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Preface

The name of the game

Jacobi operators appear in a variety of applications. They can be viewed as
the discrete analogue of Sturm-Liouville operators and their investigation has many
similarities with Sturm-Liouville theory. Spectral and inverse spectral theory for
Jacobi operators plays a fundamental role in the investigation of completely inte-
grable nonlinear lattices, in particular the Toda lattice and its modified counterpart,
the Kac-van Moerbeke lattice.

Why I have written this book

Whereas numerous books about Sturm-Liouville operators have been written,
only few on Jacobi operators exist. In particular, there is currently no monograph
available which covers all basic topics (like spectral and inverse spectral theory,
scattering theory, oscillation theory and positive solutions, (quasi-)periodic opera-
tors, spectral deformations, etc.) typically found in textbooks on Sturm-Liouville
operators.

In the case of the Toda lattice a textbook by M. Toda [230] exists, but none
of the recent advances in the theory of nonlinear lattices are covered there.

Audience and prerequisites

As audience I had researchers in mind. This book can be used to get acquainted
with selected topics as well as to look up specific results. Nevertheless, no previous
knowledge on difference equations is assumed and all results are derived in a self-
contained manner. Hence the present book is accessible to graduate students as
well. Previous experience with Sturm-Liouville operators might be helpful but is
not necessary. Still, a solid working knowledge from other branches of mathematics
is needed. In particular, I have assumed that the reader is familiar with the theory
of (linear) self-adjoint operators in Hilbert spaces which can be found in (e.g.)

xiii



xiv Preface

[192] or [241]. This theory is heavily used in the first part. In addition, the reader
might have to review material from complex analysis (see Appendix A and B) and
differential equations on Banach manifolds (second part only) if (s)he feels (s)he
does not have the necessary background. However, this knowledge is mainly needed
for understanding proofs rather than the results themselves.

The style of this book

The style of this monograph is strongly influenced by my personal bias. I
have striven to present an intuitive approach to each subject and to include the
simplest possible proof for every result. Most proofs are rather sketchy in character,
so that the main idea becomes clear instead of being drowned by technicalities.
Nevertheless, I have always tried to include enough information for the reader to
fill in the remaining details (her)himself if desired. To help researchers, using this
monograph as a reference, to quickly spot the result they are looking for, most
information is found in display style formulas.

The entire treatment is supposed to be mathematically rigorous. I have tried to
prove every statement I make and, in particular, these little obvious things, which
turn out less obvious once one tries to prove them. In this respect I had Marchenko’s
monograph on Sturm-Liouville operators [167] and the one by Weidmann [241] on
functional analysis in mind.

Literature

The first two chapters are of an introductory nature and collect some well-
known “folklore”, the successive more advanced chapters are a synthesis of results
from research papers. In most cases I have rearranged the material, streamlined
proofs, and added further facts which are not published elsewhere. All results
appear without special attribution to who first obtained them but there is a section
entitled “Notes on literature” in each part which contains references to the literature
plus hints for additional reading. The bibliography is selective and far from being
complete. It contains mainly references I (am aware of and which I) have actually
used in the process of writing this book.

Terminology and notation

For the most part, the terminology used agrees with generally accepted usage.
Whenever possible, I have tried to preserve original notation. Unfortunately I had
to break with this policy at various points, since I have given higher priority to
a consistent (and self-explaining) notation throughout the entire monograph. A
glossary of notation can be found towards the end.

Contents
For convenience of the reader, I have split the material into two parts; one

on Jacobi operators and one on completely integrable lattices. In particular, the
second part is to a wide extent independent of the first one and anybody interested
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only in completely integrable lattices can move directly to the second part (after
browsing Chapter 1 to get acquainted with the notation).

Part I

Chapter 1 gives an introduction to the theory of second order difference equa-
tions and bounded Jacobi operators. All basic notations and properties are pre-
sented here. In addition, this chapter provides several easy but extremely helpful
gadgets. We investigate the case of constant coefficients and, as a motivation for
the reader, the infinite harmonic crystal in one dimension is discussed.

Chapter 2 establishes the pillars of spectral and inverse spectral theory for
Jacobi operators. Here we develop what is known as discrete Weyl-Titchmarsh-
Kodaira theory. Basic things like eigenfunction expansions, connections with the
moment problem, and important properties of solutions of the Jacobi equation are
shown in this chapter.

Chapter 3 considers qualitative theory of spectra. It is shown how the essential,
absolutely continuous, and point spectrum of specific Jacobi operators can be locat-
ed in some cases. The connection between existence of a-subordinate solutions and
a-continuity of spectral measures is discussed. In addition, we investigate under
which conditions the number of discrete eigenvalues is finite.

Chapter 4 covers discrete Sturm-Liouville theory. Both classical oscillation and
renormalized oscillation theory are developed.

Chapter 5 gives an introduction to the theory of random Jacobi operators. Since
there are monographs (e.g., [40]) devoted entirely to this topic, only basic results
on the spectra and some applications to almost periodic operators are presented.

Chapter 6 deals with trace formulas and asymptotic expansions which play a
fundamental role in inverse spectral theory. In some sense this can be viewed as an
application of Krein’s spectral shift theory to Jacobi operators. In particular, the
tools developed here will lead to a powerful reconstruction procedure from spectral
data for reflectionless (e.g., periodic) operators in Chapter 8.

Chapter 7 considers the special class of operators with periodic coefficients.
This class is of particular interest in the one-dimensional crystal model and sev-
eral profound results are obtained using Floquet theory. In addition, the case of
impurities in one-dimensional crystals (i.e., perturbation of periodic operators) is
studied.

Chapter 8 again considers a special class of Jacobi operators, namely reflec-
tionless ones, which exhibit an algebraic structure similar to periodic operators.
Moreover, this class will show up again in Chapter 10 as the stationary solutions
of the Toda equations.

Chapter 9 shows how reflectionless operators with no eigenvalues (which turn
out to be associated with quasi-periodic coefficients) can be expressed in terms of
Riemann theta functions. These results will be used in Chapter 13 to compute
explicit formulas for solutions of the Toda equations in terms of Riemann theta
functions.

Chapter 10 provides a comprehensive treatment of (inverse) scattering theo-
ry for Jacobi operators with constant background. All important objects like re-
flection/transmission coefficients, Jost solutions and Gel’fand-Levitan-Marchenko
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equations are considered. Again this applies to impurities in one-dimensional crys-
tals. Furthermore, this chapter forms the main ingredient of the inverse scattering
transform for the Toda equations.

Chapter 11 tries to deform the spectra of Jacobi operators in certain ways. We
compute transformations which are isospectral and such which insert a finite num-
ber of eigenvalues. The standard transformations like single, double, or Dirichlet
commutation methods are developed. These transformations can be used as pow-
erful tools in inverse spectral theory and they allow us to compute new solutions
from old solutions of the Toda and Kac-van Moerbeke equations in Chapter 14.

Part IT

Chapter 12 is the first chapter on integrable lattices and introduces the Toda
system as hierarchy of evolution equations associated with the Jacobi operator via
the standard Lax approach. Moreover, the basic (global) existence and uniqueness
theorem for solutions of the initial value problem is proven. Finally, the stationary
hierarchy is investigated and the Burchnall-Chaundy polynomial computed.

Chapter 13 studies various aspects of the initial value problem. Explicit for-
mulas in case of reflectionless (e.g., (quasi-)periodic) initial conditions are given in
terms of polynomials and Riemann theta functions. Moreover, the inverse scatter-
ing transform is established.

The final Chapter 14 introduces the Kac van-Moerbeke hierarchy as modified
counterpart of the Toda hierarchy. Again the Lax approach is used to establish
the basic (global) existence and uniqueness theorem for solutions of the initial
value problem. Finally, its connection with the Toda hierarchy via a Miura-type
transformation is studied and used to compute N-soliton solutions on arbitrary
background.

Appendiz

Appendix A reviews the theory of Riemann surfaces as needed in this mono-
graph. While most of us will know Riemann surfaces from a basic course on complex
analysis or algebraic geometry, this will be mainly from an abstract viewpoint like
in [86] or [129], respectively. Here we will need a more “computational” approach
and I hope that the reader can extract this knowledge from Appendix A.

Appendix B compiles some relevant results from the theory of Herglotz func-
tions and Borel measures. Since not everybody is familiar with them, they are
included for easy reference.

Appendix C shows how a program for symbolic computation, Mathematica®,
can be used to do some of the computations encountered during the main bulk.
While I don’t believe that programs for symbolic computations are an indispens-
able tool for doing research on Jacobi operators (or completely integrable lattices),
they are at least useful for checking formulas. Further information and Mathe-
matica®notebooks can be found at

http://www.mat.univie.ac.at/~gerald/ftp/book-jac/
respectively
ftp://ftp.mat.univie.ac.at/pub/teschl/book-jac/
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I
Chapter 1

Jacobi operators

This chapter introduces to the theory of second order difference equations and
Jacobi operators. All the basic notation and properties are presented here. In
addition, it provides several easy but extremely helpful gadgets. We investigate the
case of constant coefficients and, as an application, discuss the infinite harmonic
crystal in one dimension.

1.1. General properties

The issue of this section is mainly to fix notation and to establish all for us relevant
properties of symmetric three-term recurrence relations in a self-contained manner.

We start with some preliminary notation. For I C Z and M a set we denote
by £(I, M) the set of M-valued sequences (f(n))ncr. Following common usage we
will frequently identify the sequence f = f(.) = (f(n))ner with f(n) whenever
it is clear that n is the index (I being understood). We will only deal with the
cases M = R, R?, C, and C?. Since most of the time we will have M = C,
we omit M in this case, that is, £(I) = £(I,C). For Ni,N, € Z we abbreviate
U(N1,N3) = £({n € Z|N1 < n < Na}), £(N1,00) = £({n € Z|N1 < n}), and
£(—00,N2) = £({n € Z|n < N3}) (sometimes we will also write £(N,, —00) instead
of £(—o0, N3) for notational convenience). If M is a Banach space with norm |.|,
we define

CI,M) = {f € (I, M)| Y_|f(n)]? < oo}, 1<p<oo,
nel
(L.1) (I, M) ={f € E(I,M)Isgl;lf(n)l < oo}

Introducing the following norms

1/p
(1.2) £l = <Z If(n)l”> ; 1<p<oo, |fll= sup |f(n)l,

nel

makes ¢P(I, M), 1 < p < o0, a Banach space as well.

O-JI



4 1. Jacobi operators

Furthermore, £o(I, M) denotes the set of sequences with only finitely many
values being nonzero and ¢/ (Z, M) denotes the set of sequences in £(Z, M) which
are £P near +o0, respectively (i.e., sequences whose restriction to £(+N, M) belongs
to £P(£N, M). Here N denotes the set of positive integers). Note that, according
to our definition, we have

(1.3) bo(I, M) CP(I, M) C (I, M) C £=(I, M), p<g,

with equality holding if and only if I is finite (assuming dim M > 0).
In addition, if M is a (separable) Hilbert space with scalar product {.,..)ar,
then the same is true for £2(I, M) with scalar product and norm defined by

(f,9) = S ), g(m))ar,

nel

(1.4) I = Iflla = V{f. ), f.g € (1, M).

For what follows we will choose I = Z for simplicity. However, straightforward
modifications can be made to accommodate the general case I C Z.

During most of our investigations we will be concerned with difference expres-
sions, that is, endomorphisms of £(Z);

R: Z) — (Z)
f = Rf
(we reserve the name difference operator for difference expressions defined on a

subset of £2(Z)). Any difference expression R is uniquely determined by its corre-
sponding matrix representation

(1.5)

(1.6) (R(m,n)),, nezr  R(m,n) = (RS)(m) = (6, R,),
where
(17 R R

is the canonical basis of £(Z). The order of R is the smallest nonnegative integer
N = N, +N_ such that R(m,n) = 0 for all m,n withn—m > Ny andm—n > N_.
If no such number exists, the order is infinite.

We call R symmetric (resp. skew-symmetric) if R(m,n) = R(n,m) (resp.
R(m,n) = —R(n,m)).

Maybe the simplest examples for a difference expression are the shift expres-
sions

(1.8) (S*f)(n) = f(n+1).

They are of particular importance due to the fact that their powers form a basis
for the space of all difference expressions (viewed as a module over the ring ¢(Z)).
Indeed, we have

(1.9) R=> R(,.+k)(SHF, (5 '=57.
keZ

Here R(.,.+ k) denotes the multiplication expression with the sequence (R(n,n +
k))nez, that is, R(.,.+ k) : f(n) = R(n,n + k)f(n). In order to simplify notation
we agree to use the short cuts

(1.10) fE=8%f ftt=5%t5tf etc,
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whenever convenient. In connection with the difference expression (1.5) we also
define the diagonal, upper, and lower triangular parts of R as follows

(111) [R]O = R(a)a [R]zl: = ZR(,ﬂ:k)(Si)k,
kEN
implying R = [R]4+ + [R]o + [R]-.
Having these preparations out of the way, we are ready to start our investigation

of second order symmetric difference expressions. To set the stage, let a,b € £(Z, R)
be two real-valued sequences satisfying

(1.12) a(n) € R\{0}, b(n) eR, neEz,
and introduce the corresponding second order, symmetric difference expres-
sion
T: UZ) — LZ)
fn) = am)f(n+1)+an—1)f(n—-1)+bn)f(n)

It is associated with the tridiagonal matrix

(1.13)

(1.14) a(n—1) b(n) a(n)
a(n) bn+1) a(n+1)

and will be our main object for the rest of this section and the tools derived here
— even though simple — will be indispensable for us.

Before going any further, I want to point out that there is a close connection
between second order, symmetric difference expressions and second order, symmet-
ric differential expressions. This connection becomes more apparent if we use the
difference expressions

(1.15) 0f)(n) =fln+1) = f(n),  (0°f)(n) = f(n—1)— f(n),
(note that 9,0 are formally adjoint) to rewrite 7 in the following way
(7f)(n) = =(8"adf)(n) + (a(n — 1) + a(n) + b(n)) f(n)
(1.16) = —(0a” 0" f)(n) + (a(n — 1) + a(n) + b(n)) f(n).
This form resembles very much the Sturm-Liouville differential expression, well-
known in the theory of ordinary differential equations.
In fact, the reader will soon realize that there are a whole lot more similarities

between differentials, integrals and their discrete counterparts differences and sums.
Two of these similarities are the product rules

(0fg)(n) = f(n)(@g)(n) + g(n +1)(0f)(n),
(1.17) (0 fg)(n) = f(n)(8"g)(n) + g(n —1)(9"f)(n)

and the summation by parts formula (also known as Abel transform)

n n

(L18) Y 9(NONG) = gm)f(n+1) = glm = 1)f(m) + Y (8"9) () F ())-

j=m j=m
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Both are readily verified. Nevertheless, let me remark that 9, 9* are no derivations
since they do not satisfy Leibnitz rule. This very often makes the discrete case
different (and sometimes also harder) from the continuous one. In particular, many
calculations become much messier and formulas longer.

There is much more to say about relations for the difference expressions (1.15)
analogous to the ones for differentiation. We refer the reader to, for instance, [4],
[87], or [147] and return to (1.13).

Associated with 7 is the eigenvalue problem 7u = zu. The appropriate setting
for this eigenvalue problem is the Hilbert space ¢?(Z). However, before we can
pursue the investigation of the eigenvalue problem in ¢*(Z), we need to consider
the Jacobi difference equation

(1.19) TU = Z U, u€l(Z),zeC

Using a(n) # 0 we see that a solution w is uniquely determined by the values u(ng)
and u(ng + 1) at two consecutive points ng, ng + 1 (you have to work much harder
to obtain the corresponding result for differential equations). It follows, that there
are exactly two linearly independent solutions.

Combining (1.16) and the summation by parts formula yields Green’s formula

n

(1.20) > (769) = (Dg) (1) = Walf.9) = Win-1(f.9)
for f,g € £(Z), where we have introduced the (modified) Wronskian
(1.21) Wa(f,9) = a(n) (f(n)g(n+1) - g(n)f(n +1)).

Green’s formula will be the key to self-adjointness of the operator associated with
7 in the Hilbert space ¢2(Z) (cf. Theorem 1.5) and the Wronskian is much more
than a suitable abbreviation as we will show next.

Evaluating (1.20) in the special case where f and g both solve (1.19) (with the
same parameter z) shows that the Wronskian is constant (i.e., does not depend on
n) in this case. (The index n will be omitted in this case.) Moreover, it is nonzero
if and only if f and g are linearly independent.

Since the (linear) space of solutions is two dimensional (as observed above) we
can pick two linearly independent solutions ¢, s of (1.19) and write any solution u
of (1.19) as a linear combination of these two solutions

W (u, s) W(u,c)
1.22 = — )
(1.22) u(n) W(es) c(n) W(e,s) s(n)
For this purpose it is convenient to introduce the following fundamental solutions
¢, s € UZ)

(1.23) 7c(z,.,n0) = z¢(2, ., n0), 78(2,.,n0) = 2 8(2,.,ng),

fulfilling the initial conditions

(1.24) c(z,m0,n0) = 1, c(2z,m0 +1,m0) =0,
) s(z,m9,m0) =0, s(z,ng +1,m0) = 1.

Most of the time the base point ng will be unessential and we will choose ng = 0
for simplicity. In particular, we agree to omit ng whenever it is 0, that is,

(1.25) c(z,n) = ¢(z,m,0), s(z,n) = s(z,n,0).
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Since the Wronskian of ¢(z, .,n9) and s(z,.,n¢) does not depend on n we can eval-
uate it at ng

(1.26) Wi(c(z, ., n0),8(2,.,n0)) = a(ng)
and consequently equation (1.22) simplifies to
(1.27) u(n) = u(ng)e(z,n,ng) + ulng + 1)s(z,m, ng).

Sometimes a lot of things get more transparent if (1.19) is regarded from the
viewpoint of dynamical systems. If we introduce u = (u,u*) € £(Z,?), then (1.19)
is equivalent to

(1.28) u(n+1)=U(z,n+ 1)u(n), u(n —1) =U(z,n) tu(n),
where U(z,.) is given by

U(z,n) = a(ln) (—a(r? 1) 2 i(Z()n)> ’
a

n v = gy (G )

The matrix U(z,n) is often referred to as transfer matrix. The corresponding
(non-autonomous) flow on £(Z,(?) is given by the fundamental matrix

_ e(z,m,ng) 5(2,m,n0)
(I’(z;nano) - (c(z7n+1,n0) S(Z,n+17n0)
U(z,n)---U(z,no +1)  n>ng
(1.30) = . yn
U1 (zn+1)--- U= (z,m0) n < ng

More explicitly, equation (1.27) is now equivalent to

u(n) u(no)
1.31 =& .
-3y (i) = 2temm) (')
Using (1.31) we learn that ®(z,n,no) satisfies the usual group law
(1.32) ®(z,m,n0) = D(2,n,n1)®(2,n1,M0), ®(z,n0,m0) =1
and constancy of the Wronskian (1.26) implies
(1.33) det ®(z,m,n9) = a(ng).
a(n)
Let us use ®(z,n) = ®(z,n, 0) and define the upper, lower Lyapunov exponents
7% (2) = limsup — ln||<I>(z n,no)|| = hmsup 1n||<I>(z n)|,
1 1
+ — - —
(1.34) 7(2) = lﬁglr;f) |1n||(I>(z n,ng)|| = hmjl:nf ] In||®(z,n)|
Here
Ul|c2
(1.35) |®]| = sup el

weez\{o} [lulle
denotes the operator norm of ®. By virtue of (use (1.32))
(1.36) 122, n0) 7|18 (2,0) | < [|8(2,n, o)l < [|B(2,m0) " [[[|@(2, n)]
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the definition of 7*(z), y*(2) is indeed independent of ng. Moreover, y£(2) > 0 if
a(n) is bounded. In fact, since y*(z) < 0 would imply lim;_, 1 [|®(2,74,10)|| = 0
for some subsequence n; contradicting (1.33).

If v (2) = 7% (2) we will omit the bars. A number A € R is said to be hyperbolic
at oo if y=(X) = FF(\) > 0, respectively. The set of all hyperbolic numbers is
denoted by Hyp_ (®). For A € Hyp_ (®) one has existence of corresponding stable
and unstable manifolds V*()).

