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Introduction

Discrete systems are a rich and interesting area of modern mathematics. One
needs only consider a difference equation as elementary as the logistic map to
see this: several of the most intellectually, and visually, invigorating concepts of
the twentieth century (chaos theory, fractals, Mandelbrot sets, etc.) captured in
its rudimentary structure. However, as valuable as these geometric properties
are, they will not be the focus of this thesis. Instead, the subject of our detailed
investigation will be the less famed, yet equally impressive, analytic theory of
difference operators, specifically Jacobi matrices.

A Jacobi matrix, J, is a semi-infinite tri-diagonal matrix. Throughout this
thesis we consider the Jacobi matrix as an operator acting on [?(N; C), with the
exception of Chapter 5 where the operator acts on [2(N, R). For the sake of self-
adjointness and simplicity (see Lemma 1.1.5 for more details) the off-diagonal
entries are required to be positive and symmetric, and the diagonal entries real,
consequently giving

by a1
ar by ap
ay by as

as by a4
ag bs as

Ap—1 bn Gp
Ap, bn+ 1 Anp+1

where a;,b; € R and a; > 0 for all 4.

The history of Jacobi operators is a difficult one to chart. Many trace their
origins to Jacobi’s 1845 paper on solving the least squares problem [28], al-
though they bear only a thin resemblance, in structure and style, to how we
know them today. Later, in 1850, Jacobi published another paper that showed
the eigenvalues of these rudimentary, finite Jacobi operators to be the solutions
to particular continuous fractions [29]. From here subsequent mathematicians
have established their association with three-term recurrence relations and, con-
sequently, the study of orthogonal polynomials (see, for example, [1,12]).



Still, the question arises why this class of discrete operators should be the
subject of this thesis whilst others, like CMV matrices (see, for example, [73]
or [74]), are not. There is no simple answer, only opinion and preference. One
rather persuasive argument, however, is that the much celebrated time indepen-
dent, one-dimensional Schrodinger wave equation,

W2 ()

2m  dx?

+(E = V(2)(x) =0, (2)

so ubiquitous in quantum mechanics, as well as causality and dispersion re-
lations [66], has a discrete counterpart, aptly called the discrete Schrodinger
operator with potential. This is a Jacobi matrix, and studying this simplified
version can offer sought after information and insight into the original contin-
uous problem. It is for this reason why even today the spectrum of discrete
Schrodinger operators is still a subject of much study. The likes of [27,48,58,59]
are but a few in the plethora of recent developments.

The same discretization techniques are a well-established tool for many
other continuous problems, as well, including more general differential oper-
ators. However, as this thesis will illustrate, discretization does not always
produce a more tractable problem; the lack of smoothness occasionally leading
to the need for more elaborate constraints that were nowhere to be found in
the original continuous setting (see the function C(\;T) in Section 3.2 for an
example of this). It is these types of discrepancies — rare as they may be —
that have made discrete operators such a rewarding and taxing field in their
own right.

One particular type of continuous operator that is of significance, at least
in the form of motivation, is a differential operator that is periodic due to the
presence of periodic coefficients: coefficients that repeat after a certain interval.
The Schrodinger equation with a periodic potential is a simple example, and
with regards to this thesis, the most important one. It can be used to model the
electrostatic action on an electron of the regular arrangement of atomic nuclei in
a crystal [8]. Consequently, the spectrum corresponds to allowed energy levels of
the electron and goes some way towards explaining the overall conducting and
insulating properties of the crystal. In order to better understand this theory,
one can discretize the periodic Schrodinger equation and study the discrete
analogue, which is a periodic Jacobi matrix.

It will be seen later that the spectrum for a periodic Jacobi matrix exists in
bands. An interesting problem, and one which we will explore in great detail,
is to investigate whether it is possible to change the spectrum of these periodic
Jacobi matrices with the introduction of eigenvalues into the operators’ essential
bands using sufficiently small perturbations to the potential. This creates what
is known as embedded eigenvalues (as opposed to the isolated eigenvalues that
might exist between the bands).

The first recorded instance of a technique to embed eigenvalues was the
Wigner-von Neumann method [67]. Published in 1929, it provides a way of em-
bedding eigenvalues into the absolutely continuous spectrum of a one-dimensional



Schrédinger operator with a suitable choice of a potential V' (x),

d? esin(2wz + @)
A V), V)= L)

This causes the eigenvalue E = w? to become embedded in the interval [0, 00)
of a.c. spectrum. Since then the method has been adapted to embed multiple
eigenvalues F; = w?, i =1,2,..., N [70] using a single potential

i ¢; sin 2w1x + %)
=1

More recently, the technique has been employed on periodic Schrédinger op-
erators which have several or infinitely many bands of absolutely continuous
spectrum [47,55,64], in particular, the unperturbed operators having the form

d2
da?

where Vper(z + T) = Vier () for some period T. Another method based on the
explicit solution of the inverse problem [3] also allows to embed multiple (but
finitely many) eigenvalues into the essential spectrum with a potential similar
to the above.

There are also other types of potentials with which to embed eigenvalues
into the spectrum of Schrédinger operators, although these have met with vary-
ing success. Indeed, it was proven by Eastham and Kalf that for any poten-
tial [V (z)] = o(z~ ) there are no embedded eigenvalues in the essential spec-
trum [15]. Contrarily, in [62] Naboko showed how to construct a dense point
spectrum on the interval [0, co) for self-adjoint one-dimensional Schrédinger op-
erators, with potential, V(z), of order O(C(x)/x) where C(z) — oo as 1 — 0.
Simon extended this result to embed any infinite sequence of eigenvalues into
the interval [0, 00), this time with the potential V(z) of a Wigner-von Neumann
type construction, and where |V (z)| < 51142 where g(z) = o0 as x — oo [72].
In particular the aforementioned results for Naboko and Simon use potentials
which decay arbitrarily slower than #=!. Later, the authors in [41] employed
the tool of Priifer equations to establish that the eigenvalues embedded in the
essential spectrum by perturbing the Schrédinger operator with a potential,
V(z), of Coulomb-type decay, i.e. |V (z)| < £ for some constant ¢, can only
accumulate at 0. They also devised so-called Pearson potentials such that the
absolutely continuous spectrum of the Schrédinger operator becomes singular
continuous. Similarly, the authors in [42] used the tool of Priifer equations
to extend Naboko’s denseness of eigenvalue results to Schrodinger operators,
where the background potential is no longer zero, but possibly periodic. The
discrete analogue of the Priifer equations, EFGP equations, were also discussed
here and applied to the discrete Schrédinger operator to show that much like in
the continuous case, Pearson potentials could be found such that the absolutely
continuous spectrum becomes singular continuous.

+ Vper ()



This illustrates that the subject of embedded eigenvalues has also been well
studied for Jacobi matrices. For example, in [71], Simon showed that for a 2-
sided discrete Schrodinger operator with a particular power decaying potential,
Gn ~ O(n*%“), the operator has point spectrum almost everywhere in the
interval of essential spectrum [—2,2]. Later, in [65], Naboko and Yakovlev
extended the former’s result in [62] to the discrete Schrodinger operator, showing
that for some potentials (g,,) of the form |g,| < €» with C,, increasing arbitrarily
slowly (and therefore ¢, decaying slower than the Coulomb-type), the point
spectrum is dense in the interval [—2,2]. Published in 2002, Krutikov used
the EFGP transformation to establish that the discrete Schrodinger operator
with any Coulomb-type potential, and eigenvalues A\; € (—2,2), is such that the
following inequality is always satisfied

[ee] AQ 2
Z<1_j> LOF2
4 2

Jj=1

Consequently, this gives that the set of eigenvalues inside the interval [—2,2]
is at most countable with only two possible accumulation points —2 or 2 [46].
Interestingly, the strategy is the same as used as in the continuous case [41],
however the details are considerably more complicated to calculate which attest
to the fact that the results for the discrete setting are not always a simple
corollary of the continuous counterpart. In [45] Kriiger showed that for the
discrete Schrodinger operator with parameterised boundary condition, Hg, and
Wigner-von Neumann potential

d
Gn = kn Z b; cos(2m(an + x;)),
j=1
for parameters o, b;,z; and d, where k,, is a sequence decaying monotonically
to zero, that there exists 8 € RU{oo} such that Hg has an eigenvalue embedded
in the absolutely continuous spectrum. More recently, Lukic and Ong have used
EFGP equations for periodic Jacobi matrices with perturbations of a Wigner-
von Neumann type, ¢, = Sinrgifﬁ), v > 0, to show that such perturbations leave
the a.c. spectrum of the periodic background operator unchanged (see [56] for
the discrete setting and [55] for the continuous).

Although no immediate applications have been found for embedded eigen-
values in this discrete case, in the continuous settings the physical motivations
are quite surprising. Originally, the oscillating potentials and diffractive inter-
ference involved were considered mere oddities with little physical applications,
however, due to the Schrédinger equation’s key role in quantum mechanics, it
has since been suggested that these bound states might be found in particu-
lar molecular and atomic systems [13,18,25,76-78]. Indeed, physical evidence
has actually been recorded to support these assertions in semi-conductor het-
erostructures [9].

The purpose of this thesis is to explore various techniques with which to em-
bed eigenvalues into the essential spectrum of Hermitian periodic Jacobi opera-
tors. This will involve generalising some approaches already established for the



discrete Schrodinger operator with zero potential (DSO) to the more arbitrary
periodic analogue, and investigating what additional conditions these demand.
The discrete analogue of Wigner-von Neumann type perturbations and elab-
orate geometric constructions will also be employed to achieve this. However,
before embarking on these more original aspects of the thesis, we gather together
a collection of results on the spectrum of unperturbed Hermitian periodic Jacobi
operators to serve as a foundation. Indeed, with some noticeable exceptions,
such as Stolz [80], Teschl [82] and Elaydi [17], there is little in the way of easily
available introductory material to this field, and therefore by reproducing the
background theory so thoroughly in the early chapters, it is hoped that this
thesis can serve as another helpful monograph on the subject.

The structure of the thesis is as follows:

In Chapter 1 the spectrum of the DSO is analysed. By exploring these
elementary, established results certain key concepts are discussed, such as the
discrete and absolutely continuous spectrum, Weyl-sequences, Gilbert-Pearson
theory, and the transfer matrix approach to solving recurrence relations. These
provide a gentle introduction to the area and a sound basis on which to build
the more advanced, original arguments that constitute the heart of the thesis.

In Chapter 2 some basic results of Hermitian period-T Jacobi operators are
considered. However, although already accepted by those working in the field,
there are several results whose proofs are hard to come by in the literature,
and so original alternatives have been provided. The importance of this chapter
rests in establishing the general absence of point spectrum for periodic Jacobi
operators without a potential, and the conditions on the potential for which
we are unable to embed an eigenvalue. This provides the inspiration, and also
conceptual starting point, for investigating techniques that will perturb the
operator enough to embed an eigenvalue into one of its intervals of essential
spectrum. It is this aim that governs the next few chapters.

In Chapter 3 the first of the embedding techniques is proposed. The Wigner-
von Neumann method, previously used for perturbing continuous Schrédinger
operators, is here applied to their discrete counterparts. In particular, we con-
sider perturbations of Hermitian period-T" Jacobi matrices, and unlike other
methods in the literature assume a simple structure for the eigenvector a priori.
From this we infer the structure of the potential (which is more complicated
than the eigenvector) but asymptotically resembles a Wigner-von Neumann
type. The asymptotic behaviour of the subordinate solutions is investigated,
as too are their initial components, together giving a general technique for em-
bedding eigenvalues into the operator’s absolutely continuous spectrum. The
finitely many elements of the a.c. spectrum for which this method fails are also
described. Additional details surrounding some of the arguments can be found
in the appendix.

In Chapter 4 another embedding technique is discussed. Whereas we as-
sumed the structure of the eigenvector from the outset in the previous chapter,
we now assume the structure of the perturbation — a Wigner-von Neumann
type potential to be precise — and use discrete Levinson techniques to embed
eigenvalues into the absolutely continuous spectrum of a Hermitian period-T'



Jacobi operator. Note that discrete Levinson tools were also used to study
the spectrum of Jacobi matrices in [31] and [32], but the operators here were
unbounded and the main focus was on investigating the asymptotic behaviour
of solutions to the formal spectral equation without consideration to explicit
eigenvalues. Contrarily, we discuss how to devise subordinate solutions for an
arbitrary (possibly infinite) set, and consider the special case of embedding a
single eigenvalue in some detail. An analogue of the quantisation conditions
from the continuous case also appears, relating the frequency of the oscillation
of the potential to the quasi-momentum associated with the eigenvalue. This
argument can be seen as the discrete analogue of [47].

In Chapter 5 the geometric method devised by Naboko and Yakovlev, pre-
viously used to embed eigenvalues into the essential spectrum of the discrete
Schrodinger operator [65], is here applied to Hermitian period-T" Jacobi oper-
ators. Moreover, the rational dependence conditions from [65] on the quasi-
momenta, #(\), are relaxed so that with the exception of points satisfying
6(\) = % any individual element in the generalised interior of the essential spec-
trum (see Definition 1.3.7) is embeddable. We also explore the conditions that
permit the simultaneous embedding of finitely many eigenvalues whose quasi-
momenta are (possibly) rationally dependent with each other and 7, alongside
infinitely many of those with rationally independent quasi-momenta. Unlike in
the previous two chapters where either the eigenvector or potential was explicit,
here we have an explicit formula for neither.

In Chapter 6, we discuss the ansatz approach which deals with devising
potentials and eigenvectors for specific elements of the generalised interior of
the essential spectrum, namely those A which have quasi-momentum rationally
dependent with w. In Chapter 7 conditions are discussed for the potential
that if satisfied either prohibit or guarantee the existence of a single embedded
eigenvalue in an interval of the essential spectrum for a Hermitian period-T
Jacobi operator.

Finally, we conclude the thesis with a brief discussion of the respective ben-
efits and disadvantages of each of the three main techniques (Wigner von Neu-
mann, discrete Levinson, geometric) to embed eigenvalues. Note that due to its
limited scope, we ignore the ansatz method.

For the reader who still has reservations about the utility of difference oper-
ators, this section is concluded with a quote by the revered mathematician, and
pedagogue, Gilbert Strang [81]:

“Calculus is mostly about one special operation (the derivative) and its in-
verse (the integral). Of course I admit that calculus could be important. But so
many applications of mathematics are discrete rather than continuous, digital
rather than analog. The century of data has begun!’



Notation

Throughout this thesis an infinite vector z := (xz)fi
space [1(N;R) iff z; € R for all i and

Z || < o0. (3)

Similarly, z € I}(N,C) iff x; € C for all i and satisfies (3). The sequence z
belongs to the sequence space [?(N;R) iff #; € R for all i and

el = (Z |xz-|2> < . (4)
=1

Likewise, z belongs to the sequence space [?(N;C) iff z; € C and satisfies (4).
The sequence x belongs to the sequence space [°°(N;R) iff z; € R and

1 belongs to the sequence

2]l o = sup|xi| < o0 ()
ieN

Similarly, the sequence x belongs to the sequence space [°°(N; C) iff z; € C and
satisfies (5).
We will also deal with the inner product on the space I (N;C) , (-,-) where

<£7y> :sz@u §7y612(N7(C)5
=0

and where 7, denotes taking the complex conjugate of element y;. The inner
product (-, -)¢n : C* x C™ — C will always denote the standard complex inner
product, i.e. for z := (z1,... ,xn)T,g = (y1,...,yn)T €C"

n
(@, y)en =D 2T
=1

If the context is obvious, we will for simplicity let (-,-) denote (-, )¢n.
n
Many arguments will involve taking the matrix product, say [] M;. It
i=1
should be stressed that this will always be the ordered matrix product starting
from the right, i.e.

n
H M; = M,M,,_1 ... MyM.
i=1
In later chapters we will investigate and discuss the asymptotic behaviour
of certain sequences, and this will understandably involve the usage of several
symbols from the asymptotic branch of mathematics, which we define now. For
functions f(z), g(x) we have that

f(x) =0O(g(x)),z — oo, if and only if |f(x)| < k1 |g(x)],



for all x > z¢ and for some k; > 0 and zg € R. Similarly,

f(z)

z) =o(g(z)),r — oo, if and only if lim ~—=* =0,
f(x) = olg(a)) it tim 2
f(z) ~ g(z),z — oo, if and only if lim f) =1

z—oo g(x)

and
f(x) < g(x),x — oo, if and only if k1 |g(z)| < [f(z)| < k2 |g(z)],

for all x > z¢ and ki,ks > 0 and 2o € R.
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Chapter 1

Jacobi operators and the

discrete Schrodinger
operator (DSO)

The Schrodinger equation is widely used, and studied, in the field of quantum
mechanics, modelling the evolution of a quantum system with respect to time;
the solution ¥ (z,t) to the equation giving the likelihood of a particle appearing
with position x at time ¢. In this chapter, the spectral properties of its discrete
analogue, aptly named the discrete Schrodinger operator (DSO), are studied
where the DSO is defined to be the Jacobi operator, Jy, with b; =0 and a; = 1
for all 4, i.e.

0 1

1 0
1

—_ O =

JO = (11)

— O
—

More generally, the purpose of this chapter is to introduce some of the con-
cepts and theorems that will be used to produce the more original and innovative
parts of the thesis. For this reason, several of the results presented in this section
will be superseded by other theorems, valid for more a general class of Jacobi
matrices, later on.

1.1 Preliminary results for Jacobi operators
Before discussing the DSO, it is best to introduce some of the more elementary

results known for Hermitian Jacobi operators, J, with entries (an)n>1, (bn)n>1
and structure as in (1).

11



Lemma 1.1.1. Let a := (an)n>1 € I°(N;R), b := (by)n>1 € I°(N;R). Then,
for the Jacobi operator, J, we have the estimate

1711 < 2lalloc + [1blloo
where || J|| is the operator norm of J as an operator in I2.

Proof. Let x := (2,)n>1 be an arbitrary element in [*(N;C). Then

oo
H<]2||2 = |bizy + (11952|2 + Z |ai—12-1 + bix; + aiiﬂz‘+1|2
i=2

o] 2
2
< (Jbllos 1] + llalloo|z2)* + (Ialloo(lxi—ll + lipal) + IIblloolin)

=2

o0 o0
<11BI1Z D il + 2lalloo 1Bl (22 |$z’1$i|>
=1 =2
o0 o0 o0
a2 (z T |)
1=1 1=2 1=2

Then, using the Cauchy-Schwarz inequality (see, for example, Lemma 1.7 in [22])
on the series with |z;x;—1] and |x;_1x; 41| terms, as well as introducing additional
|71|2, |x2]? terms we obtain

(o) o0
1T2lI* < 11l13 Y l2if* + 2llalloo 1blloo <22 |in2>

=1 =1

+ llal% (Z il + ) lail® + QZ |55i|2>
i=1 i=2 i=1
< (4llall3 + 4llallcllblloe + N1Bl12:) llzl* = (2lallsc + l1blle)* 1.
This implies
1711 < 2llalloc + [1bllo)- O

Remark Later, in Lemma 1.4.1, we establish that for the discrete Schrodinger
operator, Jy, o(Jy) = [—2,2]. Therefore, using that the spectral radius for a
self-adjoint operator is equal to its norm, we have that ||Jo|| = 2 and thus the
inequality in Lemma 1.1.1 is sharp.

In fact J is bounded if precisely ¢ and b are bounded.

Lemma 1.1.2. A Jacobi operator, J, is bounded iff a := (ap)p>1 and b :=
(bn)n>1 are bounded.

Proof. (<) If a and b are both bounded then the operator is bounded with an
operator norm which can be estimated by Lemma 1.1.1.

