the above formulae have been discussed in [51].
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