Lemma 1.1. Suppose that |a(n)| does not grow or decrease exponentially and that
|b(n)| does not grow exponentially, that is,

(1.37) lim —inja(m) =0,  lim —In(1+[b(n)]) = 0.

n%im|n| n%iw'M

If X € Hyp,(®), then there exist one-dimensional linear subspaces VE(\) C R?
such that

1
veVEN) & lm B0, nel = —v¢(),

nﬁim||

1
+ L _ At
(1.38) vgV=(A) & lim B In | 2(A, n)ul| == (N),
respectively.
Proof. Set
1 0
(1.39) A(n) = ( 0 a(n) )

and abbreviate

. _ 1 0 1
0em) = AU mAG-1 =L (0L L,
(1.40) ®(z,n) = A(n)®(z,n)A(0) .
Then (1.28) translates into

(1.41) a(n+1) =U(z,n+ Di(n),  @(n—1)=U(z,n)""i(n),
where @ = Au = (u,aut), and we have
(1.42) detT(zn)=1 and lim ﬁ In || T (z,m)[| = 0

n— oo

due to our assumption (1.37). Moreover,

min(1,a(n)) _ [EIEXDI < max(1,a(n))

(1.43) max(1,a(0)) = [|&(z,n)|]| = min(L,a(0))

and hence lim,,_, 4o [2|~ ' In||®(2,n)|| = lim,_,+o 0| In||®(2,n)|| whenever one
of the limits exists. The same is true for the limits of |n| ' In||®(z,n)v| and
|n|~"In ||®(z,n)v||. Hence it suffices to prove the result for matrices ® satisfying
(1.42). But this is precisely the (deterministic) multiplicative ergodic theorem of
Osceledec (see [201]). O
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Observe that by looking at the Wronskian of two solutions u € V*()), v ¢
VE()) it is not hard to see that the lemma becomes false if a(n) is exponentially

decreasing.
For later use observe that
—1_ a(n) T -1 (0 -1
L4 e = T e m) T T = ( - )

(where @ T denotes the transposed matrix of ®) and hence
(1.45) la(m)|[|®(z, 7, m) 7| = la(n)|[| (2, n,m)].

We will exploit this notation later in this monograph but for the moment we
return to our original point of view.
The equation

(1.46) (r—2)f=g9g
for fixed z € C, g € £(Z), is referred to as inhomogeneous Jacobi equation.

Its solution can can be completely reduced to the solution of the corresponding
homogeneous Jacobi equation (1.19) as follows. Introduce

s(z,m,m)

(1.47) K(z,n,m) = a(m)

Then the sequence

f(’l’l) = fO c(z,n,no) + fls(z7n7n0)

(1.48) + zn: K(z,n,m)g(m),

m=ngp+1

where

n—1
Z f(j) forn >mng

n—1 Jj=no
(1.49) Z * 1) = 0 forn=mng ,
Jj=no no—1

— Z f(§) for n < ng
satisfies (1.46) and the initial conditions f(no) = fo, f(no + 1) = f1 as can be
checked directly. The summation kernel K (z,n,m) has the following properties:
K(z,n,n) =0, K(z,n+1,n) = a(n)™!, K(z,n,m) = —K(z,m,n), and

n,n
u(z, mv(z,n) — u(z,n)v(z,m)
W (u(2),v(2))

for any pair u(z), v(z) of linearly independent solutions of T7u = zu.

Another useful result is the variation of constants formula. It says that if
one solution u of (1.19) with u(n) # 0 for all n € Z is known, then a second (linearly
independent, W (u,v) = 1) solution of (1.19) is given by

(1.50) K(z,n,m)=

1

(L51) om) =u(m) 37 e Ty

Jj=no
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It can be verified directly as well.

Sometimes transformations can help to simplify a problem. The following two
are of particular interest to us. If u fulfills (1.19) and u(n) # 0, then the sequence
#(n) = u(n + 1) /u(n) satisfies the (discrete) Riccati equation

aln—1)
1.52 a(n)p(n) + ———< =z — b(n).
(152 (r)g(m) + = = 2 =)
Conversely, if ¢ fulfills (1.52), then the sequence
n—1
I1 ¢() forn >mng
n—1 j=mno
(1.53) u(n) = H* o(j) = 1 forn=mng ,
i=n, no—1
= OH #(j)~t for n < g
j=n

fulfills (1.19) and is normalized such that u(ng) = 1. In addition, we remark that
the sequence ¢(n) might be written as finite continued fraction,

(1.54)  a(n)¢(n) =z —b(n) — Z(il b_(,?j 1) —

a(ng + 1)2 @)

a\ng

z = b("o + 1) - ¢(n0)
for n > ny and
(1.55) a(n)g(n) = aln)”

z—bn+1)
_a(ng — 1)
z = b(no) — a(no)p(no)

for n < nyg.

If @ is a sequence with a(n) # 0 and v fulfills (1.19), then the sequence

n—1

(1.56) i) = u(m) [T* aG),
fulfills
(1.57) a(n) ; w(n+1) +a(n —1)a(n — Da(n — 1) + b(n)a(n) = za(n).

a(n)
Especially, taking a(n) = sgn(a(n)) (resp. a(n) = —sgn(a(n))), we see that it is no
restriction to assume a(n) > 0 (resp. a(n) < 0) (compare also Lemma 1.6 below).
We conclude this section with a detailed investigation of the fundamental solu-
tions ¢(z,m,ng) and s(z,n,n0). To begin with, we note (use induction) that both
¢(z,n £ k,n) and s(z,n £ k,n), k > 0, are polynomials of degree at most k¥ with
respect to z. Hence we may set

(1.58) s(z,m £ k,n) Zs],ik ', c(z,n £ k,n) Zc] +k(n
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Using the coefficients s; +x(n) and cj+x(n) we can derive a neat expansion for
arbitrary difference expressions. By (1.9) it suffices to consider (S*)¥.

Lemma 1.2. Any difference expression R of order at most 2k +1 can be expressed
as

k
(1.59) R:Z(Cj +8jS+)Tj, Cj, 8; €lZ), keNy,
7=0
with ¢; = s; = 0 if and only if R = 0. In other words, the set {17,519} ;cn, forms
a basis for the space of all difference expressions.
We have
k

(1.60) CRLEDY (Cj,:lzk + s,-,iks+)rf,

7=0
where s; +1(n) and cj 11 (n) are defined in (1.58).

Proof. We first prove (1.59) by induction on k. The case k = 0 is trivial. Since
the matrix element 7%(n,n + k) = H?;é a(n+j—?) # 0 is nonzero we can choose
sp(n) = R(n,n+k+1)/7*(n—1,n+k—1), ckg(n) = R(n,n — k)/7*(n,n — k) and
apply the induction hypothesis to R — (cx — s 5T)7*. This proves (1.59). The rest
is immediate from

k k
(1.61) (R(s(z,-,n))(n) = Y _s;(n)z?,  (R(c(z,,n)(n) = D ¢j(n)2.
j=0 7=0

As a consequence of (1.61) we note

Corollary 1.3. Suppose R is a difference expression of order k. Then R = 0 if
and only if Rl|ker(r—z) = 0 for k + 1 values of z € C. (Here R|ker(r—z) = 0 says
that Ru = 0 for any solution u of Tu = zu.)

Next, ®(z,n9,n1) = ®(2,n1,n0) ! provides the useful relations

c(z,m0,m1)  8(z,m0,m1)
(« )

z,ng + 17”1) S(Z,TLO + 17”1)

(1.62) _ a(ni) [ s(z,n1 +1,n9) —5(z,n1,n0)
) a(ng) \ —c(z,n1+1,n0) ¢(z,m1,n0)
and a straightforward calculation (using (1.27)) yields
a(ng + 1)
)= -T2
S(Z,n,TL(] + ) Cl(n(]) c(z,n,ng),
z — b(ny)
1) = z—A"0)
S(Z,TL,TLO ) C(Z,TL,’I’L()) + a('fl()) S(Z,TL,TL()),
z—=0b(ng+1)
= —"+—-—=
C(za”;no + ) a(no) c(z,n,no) +3(Z,’I’L,’I'L0),
—1
(1.63) c(z,n,ng —1) = —Ms(z,n,no).

a(no)
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Our next task will be expansions of ¢(z,n,ng), s(z,n,no) for large z. Let Jy; n,
be the Jacobi matrix

b(ni +1) a(ny +1)

a(ny +1) b(ng +2)
(1.64) Jnyns = )

bne —2) a(ne —2)
alng —2) bne —1)

Then we have the following expansion for s(z,n,nog), n > no,

det(z — Ino, n) _ 2* — Z?zl pno,n(j)zk_j
H;l 71LO+1 a(j) H?:1 a(no + j)

(1.65) s(z,n,m0) =

where k =n —mng —1 >0 and

no.n (O)tr(JF, 4,
080)  punaty) = T T E PrenlOX D)y

To verify the first equation, use that if z is a zero of s(.,m,ng), then (s(z,n¢ +
1,n0),...,8(2,n—1,n0)) is an eigenvector of (1.64) corresponding to the eigenvalue
z. Since the converse statement is also true, the polynomials (in z) s(z,n,n¢) and
det(z — Jyn,,n) only differ by a constant which can be deduced from (1.30). The
second is a well-known property of characteristic polynomials (cf., e.g., [91]).

The first few traces are given by

no+k
tr(']no,no-i-k+1) = Z b(]);
Jj=no+1
) no+k no+k—1
tr(‘]ﬁo,no—i-k—i-l) = Z b(])2 +2 Z
j=no+1 j=no+1
no+k no+k—1
tr( i ki) = O bUP+3 D a 7) + b + 1)),
j=no+1 j=no+1
no+k no+k—1
(T mosii) = 30 DG =4 Y a()? (bG)? + b0 + 1b()
j=no+1 j=no+1
Ay, N
. 2 . 2
(1.67) G+ )P+ ) 4 Y a1

Jj=no+1
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An explicit calculation yields for n > ng + 1

_ n—no—2 n-1
elesmmo) = 2V (S i) 40 )
H a(]) Jj=no+2
j=no+1
an—no—1 1 n—1 1
(1.68) s(z,n,no):T 1—; Z b(j)+0(;) )
a(_]) Jj=no+1
j=no+1

and (using (1.63) and (1.62)) for n < ng

Lm0~ T 1 X ] 1
c(z,n,m0) = [ 1- o Z b(J)‘FO(;) :
o)\ "5
j=n
—a(ng)zm "1 1 1
(1.69) s(z,m,ng) = (no(i)l— 1- p Z b(4) +O(;)
i at) =
j=n

1.2. Jacobi operators

In this section we scrutinize the eigenvalue problem associated with (1.19) in the
Hilbert space (%(7).
Recall that the scalar product and norm is given by

(1.70) (f,9)=>_f)gn), =51, f.g€et@),

where the bar denotes complex conjugation.
For simplicity we assume from now on (and for the rest of this monograph)
that a,b are bounded sequences.

Hypothesis H. 1.4. Suppose
(1.71) a,b € {*(Z,R), a(n) #0.
Associated with a,b is the Jacobi operator

H: *2(z) - )
o= of

whose basic properties are summarized in our first theorem.

(1.72)

Theorem 1.5. Assume (H.1.4). Then H is a bounded self-adjoint operator. More-
over, a,b bounded is equivalent to H bounded since we have ||al|co < ||H]|, [|b]]loc <
[|H|| and

(1.73) I1H]| < 2llalloo + [[bllco,

where ||H|| denotes the operator norm of H.
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Proof. The fact that lim, ,+. Wr(f,g9) =0, f,g € £2(Z), together with Green’s
formula (1.20) shows that H is self-adjoint, that is,

(1.74) (f.Hg)=(Hf.g),  f.9€ ).
For the rest consider a(n)? + a(n — 1)2 + b(n)? = ||H,||? < ||H||? and
(1.75) (FHH < @llallos + [1Blloo) L1

O

Before we pursue our investigation of Jacobi operators H, let us have a closer
look at Hypothesis (H.1.4).

The previous theorem shows that the boundedness of H is due to the bound-
edness of a and b. This restriction on a,b is by no means necessary. However, it
significantly simplifies the functional analysis involved and is satisfied in most cases
of practical interest. You can find out how to avoid this restriction in Section 2.6.

The assumption a(n) # 0 is also not really necessary. In fact, we have not
even used it in the proof of Theorem 1.5. If a(ng) = 0, this implies that H can be
decomposed into the direct sum Hpgy1,— @ Hp, + on £2(—00,ng+1) & €2 (ng, o0) (cf.
(1.90) for notation). Nevertheless I want to emphasize that a(n) # 0 was crucial in
the previous section and is connected with the existence of (precisely) two linearly
independent solutions, which again is related to the fact that the spectrum of H
has multiplicity at most two (cf. Section 2.5).

Hence the analysis of H in the case a(ng) = 0 can be reduced to the analysis
of restrictions of H which will be covered later in this section. In addition, the
following lemma shows that the case a(n) # 0 can be reduced to the case a(n) > 0
or a(n) < 0.

Lemma 1.6. Assume (H.1.4) and pick € € £(Z,{-1,+1}). Introduce a., b: by
(176) aE(n) = E(n)a(n), bs(n) = b(”): ne Z:

and the unitary involution U, by

(1.77) U.=U'= (ﬁl () Gm,n

-
=0 m,ne

Let H be a Jacobi operator associated with the difference expression (1.13). Then
H_ defined as

(1.78) H.=UHU "

is associated with the difference expression

(1.79) (7 f)(n) = ac(n) f(n + 1) + ac(n — 1) f(n — 1) + be(n) f(n)

and is unitarily equivalent to H.

Proof. Straightforward. O

The next transformation is equally useful and will be referred to as reflection
at ng. It shows how information obtained near one endpoint, say 400, can be
transformed into information near the other, —oo.
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Lemma 1.7. Fiz ng € Z and consider the unitary involution

(1.80) (URF)(n) = (Ug" )(n) = f(2n0 —n)
or equivalently (Urf)(no + k) = f(no — k). Then the operator
(1.81) Hp = UgHUR",

s associated with the sequences

(1.82) ar(no—k—1)=a(ng + k), br(no—k)=>bno+k), keZ,

or equivalently ar(n) = a(2ng —n — 1), br(n) = b(2ne — n).

Proof. Again straightforward. O

Associated with Ugr are the two orthogonal projections
1
(1.83) Pi = 5M£Ur),  Pp+Pf=1, PpPf=P{Py=0
and a corresponding splitting of H into two parts H = HE ® Hy, where
1
(1.84) Hf = PYHP{ + P, HP] = 5 (H & Hp).

The symmetric part H;g (resp. antisymmetric part Hy) commutes (resp. anticom-
mutes) with Ug, that is, [Ug, H] = UgH}; — HEUg = 0 (vesp. {Ug, Hy} =
UrHp + HLUr =0). If H = Hj; we enter the realm of supersymmetric quantum
mechanics (cf., e.g., [225] and Section 14.3).

After these two transformations we will say a little more about the spectrum
o(H) of H. More precisely, we will estimate the location of o(H).

Lemma 1.8. Let

(1.85) ct(n) =b(n) + (|a(n)| + |a(n — 1)|)
Then we have
(1.86) o(H) € [inf e (n), sup ey ()]

Proof. We will first show that H is semi-bounded from above by supc;. From
(1.16) we infer

(LHS =Y (= amlf(n+1) - f@)?

neZ
(1.87) + (aln = 1) + a(n) + b(n)) | F () ).
By Lemma 1.6 we can first choose a(n) > 0 to obtain
(1.88) (£,Hf) < Slél;C+(n)||f||2-

Similarly, choosing a(n) < 0 we see that H is semibounded from below by infc_,
(1.89) (f,Hf) > inf c_(n) ||fI*,
neZ

completing the proof. O
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We remark that these bounds are optimal in the sense that equality is attained
for (e.g.) a(n) =1/2,b(n) = 0 (cf. Section 1.3).

We will not only consider H but also restrictions of H; partly because they are
of interest on their own, partly because their investigation gives information about
H.

To begin with, we define the following restrictions H4 ,, of H to the subspaces
£2 (’I’Lo, :tOO),

Hyn f(n) = a(ng +1)f(no +2) +b(ng + 1) f(ng + 1), n=mng + 1
ano L EHM), n>ne+1 ’
_ [ alno —2)f(no — 2) +b(no — 1)f(ng = 1), n = ng — 1
(1.90) H_ 5, f(n) = { (rf)(n), n<me-1 .

In addition, we also define for 3 € RU {oo}

H—?—,no = H+,"0+17 H—?—,no = H—hno - a(no)ﬁ71<6no+17 '>6no+1: /6 76 0;
(1.91) H>®, =H_,, H’, =H_,1—a(no)B0n, )0n,, B # 0.

—»To

All operators Hino are bounded and self-adjoint.
Last, we define the following finite restriction Hy, », to the subspaces £%(ny,ns)
a(ni + 1) f(ni+2)+bni+ 1) f(ni+1),n=n1+1
(1.92) Hpypnof(n) =< (7f)(n), mi+1l<n<ny—1
a(ng —2)f(ne —2) +b(ne — 1) f(ne—1), n=ny —1
The operator Hy, », is clearly associated with the Jacobi matrix Jy, n, (cf. (1.64)).
Moreover, we set HS® = H,, ,,, H>% = H>P?  and

n1,n2 n1,n2 ni+1,n2?
Hgll:gg = Hﬁ?:ﬁi - a(nl)ﬁ;1<6n1+la '>6n1+1> /81 7£ 0;
(193) Hﬁ::gg = Hgll,,zz-i-l - a(n2)ﬂ2<6n27 ')5n27 ﬂ2 ;é Q.

Remark 1.9. H ino can be associated with the following domain
(1L.94)  D(HY,,) = {f € £2(no, )| cos(a) f (no) +sin(a) f(no + 1) = 0},

B = cot(a) # 0, if one agrees that only points with n > ng are of significance and
that the last point is only added as a dummy variable so that one does not have
to specify an extra expression for (7f)(no + 1). In particular, the case § = oo
(i.e., corresponding to the boundary condition f(ng) = 0) will be referred to as
Dirichlet boundary condition at ny. Analogously for H s HPB1:P2

»10? ni,n2’

One of the most important objects in spectral theory is the resolvent (H—2)"1,
z € p(H), of H. Here p(H) = C\o(H) denotes the resolvent set of H. The matrix
elements of (H — z)~! are called Green function

(1.95) G(z,n,m) = (6,,(H — 2)716,n), z € p(H).
Clearly,

(1.96) (t —2)G(z,.,m) =6 (), G(z,m,n) = G(z,n,m)
and

(1.97) (H=2)7'f)(n) =Y G(zyn,m)f(m), fe€L(L),zE€ p(H).

mEZ
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We will derive an explicit formula for G(z,n, m) in a moment. Before that we need
to construct solutions u(z) of (1.19) being square summable near +oc.
Set

(1.98) u(z,.) = (H — 2)7160(.) = G(z,.,0), z € p(H).

By construction w fulfills (1.19) only for n > 0 and n < 0. But if we take u(z, —2),
u(z,—1) as initial condition we can obtain a solution u_(z,n) of Tu = zu on the
whole of £(Z) which coincides with u(z,n) for n < 0. Hence u_ (2) satisfies u_(z) €
0% (Z) as desired. A solution uy (2) € 3 (Z) is constructed similarly.

As anticipated, these solutions allow us to write down the Green function in a
somewhat more explicit way

(1.99) G(z,n,m) =

7

1 ut(z,n)u_(z,m) form<n
W(u_(2),ur(2)) | ur(z,m)u_(z,n) forn<m
z € p(H). Indeed, since the right hand side of (1.99) satisfies (1.96) and is square
summable with respect to n, it must be the Green function of H.

For later use we also introduce the convenient abbreviations
uy(z,n)u_(z,n)
W(u_(z2),us(2))’
h(zan) = ZG(H)G(Z,’I’L,H + 1) -1

a(n)(uy(z,n)u_(z,n+1) + uy(z,n)u_(z,n + 1))

(1.100) = W (u_(z),us(2)) '

g9(z,n) = G(z,n,n) =

Note that for n < m we have

G(z,n,m) = g(z,m0)c(z,n,n0)c(z,m,ng)
+ 9(z,n0 + 1)s(z,n,n0)s(2z,m,no)
c(z,m,n9)s(z,m,ng) + c(z,m,ng)s(z,n,ng)
2a(ng)
c(z,m,m0)s(z,m,ng) — c(z,m,no)s(z,n,ng)
B 2a(ng)

+ h’(za ’I'L())

(1.101)

Similar results hold for the restrictions: Let
(1.102) sp(z,m,ng) = sin(a)e(z,n,no) — cos(a)s(z,n,n0)

with 8 = cot(a) (i.e., the sequence sg(z,n,ng) fulfills the boundary condition
cos(a)sg(z,mo,no) + sin(a)sg(z,n0 + 1,n9) = 0). Then we obtain for the resol-
vent of H i,no

(1.103)  ((HE,, —2)"'w)n)= Y Gi,. (z;mn)u(m), z€pHL ),
mzno
where

£l N, : for m=
(1.104) Gi’no(z,m,n) — { sg(z,m,no)u+(z,m) formzn

W(sp(2),ux(2)) | sa(z,m,no)us(z,n)  fornZm

(use (Hi"0 — 2)~! to show the existence of u(z,.) for z € p(Hino))
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Remark 1.10. The solutions being square summable near oo (resp. satisfying
the boundary condition cos(a) f (ng)+sin(a) f(no+1) = 0) are unique up to constant
multiples since the Wronskian of two such solutions vanishes (evaluate it at oo
(resp. mg)). This implies that the point spectrum of H, Hi,no is always simple.