12



(=) Assume either g or b is unbounded and define the sequence
T

e; :=(0,0,...,0,1,0,...)

which has 1 in the i-th component and 0’s everywhere else. Then |le,;|| = 1 and
Je; =a;_1e; 1 +bie; + A;€i4 1,
which implies
[ e;|? = ai_y + b7 +ai.
Moreover, since either a or b is unbounded, we obtain for a subsequence
[7€;]] = o0

as ¢ — oo. We see that J is unbounded, and by contraposition the result is
proven. O
Corollary 1.1.3. The discrete Schrodinger operator, Jy, is bounded.

Note that in the introduction it was stated that the Jacobi operators con-
sidered in this thesis have positive off-diagonal entries for the sake of self-
adjointness and simplicity. However, a Jacobi operator with off-diagonal entries
that are complex, but are such that

b1 a1
ar by ao
a2 b5 as
as ba a4

an-1 bn an
a'n, bn+1 An+1

can also be self-adjoint, as illustrated by the following result.
Lemma 1.1.4. For a := (ap)n>1 € I®(N;C) and b := (bp)n>1 € I(N;R) the
Jacobi operator, J, is self-adjoint.

Proof. Define ag := zo := yo := 0. Then for = (2,)n>1,Y = (Yn)n>1 both in
12 and possibly complex, the following holds

<=7L y) = Z (@i1mio1 + b + a;wig1)y;

s
Il
-

M

K2

o0 o0
a;_1T;—1Y; + Z biziy; + Z ;T 417,
im1 i=1

Il
—

[ee] oo
Tja5Yj4q1 + Z by + Z Tjaj-1Y;-1
j=1 =0

o

<.
I
o

zj (4171 + b7, + @7,41) = (2, Jy). O

o

<.
Il
—
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Remark It should be noted that the last line of the calculation holds because
(bn) is real, in particular b; = b;. Thus for self-adjointness it is a necessary
condition for the diagonal entries to be real, as well as the off-diagonal being
complex conjugates as described in (1.2).

The next lemma will show that in our situation we can reduce our consider-
ation to those Jacobi operators with positive off-diagonal entries.

Lemma 1.1.5. Let a,, := (ay)n>1 € [°(N;C), b := (by)n>1 € [®°(N;R), J as
in (1.2) and J).| such that

b1 |a1\
lar] b2 a2l
laz| b3 |as|
las|  bsa a4l
Jpp= . .
lan—1]  bn  lan]

|an|  bnt1  |an+i]

Then the Jacobi matrices j, J).| are unitarily equivalent.

Proof. Define the diagonal matrix D with entries, (d,)52,, where

al as||ay asz||az||a1
dl::1’d2::uad3::| || |7d4::| || H |7"'a
aq a201 azazay
n—1
I1 lasl
d = i=1
n

n—1 '
[T ai
i=1
Then |d;|> = 1 for all 4, implying D is bounded and unitary. Moreover

|d1l2b1 g1 daay B
didsaq |d27‘2bg dadsasg B
dadsas |d3 |2b3 dsdyas

D*JD =

dnflananfl |dn|2bn 8ndnJrlfln

= Ji- 0

Remark If two operators are unitarily equivalent, then their spectra are iden-
tical (see, for example, Section 73 of Chapter VI in [2]). Therefore to study
complex self-adjoint Jacobi operators it is sufficient to only study their posi-
tive off-diagonal counterparts. It is because of Lemma 1.1.5 why only Jacobi
operators with positive off-diagonal entries are discussed in this thesis.
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The Jacobi matrices featured throughout are self-adjoint, consequently per-
mitting the Spectral Theorem for self-adjoint operators [44] along with the
Lebesgue Decomposition Theorem [11] to be employed. This gives the following
decomposition for the spectrum, o, of the self-adjoint Jacobi operator, J:

o(J) = UP<J) UUa.c.(J) Uos.e(J) (1'3)

where 0}, 0q.c., 0s.c. denote the point spectrum, absolutely continuous spectrum
and singular continuous spectrum, respectively (see, for example, Section VII.2
n [69] for more detail). However, this decomposition of the spectrum is not
necessarily disjoint. For one that is consider:

o(J) = 0gise(J) U oess(J), (1.4)

where 045, 0ess denote the discrete and essential spectrum, respectively (see,
for example, Section VII.4 in [69] for more detail). The essential spectrum con-
tains the absolutely continuous and singular spectra from (1.3) and the eigen-
values of the point spectrum that have infinite (geometric) multiplicity as well
as any accumulation points; whilst the discrete spectrum contains only isolated
eigenvalues with a finite (geometric) multiplicity.

Remark Note that for a Jacobi operator there are no eigenvalues of infinite
multiplicity. This follows from the fact that when an eigenvector is prescribed
the first term, wuy, determines all the subsequent ones uniquely. Indeed, each
eigenvalue is of multiplicity one.

Remark The motivation behind taking the closure of the point spectrum fol-
lows from the fact that in general operator theory it is possible to have eigenval-
ues accumulate. However, this is not necessary here due to the fact that in most
cases we will be dealing with finitely many eigenvalues, and where there are in-
finitely many eigenvalues, they will be embedded and therefore already belong
to the a.c. spectrum (which is closed). Thus, for the particular Jacobi operators
J we deal with in the thesis (periodic self-adjoint or periodic self-adjoint with
a compact perturbation) we have the relation

o(J)=o0p(J)Uog.c(J)Uose ().

1.2 The essential spectrum of the DSO

First let us introduce a way to characterise the essential spectrum of an op-
erator without the usual, and constructively unhelpful, reference to Fredholm
operators.

Proposition 1.2.1. If for a particular X € C there is a sequence, (z,,),cy, 0
the domain of the operator J such that

1. (J =Xz, =0 asn— oo,
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2. ||z, |l =1, for all n,

nl

weak

3. x, — 0, asn— oo,

n
then (z,,)nen is called a singular sequence and A belongs to the essential spectrum
of the operator J.

Remark Note that Conditions 1 and 2 together are equivalent to

I = Nall

[E:

as n — oo, and we can use this instead. Also, if Conditions 1 and 2 are satisfied
then A is in either the essential or point spectrum of the operator. However,
if Condition 3 is also satisfied then we know for sure that A is in the essential
spectrum.

In order to calculate the essential parts of the DSO spectrum the following
lemma will be needed:

Lemma 1.2.2. Let A € (—2,2). Then there exists a sequence {P,(A\)}52, and
co(A) € (0,1] such that for large enough N

HP ()}l = oMV,
where {P,,(\)}22, is the solution to the recurrence relation
Pr_1(A) = APy (A) + Py (M) =0,n > 2 (1.5)
with P1(A\) =1 and Py(\) = A.

Proof. (Step One) We first calculate the general structure a vector solution must
have in order to satisfy the recurrence relationship (1.5) and also the initial
conditions. Assume z := (z,,),>1 is an element of [*(N;C) such that (1.5) is
satisfied as well as the initial conditions. Then without loss of generality z; =1
and z satisfies the following two conditions:

Tro = )\Il (16)
and
Tn—1+ Tnt1 = ATn, (1.7)
for all n > 2.
Using the ansatz z,(A\) = p"()\), the recurrence relationship can be solved
to obtain
PPN ) = At (V) = TPV = A
= 2N =M\ +1=0 (1.8)
= puA) = px(X),
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where g ()) 1= AEVAT=4 V2’\2*4 and noting that [py (M) = [p—(A)| = 1, up-(Mpu—(A) =
1 for A € (—2,2). (Indeed the last relation holds for all A € C).

Since the sequences (ui)n N and (,u are linearly independent, the
general solution of (1.7) is

71)n€N

2a(A) = CN)p(A) + DN, (1.9)

where C(\) and D(\) are constants, in A\, determined by substituting (1.9) into
(1.6). This produces

11N =1 <= COus(N) + DM (N) = 1, (1.10)

22(X) =X = C)ELN) + DMEZ(N) = X (C(A\)ps(A) + D(/\)u—(/\()) 0
1.11
Consequently,

0= gy (1 7=) PO~ o (- )

(Step Two) We now find a lower bound for the sum of squares of the first
N components from the above vector solution, i.e. a lower-bound for the norm
[{P(N)}Y_1||. For A € (—2,2) we obtain,

Pu(X) = COVML(N) + D™ (V) (112)

oo () )

Then,

[Pa (M)

I
o
>
S—

N
3
=
_|_
o
>
=

where z(\) := Ztg‘\g Recalling that |py(A)| = |u—(N)] =1 for A € (=2,2) we
see that z(A) is on the unit circle. Then, there are a total of two distinct cases
depending on the location of —D(A)/C(\):
Case A: If —D(X)/C()) is outside or inside the unit circle, D, then geomet-
rically it can be seen that
[Pr(N)] = co(N),

where

co(A) := |C(\)|dist (]D), _D(A)) :
Therefore

P31l = co(MVN.
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Case B: If —D(A)/C()) is on the unit circle then using zo(A\) = —Dy
with [z0(A)] = 1,

N
{Pa (N} I1° = Z A) + 20(N)[? (1.13)

mn

N
=[CIP D E" ) +20(0) N + 20(V))

N
= [COP D (2P + 20020 + 200" () + 20N )

N
=1CP Y @2+ 200N + 202" (V)

e 2Nz —20") | 2Nz — 2V (V)
= |C(N) <2N+ 300 + =y > (1.14)

Now observe that

20Nz (L= 2N _ oW = 20" |1—@n\

1=z - 11—z IEER]
L4+ [N 2

1z 1z

and is thus bounded for all n € N. Using that %W is the conjugate
of the above, we see that it too is bounded for all n € N. Consequently, for any
N sufficiently large, and some K (X) € R, we have

o 4 AL =20 | 2= - 2V ()

00 oY) >2N — K()\),
HPA () HZ = IC)IV2N = K(V) = [CO) VN (1.15)
for sufficiently large V. O

The following result is necessary to prove the next lemma for the DSO.

ers (n)yoo
Proposition 1.2.3. The sequence u;, Uy, Us, ..., Uy, ..., wWhere u, = (u; )72,

weakly converges to 0 in I*(N;C) iff (a) ||lu,|| < « for some a, and (b) u(n) —0
as n — oo for each i € N.

Proof. See result 4.8-6 in [44] for details. O

Now we can state the following important lemma for the DSO:
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Lemma 1.2.4. Let A € (—2,2) and P(\) be as in Lemma 1.2.2. The sequence

— 1 T
1) = s (AN P30,

s a singular sequence for Jy — \.

Proof. From Proposition 1.2.1 there are three conditions to be satisfied. Observe
Condition 2 is immediately obeyed. To fulfill the others apply Lemma 1.2.2 to
obtain the relation

1
PE(A) + -4 P2()\)

(|Pn_1<x>|2 NP B

17— N W] = (110 = APV + 1PV

1
<
~ PEN) 4+ + P2())

+ (=N Pa(N) Pt (V) + PPN + IPn(A)I2>

1
<
= PEN) 4+ P2(N)

+APICO+ DN + (ICN)] + ID(A)I)2>

((C(/\)I +[DYD? +2A(C)] + [D(V))?

1
< e (ICVI+ D2 + 21+ A7) — 0,
5 (A)n
as n —> oo. Thus the first condition is satisfied.
By invoking Proposition 1.2.3, the third somewhat intimidating condition is
broken into two more manageable ones. The first criterion, (a), requires that

the sequence ||u,, || < a for some « > 0 and is obviously satisfied since ||u,| = 1.

The second, (b), requires that (ugn)) — 0 as n — oo and is satisfied by the fact

that the i-th component of the n-th element of the sequence, ugn)()\), is such
that for large enough n,

P\ P\

™ ()] = W < PN

VPEA) 4 -+ P2V | T co(M)vn

by Lemma 1.2.2, which tends to zero as n — oo. This completes the proof. [
This gives the following description for the essential spectrum of the DSO:
Corollary 1.2.5. For the DSO we have that
[—2,2] C 0ess(Jo)-

Proof. By Proposition 1.2.1 and Lemma 1.2.4 we have that the open interval
(—2,2) belongs to the essential spectrum. The closure follows from the fact that
the essential spectrum is always closed (see, for example, Theorem VIIL.9 in [69]).

O
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It will be shown later in Section 1.4 that the closed interval [—2, 2] is indeed
the whole of the essential spectrum for the DSO. But, first, we present an
alternative technique that will reproduce the results of this section.

1.3 Gilbert-Pearson theory

In the previous section the essential spectrum of the DSO was discussed. How-
ever, the techniques employed there, although valid, are too specific to be gen-
eralized to arbitrary periods, which will be one of the aims of this thesis. Thus,
before moving onto any other aspect of the DSO spectrum, here we explore an
alternative approach to describing the essential spectrum of a Jacobi operator
which will also hold for the Hermitian periodic Jacobi operator, Jr where

b1 a1
ar by ag
az bz as

ar—1 br ar
ar b1 @
Jr = ar by a

ar—1 br ar
ar b1 @
ap by a

(1.16)
with a; > 0,b; € R for all 7. It should be stressed that when we refer to periodic
Jacobi operators we are specifically referring to Hermitian operators like Jp
even if the Hermitian requirement is not explicitly stated.

Firstly, consider the theory of transfer matrices. As has already been seen,
the study of eigenvectors of Jacobi matrices is inextricably linked with three-
term recurrence relations, specifically the initial condition

(bl — )\)Ul + ajus = 07 (117)
and the formal spectral equation
p—1Un—1 + (b — Ny + aptipy1 =0,n > 2. (1.18)

Transfer matrices provide a way to capitalise on this relationship and permit
the computation of the next component in the solution (u,) if the preceding
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two are already known. In particular, (1.18) is equivalent to
Un _ 0 1 Un—1
() (% o) ()
Up—
= B,(\) ( unl >

- Bn(/\)Bn_l()\)Bn_g()\)...Bg(/\)Bl(/\)( to )

Uy

for some matrices B;(\).

Remark By defining ug := 0 we see that both (1.17) and (1.18) are satisfied
by the transfer matrices. Moreover, to obtain a non-zero solution (uy,),>1 to
recurrence relations (1.17) and (1.18), it is a necessary condition that uy # 0,
and we also observe that changing the size of u; by a non-zero factor, C, simply
changes all the other components in the vector solution by the same factor
C. Thus, without loss of generality set u; := 1. However, in many cases we
will consider (1.18) without (1.17) and therefore not make the assumption that
Uy = 0, Uy = 1.

In the case of the DSO

Bi(A) = ( Pl i\ )

for all 4, and so (1.19) can be more explicitly stated as

(2)-(5 ()
(5 o

Remark It should be stressed that the transfer matrix technique does not
guarantee the decay that we need for an [?(N; C) solution, or, in fact, any decay
at all; it only produces a vector that solves the system of recurrence-relationships
demanded by a candidate eigenvector.

Now that we understand the mechanisms with which we may find a solution
to the recurrence relations, we define what it means for a solution to (1.18) to
be subordinate:

Definition 1.3.1. Let u := (uy)n>1 be a non-trivial solution to (1.18) for a
given A € R. Then (uy,) is said to be subordinate if and only if

N
> lanl?,
n=1

for any solution v := (v,)n>1 of Equation (1.18) not a constant multiple of u.

N

=0, where ||z||y =
N=oo [|u]|w
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Remark Simply because the solution decays does not mean that it inhabits the
sequence space [2, which will be needed for the subordinate solution to become
an eigenvector and the corresponding A an eigenvalue. Indeed, for the subordi-
nate solution to become an eigenvector the initial condition (1.17) must also be
satisfied. We will see in Chapters 3 and 4 (where we deal with embedded eigen-
values) the difficulties that arise when trying to impose the initial conditions
on subordinate solutions. Note that in these chapters we do not encode the
initial conditions into the transfer by setting ug := 0 since the method involves
first understanding the asymptotic behaviour of a solution and then working
back through the series of entries to the initial components, rearranging the
recurrence relationships to compute the necessary values.

According to Gilbert-Pearson theory [21,39,40] a detailed description of the
spectral structure for periodic Jacobi operators can be inferred from the exis-
tence or non-existence of subordinate solutions to the formal spectral equation
(1.18). We reproduce an abridged version of this result tailored to our situation
now (see, for example, Theorem 3 in [40] for more detail).

Theorem 1.3.2. Let Jp be a Hermitian periodic Jacobi operator and
Fae = {X € R : no subordinate solution of the recurrence relation (1.18) exists}.

Then
Ua.c.(JT) - ya.c.

where 04.c. is the absolutely continuous spectrum.

To illustrate the above let us consider again the DSO. We now see that we
could have instead diagonalised the matrix in Equation (1.20) to obtain

(un )= (o ("5 5 ) o) ()
=V ( “10()‘) u’io(A) >V‘1()\) < Z(l’ ) (1.21)

where py()\) = AEVAT=A VZ.)‘L“ and the columns of V() are the eigenvectors corre-

sponding to gy (), u— () respectively. Consequently, for A € (-2, 2),
p-(N) = pr(N) = e (N7 [pe (V)] =1,

i.e the eigenvalues, p14+(\), of the transfer matrix are complex conjugates and
reside on the unit circle. They will now be denoted as p(A), u(\). Then for any
two arbitrary non-zero solutions to the spectral equation (1.18), u := (uy,),v :=
(vn), we have

wa(N) = e (" (N) + a0, v (A) = es(V™(A) + ea Vv,

for complex constants ¢1(\), ca(N), c3(A), ca(A) where |1 (A)] + |e2(A)] > 0 and
les(N)] + ea(A)| > 0. Clearly, since |u™(N)]| = [u™(N)| = 1, we have that

[un (M) < lex (V)] + le2(V], [on (V)] < [es(M)] + |ea(A)] =: k1 (A), (1.22)
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for all n, and furthermore by (1.21) we have

()= (oo ("7 ) o) ()
v

RN
I(2 Y <wemv-on|( )|
()

in particular ko(\) < |un|? + |[uns1|? for all n where ko(\) is strictly positive
providing ug, 1 are not both 0.
This implies that

which implies

Therefore,

)

H( = )|z oo

Un+1

lullzn o o Nk (N)
N—oo HQHQN ~ Nooo Nkl()\)

(1.23)

for non-zero constants ki (\)(from (1.22)) and ko(A), and so (1.23) cannot tend
to zero as n tends to infinity. Therefore, for the DSO, there are no subordinate
solutions for A € (—2,2), and so by Theorem 1.3.2

[_272] - Ja.c.(JO)~ (124)

Note that the closed interval appeared above, rather than the open, because the
a.c. spectrum is always a closed set.

Remark Given that an eigenvector is just a special kind of subordinate so-
lution, the calculations above which establish the absence of any subordinate
solutions in the interval (—2,2) also tells us that there are no eigenvalues here
either.

Let M(A) denote the monodromy matrix for a T-periodic Jacobi operator,
which is defined to be the product of the corresponding periodic transfer matri-
ces, i.e. M(A):= Bp(\)...B1(\). We obtain the following characterisation for
A € C depending on the eigenvalues of the monodromy matrix, M(\).

Definition 1.3.3. Let Jr be a periodic Jacobi operator and M(X) be the asso-
ciated monodromy matriz with X € C. The hyperbolic points are those A\ that
produce a monodromy matriz with two real eigenvalues, i, ps where |pi| > 1
and |p2| < 1. The elliptic points are those \ that produce a monodromy ma-
triz with two distinct complex eigenvalues, w, it of modulus one. The parabolic
points are those \ that produce a monodromy matriz with one eigenvalue, equal
to either 1 or —1, with algebraic multiplicity 2.
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We can also use the trace of the monodromy matrix to characterise the
hyperbolic, elliptic, and parabolic points.

Lemma 1.3.4. For A € C we can distinguish the hyperbolic, elliptic and parabolic
points by | Te(M(X)] > 2,| Tr(M(X))] < 2,| Te(M(N))] = 2, respectively.