In addition to Hino we will be interested in the following direct sums of these
operators

(1.105) HE =HF | oHf]

—,n0 +,n07

in the Hilbert space {f € ¢2(Z)| cos(a)f(no) + sin(a)f(no + 1) = 0}. The reason
why HP s of interest to us follows from the close spectral relation to H as can be
seen from their resolvents (resp. Green functions)

G(Z, n,nO)G(z,no,m)

Gz,?)(z7n7m) = G(z,n,m) -

G(z,n0,m0)
GZO (Z7n7m) = G(z,n,m) - ’yﬁ(z7n0)_1 (G(Z,TL,TLO + 1) + /BG(Z,TL,TL()))
(1.106) x(G(z,no +1,m) + ﬂG(z,no,m)), BeER
where
’YB(Z TL) — (’LL+(Z,7’L + 1) + ﬂu+(z,n))(u7(z,n + 1) + /Buf(zan))
’ W(u—(2),u+(2))
(1.107) =g(z,n+1)+ %h(z,n) + B%g(z,n).

Remark 1.11. The operator Hﬁo is equivalently given by
(1.108) HE =(1-PE)H(1-P5)
in the Hilbert space (1 — P2 )0?(Z) = {f € £*(Z)|(62,, f) = 0}, where P? denotes
the orthogonal projection onto the one-dimensional subspace spanned by 550 =
c08() 0, + sin(a)dp,+1, 3 = cot(a), a € [0,7) in £2(Z).
Finally, we derive some interesting difference equations for g(z,n) to be used
in Section 6.1.
Lemma 1.12. Let u,v be two solutions of (1.19). Then g(n) = u(n)v(n) satisfies
(a*)’g** —a’g  d’gt —(a)’g"
z—bt z—b

(1.109) = (z—b")g" — (2 - b)g,

and
« « 2 «
(1.110) (a2g+ —(a")%g + (2 — b)zg) =(z— b)Z(W(u,v)z + 4a2gg+).
Proof. First we calculate (using (1.19))
(1.111) a’gt —(a7)?g” = —(2 = b)’g + a(z — b)(wv™ +utw).

Adding (z — b)?g and taking squares yields the second equation. Dividing both
sides by z — b and adding the equations corresponding to n and n + 1 yields the
first. O
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Remark 1.13. There exists a similar equation for v°(z,n). Since it is quite com-
plicated, it seems less useful. Set v*(n) = (u(n + 1) + Bu(n))(v(n + 1) + Bv(n)),
then we have

(@ A POPY - @ AP0F) +B2F)

(1.112) = (4B (AW (w,0))? + 47 (19)*),
with
A=a+p(z-b")+p%T,

B=a(z=-b")+8(z=b")(z—=b) +aTa™ —da?)
(1.113) + B2at(z - b).

It can be verified by a long and tedious (but straightforward) calculation.

1.3. A simple example

We have been talking about Jacobi operators for quite some time now, but we
have not seen a single example yet. Well, here is one, the free Jacobi operator
Hy associated with constant sequences a(n) = a, b(n) = b. The transformation
z = 2az + b reduces this problem to the one with ag(n) = 1/2, by(n) = 0. Thus we
will consider the equation

(1.114) %(u(n—}— 1) +u(n - 1)) = zu(n).

Without restriction we choose ng = 0 throughout this section (note that we have
s(z,m,n0) = s(z,n —ng), etc.) and omit ng in all formulas. By inspection (try the
ansatz u(n) = k") u+(z,.) are given by

(1.115) us(z,n) = (z £ R*(2)™,

where R§/2(z) = —vz—1yz+ 1. Here and in the sequel ,/- always denotes the
standard branch of the square root, that is,

(1.116) Vz = |Vz|exp(iarg(2)/2), arg(z) € (-m,7], z€C.

Since W(u_,uy) = Ré/ %(2) we need a second solution for 22 = 1, which is given
by s(#1,n) = (£1)"*t!n. For the fundamental solutions we obtain

(z+ Ry’ (2))" - (z — RY* ()"

s(z,n) = :
2R, (2)
-1
(1.117) c(z,n) = % = —s(z,n—1).
Notice that s(—z,n) = (=1)"*1s(z,n). For n > 0 we have the following expansion
[n/21 n
2 j n—2j—1
= -1 J J
CURDY (5% 1) -1

e R EEL0)

k=0
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where [z] = sup{n € Z|n < z}. It is easily seen that we have ||Hg|| = 1 and
further that

(1.119) o(Ho) =[-1,1].

For example, use unitarity of the Fourier transform

U: 22Z) — L*(-m,7) _
u(n) = > cpu(n)e™

which maps Hy to the multiplication operator by cos(z).
The Green function of Hy explicitly reads (z € C\[-1,1])

(1.120)

(z 4+ B (@)

(1.121) Go(z,m,n) = Rl/z(z)

In particular, we have
1 2j 1
= — = —2 _—
90(z,n) Rl/z(z) — (J ) (22)2i+1

(1.122) ho(z,n) = R1/2 i( )

Jj=0

Note that it is sometimes convenient to set k = z + R;/ %(2) (and conversely z =
$(k+ k1)), or k = exp(ix) (and conversely z = cos(k)) implying

(1.123) ut(z,n) = k" = etirn,

The map z — k = z + R;/ 2(z) is a holomorphic mapping from the set I, ~
(CU {oo})\[-1,1] to the unit disk {z € C| |z| < 1}. In addition, viewed as a map
on the Riemann surface of Ré/ 2(z), it provides an explicit isomorphism between
the Riemann surface of Rs/(z) and the Riemann sphere C U {oo}.

1.4. General second order difference expressions

We consider the difference expression

(1.124) ) = —— (f(n+1) + f(n = 1) + d(n) f(n)),

1
w(n)
where w(n) > 0, d(n) € R, and (w(n)w(n + 1))~!, w(n)~td(n) are bounded se-
quences. It gives rise to an operator H, called Helmholtz operator, in the weight-
ed Hilbert space £2(Z;w) with scalar product

(1.125) (f,9) =Y wm)f(n)g(n),  f,9 € (Z;w).

neZ

Green’s formula (1.20) holds with little modifications and H is easily seen to be
bounded and self-adjoint. There is an interesting connection between Jacobi and
Helmholtz operators stated in the next theorem.
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Theorem 1.14. Let H be the Jacobi operator associated with the sequences a(n) >
0, b(n) and let H be the Helmholtz operator associated with the sequences w(n) > 0,
d(n). If we relate these sequences by

(1.126) ]l;lo 2J + 1)? d(n) = w(n)b(n),
1
@D = e eem)
respectively
_ 1 ) = d(n)
(1.127) a(n) = —w(n)w(n ) b(n) wn)’

then the operators H and H are unitarily equivalent, that is, H = U HU 1 where
U is the unitary transformation

U: C(Zw) — 2(Z)

(1.128) uln) = Vwm)un)

Proof. Straightforward. O

Remark 1.15. (i). The most general three-term recurrence relation

(1.129) 7f(n) = a(n)f(n+1) +b(n) f(n) + &n) f(n - 1),

with @(n)é(n+1) > 0, can be transformed to a Jacobi recurrence relation as follows.
First we render 7 symmetric,

(1130) ) = — (e f(n+1) +en—1)f(n = 1) +d(n) f(n)),

w(n)

where

(1.131) c(n) = wn)an) =wn +1)én +1), d(n) =wn)bn).

Let H be the self-adjoint operator associated with 7 in £2(Z;w). Then the unitary
operator

U: P(Zyw) — 2(Z)

(1.132) u(n) = Vw(n)u(n)

transforms H into a Jacobi operator H = UHU™' in ¢*(Z) associated with the
sequences

a(n) = % = sgn(a(n)) V/a(mam + 1),
(1.133) b(n) = dn) _ b(n).
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In addition, the Wronskians are related by
e(m)(F()g(n+1) = f(n+ 1)g(n)) =

(1.134) a(m) (UH @)U +1) = U0+ 1)(TUg)(m))-
(ii). Let ¢(n) > 0 be given. Defining

i a(2j)c(2j + 1)
(1.135) 1;[ ( 2j)a(2j + 1)> , d(n) = w(n)b(n),
c(2m)?

w(Zm +1) = a(2m)2w(2m)

the transformation U maps H to an operator H = UHU ! associated with the
difference expression (1.130).

1.5. The infinite harmonic crystal in one dimension

Finally, I want to say something about how Jacobi operators arise in applications.
Despite the variety of possible applications of difference equations we will focus
on only one model from solid state physics: the infinite harmonic crystal in one
dimension. Hence we consider a linear chain of particles with harmonic nearest
neighbor interaction. If z(n,t) denotes the deviation of the n-th particle from its
equilibrium position, the equations of motion read
d2
m(n )@m(n t) = —k(n) (m(n +1,t) — m(n,t)) —k(n—-1) (z(n -1,t) — m(n,t))

(1.136) (0k0*x)(n, 1),

where m(n) > 0 is the mass of the n-th particle and k(n) is the force constant
between the n-th and (n + 1)-th particle.

m(n—1) m(n) m(n+1)

k(n—1) k(n)
z(n,t)
This model is only valid as long as the relative displacement is not too large (i.e.,
at least smaller than the distance of the particles in the equilibrium position).

Moreover, from a physical viewpoint it is natural to assume k,m,m~! € {*(Z,R)
and k(n) # 0. Introducing conjugate coordinates

d
(1.137) p(n,t) = m(n)%x(na t), q(n,t)=z(n,t),
the system (1.136) can be written as Hamiltonian system with Hamiltonian given
by

(1.138) Hp,q) =S (p(")2 + k—n)(q(n +1)— q(n))2).

(
2
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Since the total energy of the system is supposed to be finite, a natural phase space
for this system is (p,q) € £(Z,R?) with symplectic form

(1.139) w((pr, @), (P2, ) = (pl(n)qz(n) —p2(n)q (n))-

neZ
Using the symplectic transform
1.140 P, q v, u) ,Vmq
(1.140) (0:0) = (0.0) = (= Vima)
we get a new Hamiltonian
~ - 1 2 2
(1.141) Hv,u) = 3 ;Z <U(n) + 2a(n)u(n)u(n + 1) + b(n)u(n) )
where
- —1
(1.142) a(n) = Br) oy = H) RO =)
m(n)m(n + 1) m(n)
The corresponding equations of evolution read
d _ O0H(v,u)
Eu(nat) - (%(n,t) - U(n:t)a
_ Ot (v, u) _
(1143) E’U(n,t) = —W = —Hu(n,t),

where H is our usual Jacobi operator associated with the sequences (1.142). E-
quivalently we have

d2
azt ™
Since this system is linear, standard theory implies

(1.144) t) = —Hu(n,t).

u(n, t) = cos(tvH)u(n,0) + %v(n,m,
(1.145) v(n,t) = cos(tvVH)v(n,0) — %Hu(n,@),
where
(1.146) cos(tVH) = i L HY, sin t\/_ i @ EZHI
=0 =0
In particular, introducing
(1.147) S(A,n) = (c()\,n),s()\,n))

and expanding the initial conditions in terms of eigenfunctions (cf. Section 2.5,
equation (2.133))

(1.148) u(A) = D _u(n,0)S(\,n), v(X) =) v(n,08(An)

neZ nez
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we infer
u(n,t) = /(H) (u()\) cos(tV/A) +Q(A)%)§(A,n)dﬂ(x\),
(1.149)  v(n,t) = /a » (u() cos(t\/X)—Q(A)%A)g(m)@(x),

where p(A) is the spectral matrix of H.

This shows that in order to understand the dynamics of (1.144) one needs to
understand the spectrum of H.

For example, in the case where H > 0 (or if u(A),u(A) = 0 for A < 0) we clearly
infer

llu@®Il < [fu(O) + to(O)]I;
(1.150) @)l < o) + VEv (),

since | cos(tvA)| < 1, |%| <lforteR, A>0.

Given this setting two questions naturally arise. Firstly, given m(n), k(n) what
can be said about the characteristic frequencies of the crystal? Spectral theory for
H deals with this problem. Secondly, given the set of characteristic frequencies
(i-e., the spectrum of H), is it possible to reconstruct m(n), k(n)? This question is
equivalent to inverse spectral theory for H once we establish how to reconstruct %,
m from a, b. This will be done next.

Note that u(n) = /m(n) > 0 solves 7u = 0. Hence, if we assume k > 0, then
H > 0 by Corollary 11.2. In particular,

(1.151) o(H) C [0, 2([[Elloollm ™ loo)]
and 0 is in the essential spectrum of H by Lemma 3.8. Moreover, since
1 1
(1.152) > =) —~=0
o —a(n)u(n)u(n + 1) o k(n)

(recall k € £°(Z)), H is critical (cf. Section 2.3). Thus we can recover k, m via
(1.153) k(n) = —m(0)a(n)u(n)u(n + 1), m(n) =m(0)u(n)?,

where u(n) is the unique positive solution of 7u = 0 satisfying u(0) = v/m(0). That
m, k can only be recovered up to a constant multiple (i.e., m(0)) is not surprising
due to the corresponding scaling invariance of (1.136). If the positive solution of
Tu = 0 is not unique, we get a second free parameter. However, note that for each
choice the corresponding Helmholtz operator H = m19kd* is unitary equivalent
to H (and so are Hy and Hy).

From a physical viewpoint the case of a crystal with NV atoms in the base cell is
of particular interest, that is, k¥ and m are assumed to be periodic with period N.
In this case, the same is true for a, b and we are led to the study of periodic Jacobi
operators. The next step is to consider impurities in this crystal. If such impurities
appear only local, we are led to scattering theory with periodic background (to be
dealt with in Chapter 7). If they are randomly distributed over the crystal we are
led to random operators (to be dealt with in Chapter 5).
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But for the moment let us say a little more about the simplest case where m
and k are both constants (i.e., N = 1). After the transformation ¢ — /37 we can
even assume m = k = 1, that is,

(1.154) 5; () = ;(m(n+1,t)+x(n—1,t))+m(n,t).

The so-called plane wave solutions are given by

(1.155) wt(n,t) = el(kn Ev(K)L),

where the wavelength =1

relation
(1.156) = /1 —cos(k \/§s1n

Since u*(n,t) is only meaningful for n € Z, we can restrict x to values in the first
Brillouin zone, that is, k € (—m, 7).

These solutions correspond to infinite total energy of the crystal. However,
one can remedy this problem by taking (continuous) superpositions of these plane
waves. Introducing

and the frequency v are connected by the dispersion

(1.157) u(k) = 3 u(n, 0, v(r) =Y v(n,0)el "
neEZ neZ
we obtain
(1.158) u(n,t) = % /_7r (u(n) cos(v(k)t) + v(n)%)e_i’mdm.
Or, equivalently,
(1.159) u(n,t) = z Cn—m(t)u(m,0) + sp_m (t)v(m, 0),
MEZL

where

cn(t) = iﬂ/ cos(l/(m)t)ei’mdn = ng(\/it),

sp(t) = % j Wei’mdnz/o cn(s)ds

t2Inl+1 2ln|+1 ,2|n|+ 3 t2

Here J,(z), pF,(u; v; x) denote the Bessel and generalized hypergeometric function-
s, respectively. From this form one can deduce that a localized wave (say compactly
supported at t = 0) will spread as ¢ increases (cf. [194], Corollary to Theorem X-
1.14). This phenomenon is due to the fact that different plane waves travel with
different speed and is called dispersion.

You might want to observe the following fact: if the coupling constant k(ng)
between the ng-th and (ng + 1)-th particle is zero (i.e., no interaction between
these particles), then the chain separates into two parts (cf. the discussion after
Theorem 1.5 and note that k(ng) = 0 implies a(ng) = 0 for the corresponding
Jacobi operator).

We will encounter chains of particles again in Section 12.1. However, there we
will consider a certain nonlinear interaction.
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Chapter 2

Foundations of spectral
theory for Jacobi operators

The theory presented in this chapter is the discrete analog of what is known as Weyl-
Titchmarsh-Kodaira theory for Sturm-Liouville operators. The discrete version has
the advantage of being less technical and more transparent.

Again, the present chapter is of fundamental importance and the tools devel-
oped here are the pillars of spectral theory for Jacobi operators.

2.1. Weyl m-functions

In this section we will introduce and investigate Weyl m-functions. Rather than
the classical approach of Weyl (cf. Section 2.4) we advocate a different one which
is more natural in the discrete case.

As in the previous chapter, u+ (z,.) denote the solutions of (1.19) in £(Z) which
are square summable near £00, respectively.

We start by defining the Weyl m-functions

(2.1) m(2,10) = (6ngx1, (Himg — 2) “0not1) = Gt no(2,m0 £ 1,m0 £ 1).
By virtue of (1.104) we also have the more explicit form

u_(z,n9 — 1)
a(ng — u_(2,ng)"

_uy(z,no+1)
a(no)u+(z,n0)’
The base point ng is of no importance in what follows and we will only consider
m4(z) = mx(z,0) most of the time. Moreover, all results for m_(z) can be obtained
from the corresponding results for m. (z) using reflection (cf. Lemma 1.7).
The definition (2.1) implies that the function m4 (z) is holomorphic in C\o(Hy.)
and that it satisfies

(22)  my(zm0) = m_(2,m0) = —

o
[Tm (2)|

Moreover, m4(z) is a Herglotz function (i.e., it maps the upper half plane into
itself, cf. Appendix B). In fact, this is a simple consequence of the first resolvent

(2.3) mi(z) =mi(z),  |ma(2)| <[|(He—2) 7' <

27
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identity

Im(m(2)) = Im(2){6+11, (Hy —2) " (He — 2) " 641)
(2.4) = Im(2)||(H< — 2)"10u 1.
Hence by Theorem B.2, m(z) has the following representation

(2.5) me(2) = | di’i_(i), 2 € C\R,

where py = f(ioo A dp+ is a nondecreasing bounded function which is given by
Stieltjes inversion formula (cf. Theorem B.2)

A6

1. .
(2.6) p+(N) = - 161&1 lglﬁjl Im(my(z + ig))dx.
—0o0

Here we have normalized p+ such that it is right continuous and obeys p1(A) = 0,
AL O'(H:t).

Let Py(H+), A C R, denote the family of spectral projections corresponding
to Hi (spectral resolution of the identity). Then dpy can be identified using the
spectral theorem,

d{641, P_ H.)é
1) ma(e) = (G, (e — 2) o) = [ T )0
R -2
Thus we see that dp+ = d(0+1, P_co,(H+)d+1) is the spectral measure of H
associated to the sequence d41.

Remark 2.1. (i). Clearly, similar considerations hold for arbitrary expectations
of resolvents of self-adjoint operators (cf. Lemma 6.1).

(ii). Let me note at this point that the fact which makes discrete life so much
easier than continuous life is, that d; is an element of our Hilbert space. In con-
tradistinction, the continuous analog of d,,, the delta distribution d,, is not a square
integrable function. (However, if one considers non-negative Sturm-Liouville oper-
ators H, then §, lies in the scale of spaces associated to H. See [206] for further
details.)

It follows in addition that all moments m4 ¢ of dp4 are finite and given by

(2.8) e = /R Ndps(N) = (821, (H})!0u1).

Moreover, there is a close connection between the so-called moment problem (i.e.,
determining dp from all its moments my ¢) and the reconstruction of Hy from
dps. Indeed, since my o = 1, my 1 = b(£1), my s = a(£1 — 9)? + b(£1)?, etc., we
infer

(2.9) b(£1) =may, a(l-9)? =mas—(mey)?, etc. .

We will consider this topic in Section 2.5.
You might have noticed, that m.(z,n) has (up to the factor —a(n — 9)) the
same structure as the function ¢(n) used when deriving the Riccati equation (1.52).
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Comparison with the formulas for ¢(n) shows that

(2.10) ux(z,n) = ux(z,n0) i—[ Dma(z,5))*

and that m (z,n) satisfies the following recurrence relation
1

my(z,n F1)

The functions m4.(z,n) are the correct objects from the viewpoint of spectral

theory. However, when it comes to calculations, the following pair of Weyl m-
functions

(2.11) a(n — 2)*m4(z,n) + + 2z —b(n) =0.

ug(z,n+ 1)
a(n)ut(z,n)’
is often more convenient than the original one. The connection is given by
a(n)?m_(z,n) — z + b(n)

(2.12) my(z,n) = m+(z) = m+(z,0)

(213) m+(z,n) =Th+(z,n), m*(ZJn) = a(n_ 1)2
(note also m_(z,n+1)"! = —a(n)?m_(z,n)) and the corresponding spectral mea-
sures (for n = 0) are related by
_ _ a0 ..
(2.14) dpy = dpy., dp— = mdp—-

You might want to note that m_(z) does not tend to 0 as Im(z) — oo since the
linear part is present in its Herglotz representation

(2.15) f_(z) = %g)(f) + /R df‘_(’z\).
s

Finally, we introduce the Weyl m-functions m’, (2,n) associated with Hin

They are defined analogously to m4.(z,n). Moreover, the definition of H fn in

terms of H , suggests that mffr (z,m), 8 # 0, can be expressed in terms of m, (z,n).

Using (1.91) and the second resolvent identity we obtain
ﬁm+ (Z7 n)
B —a(n)m(z,n)

Similarly, the Weyl m-functions m? (z,n) associated with H” n» B # 00, can be
expressed in terms of m_(z,n + 1),

(216) mf—(zan) = <6n+15 (H—?-,n - z)716"+1> =

m_(z,n+1)
1-Ba(n)m_(z,n+1)

(2.17) m? (z,n) = (8, (HY , = 2)7'60) =

2.2. Properties of solutions

The aim of the present section is to establish some fundamental properties of special
solutions of (1.19) which will be indispensable later on.

As an application of Weyl m-functions we first derive some additional properties
of the solutions u4(z,.). By (1.27) we have

(2.18) ws(z,n) = a(0)us(z,0) (a(O)—lc(z, n) F s (2)s(2, n)),
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where the constant (with respect to n) a(0)u+(z,0) is at our disposal. If we choose
a(0)ux(z,0) =1 (bearing in mind that ¢(z,n), s(z,n) are polynomials with respect
to z), we infer for instance (using (2.4))

(2.19) ut(z,n) = ux(z,n).

Moreover, u(z,n) are holomorphic with respect to z € C\o(Hy). But we can do
even better. If y is an isolated eigenvalue of H., then /4 (2) has a simple pole at
z = p (since it is Herglotz; see also (2.36)). By choosing a(0)u+(z,0) = (z — u) we
can remove the singularity at z = g. In summary,

Lemma 2.2. The solution us(z,n) of (1.19) which is square summable near £oo
exist for z € C\oess (H+), respectively. If we choose

c(z,n)
a(0)

(2.20) ut(z,n) = +(2)s(z,n),

=

:F

then uy(z,n) is holomorphic for z € C\o(Hy), us(z,.) Z 0, and uy(z,.) =
u+(Z,.). In addition, we can include a finite number of isolated eigenvalues in
the domain of holomorphy of ut(z,n).

Moreover, the sums

n

(2.21) ZU+(21,J')U+(Z2,J'), D u(z,5)u-(2,9)

j=—o00
are holomorphic with respect to z1 (resp. z3) provided uy(z1,.) (resp. ut(22,.)) are.

Proof. Only the last assertion has not been shown yet. It suffices to prove the
claim for one n, say n = 1. Without restriction we suppose u(z,0) = —a(0) ! (if
u4(2,0) = 0, shift everything by one). Then uy(z,n) = (Hy —2) 18:1(n), n > 1,
and hence

o0

(2.22) D uy (2, f)ug (z2,5) = (61, (Hy — 20) 7 (Hy — 22) 7 01)e2n)-
j=1
The remaining case is similar. O

Remark 2.3. If (Ao, A1) C p(H), we can define ugr(A,n), A € [Ag, M]. Indeed, by
(2.20) it suffices to prove that my () tends to a limit (in RU {oo}) as A | Ag or
A1 A1. This follows from monotonicity of m4(A),

(223) m'i()\) = —<(5:|:1, (H:t - )\)_2(5:|:1) <0, M€ ()\0,)\1)

(compare also equation (B.18)). Here the prime denotes the derivative with respect
to A. However, u(Xg,1,n) might not be square summable near oo in general.

In addition, the discrete eigenvalues of H. f are the zeros of % —my(N) (see
(2.16)) and hence decreasing as a function of 8. Similarly, the discrete eigenvalues
of H? are the zeros of ﬁ —m_ () (see (2.17)) and hence increasing as a function
of 3.
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Let u(z) be a solution of (1.19) with z € C\R. If we choose f = u(z), g = u(z)
in (1.20), we obtain

(2.24) [w(2)]n = [w(@)]m-1 = Y_* lulz,5),

where [.],, denotes the Weyl bracket,

Wa(u(z), u(2)) Im(u(z,n)u(z,n + 1))

(2.25) [u(2)], = oTm () =a(n) Tm(2)
Especially for uy(2z,n) as in Lemma 2.2 we get

S fus ()P
(2.26) [us(2)]n =14 7~ _

- 5 u@d)P?

and for s(z,n)

— % Is(z )P, n>0
(2.27) [s()]n=4 %"

> I8z ) n<0
j=n+1

Moreover, let u(z,n),v(z,n) be solutions of (1.19). If u(z,n) is differentiable
with respect to z, we obtain

(2.28) (t — 2)u'(z,n) = u(z,n)

(here the prime denotes the derivative with respect to z) and using Green’s formula
(1.20) we infer

n

(2.29) D vz i)z §) = Wau(2),u'(2)) = Win—1 (v(2), u'(2)).

j=m
Even more interesting is the following result.

Lemma 2.4. Let uy(z,n) be solutions of (1.19) as in Lemma 2.2. Then we have

y - X ui(zg)
(2.30) W (us(2), us(2) =4 7"
: 3 (29
Proof. Green’s formula (1.20) implies
(2.31) Wa(ut(2),ur(2) = (2= 2) Y ui(z f)ur(z4)
j=n+1

and furthermore,
Wl (2,1, () = lim Wi 2), =54
(2.52) = Y up(z)

Jj=n+1
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O

As a first application of this lemma, let us investigate the isolated poles of
G(z,n,m). If z = )¢ is such an isolated pole (i.e., an isolated eigenvalue of H), then
W (u_(Mo),ur(Xo)) = 0 and hence u(Ag,n) differ only by a (nonzero) constant
multiple. Moreover,

d
LW (sG] = Walu ()4 00)) + Wa(ul (o)1 (A0))
z=MXo

(233) = —ZU_(/\O,].)U-}-()\O,].)

JEL

by the lemma and hence
P()\OJ n, m)

(234) G(Z, n,m) = - - — /\0 + O(Z - )‘0)07
where
u:l:()‘Oa n)uzl: (AOam)
2.35 P(Xg,n,m) = -
( ) ( 0 ) E uﬂ:()‘07.7)2
JEZ

Similarly, for H, we obtain

: s(p,n)s(p, m)
2.36 1 —u)Gi(z,n,m) = ——=Z—"—+—"-".
(2:36) lim (2 = p) G (2,m,m) =~

JjEEN

Thus the poles of the kernel of the resolvent at isolated eigenvalues are simple.
Moreover, the negative residue equals the kernel of the projector onto the corre-
sponding eigenspace.

As a second application we show monotonicity of G(z,n,n) with respect to z
in a spectral gap. Differentiating (1.99), a straightforward calculation shows

U+(Z, TL)2Wn(U_(Z), u_(z)) —u-— (Z, n)ZWn(u-i-(z)a 'LL+(Z))
W (u—(2),u4(2))* ’

which is positive for z € R\o(H) by Lemma 2.4. The same result also follows from

(2.37) G'(z,n,n) =

G'(z,n,m) = d;dz«sn: (H - Z)il(sm) = <5n7 (H - 2)72(5,,1)
(2.38) = G(z,n,§)G(z,j,m).
JEZ

Finally, let us investigate the qualitative behavior of the solutions u4(z) more
closely.

Lemma 2.5. Suppose z € C\0,ss(H+). Then we can find C1, v£ > 0 such that
(2.39) lut(z,n)| < Cxexp(—yFn), +neN
For ~* we can choose

SUPgerU{o} diSt(U(H:[f:)a Z)
2supen |a(En)|

(2.40) 'yizln(1+(1—€) ) e>0

(the corresponding constant Cy+ will depend on €).
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Proof. By the definition of Hi it suffices to consider the case 8 = o0, § =
dist(c(H4), 2z) > 0 (otherwise alter b(1) or shift the interval). Recall G4 (z,1,n) =
uy(z,n)/(—a(0)uy(z,0)) and consider (y > 0)

" VG (2,1,n) = (81, P_,(Hy — 2) ' P,6,) = (61, (P Hy Py — 2)714,,)

(2.41) = (01, (Hy — 2+ Q)™ dn),

where

(2.42) (Pyu)(n) =e""u(n)

and

(2.43) (Qyu)(n) = a(n)(e” —1u(n+1) +a(n —1)(e” 7 — L)u(n —1).
Moreover, choosing v = In(1 + (1 — €)d/(2sup,, ey |a(£n)|)) we have

(2.44) 1@l < 2§llé§|a(ﬂt“)l(e7 -1)=(1-¢)d.

Using the first resolvent equation

I(Hy =2+ Q)M < (Hy = 2)7 | + [|(Hy — )71
(2.45) X NQyIII(Hs = 2+ Q) 7"l
and ||(H; — 2)7 Y| = 6! implies the desired result

1
(2.46) T IG (21,m)| < (I(Hy =24+ Qq) M < 5.

O

This result also shows that for any solution u(z,n) which is not a multiple of

u+(z,.), we have
t
(2.47) VIu(zn)P + [u(zn+ DF > ﬁ

since otherwise the Wronskian of v and u4(z) would vanish as n — +oo. Hence,
(cf. (1.34))

(248) {/\ € Rlli(’\) = 0} C Oess (H:I:)
since YE(X) > 75, A € 0ess(Ha).

2.3. Positive solutions

In this section we want to investigate solutions of 7u = Au with A < o(H). We will
assume

(2.49) a(n) <0

throughout this section. As a warm-up we consider the case A < o(H).
Lemma 2.6. Suppose a(n) <0 and let A < o(H). Then we can assume
(2.50) ur(A,n) >0, néezZ,

and we have

(2.51) (n—ng)s(A,n,ng) >0, n€Z\{ng}.
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Proof. From (H — \) > 0 one infers (H; , — A) > 0 and hence
ur(A,n+1)
—a(n)uy(A,n)’
showing that u4(A) can be chosen to be positive. Furthermore, for n > ng we
obtain

(2.53) 0 < (O, (Hypg —N)"16,) =

(2.52) 0 < (Fnt1; (Hin = A) 0nga) =

us(A,m)s(A,m,no)
—a(no)u+ (A, no)

implying s(A,m,ng) > 0 for n > ng. The remaining case is similar. [l

)

The general case A < o(H) requires an additional investigation. We first prove
that (2.51) also holds for A < ¢(H) with the aid of the following lemma.

Lemma 2.7. Suppose a(n) < 0 and let u Z 0 solve Tu = w. Then u(n) > 0,
n > ng (resp- n < ng), implies u(n) > 0, n > ng (resp. n < ng). Similarly,
u(n) >0, n € Z, impliesu >0, n € Z.

Proof. Fix n > ng (resp. n < ng). Then, u(n) = 0 implies u(n £ 1) > 0 (since
u cannot vanish at two consecutive points) contradicting 0 = (b(n) — Au(n) =
—a(n)u(n+1) —a(n — Dun —1) > 0. O

The desired result now follows from

(2.54) s(A,m,n0) = liﬁ]l s(A—g,n,ng) >0, n>ng,
1>

and the lemma. In addition, we note
(2.55) b(n) = A=—an)s(A\,n+1,n—-1)>0, A<o(H).
The following corollary is simple but powerful.

Corollary 2.8. Suppose uj(A\,n), j = 1,2, are two solutions of Tu = Au, A <
o(H), with ui(\,ng) = ua(A,ng) for some ng € Z. Then if

(2.56) (n— no)(ul()\,n) - UQ()\,TL)) >0 (resp.<0)

holds for one n € Z\{ne}, then it holds for all. If ui(A\,n) = ua(A\,n) for one
n € Z\{no}, then u; and uy are equal.

Proof. Use u1(A,n) —ua(A,n) = cs(A,n,ng) for some ¢ € R. O

In particular, this says that for A < o(H) solutions u(\,n) can change sign
(resp. vanish) at most once (since s(z,m,ng) does).
For the sequence

s(A,n,m

(2.57) um(A,m) = W, m € N,
this corollary implies that
(2.58) (V) = (1, 1) = SA L)

’ s(\,0,m)
is increasing with m since we have upmt1(A,m) > 0 = up(A,m). Next, since
a(0)s(A\, 1,m) + a(—1)s(A,—1,m) = (A — b(0))s(\,0,m) implies
(2.59) () < 2200
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we can define

(2.60)

¢+()‘) = n}gnoo ¢m(’\)7 u+()\,n) = n}gnoo um()‘an) = C()\, n) + ¢+(/\)8()\,TL)

By construction we have uy (A, n) > up (A, n), n € N, implying u4 (A,n) >0,n € N.
For n < 0 we have at least u(\,n) > 0 since u,, (A, n) > 0 and thus us (A, n) > 0,
n € Z, by Lemma 2.7.

Let u(A,n) be a solution with u(X,0) =1, u(\, 1) = ¢(A). Then, by the above
analysis, we infer that u(A,n) > 0, n € N, is equivalent to ¢(A) > ¢4 ()\) and hence
u(A,n) > uyp(A\,n), n € N (with equality holding if and only if u(A) = us(A)). In
this sense u () is the minimal positive solution (also principal or recessive
solution) near +oco. In particular, since every solution can change sign at most
once, we infer that if there is a square summable solution near +oo, then it must
be equal to us (A, n) (up to a constant multiple), justifying our notation.

Moreover, if u(A) is different from w4 (A), then constancy of the Wronskian

uron) _upAn+1)  W(u(d),ue (V)
’U.()\, n) u()‘a n+ 1) _a(n)u()‘a ’I’L)U()\, n+ 1)
together with W (u(\),us(A)) = a(0)(d4+(A) — ¢(A)) > 0 shows that the sequence

uy (A, n)/u(A, n) is decreasing for all u(A) # uy(A) if and only if uy (A) is minimal.
Moreover, we claim

(2.61)

(2.62) lim 2™

A )

In fact, suppose lim,_, o uy (A, n)/u(A,n) =& > 0. Then ui(A,n) > eu(A,n), n €
N, and hence ue = (uy (A, n)—eu(\,n))/(1—¢) > 0,n € N. But uy (A, n) < uc(\,n)
implies u(A\,n) < uy (A, n), a contradiction.
Conversely, (2.62) for one u(A) uniquely characterizes uy(A,n) since (2.62)
remains valid if we replace u(\) by any positive linear combination of u(\) and
Summing up (2.61) shows that
- 1 1

(2:69) a0 1)~ a@ @)~ )

Moreover, the sequence

Jj=0

(2:64) o) =um) 3 e jl)u(A S

solves 7u = Au (cf. (1.51)) and equals u4(A,n) up to a constant multiple since
lim,, 00 v(A, n) /u(A,n) = 0.

By reflection we obtain a corresponding minimal positive solution u_ (X, n) near
—o00. Let us summarize some of the results obtained thus far.

Lemma 2.9. Suppose a(n) < 0, A < o(H) and let u(\,n) be a solution with
u(A,n) >0, £n > 0. Then the following conditions are equivalent.

(i). u(A,n) is minimal near too.
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(ii). We have
u(A,m) < v(A, 0)
v(\,n) ~ u(A,0)’

for any solution v(\,n) with v(A,n) >0, £n > 0.
(iii). We have

(2.65)

. u(A,n)
ngr:Eoo v(A,n)

(2.66)

for one solution v(A,n) with v(\,n) >0, +n > 0.
(iv). We have

1
(2.67) TN =00
jeZ:I:N —a(f)u(f)u(j +1)

Recall that minimality says that for a solution u(A, n) with u(A,0) = 1, u(A\, 1) =
#(A) to be positive on N, we need ¢(A) > ¢4 (A). Similarly, for u(\,n) to be pos-
itive on —N we need ¢(\) < ¢_(\). In summary, u(n) > 0, n € Z, if and only if
d+(AN) < ¢(A) < ¢_ () and thus any positive solution can (up to constant multiples)
be written as

(2.68) w(yn) = 1=C

u*(/\an) + HTUu-i-()‘an)a o€ [_17 1]

Two cases may occur
(). u—(A,n), ur-(A, n) are linearly dependent (i.e., ¢+ (A\) = ¢—_(A)) and there is
only one (up to constant multiples) positive solution. In this case H — X is
called critical.
(ii). u—(A,n), uyr(A,n) are linearly independent and
140 l1—-0

(2.69) us(A,m) = 3 uy(A,m) + 5

is positive if and only if o € [—1,1]. In this case H — A is called subcritical

u_(A\,n),

If H— X > o(H), then H — X is always subcritical by Lemma 2.6. To emphasize
this situation one sometimes calls H — A supercritical if H — A > o(H).

In case (ii) it is not hard to show using (2.62) that for two positive solutions
uj(A,n), j =1,2, we have

140 l1—-0

(2.70) ug (A, n) = ur(A,n) +

u2(A,n) >0 & o€[-1,1],
if and only if the solutions u; » equal u4 up to constant multiples.

Remark 2.10. Assuming a(n) < 0, the requirement H — A > 0 is also necessary
for a positive solution to exist. In fact, any positive solution can be used to factor
H—X=A*A >0 (cf. Corollary 11.2).

Similarly, if a(n) > 0, the requirement H — A < 0 is sufficient and necessary for
a positive solution to exist (consider —(H — X) > 0). If a(n) is not of a fixed sign,
no general statement is possible.
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2.4. Weyl circles

In this section we will advocate a different approach for Weyl m-functions. There
are two main reasons for doing this. First of all this approach is similar to Weyl’s
original one for differential equations and second it will provide an alternative char-
acterization of Weyl m-functions as limits needed later.

Let sg(z,.),c5(2,.) be the fundamental system of (1.19) corresponding to the
initial conditions

(2.71)

where 8 = cot(a). Clearly,
(2.72) W(cp(2),55(2)) = a(0).

The general idea is to approximate Hf: by finite matrices. We will choose the
boundary conditions associated with 3,8x at n = 0, N, respectively. The corre-
sponding matrix Hg f,” will have eigenvalues \;(N), 1 < j < N, and corresponding
eigenvectors sg(A;(IV),n) (since sg(z,n) fulfills the boundary condition at 0). We

note that A\;(N), 1 <j < N, depend also on f.
If we set

@ AR = g R Ty Y EEWO

(independent of the eigenvalue chosen), then the solution
(2.74) un(2,m) = a(0) " ea(z,n) — sgn(N )iy (2)ss (2 )

satisfies the boundary condition at N, that is, Wn(sg(M1),un(2)) = 0. The func-

tion 74 (2) is rational (w.r.t. z) and has poles at the eigenvalues A;(N). In par-

ticular, they are the analogs of the Weyl rm-functions for finite Jacobi operators.
Hence it suggests itself to consider the limit N — o0, where our hope is to obtain
the Weyl m-functions for the Jacobi operators Hi

We fix A\g € R and set

_Sg(/\O,N +1)

(2.75) BN = 53000, V)

implying Ao = A; (V) for one j. It will turn out that the above choice for G is not
really necessary since Th?\,(z) will, as a consequence of boundedness of H, converge
for arbitrary sequences Bn. However, the above choice also works in the case of
unbounded operators.

Before we turn to the limit, let us derive some additional properties for finite

N. The limits
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imply that all poles of my(z,8) are simple. Using (2.29) to evaluate (2.76) one
infers that the negative residue at A;(IV) is given by

N

2.17) AN = (Y s@n?) N

N=pN41

A%
o

The numbers 'ylﬁ\,(/\j(N )) are called norming constants. Hence one gets

X
(2.78) mh(z)==>

BF!
YA (V) +{ ORI >0
A T
and with the help of (2.24) we obtain
(2.79) S fontef = SR
. UN\Z, N = Im(z) ; < ;

1
N=N41

that is, m’?\,(z) are Herglotz functions.
Now we turn to the limits N — +oo. Iiix z € C\R. Observe that if A\; varies
in R, then By takes all values in RU {oo} N times. Rewriting (2.73) shows that

-6 _ 580(NV) cp(z, N)Bn +cp(z, N +1)
(2.80) My (2) = a(0) s3(z, N)Bn + s5(z, N + 1)

is a Mobius transformation and hence the values of ﬁz?v(z) for different Oy €
R U {oo} lie on a circle (also called Weyl circle) in the complex plane (note that
z € R would correspond to the degenerate circle RU{oco}). The center of this circle
is

_ W (cp(2),55(2))
(2.81) en = sgn(N) 2a(0)1rfl(z) [sj(z)]N

and the radius is

- W(C[@(Z),S,g(z)) _ 1
(2:82) N 2a(0)Im(2)[sp(2)]ln| 2/Im(z)[sg(2)]n|

Using

(2.83) [a(0) " es(2) — sen(N)isp(2)lw = [s5(2)]w (I — en[* = %)
we see that this circle is equivalently characterized by the equation

(2.84) {1 € Cl[a(0) " ca(2) + sgn(N)mss(z)]n = 0}.

Since [.]n, N > 0, is decreasing with respect to N, the circle corresponding to N +1
lies inside the circle corresponding to N. Hence these circles tend to a limit point
for any sequence (Bny € RU {o0})nen since

(2.85) Jim —[sp(2)]w = 3 ss(z,m)? = o0
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(otherwise H f would have a non-real eigenvalue). Similarly for N < 0. Thus the
pointwise convergence of ﬁL’?\,(z) is clear and we may define

(2.86) mi@):Nggmmiuy

Moreover, the above sequences are locally bounded in z (fix N and take all circles
corresponding to a (sufficiently small) neighborhood of any point z and note that
all following circles lie inside the ones corresponding to N) and by Vitali’s theorem
([229], p. 168) they converge uniformly on every compact set in C = {z € C| +
Im(z) > 0}, implying that mi (z) are again holomorphic on C...
Remark 2.11. (i). Since mf\,(z) converges for arbitrary choice of the sequence Gy
we even have

SBo N Cﬁ(z N)
Moreover, this approach is related to (2.60). Usmg (1.62), (1.63) shows ¢, (A) =
—c(A,m)/s(\,m) and establishes the equivalence.
(ii). That the Weyl circles converge to a point is a consequence of the boundedness
of a(n),b(n). In the general case the limit could be a circle or a point (independent
of z € C\R). Accordingly one says that 7 is limit circle or limit point at +o0o. (See
Section 2.6 for further information on unbounded operators.)