Proof. Given that the determinant of a matrix is equal to the product of its
eigenvalues and

det M()\) = det (Br(\)Br_1 ... Boa(A\)B1(\))
:det(BT( )) (BT L) ... det(Ba(\)) det (B (X))

= .. =1
ar ar-—-i a2 a1

for all A € C, we have that the product of the eigenvalues of M(\) is always
equal to 1. In particular, if u1, uo are the eigenvalues of M (M), then pyps =1
and therefore yp = py'. If gy € C\ R then recalling that ju; is an eigenvalue
and therefore a root of a quadratic equation in A (with real coefficients since
other than A the entries in M () are real) we have that ps must be the complex
conjugate of py with modulus 1. Consequently, from the fact that the trace of a
matrix gives the sum of its eigenvalues, we have that in this case | Tr(M(N))| =
|2Re(p1)| < 2. If py, po are real then there are two cases. Either, 1| = |p2| =1
with pu; = pe, in which case | Tr(M(N))| = |u1 + pe2| = 2; or u1] > 1, |us] < 1
which implies | Te(M(X\))| = |u1 + i| > 2. O

Consequently, for those A that are elliptic and parabolic, i.e. |Tr (M (X)) | <
2, we can use a technique similar to the one that was used to obtain (1.24) and
show that A lies in the absolutely continuous spectrum, o, .. (Jr). For those A
that are hyperbolic, i.e. |Tr (M(N))]| > 2, we have that A lies in the resolvent
or the point spectrum, p(J7) U 0, (Jr). Indeed as A — Tr M (A) is continuous,
the a.c. spectrum for a period-T" Jacobi operator appears in bands:

Cae(Jr) ={X€R | Tr(M()\)) < 2}. (1.25)

Observe that the parabolic points belong to 0. (Jr) by Theorem 1.3.2.
However, it should be stressed that we may have subordinate solutions here,
although if we do they are non-decaying (see Section 1.4 for a more detailed
discussion of this in a particular example). Consequently, since an eigenvalue
demands a decaying subordinate solution we see that an eigenvalue can only
occur inside an interval of hyperbolic points for a periodic Jacobi operator.
This leads to the following;:

Lemma 1.3.5. For a Hermitian periodic Jacobi operator, Jr, there exist at
most two eigenvalues in any interval of hyperbolic points and each has geometric
multiplicity one.
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Proof. The result rests on the fact that we can construct a 2-sided periodic
Jacobi operator, Jg, where

ar—z br_1 ar—
) ar—1 br ar
Jg = b
ar 1 a1
ap by ao

i.e. an extended Jacobi operator which acts on [?(Z;C) rather than [?(N;C),
from the Hermitian periodic operator Jr (its contribution in blue) using the
so-called Glazman procedure. In particular,

Ja=Jr @ Jy + Ro,

where J,, is unitarily equivalent to a (1-sided) Hermitian periodic Jacobi opera-
tor (its contribution in red) and Rs is a Hermitian self-adjoint rank-2 perturba-
tion (its contribution in black). Clearly, J; has no eigenvalues since any solution
to the eigenvalue equation would be decaying in one direction, but expanding
in the other, and so o,(Jg) = 0. Moreover,

op(Jr @ Jy) = op(Jr) Uop(Jy),

which implies
0(Ja — Ba) = 0,(J1) Uy(J,).

Also, as the hyperbolic intervals are gaps in the essential spectrum, a rank-n
perturbation can at most add n eigenvalues along any interval of hyperbolic
points (see, for example, Theorem 3 of Chapter 9 in [7]). Therefore, since the
hyperbolic intervals of J, and Jp are the same (due to their respective mon-
odromy matrices being inverses of each other) we have that on any hyperbolic
interval of Jp there are at most 2 eigenvalues. The details of the geometric mul-
tiplicity follow from the fact that due to the recurrence relationships involved
as soon as the first component of the eigenvector is defined so are all subsequent
ones. O

Remark Although it is not actually proved in [40], it does follows from their
working that for a Hermitian period-T' Jacobi operator, Jr,

Us.c.(JT) = ®7

where o, .. denotes the singular continuous spectrum. Specifically, we have from
Theorem 3 in [40] that the essential support for the singular measure, .75, is
composed of those A € R such that a subordinate solution of the recurrence re-
lation (1.18) exists and satisfies the initial condition (1.17). Then, by (1.21),
we have that the only possibility for subordinate solutions is either at the end
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points of the bands of a.c. spectrum or in the intervals of hyperbolic points (see
Definition 1.3.3). However, we see in the remark to Theorem 2.1.9 that there
are at most 27 bands of absolutely continuous spectrum (which gives 47 end
points with possible subordinate solutions) and also at most 27 + 2 eigenvalues
from the collection of hyperbolic intervals. This means that .7 is finite (at most
67 + 2 entries in total); however, a necessary condition for the singular continu-
ous spectrum to be non-empty is that the cardinality of the essential support for
the singular measure be uncountable (see, for example, the discussion following
Theorem 3 in [21]). Thus, we deduce that o, (J7) = 0.

This leads to the following important corollary.

Corollary 1.3.6. For a Hermitian periodic Jacobi operator, Jr, we have

Ja.c.(JT) = Uess(JT)~

Proof. The absolutely continuous spectrum, singular continuous spectrum, eigen-
values of infinite multiplicity as well as the accumulation points of any eigenval-
ues comprise the essential spectrum. By the remark following Lemma 1.3.5 we
know there is no singular spectrum, and by Lemma 1.3.5 there are no eigenvalues
of infinite multiplicity. O

It is because of the above corollary why we will often use the terms ‘essen-
tial spectrum’ and ‘absolutely continuous spectrum’ interchangeably. We now
introduce the final definition of the section.

Definition 1.3.7. For a Hermitian periodic Jacobi operator, Jr, we define the
generalised interior of the essential spectrum, oey(Jr), to be the set of elliptic
points, i.e.

Uell(JT> = {)\ eR | TrM()\) < 2}.

For \ € oo (Jr), the eigenvalues p+ of the monodromy matriz, M (\), are such
that ps = eV | where the function O(X) is called the quasi-momentum, and
has range (0, 7).

This brings us to the following proposition which easily follows from Equa-
tion 3.10 in [16] and which we will use often throughout the thesis.

Proposition 1.3.8. The quasi-momentum, 0(\), is a strictly monotonic func-
tion on each band of the generalised interior of the essential spectrum.

1.4 Absence of point spectrum for the DSO

In this section we describe the spectrum of the DSO and show that it is purely
absolutely continuous. We also illustrate the discussion in Section 1.3 about
the absence of decaying subordinate solutions in the closed interval [-2,2] by
showing that though we obtain subordinate solutions at the parabolic points
{—2,2}, they are, indeed, non-decaying.
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Lemma 1.4.1. The DSO has spectrum
o(Jo) = [-2,2]
and is purely absolutely continuous. In particular, the point spectrum is empty.

Proof. By Lemmas 1.1.1 and 1.1.4, Jy is Hermitian and bounded (with ||Jo|| <
2) and therefore o(Jy) is a closed region of [—2,2]. By Lemmas 1.2.5 and 1.3.6
we have that

Ta.c.(Jo) = Oess(Jo) = [-2,2]

and therefore o(Jp) must be the entire closed interval, i.e.
O'(Jo) = [—2, 2]

Additionally, by arguments in Section 1.3 which prove the absence of any sub-
ordinate solutions in the interval (—2,2), we know there are no eigenvalues in
(—2,2). We now show that there are no decaying subordinate solutions at the
parabolic points 2 and —2 and therefore no eigenvalues anywhere in the spec-
trum.

First consider the case when A\ = 2 and define the matrix

(0 1)

Then from the recurrence relations

(o )=(5 ) ()

However, elementary calculations show that the eigenvalue 1 of matrix B has
algebraic multiplicity 2 and geometric multiplicity 1, meaning that the matrix
cannot be diagonalised. Here, though, the Jordan-Normal form will suffice,
(see, for example, Section 3.3.2 in [17]) requiring the following two relations to
be satisfied

(B-1)v, =0, (1.26)

(B—Dfi =1, (1.27)

where 7 is the existing eigenvector and fl is the root vector we are trying to
infer. Then, rather than diagonalising B, one can instead obtain
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Consequently, there are two linearly independent solutions, u, = 1,v, = n, to
the formal spectral equation, (1.18), for the DSO when A = 2. Clearly, u, =1
is the only subordinate solution; however, it is non decaying and therefore there
is no possibility for an eigenvector. Alternatively, we could have recalled that
without loss of generality the initial components can be set to ug = 0,u; = 1,
which would have given the particular non-decaying solution u,, = n. Thus,
A = 2 is not an eigenvalue

When A = —2 a similar method shows that the linearly independent solutions
to the formal spectral equation are u, = (—1)",v, = (=1)""!'n . Again, there
is only one subordinate solution, and it is non-decaying so there is no possibility
for an eigenvalue here. O

Remark The argument used in Lemma 1.4.1 can be extended and applied to
the parabolic points of any Hermitian period-T" Jacobi operator to establish that
there are no decaying subordinate solutions there. Indeed, the parabolic points
by definition are those A such that the eigenvalues of the monodromy matrix,
M(X), are both 1 or —1. Then, if the eigenvalue of the monodromy matrix
has geometric multiplicity 1 we repeat the procedure outlined in the proof of
Lemma 1.4.1 and obtain similar results. If the eigenvalue of the monodromy
matrix, instead, has geometric multiplicity 2 then the monodromy matrix is
equivalent to either I, the identity matrix, or —I and we obtain two non-decaying
linearly independent solutions. Therefore in this case no subordinate solutions
exist.

1.5 Rank-one perturbations for the DSO

Here the effect of including a single entry along the diagonal is considered on
the spectrum of the DSO. This produces a new operator .J, where

b 1
1 0 1
1 0 1
Jp = 1 0 1 , (1.28)
1 0 1

and b € R.

Lemma 1.5.1. The essential spectrum for the new operator, Jy is the same as
that of Jy, but there is now a new eigenvalue A = b+ %, providing |b| > 1.

Proof. (Step One) The perturbation acting on the DSO will not affect the essen-
tial spectrum. This follows from the fact that the perturbation is finite-rank and
therefore compact, and the result that states the addition of a compact operator
has no effect on the essential spectrum (see, for example, Theorem 5.35 in [39]).

(Step Two) We now consider the effect of the perturbation on points, A,
outside of the essential spectrum and consider if A satisfies the conditions to be
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an eigenvalue. Firstly, consider A > 2. If this is an eigenvalue the exact solution
needs to inhabit the sequence space [2(N;C). From (1.7) and (1.9)

un(A) = CA) L) + DNRZA), pe(N) = Aifm

and C()), D(\) are determined using the new initial conditions:
1. Uy = ].,
1

Furthermore, since py(A) — oo as n — oo and p”(A) = = (ie. there is
+

no chance of p” (X) cancelling out the growth in p (\)) this means for u(\)
to possibly reside in [?(N;C), the coefficient C'(\) must be zero, and therefore

b+us =\ << b+<

— 20— VA2 —4= ),

A—¢V—4>_A
)

i.e.
2b > . (1.29)

Proceeding with the simplification gives

20— VA2 —4=XA=(2b-N)2 =) -4
= N AN+ 4> =22 —4
1
<= A:g+b.

Additionally A > 2 implies by (1.29) that b > 1. Thus, since C'(\) = 0 we have
that u(\) € I2(N;R) and is the eigenvector corresponding to the eigenvalue
A=1+b
b
(Step Three) Consider the second interval, A\ < —2. This is similar to Step
Two except now D(A) = 0. Then

b+ AL =) — b+<

= VAZ—-4=)-2,

/\+\/)\2—4> ,
N

i.e.
A > 2b. (1.30)

Proceeding with the simplification gives

VA2 —4=X-2b= )\ —4=(\—2b)?

= A2 —4 =22 — 4b) + 4b®

1
— A:5+b.
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Additionally, A < —2 implies by (1.30) that b < —1. Thus, since D(A) = 0 we

have that u()\) € [?(N;R) and is the eigenvector corresponding to the eigenvalue

A=71+b. O
b

Remark The essential spectrum remaining unchanged also follows from the
fact that although the operator is no longer periodic, it is periodic after the first
row and therefore the unperturbed monodromy matrix can still be used to find
a solution to the recurrence relations for all u,, where n > 2. Consequently, the
asymptotics remain unchanged; in particular the diagonalisation of the mon-
odromy matrix in the elliptic interval is unaffected and therefore the theory of
Gilbert-Pearson (Theorem 1.3.2) is still applicable.

Remark All finite-rank perturbations are compact and therefore had the di-
agonal entries ranged from bq,...,b, the essential spectrum would have still
remained unchanged. However, as will be seen in Chapters 3, 4, and 5 this is
not necessarily the case when the perturbations are no longer of finite rank.

1.6 Absence of embedded eigenvalues for the
perturbed DSO

One of the objectives of this thesis is to explore new ways in which we can
change the spectrum of periodic Jacobi operators by using a perturbation. More
specifically, we wish to embed an eigenvalue into one of the operator’s bands
of essential spectrum with the addition of a potential down the diagonal; this
particular element of the spectrum belonging to both o, and o,, simultane-
ously. Without a potential these conditions are mutually exclusive since by
Theorem 1.3.2, the a.c. spectrum appears in bands, i.e. for a purely periodic
operator, Jp, A € oq.c.(Jr) = TrM(A) <2 and X € g,(Jr) = Tr M(A) > 2.
However, with the presence of the perturbation, the new operator, J;, now
ceases to be periodic and therefore there may be some points in the closure of
the a.c. interval which do possess a subordinate solution, and therefore possibly
an eigenvector.

The following result gives a condition for the absence of embedded eigenval-
ues for the perturbed DSO.

Theorem 1.6.1. Define J, as the Discrete-Schridinger operator with potential
(qn), i.e.

1 dn+1 1
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Then for (¢,) € I1(N;C),
op(Jq) N (—2,2) = 0.

The proof of this result requires some subsidiary lemmas which will be stated
now.

Lemma 1.6.2. Let A € (—2,2). Define V,,(A) and V(\) as the matriz of eigen-

vectors for the transfer matrices B(A — qp) = ( _01 A—lq ) and B(X) :=
0 1
-1 A
B(A), the unperturbed Jacobi operator, with ¢, — 0 as n — co. Then V(X) is

invertible and, for sufficiently large n, we have

, respectively, where B(XA — q,) corresponds to the perturbed and

Va(A) =V (A) + RBn(A)
where || Ry (N)|| < C(N)|gnl, C(N) is uniform in n.

Proof. The eigenvector matrix associated with B(\) is

1 1
V(A = ( AMVATTT A—VPd )
2 2

The determinant of this matrix is —v/ A2 — 4 which is not equal to zero for all
A € (—2,2) and V()) is therefore invertible.

Similarly, for sufficiently large n, the eigenvector matrix associated with
B(A—gqy) is

1 1
Va(A) = < A—qn)+y/(A—aqn)2—4  (A—gn)—y/(A—gqn)2—4 >
2 2

Thus
Va(A) = V(A) + Ra(})

0 0
where R (X) := ( 40 V32 A4y/ 0P —gut VA2 A/ O—ga)? 4 >
2 2

Now observe that

VO—qn)2—4=/A2—4-2\g, +¢2

a3 — 2)\qn

= VA2 —44/1
* A2 —4

and, also,

Vitrz=1+240(?),
2
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as © — 0, using the Taylor expansion for the function f(z) = y/z about 1.
Consequently, using this and the fact that ¢, — 0 we obtain

a2 — 2)\qn
14 I 22 g
T g 22

AGn

+O( 2).

Note that the radius of convergence for the Taylor expansion is of no concern
here since the error term only explodes when x approaches -1 which, by choosing
n large enough, isn’t an issue.

Thus
VO—g)i—4= \/A2—4—%+O(qi)
and so
Rn()‘) - ( — (% + \/7) qn + O(qn) (—% + ) gn + O(Qn) )

Furthermore, setting

1R (M| := max{|Rir(A)], [Bi2(A)]; [Ra1 (A)]; [ Ra2 (M)},

then
IR0 < (5 ]ﬁ\) 4ul + GO ?
< (3|7l = 10)

where C()) is independent in n and, k is the upper bound for (g,) (which exists
since ¢, — 0). Choosing

1 A ~
CA) ==z + |—=—=| +kC(X
R e R
gives the result. O

Corollary 1.6.3. Letting g, — 0, as n — oo, and using the same notation as
in Lemma 1.6.2, we have that V7 1()\) exists for n sufficiently large, and

Vi) =VTH) + Ry (),
where ||R,,(N)|| < C'(N)|gn|, and C'(X) is uniform in n.
Proof. (Step One) By Lemma 1.6.2 it is known that for n sufficiently large

V(M) = V(A) + Ry (N)
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which is equivalent to
Viu(\) = (I + R, (M)V TV ().
Then this implies
VoI =V + R, V)V L

The expression (I+R,(X\)V ~1())) is invertible when || R,,(A\)V =1 (\)|| < 1, which
happens for large enough n since, by Lemma 1.6.2, |R,,(A\)|| < C(N)|¢n| and ¢,
goes to zero as n — oo. Then, by the theory of Neumann series

(T+ R, NV I(N) ' = Z (—R.(NV (V)

7

for large enough n and so V,,(\) is invertible for large enough n.
(Step Two) It still remains to be shown that V,-1(\) can be expressed in the
form as stated in the corollary. From the previous step we see that

-1

V) = V) (T + RaWVTH(N)
V) + RL(N),

where R,(A) := V"'(A) 3 (=R.(MV(N)".
i=1
(Step Three) Finally, a bound on R/, (\) needs to be established:

IR (M = ‘

1
oSN PRIV

< VEIICNgnllV )
< C"(N)|gnl,

where C’()\) := 2C(\)||[V=1())||?, and n is chosen large enough such that
1

L= CW)gal VIV

Note that because of Lemma 1.6.2 the requirement for n to be sufficiently
large still holds. Moreover, n may be even larger in order for R, () to be small
enough so that the Neumann series exists. O

Corollary 1.6.4. Letting g, — 0, as n — oo, and using the same notation as
i Lemma 1.6.2, we have

Vi {AWVaa (V) = T+ RV
where ||RI(A)|| < C"(AN)(lgn] + |gn-1]) for sufficiently large n, and C"(X\) is

uniform in n.

33



Proof. Using Lemma 1.6.2 and Corollary 1.6.3 gives

Vio1(A) = V() + Rp_1(A) and Vo' (M) = V=1(A) + R',(\). Then

)
Vi (OVao1 () = (V) + RNV (A) + Ra-1 (M)
=T+V Y NR1(N) + R,V (N) + R (A Ru_1(N)
= [+ R,
where R := VY A)R,—1(A\) + R,(A)V + R, (A)Ry—1(N).

To show that R!/()\) is bounded by ¢, and ¢,_1, use that for sufficiently
large n:

IRV = [V ) Rt (V) + Ry OV () + Ry () Rt (V)]
< [V O R ]+ IR,V O] + (R IR (V]
< [V OICO 1] + C Wlanl VO + CNCON) galln—1|
< C" ) (lgn_1] + lanl),
where C”(A) := CO) VL) | + C' [V | + C' O, O

Before stating Lemma 1.6.6, the following result is required:

Lemma 1.6.5. For (o), in I?(N;C), |ax| < 1 k € N, we have

n
> o

n
H (1+ak)=(c+0(1))er=
as n — 0o for some real constant ¢ uniform in n. Moreover,

" > ax(14o(1)
T 0+ an) = o5 ,

k=m

as m — oQ.

Proof. Using the Taylor expansion of the function log(l + z) for small = we
obtain the sequence of relations

n n
n log( T1 1+ak> > log(14+ay)
H l+ag)=e \o=t = ek=1
k=1

ia—i—O a? f:oz~
= 2Ol )y e

using that fact that since a, is square-summable over k, then f;, = O(a?2) is also
summable. Similarly, using that oy is square-summable and therefore tends to
zero we obtain:

£ awt0(ad) _ 8 ex(ito)

ek=m —

as m — oo. ]



Note that it is the following lemma that demands the I!-condition stated in
Theorem 4.4.

Lemma 1.6.6. Let U,,T,, be sequences of N x N matrices where U, is unitary,
(IT.]) € 1* and ||T,.|| < 1 for all n. Then

U I+ T)Up1(I+Tpq)... UL(I + 1)
s uniformly bounded in n.

Proof. First note that unitary matrices are distance preserving and therefore
|Uk|| = ||z||. This implies ||Ug|| =1 for all k. Thus

[Un(I +T0) .. Ur(I +Th)|| < <H Ukll) [T+
j=1

k=1

<H ”Uk> H (L +[751)) H (L4 (I T511) - (1.32)

Then, since (||T,||) € I*, we can apply Lemma 1.6.5 to (1.32) to obtain

[Un(I +Ty) ... Ur(I + T)[| < (¢4 0(1)) exp Z I3

< (¢+o(1))exp Z [

which is an upper-bound independent of n. O
With these lemmas and corollaries, Theorem 1.6.1 can now be proven:

Proof of Theorem 1.6.1. Recalling that (g,) € I*, we see that the discriminant
of the eigenvalue equation for the matrix B(A — ¢,), which was defined in
Lemma 1.6.2, is (A2 — 4) + O(g,). This means that as n gets very large, for
A € (—2,2), we will be in the elliptic case for B(A — ¢,), in particular there will
be two distinct non-real eigenvalues on the unit circle. Thus, for large n,

B\ = gn) = Vu(N) D, NV, H(N),

n

where D,,(\) is unitary. Moreover, Corollary 1.6.4 implies

B(A—an)B(A = gn-1) ... B(A — qn)
(

= (Va()Du(A\)Vir (V) (Vam1 (N Dt NV, 5 () - (Ve (M) D (A V- (V)
= Va(A) D (AN (Ve ' (A)Vam1 (M) Dams W) (Vs (M Vaz (V) .. DN (N Vi ' (V)
= Va(N)Dn (NI + Ru(N)Dn1 (NI + Ry—1(V) - (1 + R (A ))DN(A)VJE(AS)S)
1.
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for large enough N and n > N. Consequently, using Lemma 1.6.2 to give a
uniform bound on V,,(A) for large enough n, and Lemma 1.6.6 to give a uniform
bound on the product

Dn(M(I + By (M) Dt (NI + Ry (V) -+ (T + R (M) D (A)

for large enough N, (we recall that (g,,) belongs to the sequence space I* and so
by Corollary 1.6.4 (|| R,(A\))),,en € I') we can deduce from Equation (1.33) that
the norm of the product of the matrices B(A — ¢,)B(A — gp—1) ... B(A — q1) is
bounded above as n — oc.

Furthermore, for large enough n, V,, is invertible, D,, has a unitary inverse,
and by Neumann series

(I+R") ™' =I-R'+(R')’—(R") +...,

with

2 /3 - i
I =Ry + (Ry)” = (Ry)” + .. < [Ral D IR
i=0

< 20”()‘) (|qn| + |qn,1|)

where the last inequality was derived using Corollary 1.6.4 and choosing n large
enough such that ||R/|| < 1. Recalling that (g,) € ', this implies that (I +
R!")=Y = I +T, where (||T;,||) € I* . Thus we can take the inverse of (1.33) and
use Corollary 1.6.3 (to give a uniform bound on V,!())) and Lemma 1.6.6 to
show that the norm of the inverse of the product of the matrices is also bounded
from above. Consequently, the norm of the product is bounded both above and
away from zero uniformly in n. Then, for all # € C2\ {(0,0)},

0 < kD <IBOA = 2) B\ — gu-1) .. B — @) B\ — 1) < k2

for all n, with kg(,:l), kg(f) € R*. For arbitrary solutions to the spectral equation,
u = (uy)re,,v := (vn)r—,, we then have that there exists ki, k2 € RT such
that

ki < |un|2 + \unH\z and |vn|2 + |vn+1\2 < ko, Vn.

This implies
- llen . Nk

>0
Nooo |ullay = Noseo \ Nk

and so by Definition 1.3.1 there are no subordinate solutions in the interval
(—2,2) for the operator J,. Thus, there can be no eigenvalues in this interval,
either. O
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Chapter 2

Periodic Jacobi operators

Linear second-order differential equations with periodic coefficients abound in
nature, one of many such examples being Hill’s work on the lunar perigee [26].
Innovative investigations by Floquet [19] and Lyapunov [57] explored many of
the fundamental principles governing this rich and still flourishing area of math-
ematics, and laid the groundwork that generations of other researchers have
balanced their breakthroughs on. In this chapter, the discrete analogue of these
types of equations is discussed. Here the Jacobi operators, Jr, we study will be
Hermitian and T-periodic and thus have the same form as in (1.16)

2.1 The spectrum of a period-T Jacobi operator

Before discussing more general Hermitian periodic Jacobi operators, the ab-
solutely continuous spectrum of the period-2 Jacobi operator, Jy, with zero
diagonal (i.e. b; = 0) will be described. This information will be used in later
chapters to illustrate certain techniques with numerical examples.

Lemma 2.1.1. The periodic Jacobi operator (with zero diagonal) Jo has the
property

[—(a1 + az2), —|ar — az2[] U [|a1 — azl, (a1 + a2)] = 04.c.(J2).
Proof. Let u = (un)n>1 be such that
(J2 = Nu=0.

Then using the theory of transfer matrices and monodromy matrices (see Sec-
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tion 1.3) it can be deduced that

U2n n Uo

= (B2(\)B1(A
()= @mmey ()
- 0 0 1 \\"/ u
S 2 )0 2 ) L
N N
= ;/\ _a1+ A Uy I
al a ajaz

where ug := 0 and without loss of generality u; := 1. Simple calculations show
that the eigenvalues, p4(A), of the monodromy matrix, M(\) := Ba(A\)B1()\),
are

Sl

—(af + a3 — N*) + \/(af + a3 — \?)? — dada]

p (V) = — (2.1)
Then
ITe MOY| = 14 (N) + 1 (V)] < 2
— (a2 4 a2 —I\)? —4a2a2 <0
<= A€ [—a1 —aa,—|a1 —az|]]U[|la1 — az|,a1 + ag].
By (1.25) the result is obtained. O

Henceforth in this thesis, we consider arbitrary periodic Jacobi operators
with possible non-zero diagonal entries (b1, ba,...,br € R). Here we discuss
some results regarding the structure of an arbitrary T-periodic Jacobi operator’s
spectrum, although first it is necessary to restrict ourselves to the case when
b; = 0. We will generalise this result in Lemma 2.1.3

Lemma 2.1.2. When b; = 0 the spectrum of a Hermitian period-T Jacobi
operator, Jr, is such that

o(Jr) C [-max{ar + a1,...,ar—1 + ar}, max{ar + ay,...,ar—1 + ar}].

Moreover the operator is self-adjoint and its spectrum is symmetric about the
origin.
Proof. The self-adjointness of Jp follows from Lemma 1.1.4, and therefore the
spectrum is real. Moreover, the symmetry of the spectrum follows from observ-
ing that

Jr =D Y (—Jr)D

where
1 0
0 -1 0
0 1 0
D= 0 -1 0
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In particular, Jr is unitarily equivalent to —Jr and so o(Jr) = o(—Jr). Conse-
quently, by invoking the Spectral Mapping Theorem (see, for example, Theorem
7.4-2 in [44]) the result is obtained.
We now consider the numerical range of the periodic Jacobi operator Jr, i.e.
the set W(Jr) = {{Jrz,z),z € I*(N;C), ||z|| = 1}. Letting
= (1, T2,y Ty T 1,y - - - )T

)

with x¢ := 0, simple calculations give that

[(Jrz, z)| < (@i—1@i—1 + aiTiq1) T

WK

1

=
Il

E%g

(ai—1|zim1||zi] + ail@ipa||za])
1

o0
5 Z az—1|$i—1|2 + ai1|zi)? + aglz? + ai|$i+1|2)
=1

where the last inequality was obtained using the inequality ab < % (a2 + bz).
Recalling that g = 0, we collect terms and re-label indices to obtain

1 1
[(Jrz, z)| < 5; ai_1 + a;)|z]® + 5 ;(ai_1 +ag)|xi]?
< Z(ai_l +a;)|zi|? < max{ar +ai,...,ar_1 +ar} Z |42,

i=1

where the final inequality was obtained using the fact that the a; coefficients are
periodic. Then using this and the result that states the closure of the numerical
range contains the spectrum of Jr (see, for example Theorem 1.2-1 in [23]), we
see that for A € o(Jr),|A| < max{ar + a1,...,ar—1 + ar}. Furthermore, since
the spectrum is real and symmetric about zero, we obtain the result

o(Jr) C [-max{ar +ay,...,ar—1 + ar},max{ar + ay,...,ar—_1 + ar}]. O

Remark Since Jr is similar to —Jr we also have that the point spectrum (the
set of eigenvalues) of Jr is symmetric about the origin. This follows from the
fact that if A is an eigenvalue of Jr with eigenvector v,

“Y(=Jr)Dy = \v <= JrDuy = —\Du,

ie. —\ is an eigenvector of Jr. A similar argument implies that the essential
spectrum is also symmetric.

Now we can state a result describing the spectrum of an arbitrary period-T
Jacobi operator, i.e. a Jacobi operator with possible non-zero periodic diagonal.
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Lemma 2.1.3. The spectrum of a Hermitian period-T Jacobi matriz, Jr, is
such that
o(Jr) C [-max{ar +a1,...,ar_1 + ar} +min{by,...,br},
max{ar + ai,...,ar_1 + ar} + max{by,...,br}].

Moreover, the operator is self-adjoint (although the spectrum can now no longer
be guaranteed to be symmetric about zero.)

Proof. The self-adjointness of Jr follows from Lemma 1.1.4. Now, let Jp :=
Joero + B, where J,.., is the periodic Jacobi operator with zero diagonal and B
is the infinite diagonal matrix with periodic entries, by, ..., br. Moreover, define
Jmaz = Jzero + diag(bmaz) and Jomin = Jeero + diag(bmin), where diag(bmaz)
and diag(bmqn) are infinite diagonal matrices with entries by, (the maximum
entry from B) and b4, (the minimum entry from B), respectively. Then

Jmin S J S Jmara

ie. (Jminu,u) < (Ju,u) < (Jpmazu,u) for all u € 2 (N;C). Thus by the fact
that the end points of the closure of the numerical range are included in the
spectrum (see, for example, Theorem 1.2-4 in [23]) this implies

min (o(J)) > min (6 (Jmin)) , max(o(J)) < max o(Jmaz),

where mino(X) and maxo(X) denote the minimum and maximum entries of
the spectrum of the bounded self-adjoint operator X, respectively. Finally, by
employing the Spectral Mapping Theorem we see that

U(szn) = U(Jzero) + bmiru U(Jmax) = U(Jzero) + bmaz

and invoking Lemma 2.1.2 (to give the maximum and minimum on the spectral
values of J.ero) gives the result. O

The next lemma gives information about the entries of the monodromy ma-

trix associated to Jr.
Lemma 2.1.4. Let
A — 0 1

s — Cs )\(;bS
with ag,bs, cs real and ag,cs # 0 for all s € N. Let m € N and

all()\) (112()\) "

AN = = A,.
) ( a1 (A) az(A) SE

Then, for m > 1,

)\m72 )\mfl
ain(N) = G —— + Pr—3(M), aia(A) = — Tt Pr2(M),
I as Il as
s=2 s=1
m—1 Pl

a1 ()\) =Cl—0 + ﬁm,2<)\), and a22<)\) = —m + mel()\),
[] as I1 as
s=2

s=1
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where Pp_1(N), Prm_2(A), Pr_2(\) and Pn_3(\) are real polynomials in X of
degree less than or equal to m—1,m—2, m—2 and m—3, respectively, Pi(\) := 0.

Proof. We use induction on m, m > 2. For the base case of m = 1 the result

clearly holds. For the base case m = 2 we have a1; = ¢1,a12 = )‘a_bl as =

12 2b2 and a9y = co + (’\bj)ﬂ Immediately, they satisfy the hypothesis.
Now assume the result holds up to m = k. To prove the result for m = k + 1,
observe that by induction,

’ﬁ 0 1 0 1 ﬁ 0 1
_ A—b A—bg = A
s=1 Cs as Ck+1 ak:-lH =t Cs as
)\k:72 Ak71
0 1 ciermr— + P35 + Pro
— s=2 s s=1 @s
A—bryi1 Akt D AR
c c P,y =—+P._
R+l o LT e, T k-2 ©oa, Tk
Akl ~ k
c1 + P2 PA— + Py
— Hs 2 Qs Y O
k41
c Iz 20 + P
s P s TR

Remark We alert the reader to the fact that the polynomials Pp,—1(X), Pp—2(A),
P—3(A) in Lemma 2.1.4 also depend on m so that in general P, 41)—2(A) #
Pr_1(N).

Corollary 2.1.5. Let M be the monodromy matriz for an arbitrary Hermitian
period-T operator, Jr, i.e.

mll(/\) m12(>\)

M) = < ma1(A)  maoz(A) ) = Br()Bra()..- Bl

and B;(\) are the transfer matrices given by

0 1
Bt()\) = < —a;_1 A=b; > 7)\ S (C, (22)

a; a;

where i = 1,2,..., T, with ag := ap. Then, det(M (X)) = 1 and for all T > 1
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we have

T-2 )\T—l
mi1(A) = —ar7—— + Pr—s(}), mi2(A) = 75— + Pr—2(N),
IT as IT as
s=1 s=1
)\Tfl - )\T
m21(A) = —5—— + Pr—2(}), ma2(A) = ——— + Pr-1(A),
IT as IT as
s=1 s=1

where Pr_1(N), Pr—_a(N), Pr_a(X) and Pr_s(\) are real polynomials in X of de-
gree less than or equal to T — 1, T — 2, T — 2 and T — 3, respectively.

Remark For the case of T'= 2,3, 4,5 the value of mg 2(A) is

A —a? M —Na?+a3) M\ —X2(a? +dd+a3)

)

ai1az ’ a1a2a3 ’ a1G2a304
and 5 30,2 2 2 2 2 2 2 2 2 2
A° — X(af + a3 + a3 + aj) + Maja3 + ajaj + aza3)
4102030405 ’
respectively.

We now show that all non-real A belong to the hyperbolic region for an
arbitrary period-T Jacobi operator.

Lemma 2.1.6. All points in CT U C~ for an arbitrary Hermitian T-periodic
Jacobi operator, Jr, belong to the hyperbolic region. In particular, all parabolic
and elliptic points are real.

Proof. Let A € C\R, which is clearly in the resolvent of the self-adjoint operator
Jr, and consider the Weyl vector, f\, defined as

f,\ = (JT — )\)_161

where e; = (1,0,0,...). Since A belongs to the resolvent of Jr, we have that
(Jr — M)~ ! is bounded and therefore the vector fy belongs to [?; in particular,
the vector f) is decaying. Then

(JT - )\)f/\ = €1,

which implies that the vector f) satisfies the three term recurrence relationship,
(1.18), for n > 2. If X belongs to either the elliptic or parabolic regions then
trivial analysis of the powers of the monodromy matrix leads to the fact that no
decaying solution of the recurrence relation (1.18) exists. Thus, since for non-
real A there exists a decaying solution to the recurrence relation we have that
A cannot be an elliptic or parabolic point, and therefore must be a hyperbolic
point. O
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Remark The above proof also shows that the resolvent of the periodic operator
Jr, p(Jr), belongs to the hyperbolic region.

Later arguments will involve comparing the order of certain rational func-
tions. We formally define what this means now.

Definition 2.1.7. Consider a rational function in the variable x of the form

58 where P(x),Q(x) are polynomials. The order of the rational function

is defined to be the difference in degree of the polynomials P(x) and Q(z):
deg P — degQ.

The following result will not surprise specialists in the area, but to the best of
our knowledge there is no proof in the literature. Of course, it is a folklore-type
result.

Lemma 2.1.8. We consider a family of Hermitian period-T Jacobi operators

b1+6 (Ll+77
a1+ by as

Je,n = ar_—1 bT ar (23)
ar bi+e ar+n
ap+n b as

depending on the two parameters € and 1. Then there exists an open dense set
D in R? such that for all (e,n) € D the essential spectrum of J.,, consists of T
distinct real intervals.

Proof. We will refer to the situation that oss(Je ) consists of T' distinct real

intervals as the non-degenerate case. The proof will consist of two parts: We

show that non-degeneracy is stable under small perturbations, while on the other

hand the degenerate case is not stable. We initially introduce some notation.
Define the transfer matrices for J. , as

fori=3,4,...,T, and

0 1 0 1
Bl,em()\) = ( —ar A—b1—e€ ) 5 BQ,e,n()\) = ( _ai1+n A—bs ) .

a1+mn a1+n as as

Let My be the monodromy matrix for Jy o, i.e. My := BrBr_1...B20,0B1,0,0,
and M., the monodromy matrix for J.,, i.e.

— _ —1 -1
My = Br,0,0Br-1,0,0---B3,00B2,enB1,e.y = MoBy g B3 0,0B2,e,nB1,e,n-
(2.4)
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By Corollary 2.1.5 we have

_ [ mu(A) maa(N)
Mo() = ( ma1(A)  maoz(A) )7 (25)

where mi1(\), m12(A), ma1(A) and maa(A) are real polynomials in A of order
T -2, T—1,T —1 and T respectively. Then, as A — (Tr(My(N\)) +2) are
two polynomials each of degree T in A, there are at most 27T real zeros of
these functions, providing at most 7T intervals of a.c. spectrum. Recall from
Lemma 2.1.6 that all of the parabolic points for Jr are real.

(Step One) It needs to be shown that if Jy o is non-degenerate, then adding
sufficiently small €, to the operator does not cause two previously distinct
parabolic points to overlap. The argument is simple: For each pair of distinct
parabolic points (\;, Ax) of Jo o there exists ¢;5 > 0 such that for the corre-
sponding parabolic points of J., we have A;(e,n) # Ak(e,n) for |e|, || < &, k,
using the fact that the roots of a polynomial depend continuously on its coeffi-
cients. (See, for example, Appendix A in [68].) Then, since there are at most
2T parabolic points in total, we can define

0 :=mindjr >0
3.k
which implies

Am(€,1) # An(€,n)

for all |e|,|n| < &,m,n € {1,...,2T}, m # n. This shows that the non-
degenerate case is stable.