As anticipated by our notation, Thi( ) are closely related to mi( ). This will
be shown next. We claim that

(2.88) ux(z,n) = a(0) "' cp(z,n) F Ml (2)sp(2,n)

is square summable near +oo. Since mi lies in the interior of all Weyl circles the
limit limpy o0 [t (2)]n > 0 must exist and hence uy € £3 (Z) by (2.24). Moreover,
uy € £3(Z) implies [u4]oo = 0. Similarly for u_(2). In addition, (cf. (2.4))

oo

° m(m” (2
(2.89) > lux(z,n)f = %

TLII

— oo

?

implies that mi (z) are Herglotz functions (note that u4(z,n) depends on 8 because

of the normalization u.(z,0) = a(0)~! cos(a) + r”ni(z) sin(a)). In particular, their
Herglotz representation reads

BFL [ g0

a(0)  Jg A—2z’ oo’

This finally establishes the connection

(2.90) i (z) =

~ ~ :FUj:(Z, 1)
2.91 mP(2) =my(z) = ———"—=
( ) :I:( ) i( ) G(O)Ui(z,(])
as expected. Furthermore, m7' (2) can be expressed in terms of 5> (z) (use that
u4 is unique up to a constant) by
a(0) cos(ay — ay )P (2) F sin(ay — ay)
B
+

)
( ) a(0) sin(ay — oy )

(2.92) m(z) =+

(2) + cos(az — ay)’
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where 319 = cot(aq,2). Specializing to the case §; = §, f2 = oo we infer
1 1
/Bm-i-( ) + CL(O) , mg(z’n) — (Z 1) ( ) ﬁ
B — a(0)m4(z) 1 - Ba(0)m_(z,1)
which should be compared with (2.16), (2.17), respectively.

(2.93) il (2,n) =

2.5. Canonical forms of Jacobi operators and the
moment problem

The aim of this section is to derive canonical forms for H, H. and to relate the spec-
tra of these operators to the corresponding measures encountered in the previous
sections.

Since s(z,n) is a polynomial in z we infer by induction (cf. Lemma 1.2)

n
(2.94) s(Hy,n)0 =Y 5;,n(0)HI61 = 6y,
7=0
implying that 01 is a cyclic vector for H,. We recall the measure
(2.95) dp+(A) = d(d1, P(—con) (H1)d1)

and consider the Hilbert space L*(R, dp+) Since dp; is supported on o(Hy) this
space is the same as the space L?(o(H,),dpy). The scalar product is given by

(2.96) (f, )0 = / FO09(N) dpy ().

If f,g are polynomials we can evaluate their scalar product without even knowing
dp4(N) since

(2.97) (f:9)2 = (f(Hy)o1, g(Hy)d1).

Applying this relation in the special case f(A) = s(A,m), g(A) = s(\,n), we obtain
from equation (2.94) that the polynomials s(z,n), n € N, are orthogonal with
respect to this scalar product, that is,

(2.98) (s(\,m), s\, n)) g2 = /R 5O, m)s(h,n) dpy (A) = G-

We will see in Theorem 4.5 that s(\,n) has n — 1 distinct real roots which interlace
the roots of s(A,n + 1).

Now consider the following transformation U from the set £y(N) onto the set
of all polynomials (eigenfunction expansion)

=S Fm)s(am)
(2.99) (U F)(n) = /R SO PN dpy (V).

A simple calculation for F'(A) = (U f)()\) shows that U is unitary,

(2.100) S 1) = /R [PV 2dp (V)

This leads us to the following result.
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Theorem 2.12. The unitary transformation
(2.101) U: 2(N) — L*Rdpy)
fn) = 0L f(n)s(A,n)
(where the sum is to be understood as norm limit) maps the operator Hy to the
multiplication operator by A\. More explicitly,

(2.102) H, =U'HU,
where
(2103) H: LQ(Ra dp+) - LZ(Ra dp+)

F(\) = AF(\)

Proof. Since dp; is compactly supported the set of all polynomials is dense in
L?(R,dp ) (Lemma B.1) and U extends to the unitary transformation U. The rest
follows from

AFQ) = UH, 0 F(\) = UH, /R sOun) PN dp, (V)

(2.104) =U / As(A,n)F(Ndpy(N) = AF(N).
R
0

This implies that the spectrum of Hy can be characterized as follows (see
Lemma B.5). Let the Lebesgue decomposition of dp, be given by
(2.105) dpy = dpy pp + dps ac + dpy s,
where pp, ac, and sc refer to the pure point, absolutely continuous, and singularly
continuous part of the measure py (with respect to Lebesgue measure), respectively.
Then the pure point, absolutely continuous, and singular continuous
spectra of H, are given by (see Lemma B.5)
o(Hy) = {)\ € R\ is a growth point of p; },
opp(Hy) = {A € R|\ is a growth point of p; pp},
0ac(Hy) = {) € R|X is a growth point of p4 4},
(2.106) osc(Hy) = {X € R|A is a growth point of py 4}

Recall that op,(Hy) is in general not equal to the point spectrum o,(Hy) (i.e.,
the set of eigenvalues of Hy). However, we have at least

(2.107) opp(Hy) = 0p(Hy),

where the bar denotes closure.
An additional decomposition in continuous and singular part with respect to
the Hausdorff measure dh® (see Appendix B) will be of importance as well,

(2.108) dps = dpyac + dps.as-
The corresponding spectra are defined analogously
oac(Hy) = {X € R|A is a growth point of p4 ac},
oas(Hy) = {X € R|X is a growth point of p4 o5}
They will be used in Section 3.3.
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Finally, we show how a2, b can be reconstructed from the measure p,. In fact,
even the moments m ;, j € N, are sufficient for this task. This is generally known
as (Hamburger) moment problem.

Suppose we have a given sequence mj;, j € Ny, such that

mo mi o M1
ml m2 PR mk
(2.109) C(k) = det . . . >0, keN
mEg—1 Mg -+ Mag_2

Without restriction we will assume my = 1. Using this we can define a sesquilinear
form on the set of polynomials as follows

(2.110) (P(N),QN)z2 = D myyrPigr,

7,k=0

where P(z) = 337%p;27, Q(2) = 372047’ (note that all sums are finite). The
polynomials

Mo mi e M
1 my ma2 e mg
(2.111)  s(z,k) = ————det : S : ,keN
Clk—1)C(k) : : :
Mg—2 Mg—1 -+ Ma_3
1 z - Rt

(set C'(0) = 1), form a basis for the set of polynomials which is immediate from

Ck=1)( x1 DE=1) ) » k—3

2.112 k)= —————= —
eu) sk =y S5 (s D 06,
where D(0) = 0, D(1) = mq, and

mo My -+ Mp_2 mg

mi ma - Mp—1 M4
(2.113) D(k) = det ) . ) ) ,keN

Mg—1 Mg -+ M2-3 M2p—1

Moreover, this basis is orthonormal, that is,

(2.114) (s(\ 1), 8(A k)2 = djik,
since
mo mi mME—1
. ma ma mg
(s(\ k), M) = det :
Ck—1)C(k) ’
Mmpg_2 ME_1 mak—3
mj;  Mji1 Mjtk—1

(2.115) =

{ 0, 0<j<k-2

In particular, the sesquilinear form (2.110) is positive definite and hence an inner
product (note that C(k) > 0 is also necessary for this).
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Expanding the polynomial zs(z, k) in terms of s(z,7), j € N, we infer

zs(z, k) = kf(s(k,j),/\s(%k))ws(zd)
(2.116) = ;EZ)s(z, k+1) +b(k)s(z, k) + a(k — 1)s(z,k — 1)
(set s(z,0) = 0) with
(2.117)  a(k) = (s(\, k+ 1), As(\, k)2, b(k) = (s(A\, k), As(\, k)2, keN

In addition, comparing powers of z in (2.116) shows

D) D(k-1)
T Ck) Ck-1)

VO =1D)C(k+1)

(2.118) a(k) = o0 ;

In terms of our original setting this says that given the measure dp (or its
moments, m4 j, j € N) we can compute s(A,n), n € N, via orthonormalization of
the set A", n € Ny. This fixes s(A,n) up to a sign if we require s(\,n) real-valued.
Then we can compute a(n), b(n) as above (up to the sign of a(n) which changes if
we change the sign of s(\,n)). Summarizing, dp, uniquely determines a(n)? and
b(n). Since knowing dp (\) is equivalent to knowing m_ (z), the same is true for
my (z) (compare also the proof of Theorem 2.29). In fact, we have an even stronger
result.

Theorem 2.13. Suppose that the bounded measure dp4 is not supported on a finite
set. Then there exists a unique bounded Jacobi operator Hy having dpy as spectral
MEASUTe.

Proof. We have already seen that the necessary and sufficient condition for our
reconstruction procedure to work is that the sesquilinear form generated by the
moments m; of dp, is positive definite. Pick any nonzero polynomial P()). Due
to our assumption we can find € > 0 and an interval I such that p;(I) # 0 and
P()\)? > ¢, A € I. Hence (P()\), P(\)) > epy(I).

As a consequence we can define a(n), b(n), s(A\,n), and the unitary transform
U as before. By construction Hy = U 'HU is a bounded Jacobi operator associ-
ated with a(n), b(n). That p; is the spectral measure of H, follows from (using
U)(N) =1)

(2.119) (61, Pa(Hy)o1) = (U1, PA(H)U1) = / xa(A)dp4 (X)
R
for any Borel set A C R. O

If dp is supported on N points, the reconstruction procedure will break down
after N steps (i.e., C(N + 1) = 0) and we get a finite Jacobi matrix with dp, as
spectral measure.

We also remark

(2.120) e(z,n) = _a(o)/ s(zn) = s(A,n)
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since one easily verifies 7c(z,n) = zc(z,n) — a(0)dp(n), n € N (use (2.98) with
m = 1). Moreover, this implies

@120 e = L @) = [ g0
and it is not hard to verify
(2.122) Gi(z,n,m) = /RWWM_(A).

The Jacobi operator H can be treated along the same lines. Since we essentially
repeat the analysis of H, we will be more sketchy.
Consider the vector valued polynomials

(2.123) S(z,n) = (c(z,n),s(z,n)).
The analog of (2.94) reads
(2.124) s(H,n)d1 + c(H,n)do = 6y.

This is obvious for n = 0,1 and the rest follows from induction upon applying H
to (2.124). We introduce the spectral measures

(2.125) dpi,j(.) = d{6;, P_oo,x](H)6;),
and the (hermitian) matrix valued measure

dpo,o dpo,1 >
2.126 dp = ’ ’ .
( ) P ( dp1,0 dpl,l

The diagonal part consists of positive measures and the off-diagonal part can be
written as the difference of two positive measures

(2.127) dpo,1(A) = dp1o(N) = dpo,1,+(A) —dpo1,—(N),

where
1
dpo,1,+(A) = §d<(50 +01), P(—oo,n(H) (0o + 61)),

(2128)  dpos, () = 5(d5o, Pooon) (F)G0) + 61, P (H)OL).

Moreover, dp is a positive matrix measure and we have a corresponding Hilbert
space L2(R, C?,dp) with scalar product given by

@12)  (EGwr= Y [ RGN0 = [ ENENdM

4,7=0

and if F',G are vector valued polynomials, then

(2.130) (F,G) 2 = (Fo(H)do + F1(H)b1,Go(H)do + G1(H)d1).
By (2.124) the vector valued polynomials S(\, n) are orthogonal with respect to dp,
(2.131) (8(-,m),S(.,n)) 2 = Omn-

The formulas analogous to (2.117) then read
(2.132) a(n) = (S(A\,n+1),AS(\,n))z2, b(n) =(S\,n),A\S(A\,n))r2, n€Z.
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Next, we consider the following transformation U from the set £y(Z) onto the
set of vector-valued polynomials (eigenfunction expansion)

= Zf(n)S(/\ n
nez
(2.133) / S(A,n)E(N)dp(N).
Again a simple calculation for F(\) = (U f)()\) shows that U is unitary,
(2134) S 1) = [ EVEN)dp().
ne”Z R

Extending U to a unitary transformation U we obtain as in the case of H, the
following

Theorem 2.14. The unitary transformation

(2.135) U: 2(Z) — IL2(R,C?,dp)
fn) = X0l f(n)S(A,n)

(where the sum is to be understood as morm limit) maps the operator H to the
multiplication operator by A, that is,

(2.136) H=UHU!,
where

H: L*RC2%,dp) — L*(R,C?,dp)

(2.137) F(\) = AE(V)

For the Green function of H we obtain

(2.138) G(z,n,m) = / S\ n)S(A,m)
R

N, dp()N).

By Lemma B.13, in order to characterize the spectrum of H one only needs to
consider the trace dp!™ of dp given by

(2.139) dp'" = dpoo + dp1 1.
Let the Lebesgue decomposition (cf. (2.105)) of dp'” be given by
(2.140) dp'" = dply, + dpl, + dpl,

then the pure point, absolutely continuous, and singular continuous spec-
tra of H are given by

o(H) = {\ € R\ is a growth point of p'"},
opp(H) = {X € R|X is a growth point of p7},
oac(H) = {\ € R\ is a growth point of pi”,

(2.141) osc(H) = {\ € R\ is a growth point of ps’;}.
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The Weyl matrix M (z) is defined as

M(z) = Z ip&) B zal(o) <(1] (1))

9(,0) 3y
(2.142) = o e ,  z€C\o(H)
I;(az(,(()))) 9(z,1)
Explicit evaluation yields
1 _ (3)2 m+(z2)—(g)1—(2)
(2143) M(Z) = = N =~ m za;ﬁl z ~ ¢ ~ )
i (2) + () \ PEGEE=E i ()i (2)
and the determinant reads
1
In terms of the original Weyl m-functions we obtain
-1
g(za 0) =

50 — a(0)Pm () — a(—1)Pm ()’
(2.145) h(z,0) = (z —b(0) + a(0)*m4 (2) — a(—l)zm_(z))g(z, 0).
Finally, notice that we can replace ¢(z,n), s(z,n) by any other pair of linearly

independent solutions. For example, we could use cg(z,n), sg(z,n). Asin (2.123)
we define

(2.146) S5(z,m) = (ca(z,m), 55(2,m)) = UaS(2,m),
where U, is rotation by the angle a (8 = cot a), that is,
(2.147) Uy = ( cosa - sna ) .

—sina  cosa

Hence all objects need to be rotated by the angle a. For instance, introducing
MPB(2) = UyM(2)U;* we infer

[e4

1 L)k (2)
(2.148) MP(z2) = ————— | _ Za(ﬂ); . 2a(0) '
i (2) + 2 (2) —+(2)a(—0) B ml (2w (2)

Note also

(2.149) = sin’(a) v (z,0).
a(0)2(f (=) + 1’ (2))
If we restrict ourselves to the absolutely continuous part of the spectrum, we
can do even more. We abbreviate my () = lim. o M4 (A +i€), A € R, implying (cf.
Appendix B)

_ Im(my(N) + (/\))
Wooar) = ma(0)?fi (V) + A ~
dpor.ac(A) = Im(m4 (A))Re (( = (A))( Re ( ((;\|)2)Im(m()\)) ~

iy O) +
m(jm_ ()P () + i (A )\2 M (V)

I
(2.150) dp11,0c(A) = mliy () +m_(A)[?
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Choosing the new basis

u+()\,n)
2.151
(2150 (o
with

1 o7 — (M)

2.152 V) = ———e | O
(2.152) ™ ((_ o)
we get

(2153) (V_l()\))* dpac()\) V—l ()\) — ( Im(ﬁlof()\)) :[m(ﬁ?+()\)) )d)\

Note that V(\) is not unitary. We will show how to diagonalize all of dp in Sec-
tion 3.1.

2.6. Some remarks on unbounded operators

In this section we temporarily drop the boundedness assumption on the coefficients
a,b. This renders H unbounded and implies that we are no longer able to define H
on all of £2(Z). Nevertheless we can define the minimal and maximal operator
allied with 7 as follows

Huin: DHpin) — C(Z) Hupow: DHmpmaz) — C(Z)

(2.154) f o of f o orf
with
(2.155) D(Hpmin) = lo(Z),  D(Hpas) = {f € 2(Z)|7f € £2(Z)}.

By Green’s formula (1.20) we have HY . = Hp,,, and
(2.156) H o = Hpin : D(Hp,,) — 2(Z) ’
f = Tf

with
(2.157) D(Hpop) = {f € D(Hmao)| lim Wal(f,9) =0, g € D(Hpmaz)}-

Here H*,H denote the adjoint, closure of an operator H, respectively. We also
remark that lim, 1 W, (f,g) exists for f,g € D(Hpmaz) as can be easily shown
using (1.20). Similar definitions apply to H.

Since we might have H, .. # Hmaz, Hmaez might not be self-adjoint in general.
The key to this problem will be the limit point (I.p.), limit circle (I.c.) classifi-
cation alluded to in Remark 2.11 (ii). To make things precise, we call 7 [.p. at £oo
if 5(z0,.) & £2(£N) for some zg € C\R. Otherwise 7 is called l.c. at +o0.

In order to draw some first consequences from this definition we note that
all considerations of Section 2.4 do not use boundedness of a,b except for (2.85).
However, if ) - 5(20,n) < oo (considering only 8 = oo for simplicity), then the
circle corresponding to M (2¢) converges to a circle instead of a point as N — co.
If 4 (20) is defined to be any point on this limiting circle, everything else remains
unchanged. In particular, uy (zg,.) € £2(N) and s(zp,.) € ¢*>(N) shows that every
solution of Tu = zgu is in £2(N) if 7 is l.c. at +oc.

This enables us to reveal the connections between the l.p. / l.c. characterization
and the self-adjointness of unbounded Jacobi operators. We first consider H_..
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We recall that Hpip + is symmetric and that (Hpmin,+)* = Hmaz,+- We need
to investigate the deficiency indices dr = dimKer(Hpaq,+ — 2+), 2+ € Ci, of
Hppin,+. They are independent of z3 € C1 and equal (i.e., d_ = dy) since Hyin +
is real (cf. [192], [241], Chapter 8). Thus, to compute d it suffices to consider
Ker(Hpaq,+ — 20)- Since any element of Ker(Hpqz,+ — 20) is a multiple of s(zg) we
infer d_ = d, = 0if s(z) € £2(N) and d_ = dy = 1if s(2) € £3(N). This shows
that Hyqz,+ is self-adjoint if and only if 7 is I.p. at +0o. Moreover, s(z) € £*(N)
implies s(z) € £?(N) for all z € C\R since d+ = 1 independent of z € C\R. Or, put
differently, the l.p. / l.c. definition is independent of z € C\R.

If 7 is l.c. at £oo, then our considerations imply that all solutions of (1.19) for
all z € C\R are square summable near +o0, respectively. This is even true for all
zeC.

Lemma 2.15. Suppose that all solutions of Tu = zu are square summable near
+o0 for one value z = zg € C. Then this is true for all z € C.

Proof. If u fulfills (1.19), we may apply (1.48) to (7 — zo)u = (2 — 20)u,

u(n) = u(no)c(20,1,n0) + u(ng + 1)s(20,71,n0)

(2.158)

By assumption, there exists a constant M > 0 such that

oo oo

(2.159) > le(z0,)* < M, > Is(z0,9)° < M.

Jj=no+1 Jj=no+1

Invoking the Cauchy-Schwarz inequality we obtain the estimate (n > ng)

| (el m)sto.d) — elzo,d)s(z0,m) u(s)|
j=no+1
< Y le(20,n)s8(20,5) — 20, §)s(z0,m)> D (i)
j=no+1 j=no+1
(2.160) < M (Jezo,m) 2 + [s(z0,m2) D [u().
j=no+1

Since ny is arbitrary we may choose ng in (2.159) so large, that we have 4a(0)~1|z —
20|M? < 1. Again using Cauchy-Schwarz

n n

5 G < (ot + futro + DT+ 2o S g
J=no+1 j=no+1

(2.161) < (lu(no))? + |u(no +1)|2)M+% > )P

j=no+1
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where M is chosen such that Y ienot (20, 4,m0) P < M, Y e gt 18(20,5,m0) [ <
M holds. Solving for the left hand side finishes the proof,

n

(2.162) > )P < 2(lulno)? + [u(no + 1)[*) M.
j=no+1

In summary, we have the following lemma.

Lemma 2.16. The operator Hp,qz + is self-adjoint if and only if one of the follow-
ing statements holds.
(i) 7 is l.p. at Loo.
(if) There is a solution of (1.19) for some z € C (and hence for all) which is
not square summable near £oo.

(iii) Wioo(f,9) =0, for all f,9 € D(Hpmaz,+)-

To simplify notation, we will only consider the endpoint +occ in the following.
The necessary modifications for —oo are straightforward.

Next, let us show a simple but useful criterion for 7 being l.p. at +o00. If 7 is
l.c. at +00, we can use the Wronskian
a(0)
a(n)

to get (using the Cauchy-Schwarz 1nequahty

(2.164) Z|a |_|a \/Z|czn|2| z,n)

neN

(2.163) =c(z,n)s(z,n+ 1) — c(z,n + 1)s(z,n),

This shows that a sufficient condition for 7 to be I.p. at +o0 is

(2.165)

The remaining question is: What happens in the [.c. case? Obviously we need
some suitable boundary conditions. The boundary condition

(2.166) BCly,o(f) = cos(a) f(ng) + sin(a) f(no +1) =0

of Remark 1.9 makes no sense if ng = too. However, (2.166) can be written as
Wi (v, f) = 0, where v is any sequence satisfying BCh,,o(v) = 0 and |v(ng)| +
|v(no + 1)| # 0. Moreover, all different boundary conditions can be obtained by
picking v such that W,,(v,v) = 0 and Wy, (v, f) # 0 for some f. This latter
characterization of the boundary condition may be generalized.

We define the set of boundary conditions for 7 at +o00 by

(2.167) BC4 (1) = {v € D(Hmaz,+)| Wioo(@,v) =0, Wie(D, f) # 0 for some
f € D(Hmqgz,+) if Tis l.c. at £ 00}.

Observe that the first requirement holds if v is real. The second is void if 7 is l.p.
(at +00). Otherwise, if 7 is l.c., there is at least one real v for which it holds (if
not, (iii) of Lemma 2.16 implies that 7 is I.p.). Two sequences v € BCy(7) are
called equivalent if W, o (vy,v2) = 0.
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Lemma 2.17. Let v € BC (1) and set
(2.168) D4 (v) ={f € D(Hmaz,+)|Wioo (v, f) = 0}
Then

() Wio(v, f) =0 & Wix(v,f)=0,

(ii) Wioo(g, f) =0 for f,9 € Dy (v).
Moreover, Wi (v1,v2) = 0 is equivalent to D4 (v1) = Dy (v2).
Proof. For all f1,..., fs € D(Hpqe) we can take the limits n — +oo in the Pliicker
identity
(2.169)

Wa(f1, 2)Wa(fs, fa) + Wa(fr, f3)Wa(fa, f2) + Wa(f1, f)Wa(f2, f3) = 0.

Now choose f1 = v, fo = f, fs =, fa = f to conclude Wyoo (v, f) = 0 implies
Wi (T, f) = 0. Then choose f1 = v, fa = f, f3 = f, f4 = g to show (ii). The last
assertion follows from (ii) upon choosing v = vy, g = vs. O

Combining this lemma with Green’s formula (1.20) shows
Theorem 2.18. Choose v € BC(T), then

(2.170) Hy: 9.(v) = £(N)
f = Tf

is a self-adjoint extension of Hyipn 4.

In the l.p. case the boundary condition Wi (v, f) = 0 is of course always
fulfilled and thus D (v) = ®(Hpeg,+) for any v € BCy (7).

Clearly, we can also define self-adjoint operators Hy, + and Hgo’ . correspond-
ing to H; as we did in Section 1.2 for the bounded case.

Now, that we have found self-adjoint extensions, let us come back to the Weyl
m-functions. We fix v(n) = sg(A,n), A € R, for the boundary condition at +oc.
Observe that

- 3 N 1 . Wn(sﬂ()\),Cﬁ(Z))
(24T ) = G0) e W53, 50(2)
lies on the limiting circle. This is clear if 7 is I.p. at +00. Otherwise, 7 [.c. at
+o00 implies ¢3(2), s(2) € D(Hpmaz,+) and both Wronskians converge to a limit
as pointed out earlier in this section. Moreover, if W, (sg(A),s3(z)) = 0, then
sp(z) € @(H_f) and hence z € a(H_f). In particular, W, (sg(\), sg(z)) # 0 for
z € C\R and we can call mﬁ(z) the Weyl m-function of H ff_

In addition, the function

(2.172) wy(z,n) = L& o 2 (2)85(2,m)
a(0)

is in /3 (Z) and satisfies the boundary condition

(2.173) Wioo(s5(A), us(2)) = 0.

The boundary condition uniquely characterizes u, (z,n) up to a constant in the [.c.
case.

We have seen that the question of self-adjointness is simple if 7 is [.p.. One the
other hand, the spectrum gets simple if 7 is [.c..
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Lemma 2.19. If 7 is l.c. at +00, then the resolvent of Hy is a Hilbert-Schmidt
operator. In particular, this implies that Hy has purely discrete spectrum, o(H,) =
Ud(H+): and

1

A€oq(Hy)

Proof. The result is a consequence of the following estimate

Z |G+ (2, m,n) |W|2 Z (|u+ (z,n) Z |s(z,m)|*

(n,m)€Z2 m<n
2
+ls(zn)? > Jug(z,m) ) |W|2||U+( 2| Is()I1%,
m>n
where W = W (s(2),us(2)). O]

Our next goal is to find a good parameterization of all self-adjoint extensions
if 7 is l.c. at 4-o0.

First of all note that any real solution of 7u = Au, A\ € R, is in BC (1) (since
W (u, @) # 0 for any linearly independent solution of 7u = Au). Now fix

(2.175) v (n) = cos(a)c(0,n) + sin(a)s(0,n), a € [0,m),
and note that different a’s imply different extensions since W (vq, ,Vq,) = sin{as —
ay)/a(0).

Lemma 2.20. All self-adjoint extensions of Hpin 4 correspond to some v, with
unique o € [0, ).

Proof. Let H, be a self-adjoint extension of H,;, + and Ay € o(H,) be an eigen-
value with corresponding eigenfunction s(Ag,n). Using Green’s formula (1.20) with
f=35(X), g € D(H;) we see D(Hy) C Dy (5(Ao)) and hence D(H,) =Dy (s(Xo))
by maximality of self-adjoint operators. Let a € [0,7) be the unique value for
which

(2.176)
Wioo(va; 8(Ao)) = cos(a)Weios (c(0), 5(Ao)) + sin(a) Wioo (s(0), s(Ao)) =0
Then D, (5(Xo)) = D4 (va)- O

Now we turn back again to operators on ¢*(Z). We use that corresponding
definitions and results hold for the other endpoint —oo as well. With this in mind
we have

Theorem 2.21. Choose v4 € BCL(T) as above, then the operator H with domain
(2.177) D(H) = {f € Q(Hmaac)|W+oo(U+7f) =W_w(v-, f) = 0}
is self-adjoint.

Again, if 7 is l.p. at £00, the corresponding boundary condition is void and
can be omitted. We also note that if 7 is l.c. at both +o0, then we have not found
all self-adjoint extensions since we only consider separated boundary conditions
(i.e., one for each endpoint) and not coupled ones which connect the behavior of
functions at —oo and +00.

As before we have
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Lemma 2.22. If 7 isl.c. at both oo, then the resolvent of H is a Hilbert-Schmidt
operator. In particular, the spectrum of H is purely discrete.

Most results found for bounded Jacobi operators still hold with minor modifi-
cations. One result that requires some changes is Theorem 2.13.

Theorem 2.23. A measure dpy which is not supported on a finite set is the spectral
measure of a unique Jacobi operator H if and only if the set of polynomials is dense
in L2(R, dp,.).

Proof. If the set of polynomials is dense in L?(R,dp ) we can use the same proof
as in Theorem 2.13 to show existence of a unique Jacobi operator with dp, as
spectral measure.

Conversely, let H, be given, and let U be a unitary transform mapping H,
to multiplication by X in L?(R,dpy) (which exists by the spectral theorem). Then
|(U81)(N))? = 1 since

@178) [ dpy = 651, PAUHLE) = U8 PANTE) = [ U8NP

for any Borel set A C R. So, by another unitary transformation, we can assume
(Ud1)(X) = 1. And since the span of (H4)781, j € Ny, is dense in £*(Z), so is the
span of (U(H4)781)(A) = M in L?(R,dp4.). O

A measure dp, which is not supported on a finite set and for which the set of
polynomials is dense in L?(R,dp, ) will be called Jacobi measure.
There are some interesting consequences for the moment problem.

Lemma 2.24. A set {m4 j}jen forms the moments of a Jacobi measure if and
only if (2.109) holds.
Moreover,

(2.179) supp(py) € [-R,R] & |myj| <R/, jeN

Proof. If (2.109) holds we get sequences a(n), b(n) by (2.118). The spectral mea-
sure of any self-adjoint extension has m. ; as moments.

If supp(p4) C [-R, R, then [my ;| < [|A[dp+(N) < RI [dpy(\) = RI. Con-
versely, if supp(p+) € [—R, R], then there is an € > 0 such that C. = p ({\||\| >

R +¢}) > 0 and hence |m4 »;| > flM>R+s Ndp,(\) > C(R +¢e)¥. 0

Finally, let us look at uniqueness.

Theorem 2.25. A measure is uniquely determined by its moments if and only if
the associated Jacobi difference expression T (defined via (2.118)) is l.p. at +00.

Proof. Our assumption implies that Hp, + is essentially self-adjoint and hence
(Hmin+ — 2)D(Hmin,+) is dense in £2(N) for any z € C+. Denote by $, the set
of polynomials on R and by § the closure of §)g with respect to the scalar product
(2.110). Then (A — 2)$)o is dense in § and hence there is a sequence of polynomials
P, ,(A), z € Cy, such that (A — 2) P, »(\) converges to 1 in §. Let p be a measure
with correct moments. Then

@1s0) [ 1Py - ;P < [ B p 0 - a0y

' " X! Y= r Im(2)2 " =" Xz ¥



2.7. Inverse spectral theory 53

shows that P, ,,(\) converges to (A —2)~! in L?(RR, dp) and consequently the Borel
transform

dp(\) 1 .
A— 2 — <17 2\ — Z>L2 - nh_)néou-;Pz,n)

is uniquely determined by the moments. Since p is uniquely determined by its Borel
transform we are done. O

(2.181)

We know that 7 is [.p. at +o¢ if the moments are polynomially bounded by
(2.179). However, a weaker bound on the growth of the moments also suffices to
ensure the [.p. case.

Lemma 2.26. Suppose
(2.182) ma sl < CRIjl, jEN,
then T associated with {m4 ;}jen is l.p. at +00.

Proof. Our estimate implies that e** € L(R,dp) for [Im(2)| < 1/R. Hence the
Fourier transform

iz - iz I
(2.183) /e Ap(N) :me%
R s :

is holomorphic in the strip |Im(z)| < 1/R. This shows that the Fourier transform
is uniquely determined by the moments and so is the Borel transform and hence
the measure (see (B.9)). O

2.7. Inverse spectral theory

In this section we present a simple recursive method of reconstructing the sequences
a®,b when the Weyl matrix (cf. (2.142))

s e
2.184 M(z,n) = n aln , z € C\o(H),
(2,184 (2,7) ( o g ) \o()

is known for one fixed n € Z. As a consequence, we are led to several uniqueness
results.

By virtue of the Neumann series for the resolvent of H we infer (cf. (6.2) below
and Section 6.1 for more details)

gem) = — = Lo,
(2.185) h(z,n) = -1 — 2‘15;)2 +0(zi3).

Hence a(n)?, b(n) can be easily recovered as follows

b(n) = — lim =(1+ 2g(z,m)),

(2.186) a(n)? = —% lim 2z2(1 + h(z,n)).

zZ—00

Furthermore, we have the useful identities (use (1.100))

(2.187) 4a(n)?g(z,n)g(z,n + 1) = h(z,n)? — 1



54 2. Foundations of spectral theory

and
(2.188) h(z,n+1)+h(z,n) =2(z —b(n+1))g(z,n + 1),

which show that g(z,n) and h(z,n) together with a(n)? and b(n) can be determined
recursively if, say, g(z,ng) and h(z,no) are given.

In addition, we infer that a(n)?, g(z,n), g(z,n + 1) determine h(z,n) up to one
sign,

(2.189) h(z,n) = (1 +4a(n)?g(z,n)g(z,n + 1)) 1/27

since h(z,n) is holomorphic with respect to z € C\o(H). The remaining sign can
be determined from the asymptotic behavior h(z,n) = —1 + O(z72).

Hence we have proved the important result that M(z,ng) determines the se-
quences a?,b. In fact, we have proved the slightly stronger result:

Theorem 2.27. One of the following set of data

(7') g('a nO) and h(a nO)

(i) g(.,no + 1) and h(.,ng)

(1’”) g('7n0)} g(‘an(] + 1)) and O,(’I’Lo)2

for one fized ng € Z uniquely determines the sequences a® and b.

Remark 2.28. (i) Let me emphasize that the two diagonal elements g(z,n¢) and
9(z,n0 + 1) alone plus a(ng)? are sufficient to reconstruct a(n)?, b(n). This is in
contradistinction to the case of one-dimensional Schrédinger operators, where the
diagonal elements of the Weyl matrix determine the potential only up to reflection.

You might wonder how the Weyl matrix of the operator Hg associated with
the (at mg) reflected coefficients ag,bgr (cf. Lemma 1.7) look like. Since reflection
at no exchanges m4(z,n0) (i-e., mp +(2,n0) = mx(z,n0)) we infer

gR(Z,TL()) = g(zan0)a
hr(z,n0) = —h(z,n0) + 2(z — b(ng))g(z,n0),

gr(z,mo+1) = a(z(onii)i)zg(z,no +1)+ % (h(z,no)
(2.190) +(z— b(no))g(z,no)),

in obvious notation.
(ii) Remark 6.3(ii) will show that the sign of a(n) cannot be determined from either
g(Z,TLO), h(z,no), or g(z,ng + 1)

The off-diagonal Green function can be recovered as follows

n+k—1
(2.191) G(z,n+k,n) = g(z,n) H

j=n

1+ h(z,7)

——= k>0,
2a(j)g(2,5)

and we remark

a(n)’g(z,n +1) — a(n —1)’g(z,n = 1) + (2 = b(n))”

(2.192) = (z = b(n))h(z,n).

9(z,n)



2.7. Inverse spectral theory 55

A similar procedure works for H,. The asymptotic expansion

1 bn+1) a(n+1)*>+bn+1)°
3

(2.193) me(z,n) = =~ +0(z7)

22 z
shows that a(n + 1)?,b(n + 1) can be recovered from m (z,n). In addition, (2.11)
shows that m. (z,n¢) determines a(n)?, b(n), my(z,n), n > ng. Similarly, (by
reflection) m_ (z,no) determines a(n —1)%, b(n), m_(z,n—1), n < ng. Hence both
m4(z,m0) determine a(n)?,b(n) except for a(ng — 1)2, a(ng)?, b(ng). However,
since a(ng — 1)2, a(ng)?, b(no), and m_(z,n0) can be computed from m_(z,ng) we
conclude:

Theorem 2.29. The quantities m, (z,n0) and m_(z,ng) uniquely determine a(n)?
and b(n) for alln € Z.

Next, we recall the function y%(z,n) introduced in (1.107) with asymptotic
expansion
B 144 b(n+1)+2Ba(n) + B*b(n) 1

(2.194)  ~P(z,n) = ) p, po

Our goal is to prove

Theorem 2.30. Let 31,32 € RU {oo} with B1 # B2 be given. Then 7% (.,ng),
j = 1,2, for one fized no € Z uniquely determine a(n)?,b(n) for all n € Z (set
¥*®(z,n) = g(z,n)) unless (B1,B2) = (0,00),(c0,0). In the latter case a(ng)? is
needed in addition. More explicitly, we have

_ P (z,n) +972(2,n) + 2R(2)

g(z,n) = TAE ,
_ B39t (2,n) + By (2,n) + 281 B2 R(2)
glant1) = G~ ) ’

(2.195) h(z,n) = 52’751 (z,m) Jf‘ﬁwﬂz(z,n) + (B +52)R(z)7

(=2a(n))~ (B2 — B1)?

where R(z) is the branch of

/2
(B2 =B1)* | 5 3 ' Bi + B2
21 = - @ 7 1 2 —
2190) R = (BB m ) =S
which is holomorphic for z € C\o(H) and has asymptotic behavior as indicated. If
one of the numbers 31, B2 equals 0o, one has to replace all formulas by their limit

using g(z,n) = lim f277(z,n).

+0C),

Proof. Clearly, if (81,02) # (0,0), (00,0), we can determine a(n) from equation
(2.194). Hence by Theorem 2.27 it suffices to show (2.195). Since the first equation
follows from (2.187) and the other two, it remains to establish the last two equations
in (2.195). For this we prove that the system

B; 32
2Za(Jn) hg" + 4a(i¢)2

has a unique solution (g%, h) = (g(z,n + 1), h(z,n)) for |z| large enough which is
holomorphic with respect to z and satisfies the asymptotic requirements (2.185).

(2.197)  (¢")+ (h* =1) = g* P (z,m), j=1,2,
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We first consider the case 3; # 0,00. Changing to new variables (z1,22), ; =
(2a(n)/B;)g™ + h, our system reads

(2.198) g2 1= Pibe 2a(n)y% (z,n)

J 8 B- B
Picking |z| large enough we can assume 7% (2,n) # 0 and the solution set of the new
system is given by the intersection of two parabolas. In particular, (2.197) has at
most four solutions. Two of them are clearly gt = 0, h = +1. But they do not have
the correct asymptotic behavior and hence are of no interest to us. The remaining
two solutions are given by the last two equations of (2.195) with the branch of R(z)
arbitrarily. However, we only get correct asymptotics (g7 = —z71 + O(272) resp.
h = —1 4+ O(z~?)) if we fix the branch as in (2.196). This shows that g(z,n + 1),
h(z,n) can be reconstructed from v%1, ¥%2 and we are done. The remaining cases
can be treated similarly. O

(z1—m), j=12

Finally, we want to give an alternative characterization of the sequences g(z),
h(z) respectively m(z). This characterization will come handy in Section 12.2.

Theorem 2.31. Consider the two conditions
(i). Suppose the sequences g(z), h(z) are holomorphic near oo and satisfy

(2.199) 4a’g(2)gt(2) = 1(z) -1, 9(z) -2 14+ 0(272),
: ht(z) +h(z) = 2(z=0bH)gt(z), h(z) = —-1+0(z"1).
(i1). Suppose the sequences M+ (2) are meromorphic near oo and satisfy

B B my(z) = =271+ 0(z72)
@ T ) = a0

(2.200) a*m(z) +

Then (i) (resp. (i1)) is necessary and sufficient for g(z), h(z) (resp. m+(2)) to be
the corresponding coefficients of the Weyl M -matriz (resp. the Weyl m-functions)
of H.

Moreover, if g(z), h(z) and m+(z) are related by

_ —a(n)~> _ my(z,n)in(z,n)
R e M N M XD M e
(2.201) e = TEET SRR,
respectively
(2.202) s (2,m) = 1+h(z,n)  29(z,n+1)

2a(n)?g(z,m)  1F h(z,n)’
then one condition implies the other.

Proof. Necessity has been established earlier in this section. The relation between
the two sets of data is straightforward and hence it suffices to consider (e.g.) M (2).
Since m4.(z) are both meromorphic near co they are uniquely determined by their
Laurent expansion around oo. But the coefficients of the Laurent expansion can
be determined uniquely using the recursion relations for 74 (z) (see Lemma 6.7 for
more details). O
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Chapter 12

The Toda system

This chapter is devoted to the Toda hierarchy. The first section gives an informal
introduction and is mainly for background and motivation. The following sections
contain a rigorous treatment based on the Lax pair formalism. The basic existence
and uniqueness theorem for solutions of the initial value problem is proven and the
connection with hyperelliptic Riemann surfaces is established.

12.1. The Toda lattice

The Toda lattice is a simple model for a nonlinear one-dimensional crystal. It
describes the motion of a chain of particles with nearest neighbor interaction. The
equation of motion for such a system is given by

2
m_

dt?
where m denotes the mass of each particle, z(n,t) is the displacement of the n-th
particle from its equilibrium position, and V(r) (V'(r) = 2%(r)) is the interaction
potential. As discovered by M. Toda, this system gets particularly interesting if
one chooses an exponential interaction,

mp? [ _ r mp? (/T r
(122)  V(r) = T—g(e r/p 4 P 1) = T—g((;)"’ + 0(5)3), ,p€eR
This model is of course only valid as long as the relative displacement is not too
large (i.e., at least smaller than the distance of the particles in the equilibrium
position). For small displacements it is equal to a harmonic crystal with force
constant 7 (cf. Section 1.5).