(Step Two) We now show that the case where two of the intervals of essential
spectrum of Jy o overlap is unstable. Let Ay be a parabolic point for Jy . We
will only consider the case when Tr(My(Ag)) = 2, the case Tr(My(Ag)) = —2 can
be dealt with similarly. Assume that Ao & 90ess(Jo,0). Then & Tr(My(Ag)) = 0,
otherwise Tr(Mp(\)) — 2 would change sign at Ag and Ay would separate the
elliptic and hyperbolic regions, implying A\g € 90ess(Jo,0)-

We now show that in most cases a diagonal perturbation is sufficient to split
the overlapping intervals. Assume that

[ma1(Xo)| + [ma; (Mo)| # 0, (2.6)

where mb; denotes the derivative of the polynomial mgy; with respect to A. Let
A (depending on €) be a degenerate parabolic point for some J, g, i.e.

d
Tr(Meo(A) =2 and aTr(Me,o(/\)) =0. (2.7)
We assume for contradiction that (2.7) holds for sufficiently small A — A\g and
€. Due to continuous dependence of the roots on the small parameter ¢, there
is no need to consider the case Tr(M o(A)) = —2. Also, (2.6) will hold (for the
same polynomial mo; from M) with Ag replaced by X in a sufficiently small
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neighbourhood of Ag. Noting that Bs . ¢ is independent of € we get that

As
1 )\71)1 al
BiooN) = ( alT ST ) )
we get
emay (A
Tr(Meo(N) = mi1(A) + mas(X) + Z;( ), (2.8)
Now, Equations (2.8) and (2.7) combine to give the new conditions
A
min(3) + maa () + M) _ o (2.9)
ar
and "
mhy () + mby(N) + ”“;71() = 0. (2.10)
T

If Equations (2.9) and (2.10) are both satisfied then we obtain

(2 = mu1(A) = maz(A))may (A) + (M1 (A) + map(A))mar(A) = 0. (2.11)
We observe that the product of polynomials on the left hand side equals

mi(A) +ma(N)\"
ey ) m2, (\). (2.12)

2mb; (\) + (

By Corollary 2.1.5 the term 2m/; (\) is a polynomial of degree (T' — 2), and the
term m3, (\) is a polynomial of degree 2(T — 1). Moreover, since

m/zz()\)mm(22—(;7;22()\)”1/21()\) B (TH> +0 ()
21 H a2 s=1

!
the rational function (%&;M) is of order 0. Combining these observa-

tions we have that the entire last term of the expression in (2.12) is a polynomial
of degree 2(T — 1). Since 2(T — 1) is greater than (T — 2) the whole expression
has degree 2(T — 1). Clearly, this is not identically zero. Furthermore, this
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means there are at most 27" — 2 roots, say p1, ..., flor—2, which are independent
of e. Then, since under our assumptions |may(A)| + |mb (A)| # 0, we calcu-
late the valid values for e (valid in the sense that (2.7) is not contradicted) by
substituting A := y; into either Equation (2.9) or (2.10), and, so, there are at
most 27 — 2 valid values for e. In particular, for any sufficiently small € # 0,
the value A cannot be a degenerate parabolic point for J, ¢. Therefore, we have
a contradiction (i.e. (2.7) cannot hold for sufficiently small A — Ay, €) and all
degenerate parabolic points satisfying (2.6) will be split into non-degenerate
points for |e| # 0 sufficiently small.

It remains to deal with the exceptional case ma1(Ag) = mb;(Ag) = 0. In this
case, we use a perturbation with € = 0, n # 0. Note that since Tr(Mp(Ag)) = 2
and det My(A\g) = 1, we have that ma;(Ag) = 0 implies my1(Ag) = maz(Ng) = 1.
Then

1 1 a A—by (a1+77 _ _ay )
By o0B30,0B20nBron = “f T o at
'Yy ) 0 ai1+n
ay

and using (2.4) we get

A=by (a1 +7n a; > ai +n
TrMy ,(A) = my1(A +mo1 (A — +moa (A .
) = () b (2 (A gy ) L
Evaluating at A\, we get
2 2 2
TeMo,, (Ao) = ay +a1—|—77:a1—|—(a1—|—r]) :2_1_777>27
at+n @ ai (a1 +m) a1 (a1 + 1)

for all |n| # 0, so Ao is a hyperbolic point for Jy, for n # 0. Choosing ||
sufficiently small such that no non-degenerate parabolic points can degenerate
(see Step One), this implies that replacing Jo o by Jo,, the total degeneracy of
the roots must have decreased by at least one.

Repeating the procedure finitely many times, we can ensure that all roots
of TrM,,(A) — 2 are simple for sufficiently small non-zero (e,7). Note that
in each step, € or n may be chosen arbitrarily small. This shows that in any
neighbourhood of (0,0) we can find an (e,n) in D.

By suitably modifying a1,b;, the same same argument shows that in all
neighbourhoods of any (eg,70) € R? there exists (¢,n) € D. Thus, D is dense
in R2. O

As a consequence of the above and using that o.ss = 04... (by Corollary 1.3.6)
we obtain the following;:

Theorem 2.1.9. For a generic choice of parameters (a1,...,ar,b1,...,br) €

(R+)T x RT the essential spectrum (which equals the absolutely continuous spec-
trum) of the associated Hermitian T -periodic Jacobi matrix consists of T' distinct
real intervals.

Remark The above theorem gives that at most there are only ever T' bands
of essential spectrum for a Hermitian period-T" Jacobi operator. Consequently,
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by this and Lemma 1.3.5 (which states that eigenvalues can only appear in the
hyperbolic intervals and at most 2 in any one interval) we have that there are
at most 27T + 2 eigenvalues for a Hermitian period-T" Jacobi operator.

2.2 Absence of embedded eigenvalues for per-
turbed period-7" Jacobi operators

Here we establish the conditions on the potential that prohibit any eigenvalue
being embedded in the generalized interior of the essential spectrum.

Theorem 2.2.1. Define J, as a periodic Jacobi operator with potential, (gy),
i.€.

by +aq1 ay
ay by +q2 a

ar b1 +qr41 ay
al bo + qrye a2

Then for (q,) € I}(N;C),
Op(Jq) n Uell(JT) = @,
where Jr is the unperturbed period-T Jacobi operator from (1.16).

Proof. Firstly, letting n = Tk, we have

Un41 U

( tn ) = Mk()\)Mkl(A)...Ml()\)( 4o ) (2.13)

0 1 0 1 0 1
MJ()\) = | _ar—1 Abr—gir4T _oar—2 A-bo—dgirqr—1 ), | _ap A-bi—gir41 |,
ar aT arT—1 arT—1 ay ay

(2.14)
Moreover,

) = (o ae ) = (Gouter )) (e e ) = (G iz )
() (18)
(- () (3 b)) (0 (3522
]12> (2.15)

=
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with M (X) equal to the monodromy matrix of the unperturbed Jacobi operator,
Jr, and

T-1

¥\ = Z Br(\)Br—1(\)... Br_—1)(\)

0 0
X ( 0 9TG+y-i > BT,(iJrl)()\) ..Bi(N).

ar—;
Then, for A € oe;(Jr), with k, N large enough, N < k we have by (2.15)

k k

e = 1T -z +0 (%))
k
=V | [ DOU =R;(\) [ VI +0 <Jé2> ;

Jj=N

where R;(A) == VI )Z;(NV), RV < m

< Z,6{07“?’?_1}|f1T(j+1)—i\C()\) for

some constant C'(A), uniform in j, and

eiG()\) 0
D(A) = ( 0 =it ) :

Then, by Lemma 1.6.6, Equation (2.13) is uniformly bounded from above for
A € oey(Jr) as k — oco. Furthermore, D(X),V and (I — R;())) are invertible
(the last by Neumann series, for large enough j) and therefore we can use similar
techniques to establish that the inverse of the product My (A)Mg_1(N) ... My ()
is uniformly bounded from above for large enough k, N, for A € oo (Jr). Thus,
the original product of matrices in (2.13) is uniformly bounded away from zero
for A € oo (Jr) when k — oo, and so there are no subordinate solutions for the
operator J, here, and therefore no eigenvalues (see the proof of Theorem 1.6.1
for more details on this). O
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Chapter 3

Embedded eigenvalues
using the Wigner-von
Neumann approach

The purpose of this chapter is to extend the Wigner-von Neumann method [67]
from the continuous case to the discrete analogue of periodic Jacobi operators,
and produce a new technique for embedding a single eigenvalue into one of the
bands of the periodic operator’s essential spectrum. Although there exist several
other approaches for embedding eigenvalues into the essential spectrum of both
Schrodinger operators and Jacobi matrices the big advantage of the Wigner-von
Neumann method is that it gives an explicit, and relatively simple, formula for
the potential and eigenvector, even for the periodic case.

The chapter is structured as follows. We make an ansatz for a possible
eigenvector (introduced in Section 3.3) and then establish the asymptotics of
the potential needed to realize this eigenvector (Section 3.4). Additionally, we
must confirm that the subordinate solution constructed in this way also satisfies
the initial equations encoded within the Jacobi matrix (Section 3.5), thus giving
an embedded eigenvalue. Section 3.1 contains some preliminary results for the
construction whilst in Section 3.2 we introduce the function C'(A; T'), which must
be non-zero for the technique to work, and analyze its properties, in particular
that it is a rational function of \.

3.1 Solutions to period-T difference equations

In this section, and the next, the subsidiary functions our eigenvector will de-
pend upon are defined.
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0 1
Recall B;(\) = ( Cajo1 A=b; >7 where j € {1,...,T}, and

M(X) = Br(A)Br-1(}) ... Bi(A).
Then, if A € oui(Jr) we have that o(M(N)) = {e/W) e=9N} for some real-
valued function §(\) (the quasi-momentum). Therefore there exists an invertible

matrix V such that M = V! < g g ) V, where

p(\) = e, (3.1)

Now, using a discrete analogue of a method used by Stolz (see Theorem 6
in [79]), we obtain the following lemma.

Lemma 3.1.1. Let A € ooy (Jr). Then, for any non-zero solution, (y)n>1, to
the period-T difference equation, ap—1Un—1 + bpty + Gptni1 = Aup,n > 1, we
have

(Im(vn))* = ns(A\) sin(2(k = DON) + ¢s(A)) +ns(N),

wheren =T(k—1)+s, s € {0,...,T—1} and ns and ¢5 are both real-functions
independent of k, and 6(X\) is given by Equation (3.1).

Proof. Since v, satisfies the difference equation, and n = T(k — 1) + s with

s €{0,...,T — 1} we have that for any ( Zjo ) GCQ\(8>
1

U _ k=1 [ %o
<%+1)_BS...31M (%)

(M 8 ) ()

s (N)eik=100) 4 B ())e=ilk=1)0()
T ks (W) =D oy (N)emik=DER) ]

for some functions ay, fs, ks, Xs of A € oe(Jr) and s. In the case of s =0 we
interpret By ... B; to equal the identity, and B; ... By = B;. Consequently,

Vn = Yp—1)1s = as()\)ei(kfl)%\) + 55()\)671’(/@71)9(%).

Thus, _
Im(t,) = @ (V) sin((k — 1)8) + B.(A) cos((k — 1)6), (3.2)

where a,(\) = Re(as(A) — Re(85(N)), Bs(A) := Im(as(N)) + Im(B,(N)) are
real-valued functions of A.
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Furthermore, using the double-angle formulae, sin(2x) = 2sin(z) cos(x) and
cos(2x) = cos?(z) — sin®(x), we have

(Im(¢,))? = @2 sin?((k — 1)0) + 52 cos?((k — 1)0)
+ &, B, (2sin((k — 1)0) cos((k — 1)6))
= (Bf - &ﬁ) cos?((k —1)0) + &SBS sin(2(k — 1)0) + &g

P2 ~2 " ~2 | 22
_ (/820‘> cos(2(k — 1)8) + &, B, sin(2(k — 1)0) + %
=nssin(2(k — 1)0 + ¢s) + 75, (3.3)
. 2452 . B32—a2
where 75, ¢ are real-valued functions, such that 7, := =5~ and sin ¢, = a-;JrE;
and cos ¢5 = 258, O

az+pz’

Remark By choosing at least one of 19,11 to belong to C\ R we get that the
vector (1o, ...,Nnr—1) is non-trivial.

Given that the operator Jr is periodic, we now introduce into our technique
the discrete analogue of Floquet solutions (see, for example, Section 1.3 in [8]).

Lemma 3.1.2. Let X € oo (Jr). Then, there exists a particular non-zero solu-
tion, (¢n)n>1, to the period-T difference equation an_1Un—1 + bpln + Gpln41 =
Ay, > 1 which has the property

on(A) = gos()\)ei(k_l)e(’\) (3.4)

for some non-trivial set of functions (¢s) =), where n = T(k — 1) + 8,5 €
{0,..., T —1}.

Proof. Recall from above that M(\) has eigenvalues e*%(M)

()= (5)

for some g, 1 not both 0. Define s, ..., or_1 by

(¢S):&&1m&(%>.
Ps+1 ¥1

Then using the notation n = T'(k — 1) + s,

( Pn )zBSH.Ble—l(QDO )
Pn+1 PY1

_ Bs o Ble(k—l)ie()\) ®o
$1

— (k=1)i0(X) ( Ps ) .
(ps—i-l

o1

, L.e.



Consequently, 4

o = peeE=DIIN)
Remark Henceforth, the eigenvector of the monodromy matrix will be nor-
malized with ¢g = 1. Subsequent calculations in Lemma 3.2.2 will confirm the
validity of this choice for almost every A.

3.2 The function C'(\;T)

In this section we introduce a new, analytic function of A\, C'(A\;T). This will
play an important role in the asymptotic expansion of our eigenvector, (uy,).
Its zeros will give values of A where our construction fails. Here we explore its
properties and structure.

T
Definition 3.2.1. For A € oe(Jr), let C(\;T) := Re (Z cps()\)gosl()\)> ,

where @y are as in Lemma 3.1.2 and op = €™ .

Note that Definition 3.2.1 is invariant w.r.t. the choice of branches p and 7
on oe(Jr). Indeed, since A € e (Jr) C R, all matrix elements of Bs(\),s =

1,2,...,Tand M(\) = ( 2;18; z;zg;

P1(N) = (1= mar(N)) miy (V) (3.5)

changes under the transformation p +— 7 to the complex conjugate function
1(A) = B1(N), A € geu(Jr). For the last fact the inclusion A € oe(Jr) is
essential. Hence for all s = 1,...,T ¢s(\) — $,(A\) and the expression for
C(\T), A € oeu(Jr), transforms into

) are real polynomials, o = 1 and

Re (Z%(M%MM) = Re Zgos(A)@_l(A) =C(\T).

Recall, from Definition 2.1.7, what the order of a rational function is defined
to be. We use this concept in the following lemma.

Lemma 3.2.2. The function C(\;T') is a rational function on o (Jr) and can
be extended, uniquely, as a rational function to C.

Proof. Let A\ € oe(Jr). First, the special cases of T'=1 and T = 2 must be
considered separately. For T'=1, o9 = 1 and ¢ = u, so

_ T (M) _A-b

C(X\;1) = Re(¢12y) = Re(p) 5 2,

For T' = 2 we have

as )\7b1
M) = ( CATh, Qeb)OTE) ey >

ai apaz az
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By defining ¢ := 1, ¢1 is such that

o (3)-(3)

ajpt + az
A—by

and so

Y1 =

Furthermore, since

f(2) = () =(5)

we obtain @9 = . Then, using up =1,
C(A;2) = Re (p291 + 1)

. aift + as aip + as
_Re<“ - )

_ (CL1 +a2) (1+Re(u)) _ (a1+a2) <1+ TI‘(M()\)))

A—b X — by 5
ar+a
= M (()\ —b1)(A—ba) — (a% + ag) + 2a1a2)
(a1 + a2)

=— " (A=b1)(A—bg) — —as]?). 3.6
200 —b)ara (A =b1)(A = b2) = [a1 — az]?) (3.6)
Thus, the assertion holds for both of these cases.
For T > 3 we define ¢y := 1 and follow a similar technique to the case for
T = 2. Here we see that the normalisation ¢y = 1 is valid unless m5(A) = 0.
Consequently, for miz(A) # 0,
B —mi
Y1 = )
mi2
where my1,my2 are as described in Corollary 2.1.5. Throughout the proof Py
will denote a polynomial of at most degree k, while Ry, Ry will denote rational
functions of order at most k. Using Lemma 2.1.5, again, and a similar calculation
as in the case of Lemma 3.1.2, for s =2,...,T we obtain

)\S,1 —m a )\572
905_<51+ Ps—2>/i 11+< 7;,1 +PS—3>7
IT;=i a5 M2 IT;=i a5

where P_; and P_; are both identically zero. However, since upz = 1 and

Tr(M (X))

2 )
Re (¢s(A)@,_1(N)) is clearly a rational function of A, so C(\; T) is also a rational
function of A\, A € oey(Jr). Now we see that C(A;T) is well-defined as an

analytic function not only on ¢ (Jr), but everywhere on C except at the roots
of mio (/\) O

Re(p) = Re(p) =

]



Remark The function C(\;T') only fails to be defined at the zeros of the poly-
nomial m12()), defined in Corollary 2.1.5. For A € o (Jr) we have mia(\) # 0
since if my2(A) = 0 then the eigenvalues of the monodromy matrix for real A are
real, and as usual their product is 1. Indeed, since mi3(A) = 0, we have that
the monodromy matrix is lower-triangular and therefore mq1(A) and maa(A)
are the (real) eigenvalues. Thus, A is either in the hyperbolic or parabolic case,
contradicting that A € o.;(Jr), and so the denominator has no roots in oy (Jr).

Remark Note that Im(y) is an algebraic but not rational function of A. Indeed,
Tr(M (X)) is a polynomial in A and det(M (A)) = 1, therefore Im(p) is the square-

T () 2 _ ()

root of 1 — ( ) , and so assuming Im(u) = a0y Where p(A), g(N) are real

polynomials in A, we obtain

(N _ \/1_ (TY(M(A)))Q o PO, (Tr(M(A)))Q .

q(N) 2 (N 2
Thus as A goes to infinity the leading terms of (Tr(M()))? and 2 283 must
cancel. However, since the leading terms of each have positive coefficients then
this is a contradiction unless both are constants. Therefore, Im(u) is a rational
function iff Tr (M (X)) is equal to a constant function for A € ey (Jr), which we
know from Lemma 2.1.5 is never the case.

Our technique for embedding eigenvalues fails for values A when the function
C(NT) = 0. It is important to understand when this situation arises.

Lemma 3.2.3. Let b; =0 for alli. Then for all odd T we have the relationship
C(0;T) = 0.

Proof. Observe that the transfer matrices are now off-diagonal. Thus, the prod-
uct of any two transfer matrices is diagonal. In particular,

(o) (as)=(% )

Furthermore, the product of diagonal matrices is also diagonal:

d 0 ds 0\ ([ dids 0
0 d2 0 d4 - 0 d2d4 '

Consequently, for odd T, we have

0 1 0 1 0 1
mon= (Y (e ) )
arT ar—1 ai

_ ( 0 ! ) ((—:i:i)(—:g:i)--(—tf) <—:;_i>(—:,oi_f;>-~<—:;>>
(( 0 (—Zi_f)(—ii_i)--(—ié)) .

_ar—1 _er-3 _%T—5 _ag _ap 0
ap ar_2 ar_4 )" a3 ay
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Then, the standard normalisation of ¢g := 1 and the fact that p = i here

implies
oy = 1/ ar _ar-3 _ar—s _az) [ ar)
P ar ar—_2 ar—s) \ a3 ar )’
ar ar . aj—2
P2 = ——3P3 = —— P13 P = — Pj—2,
ai a2 aj—1
and so
1, if j =0,

() () (). i
7 ap ap_o ) " " al ’ J=1,

Yi =\ (ceim2) (seama) _—“T), if j > 2, even,
aj—1 aj—3 ai
_%j=2 _%j—4 _ a1 if 4
. o) az) w1, ifj>2, odd.

Thus, letting C;, D;,i € {1,...,T}, denote monomials with real coefficients
inaj,j€{l,...,T}, then

oy _ N\ Cr  Cra Gy
C(0;T) =Re (¢r@r_1 +...01%,) = Re (iDT Drs + iD1>

and so, clearly, C(\;T) = 0. O

Remark Again, for the sake of simplicity, let b; = 0 for all i. Then for the case
T =1, the function C'(A; 1) has only one root at A = 0. From Equation (3.6) we
know that for the case T' = 2 the function C(A;2) has no zeros for A € g¢(J2)
as its two roots, Ay = +|a; — as|, are parabolic points. For the case T' = 3 the
function

;+;+;)
aq as as
2(\2 — a?)