After a scaling transformation, ¢t — t/7, x — x/p, we can assume m =7 = p =
1. If we suppose z(n,t) — z(n — 1,t) = 0, &(n,t) — 0 sufficiently fast as [n| = oo,
we can introduce the Hamiltonian (¢ = z, p = )

(12.3) H(p,q) = Z (p(nT,t)Q + (e_(Q(” +1,t) —q(n,t)) _ 1))

neEZ

(12.1) z(n,t) =V'(z(n+ 1,t) — z(n,t)) — V'(z(n,t) — z(n — 1,1)),

221
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and rewrite the equations of motion in the Hamiltonian form

d _ _0H®9)
ap(nat) - aq(n,t)
e—(a(n, 1) —q(n — 1,1)) _ —(g(n +1,) — q(n, 1))
(24)  falnt) = D (o,

We remark that these equations are invariant under the transformation

(12.5) p(n,t) = p(n,t) +po and q(n,t) = q(n,t) + o + pot, (po,q0) € R?,

which reflects the fact that the dynamics remains unchanged by a uniform motion
of the entire crystal.

The fact which makes the Toda lattice particularly interesting is the existence
of soliton solutions. These are pulslike waves traveling through the crystal without
changing their shape. Such solutions are rather special since from a generic linear
equation one would expect spreading of wave packets (see Section 1.5) and from a
generic nonlinear wave equation one would expect that solutions only exist for a
finite time (breaking of waves).

The simplest example of such a solitary wave is the one-soliton solution

" 1+ yexp(—2kn + 2sinh(k)t)
1+ yexp(—2k(n — 1) & 2sinh(k)t)’

(12.6) g1(n,t) =qo —1 K,y > 0.

It describes a single bump traveling trough the crystal with speed =+ sinh(x)/x and
width proportional to 1/k. That is, the smaller the soliton the faster it propagates.
It results in a total displacement

(12.7) nlgr;o (ql (n,t) — ql(—n,t)) =2k

of the crystal, which can equivalently be interpreted as the total compression of the
crystal around the bump. The total moment and energy are given by

Zpl(n,t) = 2sinh(k),
neZ
(12.8) H(p1,q1) = 2(sinh(k) cosh(k) — k).

Existence of such solutions is usually connected to complete integrability of the
system which is indeed the case here. To see this, we introduce Flaschka’s variables

(12.9) a(n,t) = %e—(q(n +1,0) =49, 1))/2 i p) = —%p(n,t)

and obtain the form most convenient for us

a(n,t) = a(n,t) (b(n +1,4) - b(n,t)),

(12.10) b(n,t) = 2(a(n,t)2 —a(n— 1,t)2).
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The inversion is given by
p(n,t) = —2b(n,1),

q(n,t) = q(n,0) —2/bns

= 4(0,0) 2 /0 b(0, 5)ds — 272* In(2a(j, £))

(12.11) = 4(0,0) 2 / bn. s)ds — 2%1* In(2a(j, 0)).
0

=0

To show complete integrability it suffices to find a so-called Lax pair, that is,
two operators H (t), P(t) such that the Lax equation

(12.12) S H@t) = P)H(t) — H{)P(t)

is equivalent to (12.10). One can easily convince oneself that the choice
H(t): 2(Z) - 2(Z)
(n) = a(n,t)f(n+1) +aln - 1,1)f(n 1) + b(n, ) f(n)’
P(t): (3(Z) — (*(2)
f(n) = aln,t)f(n+1)—a(n-1,8)f(n—1)

does the trick. Now the Lax equation implies that the operators H(t) for different
t € R are all unitarily equivalent and that

(12.13)

(12.14) tr(H(tY —H}), j€N,

are conserved quantities, where Hj is the operator corresponding to the constant
solution ag(n,t) = =, bo(n,t) = 0 (it is needed to make the trace converge). For
example,

1
2

tr(H(t) - Ho) = 3 b(n,t) = —% S p(n,t) and

neZ nez

(12.15)  te(H(t)> — H) = ) b(n,1)* +2(a(n,t)’ - l) = %’H(p, q)

4
nezZ

correspond to conservation of the total momentum and the total energy, respec-
tively.

This reformulation of the Toda equations as a Lax pair is the key to methods
of solving the Toda equations based on spectral and inverse spectral theory for the
Jacobi operator H.

Using these methods one can find the general N-soliton solution

det(1+ Cn(n,t))

(12.16) av(n,t) = go —In det(1+ Cn(n —1,t))’
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where
(12.17)
Cn(n,t) = VI —(ki + kj)n — (o5 sinh(k;) + o sinh(k;))t
1 — e~ (ritrj) 1<ij<N
<iyj<
with k;,7; > 0 and ¢; € {£1}. One can also find (quasi-)periodic solutions us-
ing techniques from Riemann surfaces (respectively algebraic curves). Each such
solution is associated with an hyperelliptic curve of the type
2g+2
(12.18) w'=[[(z-E)), EjeR,
=0
where Ej, 0 < j < 2g + 1, are the band edges of the spectrum of H (which is
independent of ¢ and hence determined by the initial conditions). One obtains

0(zo — 2nA,, (004) — 2tc(g))
0(z9 — 2(n — 1) A, (c04) — 2tc(g))’

where 25 € RY, 8 : RY — R is the Riemann theta function associated with the
hyperelliptic curve (12.18), and &,b € R, A, (001),¢(g9) € BRI are constants de-
pending only on the curve (i.e., on Ej, 0 < j < 2g + 1). If ¢(n,0), p(n,0) are
(quasi-) periodic with average 0, then @ = %, b=0.

The rest of this monograph is devoted to a rigorous mathematical investigation
of these methods.

(12.19)  ¢(n,t) = go — 2(tb + n1n(2a)) — In

12.2. Lax pairs, the Toda hierarchy, and
hyperelliptic curves

In this section we introduce the Toda hierarchy using a recursive approach for the
standard Lax formalism and derive the Burchnall-Chaundy polynomials in connec-
tion with the stationary Toda hierarchy.

We let the sequences a, b depend on an additional parameter ¢ € R and require

Hypothesis H.12.1. Suppose a(t), b(t) satisfy
(12.20) a(t),b(t) € £2°(Z,R), a(n,t)#0, (n,t) € Z xR,
and let t € R — (a(t),b(t)) € £°(Z) ® £>°(Z) be differentiable.

We introduce the corresponding operator H(t) as usual, that is,

H(t): 2(2z) — 2(2)
fn) = an,t)f(n+1)+an—-1,t)f(n—1)+b(n,t)f(n)

The idea of the Lax formalism is to find a finite, skew-symmetric operator Payy2(t)
such that the Lax equation

d
(12.22) EH(t) — [Por42(t), H#)] =0, teR,
(here [., ..] denotes the commutator, i.e., [P, H] = PH— H P) holds. More precisely,
we seek an operator Py, (t) such that the commutator with H(t) is a symmet-
ric difference operator of order at most two. Equation (12.22) will then give an
evolution equation for a(t) and b(¢t). Our first theorem tells us what to choose for

Porya(t).

(12.21)
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Theorem 12.2. Suppose P(t) is of order at most 2r + 2 and the commutator with
H(t) is of order at most 2. Then P(t) is of the form

r

(12.23) P =Y (cr_ iPojia(t) + do_ jH(t)j‘H) +dpi 1,
=0

where ¢j,d; € C, 0< j <r, dry1 € U(Z), and

(12.24) Pojialt) = [H( 1], — [HEH)

(cf. the notation in (1.11)) is called homogeneous Lax operator. Moreover, denote
by P4 2(t) the operator P(t) withco =1 andd; =0, 0 < j <r+1. Then we have

(12.25)  Porgo(t) = —H ()" + Z(Za(t)gj (O)S* = hi ) HE) ™ + grra(t),

where (g;(n,t))o<j<r+1 and (hj(n,t))o<j<r+1 are given by

j
nt:Zc]g(Sn,H 6n),
£=0

J
(12.26) hi(n,t) = 2a(n,t) Y ¢j—e(Bns1, H(t)'0n) + i
£=0
and satisfy the recursion relations
90 = 17 hO = (1,

29j41 —hj —hy —2bg; =0, 0<j<r,
(12.27) hjp1 —hjy, — Z(azg;' - (a*)zgj_) —b(hj —h;) =0, 0<j<r
For the commutator we obtain

[Pars2(t), H(t)] = a(t)(g;51 (t) = gr41(1)ST + a™ (6)(gr41(t) — 9,41 (1)) S~
(12.28) + (B (8) = iy (8).
Proof. By Lemma 1.2 we can write
(12.20) P(t) = —h1(DH®)™™ + ) (2a(t)g; (t)ST — by H()" 7 + gra(2),
j=0
where g,41(¢) is only added for convenience and hence can be chosen arbitrarily.
Now we insert this ansatz into [P, H]. Considering the term (S~)"*? we see that

h_1(t) must be independent of n, say h_1(t) = co — do. Next, we obtain after a
long but straightforward calculation

[P, H] = 2a(gg — g0)STH™ — (ho — ho ) H"™!

3" a(02g541 — by — hy —2bg,)) SHHT
=0

r—1
=37 (hiv = By — 2a%gf — (@7)?g;) = blhy — hy) ) H™
7=0

(12.30) +a(gh = 9r41)ST + S7alg 1 — gr1) + (rr — B yy),
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where gr41, hry1 have been chosen according to

8(297'-‘,-1 —hy — h7 2bgr) =0,
(12.31) hry1 — h oy —2(a’gt — (a™)?g;) — b(h, — h;) = 0.
(Recall 0f = f+— f.) But (12.30) is of order 2 if and only if (compare Lemma, 1.2)

go = co, ho = c1 — dy,
2gj+1 — hj —hy —2bgj =2dj1q, 0<j<r—1,
(12.32) hjy1 —hjy —2(a’g) — (a7)%g;) —b(hj —h;) =0, 0<j<r—2,

where ¢y, ¢1, dj, 1 < j <r, are constants. By Lemma 6.4
(12.33) 5(n,t) = (0n, H(t)'6n),  hj(n,1) = 2a(n, t)(Sn41, H ()7 6n)

is a solution of this system for cg = 1, ¢; = d; = 0,1 < j < r. It is called the
homogeneous solution for if we assign the weight one to a and b, then §;(n,t),
77,]' (n,t) are homogeneous of degree j, j + 1, respectively. The general solution of
the above system (12.32) is hence given by g; = Zgzo ¢eGj—¢, 1 < j < r, and
hj = Y9_gcehj_¢ + ¢jy1 — djpa, 1 < j < r — 1. Introducing another arbitrary
sequence d,1 it is no restriction to assume that the formula for h; also holds for
Jj=r.

It remains to verify (12.24). We use induction on r. The case r = 0 is easy. By
(12.25) we need to show

(12.34) Porys = Py, H + (2a3,ST — hy) — G H + Gry1-

This can be done upon considering (Jm,P2r+26n) and making case distinctions
m<n—1lm=n—1m=nm=n+1,m >n+ 1. Explicitly, one verifies, for
instance, in the case m = n,
<6n; ﬁ2r+25n)
= (On, Par(adn—1 + @~ nt1 + b6,)) — by (n) — b(n)
= (0n, ((H"] = [H"]-)(abn—1 + @ bpy1 + bdyp)) —
= (0n, [H"]+ a” 0pt1) — (On, [H"]- adp—1) — hy(n) — b(n)gr(n) + Gri1(n)
= a(”)<5naH Ont1) — a(n — 1)(0n, H 0 1) — hr(n) — b(n)gr(n) + Gry1(n)
(

o @) e m ) e ) 4 G (m) = 0

r(n) + gri1(n)

g,.,
Fe(n) = b(n)gr (n) + G421 (n)

2
(12.35)
using (12.27),

and Hé,, = a(m)dmy1+a(m—1)d,1+b(m)d,,. This settles the case m = n. The
remaining cases are settled one by one in a similar fashion. O
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Remark 12.3. It is also easy to obtain (12.28) from (12.23) and (12.24). In fact,
simply evaluate
<6ma [P2j+2; H](Sn) = (H(Sma [Hj+1]+5n) + <H6na [Hj+1]+6m)
(12.37) — (Hm, [HIF]_6p) — (Hp, [H/ '] _6m)
as in the proof of Theorem 12.2.

Since the self-adjoint part of P(t) does not produce anything interesting when
inserted into the Lax equation, we will set d; =0, 0 < j <7 +1, and take

(12.38) Prria(t) = ) cr jPojia(t)
j=0

as our Lax operator in (12.22). Explicitly we have
Py(t) = a(t)ST —a™ (t)S~
Py(t) = a(t)a™ (#)STT +a(t) (bt () +b(t))ST —a” (£)(b(t) + b (t))S~
—a (t)a" " ()S™ +c(a®)ST —a"(#)S7)
(12.39) etc. .

Clearly, H(t) and iPy,12(t) are bounded, self-adjoint operators.

Even though the expression (12.25) for Ps,42(t) looks much more complicated
and clumsy in comparison to (12.24), we will see that this ruse of expanding Pa,2(t)
in powers of H(t) will turn out most favorable for our endeavor. But before we can
see this, we need to make sure that the Lax equation is well-defined, that is, that
H (t) is differentiable.

First of all, please recall the following facts. Denote by B(¢?(Z)) the C*-algebra
of bounded linear operators. Suppose A, B : R — B(¢%(Z)) are differentiable with
derivative A, B, respectively, then we have
A + B is differentiable with derivative A + B,

AB is differentiable with derivative AB + AB,
A* is differentiable with derivative A*,
A~ (provided A is invertible) is differentiable with derivative —A~1AA~1.

In addition, f: R — £°°(Z) is differentiable if and only if the associated multi-
plication operator f : R — B(¢%(Z)) is (since the embedding (> (Z) — B(¢*(Z)) is
isometric).

For our original problem this implies that H(t) and Ps,42(t) are differentiable
since they are composed of differentiable operators. Hence the Lax equation (12.22)
is well-defined and by (12.30) it is equivalent to

TL,(a(t),b(t)1 = a(t) — a(t) (g5, () — gr11(t)) =0,
(12.40) TL,(a(t),b(t)2 = b(t) = (hrs1(t) — k7 (1) =0,

where the dot denotes a derivative with respect to ¢. Or, in integral form we have

ott) = a0 exp [ (67320 = g012(0)ds),

(12.41) b(t) = b(0) + /0 (hsa(£) — B2y (8)) ds.
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Varying r € Ny yields the Toda hierarchy (TL hierarchy)
(12.42) TL.(a,b) = (TL.(a,b);, TL.(a,b)2) =0, r € Ny.

Notice that multiplying Ps,.2(t) with cg # 0 gives only a rescaled version of the
Toda hierarchy which can be reduced to the original one by substituting t — ¢/co.
Hence our choice ¢y = 1.
Explicitly, one obtains from (12.27),
g1 = b+,
hl = 2&2 + Ca,
g2 =a’+ (@ )2+ b+ c1b+co,
hy = 2a%(bT +b) + ¢12a* + cs,
gs = a®(bT +2b) + (a7)*(2b+ b7) 4+ b°
+ci(a® + (a7)? +b?) + c2b + c3,
hs = 2a*((a*)? 4+ a®> + (a7)? + >+ bTb+ (b7)?)
+ ¢12a* (b 4 b) + c22a® + ¢4,

(12.43) etc.
and hence
a—a(bt —b)
TL b) =
(@) (b 2a? — (- )2)>
— 2 2 _ b2
TLy(a,b) = (a a((a ) (@™)* + (%) )>
b— 2a2(b+ +b) + 2(a~)2(b+ b-)
a(bt —b)
—c ,
2(a® = (a7)?)
a—a((at)2(bTT420T)+a2(26T+b)+(bT)3—a? (b +2b)— (a7 )2 (20457 ) —b%)
TL2(a,b) = R
b+2((a7) (a7 7aT)? —a®(a® +(a*) 2+ (0F) 2 +bbF +5%)+(aT) (B2 +5T b+H(67)?))
(a((a+)2—(a )+(b+)2—b2)) ( a(b*—b) )
-G — C2 .
2a2(bt+b)—2(a™)2(b+b7) 2(a®—(a™)?)
(12.44) etc.

represent the first few equations of the Toda hierarchy. We will require c; € R even
though ¢; could depend on ¢. The corresponding homogeneous Toda equations
obtained by taking all summation constants equal to zero, ¢cp =0, 1 < £ < r, are
then denoted by

(12.45) TL,(a,b) = TL,(a, b)

=0, 1<e<r

We are interested in investigating the initial value problem associated with
the Toda equations, that is,

(1246) TLT((I, b) = 07 (a(to),b(to)) = (ao,bo),

where (ag,bg) are two given (bounded) sequences. Since the Toda equations are
autonomous, we will choose ¢y = 0 without restriction.

In order to draw a number of fundamental consequences from the Lax equation
(12.22), we need some preparations.
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Let P(t), t € R, be a family of bounded skew-adjoint operators in £2(Z). A two
parameter family of operators U(t, s), (t,s) € R2, is called a unitary propagator
for P(t), if

1. U(t,s), (s,t) € R?, is unitary.

2. U(t,t)=1for all t e R

3. U(t,s)U(s,r) = U(t,r) for all (r,s,t) € R3.

4. The map t — U(t, s) is differentiable in the Banach space 9B (¢?(Z)) of bound-

ed linear operators and

%U(t,s) =P(t)U(t,s), (t,s)€ R,
Note U(s,t) = U(t,s) L = U(t,s)* and d/dtU(s,t) = —U(s,t)P(t).

With this notation the following well-known theorem from functional analysis
holds:

(12.47)

Theorem 12.4. Let P(t), t € R, be a family of bounded skew-adjoint operators
such that t — P(t) is differentiable. Then there exists a unique unitary propagator

U(t,s) for P(t).

Proof. Consider the equation U(t) = P(t)U(t). By standard theory of differential
equations, solutions for the initial value problem exist locally and are unique (cf.,
e.g., Theorem 4.1.5 of [1]). Moreover, since || P(t)|| is uniformly bounded on compact
sets, all solutions are global. Hence we have a unique solution U(t,s), (¢,s) € R?
such that U(s,s) = 1. It remains to verify that this propagator U (¢, s) is unitary.
Comparing the adjoint equation

d

T iU(t,S))* = (P@)U(t,5))" = =U(t,5)" P(t)

(12.48) = (=

Ult,s)*
and
(12.49) %U(t,s)’l = —U(t,s)’l(%U(t,s))U(t,s)’l = —U(t,s) *P(t)

we infer U(t,s)* = U(t,s)~! by unique solubility of the initial value problem and
U(s,s)* =U(s,s) 1 =1. O

If P(t) = P is actually time-independent (stationary solutions), then the uni-
tary propagator is given by Stone’s theorem, that is, U(t, s) = exp((t — s)P).

The situation for unbounded operators is somewhat more difficult and requires
the operators P(t), t € R, to have a common dense domain (cf. [218], Corollary on
page 102, [193], Theorem X.69).

Now we can apply this fact to our situation.

Theorem 12.5. Let a(t),b(t) satisfy TL.(a,b) = 0 and (H.12.1). Then the Laz
equation (12.22) implies existence of a unitary propagator U.(t, s) for Py.ya(t) such
that

(12.50) H(t) = U.(t,s)H(s)U.(t,8)" 1, (t,s) € R%.
Thus all operators H(t), t € R, are unitarily equivalent and we might set
(12.51) o(H) = o(H(t)) = o(H(0)), p(H)=p(H(t)) = p(H(0)).

(Here o(.) and p(.) = C\o(.) denote the spectrum and resolvent set of an operator,
respectively.)
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In addition, if 1(s) € £2(Z) solves H(s)y(s) = z1(s), then the function

(1252 90 = U (1,65
fulfills
(12.53) HOUW®) = 260, 500 = Paralp(0)

Proof. Let U,(t, s) be the unitary propagator for Ps;2(t). We need to show that
H(t) = Ur(lf,s)_IH(t)Ur(t,s) is equal to H(s). Since H(s) = H(s) it suffices to
show that H(t) is independent of ¢, which follows from

d - d
(12.54) ZH® =Un(t, s)*l(%H(t) — [Por42(t), H(®)])Ur(t,s) = 0.
The rest is immediate from the properties of the unitary propagator. O

To proceed with our investigation of the Toda equations, we ensure existence
and uniqueness of global solutions next. To do this, we consider the Toda equations
as a flow on the Banach space M = {*(Z) & (*(Z).

Theorem 12.6. Suppose (ag,bo) € M. Then there exists a unique integral curve
t = (a(t),bt)) in C*°(R,M) of the Toda equations, that is, TL.(a(t),b(t)) = 0,
such that (a(0),b(0)) = (ag, bo)-

Proof. The r-th Toda equation gives rise to a vector field X, on M, that is,
(12.55) %(a(t), b(t)) = Xr(a(t),b(t)) < TL.(a(t),b(t)) = 0.

Since this vector field has a simple polynomial dependence in a and b it is dif-
ferentiable and hence (cf. again [1], Theorem 4.1.5) solutions of the initial value
problem exist locally and are unique. In addition, by equation (12.50) we have
lla(®)]loo + |[b(B)]|ce < 2||H(t)]| = 2||H(0)]| (at least locally). Thus any integral
curve (a(t),b(t)) is bounded on finite ¢-intervals implying global existence (see, e.g.,
[1], Proposition 4.1.22). O

Let 7(¢t) denote the differential expression associated with H (¢t). If Ker(7(t)—z),
z € C, denotes the two-dimensional nullspace of 7(t) — z (in £(Z)), we have the
following representation of Pa,.12(t) restricted to Ker(r(t) — 2),

(12.56) Porio (t)‘Ker(T@)fz) = 2a(1)G, (2, 1)S* — Hyp1(2,1),

where G,(z,n,t) and H,y1(2z,n,t) are monic (i.e. the highest coefficient is one)
polynomials given by

G,(z,n,t) = Z gr—j(n, )27,
=0

.
(12.57) H,1(z,n,t) = 2" + Z he—j(n,t)29 — gry1(n,t).
7=0

One easily obtains
a= a(H;"_i_1 +Hpp —2(z— b+)G;"),
(12.58) b =2(a®G} — (a7)*G;) + (2 = b)*Gr — (2 — b)Hr 1.
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As an illustration we record a few of the polynomials G, and H,41,

Go = 1 =Gy,

H, = z—b=Hj,

Gi=z+b+ci =G +c1Go,

Hy=224+a>=(a")?=b>4ci1(2 —b) = Hy 4+ ¢ Hy,

Gy =22 +bz+a>+ (@ )2+ +c1(z4Db) +ca = Go + c1G1 + 2 Go,

Hs = 22 +2a%2 — 2(a™)%b — b® + a®b* — (a™)?%b™

+ c1(z2 +a%— (a_)2 — bz) +e(z—b)= Hs + c1 Hy + coHy,

(12.59) etc. .

Here G,(z,n) and H,,1(z,n) are the homogeneous quantities corresponding to
G,(z,n) and H,1(z,n), respectively. By (12.38) we have

(12.60) Gr(z,n) = ZCT_gée(Z,n), H.1(z,n) = Zcr_ef[gﬂ(z,n).

=0 £=0
Remark 12.7. (i). Since, by (12.27), a(t) enters quadratically in g;(¢), h;(t),
respectively G,(z,.,t), Hr41(2,.,t), the Toda hierarchy (12.42) is invariant under
the substitution
(12.61) a(n,t) = e(n)a(n,t),
where £(n) € {+1,—1}. This result should be compared with Lemma 1.6.
(ii). If a(ng,0) = 0 we have a(ng,t) = 0 for all ¢ € R (by (12.41)). This implies
H=H_ p 41 ® Hy », with respect to the decomposition £(Z) = £*(—co,ng +1) ®
0?(ng,0). Hence Pyqo = P_ po+1,2r+2 ® Py ng,2r42 decomposes as well and we
see that the Toda lattice also splits up into two independent parts TL 5,,». In
this way, the half line Toda lattice follows from our considerations as a special case.
Similarly, we can obtain Toda lattices on finite intervals.

12.3. Stationary solutions

In this section we specialize to the stationary Toda hierarchy characterized by
a=b=0in (12.42) or, equivalently, by commuting difference expressions

(12.62) [Payio, H =0

of order 2r + 2 and 2, respectively. Equations (12.58) then yield the equivalent
conditions

(z=b)(Hy41 — H ) = 2a°G —2(a7)*G,,

(12.63) Hf 4+ Hpp1 = 2(z = b")G
Comparison with Section 8.3 suggests to define
(12.64) Roris = (HZ, | — 4a°G.GY).

A simple calculation using (12.63)
(2 = b)(Rarq2 — Ry i)
= (2 = 0)((Hri1 + Hiy)(Hra — Hi ) = 4G (G — (a7)*G,)
(12.65) = 2(H, 11+ H,,; —2(z — b)G, ) (a’G} — (a7)*G; ) =0

T
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then proves that Ra,yo is independent of n. Thus one infers

2r4+1

(12.66) Rorya(2) = [[ (2= E3), {Ej}ocj<artn CC
=0

The resulting hyperelliptic curve of (arithmetic) genus r obtained upon compacti-
fication of the curve

2r4+1
(1267) 11}2 = R2T+2(Z) = H (Z - EJ)
7=0

will be the basic ingredient in our algebro-geometric treatment of the Toda hierarchy
in Section 13.1.
Equations (12.63), (12.64) plus Theorem 2.31 imply
Gr (Z, n)
1/2
R2£+2 (2)

Hr—l—l (Z,TL)
1/2 ’
R2£+2 (2)
where g(z,n) = (6n, (H — 2) " 1d,), h(z,n) = 2a(n){6py1, (H —2)716,) — 1 as usual.
Despite these similarities we need to emphasize that the numbers E,,, 0 <
m < 2r + 1, do not necessarily satisfy (8.54). This is no contradiction but mere-
ly implies that there must be common factors in the denominators and numer-

ators of (12.68) which cancel. That is, if the number of spectral gaps of H is
s + 2, then there is a monic polynomial @, s(z) (independent of n) such that
Gr(zan) = QT*S(Z)GS(zan)a HT-H(an) = QT*S(Z)HS+1('Z’”)= and R;ﬁz(z) =
Qr—s(2)* L35 2).

We have avoided these factors in Section 8.3 (which essentially correspond

to closed gaps (cf. Remark 7.6)). For example, in case of the constant solution
a(n,t) =1/2, b(n,t) = 0 of TL,(a,b) = 0 we have for r =0,1,...

(12.68) g(z,n) = , h(z,n) =

GO(Z)zla Hl(Z)ZZ, R2(Z)=ZQ—1,
Gi(z) =z+c, Hy(2)=(z4c1)z, Ry(z)=(z+c1)*(z*-1),
(12.69) etc. .

Conversely, any given reflectionless finite gap sequences (a,b) satisfy (12.63)
and hence give rise to a stationary solution of some equation in the Toda hierarchy
and we obtain

Theorem 12.8. The stationary solutions of the Toda hierarchy are precisely the
reflectionless finite-gap sequences investigated in Section 8.3.

In addition, with a little more work, we can even determine which equation
(i.e., the constants ¢;). This will be done by relating the polynomials G,(z,n),

H,11(z,n) to the homogeneous quantities G,(z,n), Hy41(z,n). We introduce the
constants ¢;(E), E = (Ey, ..., E41), by

(12.70) Ry2(2) = =21 i (B)2 1, 2| > |1H]),
=0
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implying
1 2r+1
(12.71) co(B)=1, a(B)=—;3 > Ej, etc. .
3=0

Lemma 12.9. Let a(n), b(n) be given reflectionless finite-gap sequences (see Sec-
tion 8.3) and let G.(z,n), H,11(z,n) be the associated polynomials (see (8.66) and
(8.70)). Then we have (compare (12.60))

(12.72) ZCT oE Gg (z,n), Hpy1(z,n) ZCT o E Hg+1 z,m).

In addition, g¢(n) can be expressed in terms of E; and pu; (n) by

(12.73)  gi(n) = bV (n), Gi(n) = (bw +Z.ge3 )bl ( )) > 1,

where
2r+1

(12.74) (O (n Z Ef Er:w (n)*
j=1

Proof. From (8.96) we infer for [2| > [|H||, using Neumann’s expansion for the
resolvent of H and the explicit form of g, h given in Theorem 12.2, that
RL/2

Gr (Z, ’I’L) = 2r+2 Z gﬂ 7

(12.75) H,11(z,m) = RY2,(2) (1 - Z ﬁz(n)ﬂ).

=0
This, together with (12.70), completes the first part. The rest follows from (6.59)
and Theorem 6.10. O

Corollary 12.10. Let a(n), b(n) be given reflectionless finite-gap sequences with
corresponding polynomial R;éiz(z). Then (a,b) is a stationary solution of TL,
if and only if there is a constant polynomial Q,._s(z) of degree r — s such that

¢; = ¢j(E), where E is the vector of zeros of R2£+2( )= Qr_s(2)? ;fm(z)

It remains to show how all stationary solutions for a given equation of the Toda
hierarchy can be found. In fact, up to this point we don’t even know whether the
necessary conditions (12.63) can be satisfied for arbitrary choice of the constants
(eihr<j<r

Suppose (¢;)1<j<r is given and define dy = ¢y = 1,

j—1
(12.76) dj=2c;+ Y ccjp, 1<j<r
=1
Choose d; € R, r +1 < j < 2r + 2, and define (Ej)o<j<2r4+1 by
2r4+2 2r+4+1
(12.77) R2r+2 Z d2r+2 ]Z] = H (Z - Ej).

J=0



234 12. The Toda system

Note that our choice of d; implies ¢;(E) = ¢j, 1 < j < r, which is a necessary
condition by Lemma 12.9. Since g(z,n) cannot be meromorphic, Ra12(2) must
not be a complete square. Hence those choices of d; € R, r+1 < j < 2r+2, have to
be discarded. For any other choice we obtain a list of band edges satisfying (8.54)
after throwing out all closed gaps. In particular, setting
T

(12.78) 2(d) = [J1Bs), Fajia]

7=0
any operator in Isog(X(d)) (see Section 8.3) produces a stationary solution. Thus,
the procedure of Section 8.3 can be used to compute all corresponding stationary
gap solutions.

Theorem 12.11. Fiz TL,, that is, fix (Cj)lﬁjST and r. Let (dj)lﬁjST' be giv-
en by (12.76). Then all stationary solutions of TL, can be obtained by choosing
(dj)r+1<j<ort2 such that Ryri2(2) defined as in (12.77) is not a complete square
and then choosing any operator in the corresponding isospectral class Isog(2(d)).

Remark 12.12. The case where R,y 2(z) is a complete square corresponds to
stationary solutions with a(n) = 0 for some n. For instance, Go(n) = 1, H;(n) =
2 —b(n), Rary2(2) = (z — b(n))? corresponds to a(n) =0, n € Z.

Finally, let us give a further interpretation of the polynomial Roy42(2).
Theorem 12.13. The polynomial Ra,2(2) is the Burchnall-Chaundy polyno-

mial relating Pa,.2 and H, that is,
2r4+1

(1279) P22r+2 = R2r+2(H) = H (H - E])
=0

Proof. Because of (12.62) one computes

P. ’ 2aG, St ’
( 2 Ker(r—z)) N <( @ B T—H) Ker(-r—z))
- (ZaGT(Z(z —bN)GE — HY,y — Hypy)ST + HZ,, — 4a2GTGj) o
= Rort2(z
2 +2( ) Ker(7—2z)
(12.80)
and since z € C is arbitrary, the rest follows from Corollary 1.3. |

This result clearly shows again the close connection between the Toda hierarchy
and hyperelliptic curves of the type M = {(z,w)|w? = H;:{f (2 — Ej)}.
12.4. Time evolution of associated quantities

For our further investigations in the next two chapters, it will be important to know
how several quantities associated with the Jacobi operator H(t) vary with respect
to t.

First we will try to calculate the time evolution of the fundamental solutions
c(z, ., t), s(z,.,t) if a(t), b(t) satisfy TL,(a,b) = 0. For simplicity of notation we
will not distinguish between H (t) and its differential expression 7(¢). To emphasize
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that a solution of H(t)u = zu is not necessarily in £?(Z) we will call such solutions
weak solutions. Similarly for Pa,y2(t).
First, observe that (12.22) implies

d
(12.81) (H®) = 2) (5 = Por42(1))2(2,, 1) = 0,
where ®(z,n,t) is the transfer matrix from (1.30). But this means
d
(1282) (dt P2T+2( ))(I)(Z,,t) = (}(zaat)CT(z’t)

for a certain matrix Cr(z,t). If we evaluate the above expression at n = 0, using
®(2,0,t) = 1, we obtain

Cr(z,t) = (P2T+2(t)<1>(z, .,t))(O)
(12.83)= ( —H,1(2,0,1) 2a(0,t)G(2,0,t) )
—2a(0,t)Gr(z,1,t) 2(z = b(1,1))Gr(z,1,t) — Hr41(2,1,1)

The time evolutions of ¢(z,n,t) and s(z,n,t) now follow from
(12.84) ®(2,.,t) = Popy2®(z,.,t) + ®(2,.,t)Cr(z,1)
or more explicitly

¢(z,n,t) = 2a(n, t)Gr(2z,n,t)c(z,n + 1,t) — (Hr+1(z,n,t)

+ H,41(2,0,t )c (z,m,t) — 2a(0,t)G,(2,1,t)s(z,n, 1),

5(z,n,t) = 2a(n, t)G,(z,n,t)s(z,n + 1,t) — (Hr31(2,n,t) + Hry1(2,1,1)
(12.85) —2(z —b(1,1))Gr(2,1,1))s(2,n,t) + 2a(0,t)Gr(2,0,t)c(z,n, t).
Remark 12.14. In case of periodic coefficients, this implies for the time evolution
of the monodromy matrix M (z,t)

(12.86) %M(z t) = [M(z,1),Cr(z,n,t)],
where
o —Hr+1 ZaGr
(12.87) Cr(z,m,t) = ( 294Gy 2z — b)GF — Hops )

This shows (take the trace) that the discriminant is time independent and that
{E;}2N, 7215 A, and B (cf. Section 7.1) are time independent.

Evaluating (12.86) explicitly and expressing everything in terms of our polyno-
mials yields (omitting some dependencies)

d (—H/2 oG\ _
dt \ aG* H/2 )
(12.88) a*(G,GT - GFQ) 2aG,H + (z = 2b7)GS G
: —2aG}H — a(z - 2b7)GFGY) —4d*(G,.GT - GFG) )
Equation (12.84) enables us to prove
Lemma 12.15. Assume (H.12.1) and suppose TL.(a,b) = 0. Let up(z,n) be a
weak solution of H(0)ug = zug. Then the system

d
—u(z,n,t) = Parya(t)u(z,n,t)

(12.89) H(t)u(z,n,t) = zu(z,n,t), o
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has a unique weak solution fulfilling the initial condition
(12.90) u(z,n,0) = ug(z,n).
If ug(z,n) is continuous (resp. holomorphic) with respect to z, then so is u(z,n,t).
Furthermore, if ui 2(2z,n,t) both solve (12.89), then
W (u1(2),u2(2)) = Wy (u1(z,t),ua(z, 1)) =
(12.91) a(n,t) (ul(z, n,t)uz(z,n + 1,t) —ui(z,n + 1,t)ua(z,n, t))
depends neither on n nor on t.

Proof. Any solution u(z,n,t) of the system (12.89) can be written as
(12.92) u(z,m,t) = u(z,0,t)c(z,n,t) + u(z,1,t)s(z,n,t)

and from (12.84) we infer that (12.89) is equivalent to the ordinary differential
equation

’I.J.(Z,O,t) u(z707t) U(Z,0,0) UO('Z:O)
12.93 = —C,(z,t =
aey (G0 0) =-c=0(Glr) (ETe) = Geen)
which proves the first assertion. The second is a straightforward calculation using
(12.56) and (12.58). O

The next lemma shows that solutions which are square summable near too for
one t € R remain square summable near +oo for all ¢ € R, respectively.

Lemma 12.16. Let uy o(2,n) be a solution of H(0)u = zu which is square sum-

mable near £o0o. Then the solution uy(z,n,t) of the system (12.89) with initial

data ux o(z,n) € €% (Z) is square summable near oo for all t € R, respectively.
Denote by G(z,n,m,t) the Green function of H(t). Then we have (z € p(H))

1 { uy(z,n,)u_(z,m,t) form<n
W(U_ (Z),U+(Z)) u+(z,m,t)u_(z,n,t) fOT' n<m

Especially, if z < o(H) and a(n,t) < 0 we can choose uy o(2,n) > 0, implying
us(z,m,t) > 0.

(12.94) G(z,m,n,t) =

Proof. We only prove the u_ case (the u case follows from reflection) and drop
z for notational simplicity. By Lemma 12.15 we have a solution u(n,t) of (12.89)
with initial condition u(n,0) = u4 o(n) and hence

t 0
(12.95) S(n,t) = S,0)+2 [ Re Y UG5 Parsa(s)uli 5)ds,
0 j:*’n
where S(n,t) = Zg:_n |u(j,t)]?. Next, by boundedness of a(t), b(t), we can find

a constant C' > 0 such that 4|H,y1(n,t)| < C and 8|a(n,t)G.(n,t)| < C. Using
(12.56) and the Cauchy-Schwarz inequality yields

0
(12.96) 3 WG Parsa(e)u o) < 5 (1u(1, ) + S(r,9)).

j=-n

Invoking Gronwall’s inequality shows

(12.97) S(n,t) < <S(n,0) +C / t |u(1,s)|2e_csds) eCt
0



12.4. Time evolution of associated quantities 237

and letting n — oo implies that u(z,.,t) € 2 (Z).
Since u(z,n,t) = 0, z < o(H), is not possible by Lemma 2.6, positivity follows
as well and we are done. O

Using the Lax equation (12.22) one infers (z € p(H))

d
(12.98) ZHB) —2)7" = [Porga(8), (H(t) = 2)7']-
Furthermore, using (12.94) we obtain for m <n
d
%G(z,n,m,t) =

u—(z,m)(Pori2uq(2,.))(n) + uy (2,1) (Pori2u—(2,.))(m)
W (u—(2),u4(2)) '
As a consequence (use (12.56) and (12.58)) we also have

(12.99) =

ig(z,n,t) = 2(Gr(z,n,t)h(z,n,t) - g(z,n,t)HrH(z,n,t)),

dt

9 bz, 1) = dan, 1) (Gy(z,m, gz + 1,1)
(12.100) — g(z,n,t)Gr(2,n + 1,t))
and

D550 = ~2r4510) + 23 (g0 eWOhers (1) = Gees (Ohe (1))
=0
+ 20,11 ()35 (0),

(12:101) Thj(t) = 400> 3 (9201550 — s (0 (0)).

=0
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Moébius transformation, 38
Moment problem, 42, 52
monic, 230
Monodromy matrix, 115

Neumann expansion, 105
Nevanlinna-Pick function, 298

Newton’s interpolation formula, 123

Node
sequence, 75
Wronskian, 81
Noether gap, 281
Nonspecial divisor, see divisor
Norming constants, 174

oliton solutions, 265
Order
difference expression, 4
function, 274
Orthogonal polynomials, 40
Oscillatory, 76

Periodic coefficients, 115

Perturbation determinant, 111, 172

Phase space, 23

Picard group, 278

Pick function, 298

Pliicker identity, 50
Poisson-Jensen formula, 174
Positive divisor, see divisor
Principal divisor, see divisor
Principal solutions, 35
Probability space, 87
Propagator, 229

Priifer variables, 73

Quantum mechanics
supersymmetric, 15
Quasi-periodic, 153
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Radon-Nikodym Theorem, 300 Stone-Weierstrass, 298
RAGE Theorem, 90 Sturm, 75
Random subadditive ergodic, 91
Jacobi operator, 87 Torelli, 283
variable, 87 Thouless formula, 97
Recessive solutions, 35 Tight binding approximation, 87
Reflection, 14 Toda hierarchy, 228
Reflection coefficient, 174 homogeneous, 228
Reflectionless, see Jacobi operator stationary, 231
Relatively prime, see divisor Topological group, 100
Residue, 274 Torelli’s theorem, 283
Resolvent, 16 Total branching number, 274
Neumann expansion, 105 Trace measure, 45
set, 16 Trace relations, 120
Riccati equation (discrete), 10 Transfer matrix, 7
Riemann inequality, 280 Transformation operator, 169, 188, 212
Riemann surface, 273 Transmission coefficient, 174
Riemann theta function, 284
Riemann vanishing theorem, 288 Unstable manifold, 8
Riemann-Hilbert problem, 272 Uppersemicontinuous, 92
Riemann-Hurwitz relation, 274
Riemann-Roch Theorem, 280 Variation of constants formula, 9
Rotation number, 95 Vector of Riemann constants, 286
Vector valued polynomial, 44
Scalar product, 4, 13 Volterra sum equation, 126
Scattering data, 174
Scattering matrix, 173 ‘Weak solution, 235
Scattering theory, 129, 167 Weierstrass gap, 281
Shift expressions, 4 Weierstrass point, 281
Single commutation method, 187 Weyl
Solution bracket, 31
weak, 235 circle, 38
Spectral measure matrix, 46
Herglotz function, 299 m-function, 27, 50
Jacobi operator, 28, 44 m-function, 29, 50
Spectral projections, 28 Wronskian, 6
Spectral resolution, 28
Spectral shift function, 111 Xi function, 112
Spectrum, 15
absolutely continuous, 41, 45 Young’s inequality, 179
point, 41, 59
pure point, 41, 45 Zeros of the Riemann theta function, 286

singular continuous, 41, 45
Stable manifold, 8
Stieltjes inversion formula, 299
Stone-Weierstrass Theorem, 298
Sturm’s separation theorem, 75
Sturm-Liouville expression, 5
Subadditive ergodic theorem, 91
Subadditive process, 91
Subharmonic, 92
Submean, 92
Subordinacy, 65
Subordinacy, principle of, 68
Subordinate solution, 65
Summation by parts, 5
Supersymmetric, 15, 262
Support, 300

essential, 300

minimal, 300
Symmetric part, 15
Symmetric power of a manifold, 286
Symplectic form, 23
Symplectic transform, 23

Theorem
Birkhoff’s ergodic, 91
Lusin, 297
Radon-Nikodym, 300
RAGE, 90

Riemann-Roch, 280