A
C(n3) = ( (V—@%ﬂ%ﬂ@+XM+@+%U (3.7)

1 1 1
ar Tas Tag

has a zero at A = 0. In order to preclude any other roots in the generalised
interior of the a.c. spectrum it is sufficient to establish that |Tr(M(\))| > 2
whenever C'(A;3) = 0. A simple calculation shows that this is equivalent to

glay,as) := (a:f +a§’a2 +a§ +a1a§ +ags+a; — a%ag - alag —ajaz)(a; +as+ 1)2

— (a1 + as + ayas)® >0,

where, by homogeneity, w.l.o.g a3 = 1. Numerical calculations of the roots of
g suggest that this function is non-negative for a;,as > 0. More generally, we
believe that for even T the function C'(A;T) has no zeros in the generalized
interior of the a.c. spectrum, and for odd 7T there is a single solution at A = 0.

Now, for the sake of thoroughness, we consider a different formula for C(\; T)
having a “symplectic character”. Using it one can easily deduce, in a slightly
different way, the rationality of C(A;T). Introducing the indefinite matrix J :=
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( (1) (1) ) in C? one can rewrite the expression for C'(\; T) in the following form

(we assume below that A € oo (Jr)):

T
O T) = 5 3 (s NPea V) + 20 1 (V7L (V)

s=1

) ) ) 20,

We now use that since A € o(J7) C R we have A = A Making this substitution
in the righthand side of the inner product (and also those expressions emanating
from it) will serve to simplify the final expression (3.8) when it appears so that
no conjugacy occurs when the inner product is evaluated, since this operation
does not preserve analyticity. Thus,

corn 333 (imm) 7 (o) () (i )
)

=320 |y ymzy ) O (ot

s=1

oz )+ Lol )] e

where we recalled the standard normalisation ¢y = 1, which by (3.5) gives ¢ =
—m1i1(\)miz () + p(A\)miy ()), and we denoted the real matrix polynomials

! (f[ Bku)) 7 (ﬁ Bm))
k=1 k=1

by Fs(\), s > 1 and Fy(\) := % Therefore

CNT) = {< (ot ) (mnm ).
+Tr (M(N) <F W( mll()\l)ml_Ql()\) )( m;S(X) >><c

(B0 (ton ) (et )>C j (38)

where we used that Tr(M (X)) = p(X) +1(A), |p(N)| =1, A € oen(Jr). From the
last expression, taking into consideration that Fg(\),m11(\), mia(N), Tr (M (X))
are polynomials in A, we see immediately that C'(X\;T) is a rational function of
A on o (Jr) and therefore admits unique analytic continuation as a rational
function to the whole of C, apart from zeros of mi2()), given by Formula 3.8.
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Moreover, using the last formula one can give an upper bound for the order
of C(\;T) as a rational function, but in the next theorem we will present an
explicit calculation of the order.

Theorem 3.2.4. The function C(A\;T) is a rational function of A of order 1.
Moreover, its asymptotic expansion is given by

1
C()\;T)~§(af1+~~~+a;1))\,)\—>oo.

Proof. (Step One) For A\ € e (Jr) we have

T

CNT) = @ NB, 1 (V) —zIm<Z<Ps )P ( >

I
[~ |
hS
=

T
c)05 1 Z QDS 1 ) <p5—1()‘)¢s<>‘)) (39)

Note that since both ¢4(\) and P, (\) are solutions to the recurrence relations,
for A € oe;(Jr), we have that the discrete Wronskian, W(s), is such that

W(S) = G (SDS+1¢3 - ‘Ps¢5+1)
= (A= bs)ps —as—105-1) Ps — ¥s ((>‘ —bs)Ps — asflas—l)
= s—1 (%@4 - %71@) =W(s—1).
This implies
05 (Pe11 (NP, () — (NP1 (V) = a1 (26 (NBu1 (V) — 951 (V)7L V),

s=1,2,...,T — 1 where ag := ar.
Then, applying Equation (3.10) to (3.9) one obtains

5 (0  art) ar (P B (N) — po(NBr (V) . (311)
Now, since
P1(A)Po(A) = o (A)P1(A) = @1 (A )
= (1) —mii (A )mml()\)) (F(X) = mu(\)miy (X))
= (1) = 7)) miz (A)
it admits analytic continuation from oey(Jr) to C\ oess(J7) as an analytic

(algebraic, but not rational) function (u(A) —p~'(A)) mi,y (A). Using Corol-
lary 2.1.5, we see that this asymptotically behaves like

—Tr(M(\)m(A) ~ =AT (H as>

1

T—1 A
A
-1
g ==

-1
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assuming that the branch of the analytic function p(A) has been chosen so
that p(A) — 0, as A — oo. Note that in C* U C~ we are in the hyper-
bolic situation (Lemma 2.1.6) so the eigenvalues of M (\) are u(\), u=t(A\) (as
det(M (X)) = 1) with one of them (at our choice) behaving at infinity like

T T
() ~ <)\T/ (H as)> and the other one like 1 =1(\) ~ ()\T/ 11 a5>.
s=1 s=1
Therefore the second term in Equation (3.11) admits the asymptotics

e

as A — oo according to our choice of the branch p(\).

(Step Two) We next start to analyse the asymptotics at infinity of the first
term in Formula (3.11). Using Corollary 2.1.5 and that ¢ = 1, we obtain

P1(N) = ((N) = mar(\))miy (\) = 0 (A7),

as p(A) = O (A7), A = oo. For the function ¢,()\) we have
©s(A) _ 4
< S ) Bs(/\)...Bl()\)< o )
o -1 -1 ®
= L0 B i ()

= p(BZh(N) ... By

,_.

—~
>

Nt

7N

5
=3
N~

= [ (BZL (N ... BFI (V)] ( o(1 ) )

= (Sh] ) =007

since obviously the matrix function
HVBILO) - B () = 0 (AT797T)

as

and p(A) = O (A7), XA — co. Hence
s(A) =0 (A7), A = oo,
s=1,2,...,T.

(Step Three) Recall that on e (Jr), one obtains @, from ¢, by replacing u
by . We now analyse the asymptotics of the analytic continuation of B () =
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©s(A). Note that this is an analytic continuation of the function due to the ‘anti-
analyticity’ of the conjugacy being ultimately cancelled out (since it happens
twice). Taking the complex conjugate for A € o¢y(Jr) we get

( afi% ) =B Bl ( (103 = ) M ) ) '

Since p~'(A) = O (AT),A — oo, then by Corollary 2.1.5, this gives for the
analytic continuation to C

?s(A) ) _ 1
(i ) =2 (o ).
where the matrix polynomial Bs(A)...B1(A) = O (A%), A — co. So,

psi1(X) =0 (A1),

A—o00,s=0,1,..., T —1. B
(Step Four) Combining both asymptotic formulas for ¢,(A) and @, (A) we
finally obtain

T

S N7 () =

s=1 s

M=

o) -0 ()

Il
-

I
N
o

(=00

w
Il
—

as A — 0o, which leads to the formula

C(\:T) = % (a7’ 4+ +ar )A+O0(1), A —»o00. O
Remark In the proof of Theorem 3.2.4, the opposite choice of the branch for
u changes the sign of the second term in (3.11). This alone is quite innocuous,
however the change in branch also leads to a sophisticated calculation of the
first term, which we are not able to produce here. Thus, the correct choice of
the branch of u(X) (despite invariance of the definition of C'(A;T) under that
choice) is crucial for our proof.

As a corollary we obtain that the function C(A;T') is always of order exactly
1 and is therefore never identically zero.

3.3 The ansatz for the eigenvector and its asymp-
totics

In this section we plan to elaborate on the explicit construction of the eigenvector
associated with the eigenvalue embedded in the a.c. spectrum of the Jacobi

matrix with a diagonal perturbation of Coulomb-type decay.
The following classical result will be used in the next lemma.
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Proposition 3.3.1. (see [83]). Assume a,v,¢ € R and ¢ > 0,y > 0, then the
following estimate holds:

> ika

1
~=O(>,n—>oo, <:>3§ZZ.
nYy 2T

We will now introduce the function w, which is an important part of the
eigenvector of the embedded eigenvalue.

Lemma 3.3.2. Let A € o (Jr),a > 1 and

wa(A) == > mIm (e (V) Im(em—1(N)), (3.12)
m=n-+1
where (¢n) is defined as in (3.4). Then
Cc(\T) 1
wn:W O(na),n—>oo. (3.13)

Moreover, w, € 1? for a > %

Remark Formula (3.13) shows that at zeros of C'(\; T) the asymptotics for the
function w, change drastically. This proves the importance of our analysis in
Section 3.2.

Proof of Lemma 3.3.2. The proof is divided into two cases.
Case 1 If n =T(k — 1) then by Lemma 3.1.2 we obtain the relation

') T
wn= 3 D (Tj+s) " Im(prjes) Im(orjpan)

j=k—1s=1

o) T-1
= (T§)~« (Z [Im (eijagps) Im (eijegps_l)]

j=k— s=1

+1Im (ei(j+1)9<p0> Im (epp_4) > +O(k™)

T—1
-1 . g ”
i ( lZ T (@0 =) (Ve 6_“9“"“)1

¥ —1 s=1
4 (elml)%o - eﬂﬁm;%) (€771 - 6”0%—1)) +O(k™%).
Then, (X)) & 7Z as X € oeu(Jr), so by Proposition 3.3.1
T &1 [ : ‘
“Wn =" Z o (Z (0sPs—1 + Psps—1) + € or_; + elecpogoT_1>
j=k—1 s=1
+ O(k™%)
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Thus we can apply the Integral Test and obtain
cnT) 1
n=—>——"-"——+0(—|.
“ 2(a— 1)Tnot * (no‘>
Finally, it C(A\;T) # 0,

2 3
<:>Oé>§

wp=xnlTel

This proves the result for Case 1.
Case 2 If n=T(k —1) + s, with s, € {1,...,7 — 1}. Then

oo T
wn =Y > (Tj+s)""Tm (rj1s) Im (prj451) + F(n)

j=k s=1
where, noting that s, +1 > 2,

T

F(n) = Z (T'(k—1)+ 5)_a Im (‘PT(kfl)Jrs) Im (@T(k71)+571)
s=snp+1
T

= Z (T(k—1)+s)°Im (ei(k—l)Q(‘ES) Im (ei(k—l)O(ZSil)
s=s,+1

—O() =0 (n?).
Thus, the remainder can be absorbed in the error term. O

We now make an ansatz for the eigenvector of the embedded eigenvalue,
A € oeu(Jr), in the form

Theorem 3.3.3. Let A € ocy(Jr). The sequence, (uy,), has the asymptotic
form

n na—1 noe

_ Ts sin(nf/T + () i <1>

where 1, and C, are real functions, o > 1,n = T(k—1)+s with s € {0,...,T—1}
and O(X) is as in Equation (3.1). Moreover, the vector (775)3:_01 18 equal to the

product of C(\; T) with some non-null vector. Therefore, the vector (7js)1_ can

only equal 0 when the function C(\;T) vanishes.

Proof. For this calculation, assume (&S)ST;Ol # 0, (ES)ST;Ol # 0. We show later
in this proof why this is the case. Then, by Equation (3.2)

Im () = &, sin((k — 1)8) + B, cos((k — 1)6)

~ e ~s . Bs
= /a2 + 32 O‘7~ sin((k — 1)0) + ————= cos((k — 1)0)

=n.sin((k —1)0 + ¢.) (3.14)
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where 17/, := /a2 + 32 and ¢/, are real functions of . Then, using Lemma 3.3.2,
we obtain

= (. sin((k — 1)0 + ¢)) <(a ) Tne 1" 0 < ))
_ Aasin((k — 1)0 + ¢}) 10 <1> :

na—l no

where 7, := g((i;_Tl))%. If C(\;T) # 0, then (75)12) # 0. Otherwise this would

imply as; = 8s = 0 for all s, and recalling that &, := Re(a;) — Re(8s) = 0, and

By :=Im(cs) + Im(B,) = 0, gives a; = f3, and therefore ¥, = 2 Re (argeih=1)9)

for all n, implying ¢,, is also real for all n. Then, by Equation (3.4), ¢, = 0 for

all n and thus we have a contradiction, since ¢,, was assumed to be non-zero.
Finally, we wish to express our eigenvector in terms of n. Thus,

SRl 0d) (1)

na—l no

n

n(X

_ Tasin(n)/T + ) +o( 1 )

na—l

where (, == ¢, — s0/T. O

3.4 The structure of the potential and its asymp-
totics
The following theorem gives an explicit formula for the potential, and the eigen-

vector, in terms of the solutions ¢,, of the periodic problem, A and the parameter
Q.

Theorem 3.4.1. Let A € ooy (Jr) with C(A\;T) # 0. Define wy, () as in (3.12)
and ¢, (\) as in (3.4) and let > 3, n=T(k—1)+s,s€{0,...,T —1},

n-“ n+1)"¢
i = ~ana () () + e (L) 3
Then
Up(A) = wp(A) Im (p, (M) (3.16)
satisfies
Up—1Up—1 + aptini1 + (Gn +bn — Nu, =0 (3.17)
forn > 2. Moreover, q, has the following asymptotic behaviour:
1 1
W= (ps(AN)sin (2nO(N) /T + (s(N)) + ds(N)) + O (n2> , (3.18)

where pg, (s and ds are real functions.
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Remark In Formula (3.15) we assume without loss of generality that w, #
0 Vn = 1,2,.... Indeed, due to the condition that C(\;T) # 0 and For-
mula (3.13) we see that wy, () # 0Vn > L, where L is sufficiently large. If w,, ()
vanishes for some n < L, then one can change the ansatz for w,(\), (3.12), by
introducing into the sum over m an extra factor ¢,,, where ¢,, =1V m > L.
The values ci1,co,...,cr,_1 can be chosen in a suitable way such that

w1 (A),wa(N),...,wr—1(N\) are not equal to zero. In order for the correspond-
ing u, to still solve (3.17) it will be necessary to adapt the corresponding ¢,
slightly, introducing coefficients ¢,,—1 and ¢, into the first and second terms of
(3.15), respectively. The asymptotic behaviour described by (3.18) will remain
the same.

Remark Using one of the Janas-Moszynski results (see Theorem 3.1 in [31]),
it can be shown that if C(\;T) # 0 no eigenvalues can be embedded in oy (J7)
using a potential (g,), where ¢, = % + O(:%). Since our technique for em-
bedding eigenvalues works whenever C'(\;T) # 0, the potential must have an
oscillating term and therefore

T-1
> I >0
s=0

Proof of Theorem 8.4.1.
(Step One) We check that u,(A) in (3.16) satisfies (3.17). For n > 2,

Op—1Up—1 + bply + Gplpni1 — AUy = —Qpun
= Gp_1wWnp—11Im (Sanl) + bpwp Im (S"n) + apwny1Im (@n+1)
— Awp, Im (5,) = —gnw, Im ()
= Im(an—19n—1 + bnPn + an@ni1 — Apn)wn +Im (n_1) an_1 (Wn-1 — wn)

+an Im (@n‘i‘l) (wn+1 - w’ﬂ) = —(Qn Im (@n) Wn,
<~ Im(pn_1)an_1 (Wp—1 —wp)
+anIm (Pni1) (Wnt1 — wn) = —gn Im (n) wn (3.19)

where we have used that ¢, satisfies the three-term recurrence relation (3.17).
Observing that
Wn—1 — wnp =1~ *Im (p,) Im (¢rn_1), (3.20)

we can choose ¢, as in (3.15) to guarantee the equality (3.19).
(Step Two) We now prove (3.18). Since A € o¢;(Jr), by Lemma 3.1.1

we have that an_1 (Im(¢n_1))° and a, (Im(pni1))? are periodic in k and by
Lemma 3.1.2 are not all zero. Then one can expect growth or decay in ¢, to

come from the components (’g—a) and (W) By Lemma 3.3.2 we have

the relation w, =< n'~%, and so we obtain

(n+1)~"

Wn

- 1
= y
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which gives a Coulomb-type decay for g,.
Using Lemmas 3.1.1 and 3.3.2 for n =T(k — 1)+ s,s € {1,...,T — 2}, we
obtain

Gn = —ag_1 (Ns—150(2(k — 1)0 + ds_1) + 0s_1) (% +0 (;))

. 2(a—-1)T 1
+ as (Mst18in(2(k — 1)0 + dsy1) + Ns41) (nC()\,T) +0 (n2>)
20— 1)T
- nO(\T)
+ (Ns1as 8N Psp1 — Ns—1a5—1 8in Ppg_1) cos(2(k — 1)6)
1
- 7757104571 + ns+1as> + O <>

n2

( (—7Ms—1a5—1COS Ps_1 + Nst1a5 oS Ps11)sin(2(k — 1)0)

Then using a similar technique as in (3.3) and (3.14) gives

o = 1 (a2 = 0O + N 480 +0 (). )
for real functions ¢/ of A,

AT? (o — 1)2
p7 = C((;,TP) < (Ms410s COS Pgy1 — Ns—1a5—1COS Bg_1)°

. . 2
+ (ns+1as S111 ¢s+1 — MNs—1Ag—1 S111 Qbsfl) )7

and 53 = 25((;;%) (77’]3_10,3_1 —+ ns+1as).
For the special cases of s € {0,7 — 1} we must be careful because n — 1 and
n + 1 will produce different values in the parameter k to those contained in the

n-th element. When s =0 (i.e. n = (k—1)T):

Gn = —ar—1 (nr—1sin(2(k — 2)0 + ¢r_1) + nr—1) (W +0 (;))

+ ap (m sin(2(k — 1)0 + ¢1) +m) (W +0 ( 1 ))

n?

. 1
+maosin(2(k —1)0 + ¢1) — ar—1nr-1 + a:rm> +0 <n2> :

This is of the same form as (3.21). Consequently,
1 _ ) 1
o =+ [po(N) sin (2(k — DO + )+ o) +0 (5 ).
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for functions (), 6o := % (—mr—1a7—1 + nar) and

9 4T? (o —1)?

Py = CONT)? ((maT cos ¢1 — nr_1ar—1 cos(dpr—1 — 29))2

+ (marsing, — nr_iar_y sin(pr_1 — 20))%).
Similarly, when s =T — 1 (i.e. n =kT —1):

n?

Gn = —ar—2 (nr—25n(2(k = 1)0 + ¢1—2) + 172 ( o 1 o <1)>

+ ar (10 sin(2k6 + o) + 170) (2 ( >)

:i@TmMm@w—n<>+glwam»+0( ;).

for functions ¢f_,dp_1 := %}? (—mr—_sar_s + noar—1) and
AT?% (o — 1)?
Py = C(()\T)Q) ((noar—1 cos(pg + 20) — nr_sarp_s cos br_2))°
+ (moar—1 sin(¢g + 20) — nr_sar—o sin QST_Q)Q )
Thus, for all s € {0,...,T — 1}, we have the result:

o = 1 o) sn 205 = D) + ) + 8] +0 (5 ).

However, we still wish to express our potential in terms of the variable n. This
follows simply from defining the new function (s, where (s := ¢! — s6/T. O

Remark Concerning the roots of C(A\;T) for A € oc(Jr), we may say the
following. As has been stated in the theorem, using a sufficiently slowly decaying
potential, ¢, = O (%), it is possible to introduce a subordinate [?-solution for
any fixed A € o.(Jr), except at roots of C'(\;T). However we believe that at
any root of C(\;T), X € oe(Jr), the existence of the subordinate (?-solution
can still be obtained by using a potential, ¢, = O (%), n — co. See Section 6.1
for more details.

3.5 Embedded eigenvalues

Theorem 3.4.1 guarantees a subordinate solution of the recurrence relation (3.17),
which lies in {2, but does not guarantee an embedded eigenvalue since it still
remains to be seen if the first-row equation of the Jacobi matrix is satisfied, i.e.

(g1 + b)ur + agus = Auy.
The next result shows that it is always possible to make \ an eigenvalue by

suitably modifying the potential, slightly.
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Theorem 3.5.1. Assume A € oo (Jr), C(\;T) #0 and o > % Let u,, be given
by (3.16) for n > 2 and g, by (3.15) for n > 3. Then it is possible to choose
U1, 41, g2 € R such that A € o,(Jr + Q), where Q is an infinite diagonal matric
with entries (qy).

Remark Given that ) can be approximated by finite rank operators in the
operator norm, it is clearly compact. Thus, by the classical Weyl Theorem [39]
the essential spectrum of Jp and Jr+@Q coincide. This means that A is embedded
in the essential spectrum of Jr +@Q. Furthermore, we have by Theorem 3 in [56]
that for potentials of the Wigner-von Neumann type o4 .. (J7) = 04.c.(J7 + Q),
and therefore A is embedded into the a.c. spectrum of Jr + Q.

Proof. By Theorem 3.4.1 we have
Ap—1Un—1 + ApUny1 + (Qn + by — A)un =0

for n > 3. However, we also need to satisfy

(q1 + bl)ul + ajug = )\’U,l (322)
and
ajul + (QQ + by — )\)Ug + asug = 0. (323)
We have two cases:
1. If uy # 0 then defining ¢p = —Auz=9aua—aiui—batz with ¢y ;= —qlilbqf"’_)\,

u2
with ¢g; as a free parameter and not equal to A — by, ensures all conditions
are satisfied.

2. If us = 0 then defining uq := —92“3 and ¢; := A — by, with g5 as a free

ai
parameter, ensures all conditions are satisfied. O
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Chapter 4

Spectral results using the
discrete Levinson technique

The simplest classical Levinson result roughly states that for the initial value
problem

y" + (A2 = P(z))y = 0,z € R*,y(0,)\) = 0,5'(0, ) = 1,

the solution will approach a sine function as z tends to infinity, providing A
is real and P(x) obeys certain conditions, such as non-negativity and tending
to zero quickly enough [47,68]. In 1987, Benzaid and Lutz [67] adapted and
applied the theory to the study of discrete systems of the form

z(n+1)=An+ 1)z(n),n > ng (4.1)

where z = (2(n))n>n, i3 a sequence of C? vectors and A = (A(n))n>n,, a
sequence of d X d complex matrices. Since then the assumptions on A have
been varied and investigated to better determine the effects on the spectrum
of Jacobi matrices (see, for example, [5, 14,17, 30-33, 35-38, 60, 61]). In this
chapter we explore Levinson-type techniques and use a diagonal perturbation
to produce subordinate solutions and to embed eigenvalues into the essential
spectrum of periodic Jacobi matrices, Jr. Again, we will be using a Wigner-
von Neumann potential [67], however unlike in the previous chapter where we
deduced it from an ansatz we made for the eigenvector, we here assume the
Wigner-von Neumann structure a priori. It should be stressed that the class of
potentials in Chapter 3 is slightly larger since the coefficients, ps, ¢ are allowed
to change across the period, whereas the coefficients here, p, ¢, will be seen to
be fixed.

The first main theorem (recorded below) states that for any individual A in
the generalised interior of the essential spectrum of an arbitrary period-T" Jacobi
operator, Jr, a potential, (g,), can be contrived such that the new diagonally-
perturbed Jacobi operator has a subordinate solution at A. Recall that in our
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case this is a solution, u := (un)p>1, to
Ap—1Un—1+ (bp + @) Un + Anlni1 = Aup,n > 2 (4.2)
that decays.

Theorem 4.0.1. For A\ € oo (Jr), let %N be the eigenvalues of M(N),
where O(X) is the quasi-momentum. For any A € oe(Jr) outside an explicitly
described finite set, we can choose w s.t. WT'+20(X\) € 20Z or T —20(\) € 27Z,

and i 5)
csin(nw +
n
for some ¢ € R\ {0},¢ € R, such that there exists a subordinate solution
U = (un)n21 to Equation (4.2). In this case, there exists a § > 0 s.t. for

lc| > & the subordinate solution resides in [2.

Remark We stress that the values of A € oo (Jr) for WlliCh the theorem

holds are defined explicitly using the functions E()), E(A), E()), given later
in (4.30),(4.37) and (4.41), respectively.

Remark Later, in Theorem 4.2, we deal with the initial conditions and estab-
lish explicit u such that
(JT + Q)Q = )‘Qa

where @ is a diagonal matrix with entries (g, ) described by Equation (4.3) with
a suitable correction for g1, ¢s.

The proof of the result is separated into five steps (Sections 4.1 to 4.5). Once
the result regarding the subordinate solution for a single candidate eigenvector
has been expounded, the initial conditions are discussed (Section 4.5) so that
the value \ becomes a formal eigenvalue. Then, in Section 4.6, the technique
is adapted to construct a collection of subordinate solutions corresponding to
(possibly infinitely many) values of the spectral parameter in the generalised
interior of the essential spectrum and in the special case of two candidate eigen-
values the conditions that must be satisfied in order for these two subordinate
solutions to become eigenvectors (Section 4.6).

4.1 Variation of parameters

In this section we adopt a suitable change of discrete variables with the aim of
simplifying the analysis of the transfer matrix product.

Recall from Section 2.2 that when n = kT, for any solution (u,) to (4.2),
we have

Un+T - -
= Gpr = My(N)n (4.4)
Un+T+1
where
0 1 0 1 0 1
Mk()\) = (_aT_l A=br—dnyT ) (_anz A=br—dpqir—1 ) (_“l A—bi—dp41 ) s
aT ar ar—1 ar—1 ay ay
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the perturbed monodromy matrix. Now considering only n such that n = kT,
define a new parameter fj such that

@y = M*(\) fr, (4.5)

where M (A) is the unperturbed monodromy matrix (3.16). Substituting (4.5)
into (4.4) gives
Gy = MyA)M*(N) fi. (4.6)

Recall

0 0
Z BT BT 1 ) .. BTf(jfl)()‘) (0 IT(k+1)—j ) BT,(J‘JFI)(/\) e Bl(/\),

ar_j

with B;(A) as in (2.2), and if the order of decreasing indices is formally violated
we understand the corresponding product to be the identity matrix. By combin-
ing the information in Equations (4.5) and (4.6), and noting that ¢, = O (),
we obtain for A € oo (Jr)

frer = MTF )MV ME (V) fi
= M~*1()) (M()\)—Ek( )+O< ))M’“()\)f
_ ([Mkl()\)E (VMF(V) ( )) i

- (I—V()\) (“’g“ E_Ez,_l) VISV (N (*‘0 ﬁo) V(A +0 (;) Jes
(4.7)

where we go from the first to the second line of the above calculation using
(2.15); the second to the third using that |[M™(A)] is uniformly bounded for
fixed A € oe(Jr) in m € Z; pu(N) and p(A) are the (conjugate) eigenvalues (of
modulus 1) of the unperturbed transfer matrix, M(X), with A € o¢;(Jr); and
V (M), V=) are the matrices that diagonalise M ().

Remark It is sufficient to consider only n of the type n = kT for the general
asymptotic analysis of our solution. This follows from the fact that for n =
kT + s where s € {1,...,T — 1}, we have the relation

Urrts = (Bs(A = qerts) - - Bi(A = qerg1) ) Mi—1(N) . .. My (N)ido
= (Bs(A = qkr+s) - - Bi(A = qerg1) )t (4.8)

and since the B;(A — grr4;) are invertible and g, tends to zero we have that
for k sufficiently large

I1Bj(A = arr )|l < K13 1By (A = qrry) | < Ko
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for all j € {1,...,T — 1}, and finite K7, K5. Then
l@krsl| < KL ||dprll, [|Gersll = Ky *[lder,
S0

Ky *llawr || < llakrs|| < K7 x|

and this with (4.8), together with the fact Bs(A — qrr+s) — Bs(A) as k — oo,
gives that the asymptotic behaviour of @ uniquely determines the asymptotic
behaviour of @1 for any s € {0,...,T—1}. In other words, we can interpolate
the asymptotic behaviour for n = kT to arbitrary values of n.

4.2 Preparation for the Harris-Lutz procedure

In this section we apply variation of parameters again (this time on ﬁ) and
continue simplifying the expression down into something to which we can apply
the Harris-Lutz procedure [17,24,34,42]. The Harris-Lutz procedure gives us a
way to remove all the terms that do not affect the asymptotics from our analysis.

Recall from Lemma 2.1.5 that the unperturbed monodromy matrix, M(X),

has the form N 0
v = () e )

where mq1(A), m12(N), ma1(A), maz(A) are real polynomials in A. Also, observe
for j € {0,...,T — 1},

D (3) @
ay’ (A) az”" (M) ) |
Br(A) ... Br_(j—1)(A) = (ozij)(k) aiw(/\)) ;

~(3) ~(3)
) _ &) & ()
Br—(j+1(A)... Bi(A) = (aé”(A) aéf”(x)) ’
()

obtain the following result on the form of agj), &gj) for j € {0,..., T —1}:

where «a;”’ (\), &Z(-j)(/\) are also real polynomials in A\. Using Lemma 2.1.4, we

Lemma 4.2.1. For B;(\),i € {1,...,T}, as described in Equation (3.15), we
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have that for j € {0,...,T —1}

1, =0,
0, j=1,

L _
—ar_j =+ Pj_3(\), > 2,

s=T—j+1

| 0, j =0,
o) =4 A L0, >,

T—1
s=T—j+1 e
4 0, j=0,
agj)(A) = —anj’\Tjiil +Qj—2(N), j>1,
s=T—j+1 e
. bV
o’ (\) = — + Pj-1(A),
[T as
s=T—j+1

where Pj_1(\), Pj_2(N), Qj—2(X) and Pj_3(\) are real polynomials in A of degree
less than or equal to j — 1,5 — 2,5 — 2 and j — 3, respectively, and Pr(\) =0 =

Qr(X) for k < 0.
Similarly, for j €0,...,T — 1, we have

17 j =T- 1’
~(7 Oa =T - 27
= I
—arf—5— +Pr—j_a(N), j <T =3,
] Oa .] =T- 17
& () = § A 4 Py s(V), G<T -2,
s=1 e
) 07 .] =T- 17
A (N =4 —ar 22 4 Qrys(N), J<T -2,
1, e
e )\T*j*l ~
044(1])()‘) e + Pr_j_2(N),
as
51;11

where }BT,]-,Q()\),IBT,j,g()\),@T,j,g()\) and ]ST,j,4()\) are real polynomials
in A of degree less than or equal to T —j—2,T—j—3,T—j—3 and T —j — 4,
respectively, and Pr(\) =0 = Qy for k < 0.

Now using the (small) freedom we have in diagonalising matrices V(A), for
M(A), X € oeii(Jr), we can construct them such that the entries in the second
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row are equal to 1. To show that this is always possible assume for contradiction

. N . a
that the eigenvector, ¢;, has second component zero, i.e. ¥ = ( 0 ) ,a # 0.

Then
() e ) (5)=0(5)-

amy1(A\) = pa = a(my(N) — p) =0,

Thus

which gives mi1(\) = p. However, mi1(\) # p because mi()) is real and,
since A € oe(Jr), 1 is non-real. A simple calculation shows that

mlg()\) mlg()\)
V(A = p=—m11(A)  p—mii(A) | |
1 1

Note that the same reasoning as above shows that there are no eigenvectors
of M(A\), A € oey(Jr), with zero first component. Therefore, V(\) is always
invertible for A € oo (Jr), as p is non-real and m3(A\) # 0. (The latter follows
from the fact that if m12(A\) = 0 then the monodromy matrix is lower triangular
and therefore the eigenvalues are the diagonal entries, which in this case are
real.)

Define a new sequence, g, such that

—

i =V ) fie (4.9)

In terms of g, Equation (4.7) becomes

k1 k
= I 0 - pto 0 LYY~
Jrt1 = (I ( 0 gkt > VN Ze WV (N ( 0 7t ) + 0 <k2) )gk

TﬁlQ(k-&-l)T—j oo ~1
=(I-2 (" e JVBr(N)...Br_g-n(V)

ar—j

0 0 uk o0 1 .

0 1 )BT(j+1)(>\) - Bi(MV(A) ( 0 @ ) +0 <k2 9k

-y Qk+1)T—j < mhtt 0 ) < el ey ) o o)

‘ ‘ 0 pktt 1 1 aéj) %(13)

~(J) ~(J) mi2 mi2 k
ay’ ay el pro 0 1Y)z

><d§” dfﬁ’>( () o) )a

T—1

I+ 1 d(k+1)T—j (_m 0 )+( 0 —Dj(,\’)ﬁzk>

ZSII’IG(A) ar—; 0 C;(N) D]‘()\)y,zk 0

0
)ﬁk, (4.10)

X
/\/\/—\/\

o o

— O
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where the explicit calculation of the product of the seven matrices in (4.10) gives

e =maa NP () miz(N) ()
Gy = ML (ag TR VRAL <A>)

x <—agj>(x> +agj>(x)%> (4.11)
and
p=mua NP () mia(N) ~(5)
D;(N) = T om(y) <03 (/\)M—Tu()\) +ay (A)>

) () gy M2(N) )
X | —as’(A) +ai/(\)————— . (412
(-’ + P2y
Remark Observe that C;(\) # 0, D;(\) # 0 for XA € ¢ (Jr). Indeed, we prove
this property only for C;(\) (the argument is similar for D;())). As p is non-
real, the first two sets of brackets in the definition of C;(\) are non-zero. Now

considering only the third set of brackets we see that if &’gf )()\) is non-zero then
the bracket is non-vanishing, since & is non-real. Otherwise, for this bracket
to vanish means &Eﬁ )()\) should also be zero, and if so the determinant of the
matrix product Br(X)...Bpr_;_1()) is zero, but this never happens. That the
fourth, and final, set of brackets is non-zero follows similarly.

4.3 Application of the Harris-Lutz procedure

Here we employ the Harris-Lutz procedure which will permit the removal of the
matrix with components C; from the expression defining Gi4+1. As the C; term
contains no oscillation it cannot cancel the oscillation from the potential and
therefore this term can be eliminated using a suitable Harris-Lutz transforma-
tion.

Recall that
esin(nw + ¢)

n

qn =

for some ¢ € R\ {0},¢ € R. Clearly, ¢, = O (%) Moreover, by assumption
either wT + 20(\) € 2aZ or wT — 20(X\) € 2nZ, which implies wT ¢ 277 (since
0 <8N <m).

The Harris-Lutz technique can now be employed to simplify the recurrence
equation in (4.10). First, define hy such that

Ge = (I + Gp)hy, (4.13)

for some Gy, = O (1) € C**2 that has yet to be defined. Then Equation (4.10)
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becomes

T—-1
> _ 1 q(k+1)T—j —C;(\) 0
— 1 J 7
fier = (T4 Gi) (I T o 2= - { ( 0 o

arT—
j=0 T

" ( Dj(g)/ﬂ’c 7T(0)\)ﬁ2k ) }+ 0 (,:2) )(I+ Gr)hg, (4.14)

and by Neumann series

_ 1
(I +Gri1) IZI_GkJrl“FO(kQ),

providing ||Gr41]| < 3, strictly less than one. Generally, this condition need
not be true, however we may assume this without loss of generality. Indeed, for
large values of k the condition is true, and one can rearrange the formula for
Gy, putting G, =0, for k =1,2,3,..., N for N sufficiently large. It is clear this
correction will serve the same goal for the Harris-Lutz transformation satisfying
the smallness condition. In what follows we will use this idea every time we use
the Harris-Lutz transformation without especially mentioning it.

Define the functions

1 — qk+n)T—5 [ —C;(A) 0
(k) = isinf(\ Z 3 ( 0 C;(\) >

=0 ar—j

and

T-1
. 1 Q(k+1)T—j 0 -D;(\p?*
To(k) = isinf(\) 2 : D;(\)u2k 0 '

ar—
j=0 T

As Ty (k) and Ty(k) are of order k!, we see that
o 1
Faon = (1 = G+ T30 + Ta0)(T+ Gl + 0 (5 )

_ (I+Gk—Gk+l+T1<k>+T2( )+O( ))h

Furthermore, setting Gy := — > T1(k + 1) (which is well-defined by Proposi-
1=0
tion 3.3.1), Kk := m, and letting F} := ﬁ (708()‘) C;Ek)) gives
T-1
Ti(k) = £ ) Fiqrnr—-
J=0
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Then,

oo T—1
Gy =~k Z Z Fiqk+1)r—j+11
1=0 j=0
o T-1 cet ()T —jHT)w+¢) 1
== (k+1)T —j54+1T k

using Proposition 3.3.1, and consequently G, has the desired decay properties.
Then,

Gt — Gy = —iTl(k+l) +§:T1(k:+l) =Ty(k)=0 <1) . (4.15)

k
=1 =0

and the Harris-Lutz procedure is successful meaning that Equation (4.10) can
now be written as

Fross = (1+ Ty(k) + O (;)) e, (4.16)

In the next section, we will use the Harris-Lutz procedure to get rid of the
T>(k) term stated above, for almost every value A € o (Jr), specifically those
that do not satisfy the so-called quantisation conditions.

4.4 The necessity of quantisation conditions

Here the effects of the Harris-Lutz procedure applied previously are seen. More-
over, in its new form the recurrence equation for i_ik can be rearranged, again, to
clarify the role of the potential and the conditions for resonance seen; specifically,
what values of 6(\) prohibit another application of the Harris-Lutz procedure
to the entire expression.

So, in the aftermath of the Harris-Lutz procedure, we have

et = <I+T2(k) 40 (;)) P
<I+ 1 = esin(((k+ 1T — j)w + ¢) ( D](O _Dj(OA)ﬁgk )

isinf0\) < ar—((k+ T —J) (W
1\)\-
<0 () )i
1 T=1 (k)T —j)wt6) _ co—i(((k+1)T—j)w+¢)
o ( isinO(\) = 2iar—;((k +1)T — j)

0 7Dj()\)672ik0 i N
% ( D;(\)ei2k 0 TO\g) e

()



Then, using the relation

1 _ 1, (1
k+0)T—j kT k2 )

we obtain
- c T-1 [N . )
i1 = <I+ P02 { (_aj(&bj(k) S48, ) Lo <k2> >hk’
(4.17)
where
a;(\) := Ej(\)e RO FeDHT—j)wte)
bj()\) = Ej()\)67i(k(wT729()\))+(Tfj)w+¢>)
and
E;()) := 21;; (TA_)J (4.18)

It is natural to ask whether the Harris-Lutz technique can be applied, again,
in order to further simplify the recurrence relation. The next result shows that
this can be done whenever the so-called quantisation conditions

wT' £ 20(X\) € 2nZ (4.19)

are not satisfied and that, for A\ not satisfying the quantisation conditions, we
only have solutions bounded from above and towards zero. However, decay is
needed for a subordinate solution.

Remark The quantisation formula gives the only possible location for eigen-
values in the a.c. spectrum involving integer parameters in the style of the
Bohr-Sommerfield condition (see, for example, Lemma 2.2 [49]). For the (con-
tinuous) periodic Schrédinger operator case this appears in [47].

Theorem 4.4.1. Assume A € oo (Jr) does not satisfy either of the quantisa-
tion conditions in (4.19). Then there is no subordinate solution to the perturbed
recurrence relations in (4.2). Moreover, each non-zero solution of the relation
in (4.2) is bounded above and towards zero, exactly like the solution to the un-
perturbed system described by (1.18).

Proof. We introduce a new sequence of vectors I such that

hie = (I + Hy)lx (4.20)
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By Proposition 3.3.1 we have
L i(m(wT£20(N)+(T—j)w+¢) ( 1 )

>y -

m=k j=0

since both wT + 26(\) € 27Z and choosing

Hk:—imﬁz()(,i)

with
Hjp1 — Hi = Ta(k)

. 1 .
lkt1 = <I+ @) (kQ)> U

Without loss of generality we assume the matrices (I + O (7z)) are invertible
for all kK € N. Moreover, using an elementary result (for example Lemma 2.1
in [33]) we have

we obtain

Ik = (C + o (1)1, (4.21)

where C' € C2*2 is invertible and limy_,o0 i = Cl;. Then, substituting (4.21)
into (4.20) we obtain
hk = (I + Hk)(c+ 0(1))11 (422)

and substituting this into (4.13) gives
v = (I +Gr)(I + Hi)(C +o(1))l1. (4.23)
Substituting (4.23) into (4.9) gives
fo = VU + Ge)I + Hp)(C + o(1))1 (4.24)
and, in turn, substituting this into (4.6) we obtain
T = MEO\) V(N + Gr)(I + Hy,)(C + o(1))]1. (4.25)

Finally, recalling that Hy,Gr — 0 and Bj(A + qxr4;) = Bj(A\) as k — oo we
have
Turrs = By By a(0) .. BAVM* () (FV) +0(1))  (4.26)

for s € {0,...,T — 1} and where 7 := V(A\)Cl; € C2 which is arbitrary since Iy
is arbitrary. Consequently, the solution to the perturbed system, (4.2), behaves
like the solution to the unperturbed system, (1.18). Moreover, the solutions are
bounded from above and therefore there are no subordinate solutions by the
generalised Behnke-Stolz Lemma (see [33]). O
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Remark The set of A satisfying the quantisation conditions is discrete and
since the intervals of a.c. spectrum are closed the theorem shows that

Ua.c.(JT) g Ua.c.(JT + Q)

Moreover, since the a.c. spectrum always belongs to the essential spectrum, and
the Weyl-Theorem gives that the essential spectrum for the perturbed periodic
Jacobi operator is the same as for the unperturbed periodic Jacobi operator, we
also have

Ua.c.(JT + Q) g Uess(JT + Q) = Uess(JT)~

Finally, by Corollary 1.3.6 we have that
UESS(JT) - Ua.c.(JT)-
All together these give

Ua.c.(JT) == Ua.c.(JT + Q)

4.5 Resonance cases and asymptotic behaviour
of subordinate solutions

In this section, the final steps of the method are carried out. Indeed, each of
the quantisation conditions are considered, giving three resonance cases in total.
In each of the resonance cases, various techniques are employed (including the
Harris-Lutz transformation, again, although not to the entire expression which
the resonance cases prohibit) so that ultimately it is established that up to a
few exceptions, regardless of what resonance case we are in, a decaying solution
exists.

Without loss of generality, in the consideration below we confine ourselves
to one band of ¢ (Jr). Choose w such that 0 < w < 27. All the resonance
cases can be described as follows:

Case 1:20(\) + wT = 2k, 7, where ky € {1,...,T }, wT & 7Z.
This range of k4 is a consequence of 0 < wT + 20(\) < 27(T 4 1).
Case 2:20(\) — wT = —2k_m, where k_ € {0,...,T — 1}, wT ¢ 7Z.

The range of k_ follows as a similar consideration to k. And, finally, the special
case where both first conditions in Cases 1 and 2 are satisfied.

Case 3:20(\) + wT =2k m,20(\) —wT = —2k_,

where ky € {1,...,THk_ € {0,...,T—1}. The range of k., k_ follow similarly
to before. Indeed, by considering 6(\) we see that here k_ =k —1,0(\) = §
(which corresponds to the generalised ‘midpoint’ of one band of o (J7)) and
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wT = (k+ + k_)m. Note that according to Theorem 4.4.1 one of these three
cases will need to hold to obtain a subordinate solution.

Furthermore, since we will be discussing the asymptotics of recurrences we
introduce an equivalence on the set of recurrences, two recurrences being equiv-
alent when their solutions have the same asymptotic behaviour. Specifically, we
say (a) ~, (b) where

(a):  ag41 = Agar, Vk €N

(b) : bk+1 = Bpbr Vk €N
with Ay, By, € C?>*2 and invertible for all k£ > N, for some N € N, whenever for
any solution (a,) of (a) there exists a solution (b,,) of (b) such that a,, = C,b,,
for all n > N and where lim,,_,,, C,, exists and is invertible.

Before we start discussing the separate cases we state and prove a lemma
that will be used in the following arguments.

Lemma 4.5.1. Let A, ¢ be complex constants. The recurrence

(W) s = <I+ g( WV *OZ ) +0 (;)) iy Vk (4.27)

18 equivalent to the recurrence
L c( 0 -A L
@ e (g ()

Proof. The case ¢ = 0 is trivial. For the case ¢ # 0, the result follows from a
generalisation of the Janas-Moszynski result (see Theorem 2 in [63]), however
we must check that the following conditions are satisfied. We need to write
(4.27) in the following form

ie. (u) ~. (v).

Up+1 = (I + px Vi + Ri) U,
where

[ee]
1. pr, > 0,pr — 0 and > pg = oo,
k=1

2. {Ry} is a sequence of 2 x 2 matrices each matrix element belonging to the
sequence space [!,

o0
3. {Vi} such that > ||[Vit1 — Vil < oo with discV, > 0 and satisfying
k=1
disc (limy_, 0 Vi) # 0, where disc Vi, == (Tr(V4))? — 4 det(Vy).

Defining py, := %, the first condition is satisfied. Then defining Ry as the error

term of matrices of order O (k%) we see that the second condition is also satisfied.

Finally, defining
~( 0 -A
Vk = C( A 0 > s
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we see that Vj is just a constant matrix sequence and immediately satisfies the
first constraint in condition 3, the other two following from the conjugate entries
of the matrix. O

We now resume our discussion of the different cases.
Case 1 Here, wT + 20(\) = 2kym, wT ¢ wZ. We have from (4.17) that

T-1 _ .
3 c 0 _E (e ((T-iwto)
h =(/+ — ; ] j
k+1 ( + kSlHo(A) Z { ( _Ej(A)ez((T—j)w—i-(j)) 0

J=0

0 E;(\)e!GheTH(T—j)wt¢) 1
+ ( Ej(\)e iR THT—j)wt0) ’ 0 +0 72 k.

Then the Harris-Lutz procedure (i.e. a substitution of the form hi, = I+
Hy)iii) can be used again to get rid of the third term (as wT & nZ). Then,
removing the error term using Lemma 4.5.1, and for a suitable choice of Hy,
(similar to the proof of Theorem 4.4.1), we have

- 0 B (Ve i(T=Dwt)
M1 = <I+ ksm9 z:: ( )ei(T=i)w+o) ’ 0
(4.28)
0 ! T
+ ﬁ my
— & 0 —E(>\ k+) -
~ = (I4+ — ’ 4.29
r MM ( T s oy ( —E(\;ky) 0 ))m’“’ (4.29)
where
T-1 ‘
E(\ky) =Y Ej(A)e((Tm)eto), (4.30)
7=0
Observing that w = w(\; ki) = w we see

9 i2k

T = 23 (e

By Corollary 2.1.5,

1 AT
TrM(A) =puN\)+ ——= ~ —— as A — 0.
p) L
I1 as
s=1

We choose the branch of the square-root so that u(\) is decreasing as A — oo
T
I1 as

and thus it follows that p(\) ~ *5i7—. Also, there exists an appropriate branch
1
of (#*(\)) ™ such that




“iho

T
E [T a
for some Iy € {1,...,T}, with (u2(X))™ ~ “=5z— as A — co. Then,

12wl z2k+«)j

T — =2 (u2 ) T e T e T

J

=pu 2N (ue (V)T

if ky is chosen such that ky = [,. This particular choice of k., which will vary
depending on A, ensures that there is no oscillation occurring in the expression
e'(T=7)% between different values of j. We denote

E(\) == E(\ L), (4.31)

S

Then E(\) = eip—2(\) TZ: E;(\) (g (V)

Lemma 4.5.2. The function E()) is algebraic and is not identically zero.

Proof. From the explicit formula (4.18) for E;(\), and ﬁ, we see that F(\)
is algebraic. To show that the function is not identically zero, we consider the
case T =1 first. Here, E()) is just a non-negative multiple of Dy, from (4.12),
and therefore, by the remark at the end of Section 4.2, the function is not only
non-trivial, but also non-zero for A € o (Jr).

Next, consider T' > 2. Letting A — oo, u — 0 we show that the highest-order

term does not cancel. Note that from Corollary 2.1.5

a /\T—Q )\T—l
mi1(A) ~ —TTfamm(}\) ~
H Qs H Qs
s=1 s=1

and using

. ] -1 ] ]
(mum mmm) &’ o & () _ ()™ ( ol ) )
ma21(A) ma2(N) a0 a? o) o (V) T Tar—; ar—;

we see from the (1,1) entry

a5 mia + 6 (u = ma) = %aéﬁ (agj)aff) ~ay éﬁ) + pay”
—J
- %aéﬂ det (Br—j—1(N) ... Bi(\)) + pay”
—J
= Lol fpa), jefo....T-1}, (432
ar—j

where we have used det B;(\) = %=L,
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Then, recalling (4.12) and Lemma 4.2.1, for j ¢ {0,7 — 2,7 — 1} we have
that the leading term of D;(\)eT=/)% as X tends to infinity is

1 — p(N)mai(N) arar_j 3712
(4.33)
2(p(A) = ma1(A))maz(N) T 372 T—1
(e ) (0 o
s=1 1=T—j
For j = 0 the leading term of D;(\)e?T=9)% as A tends to infinity, is
1—pu(N)mar(\) aZ\3T—2 (4.34)

2(p(A) = ma1(A))miz(N) ﬁ a3

For j =T — 2 the leading term of Dj()\)ei(T_j)‘“, as A tends to infinity, is

1 — p(A)maa () a3-a3ag\3T 2
2(,”()\) - m11()\))m12()\) ﬁ a‘:T# (435)

For j = T — 1 the leading term of D; (M)eT=9)% as X tends to infinity, is

1 —pN)mii () a1a3\37—2
2(p(N) = ma1(N))maz(N) ﬁaﬁT (4.36)

Since for each possible j the leading term, up to an identical complex non-
zero constant, is positive there is no chance of their cancellation in the sum that
comprises F(\), and therefore the function is not identically zero. O

Remark The function F(\) is algebraic, and therefore only has finitely many
roots. Moreover, for T = 1 there are no roots in ey (Jr). For the case T = 2
with zero diagonal (b; = 0) we see by explicit calculation that

¢ (a1 + asp) [pAZei2o(iks) A2 — 2 as _
EN\ kL) = 2 _ hat’) iw(Nk4) )
(Aiky) 8A(a1p + az) a1as + ( a1as M) <a1 + ,u) €

Then, we have that E();2) = 0 if and only if A\ = +|a; —a2| which do not belong
to the generalised interior. Similarly, we have that E(A;1) = 0 if and only if
A = £(a1 + ag), which again do not belong to the elliptic interval. Indeed, the
points £|a; — as|, (a1 + a2) lie on the boundary.
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B
TEV] 0

for A € oe(Jr) with E()\) # 0, is Hermitian, has trace zero and determinant
equal to —1. This information dictates that I'(A) has eigenvalues 1 and —1 and
is thus diagonalisable, i.e.

0 _EM)
We now continue with a matrix transform. I'(A) := ( EXN )

roy=wo (5 O )wo,

where W () is the 2 X 2 matrix whose columns are the eigenvectors of I'. Con-
sequently, we see that choosing k. = I, (4.29) becomes

i1 = WO f[ <I+ m ( - ) )] WL (A

Lt=1
g BV
1:11 (1 + tsin@(k)) 0 _1 R
= W()\) t= k w ()\)ml
c|lEN)|
0 H ( tsin O(A ))
t=1
B} (@1 + o(1)) k590 0 B}
~ye Mgyl = " _elEO)] my,
0 (Ca 4+ 0(1)) k™ 5o

for some non-zero constants ¢, ¢2 depending on A € ¢ (Jr) and where Lemma 1.6.5
and the integral test were used to obtain

k
clEQ)] >4 c|E(\)|Ink

H( ) = @ o) E T — @ o)

Retracing the steps back to the original u,, (as in the case of Theorem 4.4.1),
we see that this implies there exists a subordinate solution of the final system,

cE(N\)
T(A)‘ This is in [2(N;C) if ¢ is large

(4.2), asymptotically equivalent to k™
enough:

cE(N) ‘ 1
sin B(\)

2 )
where the value of F(\) is assumed to be non-zero. This completes the analysis
for Case 1.
Case 2 Here, 20(\) — wT = —2k_7,wT ¢ wZ. We have from (4.17) that

-1 0 i(T—)

- c 0 E;(\)e(T=7)w+td)
R = (T4 — (-5 ’

s ( T e O(N\) j;o { ( E;(\)e  ((T=i)wt9) 0

0 E_i()\)efi(2Tkw+(T7j)w+¢) 1 -
(Eju)ei@mww—ﬂww ’ 0 O\r) )
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Then the Harris-Lutz procedure can be used again (i.e. a substitution of the
from hy, = (I + Hy)riy) to get rid of the oscillating second term (as wT & 77Z).
Then, removing the error term using Lemma 4.5.1, and for a suitable choice of
Hj, (similar to the proof of Theorem 4.4.1), we have

Tiii1 = 3 0 B0l (T-)eto)
mkﬂ_( kbln0 z_;)( )e—i(T=)w+e) ! 0
1
<o () )
n
5 E(\k_)
> c|E(\; k)| 0 2t .
~ =(I+—F——+ | = Bk
r Mk+1 ( + ksinO(\) E(xk-) M,
[E(X\Kk-)]
where
_ T-1 ‘ ‘
FOck.) 1= 3 Bye(719) )
5=0

Observing that w = w(A; k_) = 2‘9(’\)# we see

. . i2k_mwN\J
efz(Tfj)w:/uL72 (u%()\)e i ) ]

As in Case 1 we can choose the branch such that u()\) ~ *5r " as A — oo and

1
there exists an appropriate branch of (,u2 ()\)) T such that

2 —i2ml_ 1

pT =e= T (uz(N)7,
for some I_ € {0,...,T —1}. Then
T = 2 ()T e T e )]

g
=pN) 2 (us() 7T,
if k_ is chosen such that k_ = [_. We denote
E\) = E(\1). (4.38)

Lemma 4.5.3. The function E()\) 18 algebraic and is not identically zero. More-
over we have that

E(\) = e 2?E(\).
Proof. We see that

_674¢ZE 12(T 3)7 —671¢2E 12(T 3) :eiiQd)E(A).
That E()) is algebraic follows from the corresponding result for E(\). O
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Remark For T'=1 we have that
ele
dayp?’

e~

E(Aiky) = E(\ k)

" dagp?

If T > 1 then the functions E(\; ky), E()\; k_), besides the trivial dependence

on the parameter ¢, depend on the frequency, w, of the perturbation, (g,),

through the integer quantisation parameters, ky,k_, respectively. For T' = 2

we have that E(\;2) = e*?A()\), E()\;0) = e *? A()\) where

ai + ast (1.,

= —(A(a1+a2) —a
8aZagA(aip + as) _u( ( 2)

3
2

A(N) :

) — paias — 2a3a; + Naq |,

and E(\;1) = e?B(\), E(\; 1) = e B()\) where
(1
;()\2(@1 — ay) + a3) + paias + 2a3a; —

ai + azp
B(A) =
*) 8aZasA(aip + as)

)\2a1 .

The simple relationships between E(\; k) and E(\;k_) in general do not
hold for T' > 2. This can be seen from the fact that

e—i(T=iko) _ (=T (=) =0 _ 20 20 g (4.39)
for k- €{0,...,7— 1} and
(i(T=arkd) _ UT=0) (T ) io _ 2000 207k g (4.40)

for ky € {1,...,T}.

By using the same diagonalisation argument as described in Case 1 we see
that (4.29) becomes

- ~
- cEQN)] (10 I
=W\ I+ —— W=\
mk+1 ( ) E( t81n9(/\) 0 71 ( )ml
k .
| EN)|
tl:Il (1 + tsin@(z\)) 0 1 .
=W(\) = 5 N W= (\)my
_ EW)]
0 tl;[l (1 t sin 0()\))
- el B
S (€3 4 o(1)) ksne™ 0 -
~p M1 = N _eBool | M
0 (€4 +0(1)) k™ 5m0
for some non-zero constants ¢3, ¢4 depending on A € oo (Jr). As in Case

1, this implies there exists a subordinate solution of the final system, (4.2),

cE(\)
ol This is in [2(N; C) if ¢ is large enough:

asymptotically equivalent to k™

cE())
sin B(\)

27

‘ 1
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where the value of E (\) is assumed to be non-zero. This completes the analysis
for Case 2.

Case 3 Here 20(\) + wT = 2k47,20(\) — wT = —2k_7m which implies
O(\) =5, k- =ky —1and wT = (2ky — 1)m, ky € {1,...,T}. Thus, there are
no oscillating terms and another application of the Harris-Lutz procedure is not
needed. Then, from (4.17) and removing the error term using Lemma 4.5.1, we
have

7 _(; c -1 0 B0 (e (T=Dwtd) _gi(T=)w+))
k+1 = T By (2) (e (T=9)wt) _o=i((T=Dete)) 0

j=0
1 -
w0 (s) )i
= T-1 0 @
7 c|E(ky) B B
~p b= (1 — ——= - [E (k)] g,
o= (1- 950 o k
|E (k)|
where
= -1 e o . .
Bky) = Z E; (9—1 (5)) (e’(j“+¢) ~ eZ<—Jw+¢>) (4.41)
7=0
with the simplification ¢“?” = —1 and the error term was removed using
Lemma 4.5.1.

Remark Due to the very specific relations between k4 and k_ for this case,
it is not possible to imitate the technique employed in E()\), E()), to eliminate
the roots of unity that arise from the expression e*T=7) and show that the
expression, E(/\), is not identically zero simply by looking at the signs of the
leading terms. However, since this case only arises when 6(\) = 7, then by
the strict monotonicity of #(\) on the elliptic interval (see Proposition 1.3.8)
there is only one A in each band of essential spectrum that is possibly excluded.
Indeed, for the case T'= 1 we see that w = 7 and

= 1
Elks) = 4a, e

(62i¢ _ 1) ,

which implies that providing ¢ £ 0 mod 7 the function E (M) is non-zero and
the technique is therefore applicable. Note that in the current case if ¢ = 0
mod 7, then ¢, = 0, so there are no subordinate solutions.

Now, using the same diagonalisation argument described in Case 1, and

defining W := W (6~*(3)) we obtain
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k
- c|E(k 1 0 17
hip1 =W H(I+|(t+)|(0 1)) W thy

I <1+ clE(ks) 0
= W t=1 ~ W_l}_il
0 I (1 _ c|E(k+>)
t=1 ¢
- (@5 + o(1)) kI EG+)] 0 -
~r hk+1 = - = hl?
O (CG + O(].)) k_C‘E(kH»)l

for non-zero constants ¢, ¢ depending on A € oy (Jr). As in Cases 1 and 2,
this implies there exists a subordinate solution of the final system asymptotically

equivalent to f—elE(k)l | This is in {2 (N; C) if ¢ is large enough:

= 1
|CE(k+)| > 5
2
where E(k,) is assumed to be non-zero.

Thus regardless of the case, there always exists a subordinate solution, pro-
viding a suitable Wigner-von Neumann potential is chosen and the correspond-

ing value of E(X; k), E(A;k_), E(k,) is non-zero. The subordinate solution is
in {2 if we choose the constant ¢ large enough. This proves Theorem 4.0.1.

Remark We expect that any A € oo (Jr) is not simultaneously a root of
E(X\ky), E(N\ ko), for all ky € {1,...,T}, k- € {0,...,T — 1}. Therefore,
whenever the quantisation condition is satisfied a subordinate solution should
exist.

The above result, however, gives only the chance to prove that a potential
of the form, ¢, = M embeds an eigenvalue, rather than produce only
a subordinate solution. In order for it to be a true eigenvector, the initial
conditions encoded in the periodic Jacobi operator must also be satisfied. This

leads to:

Theorem 4.5.4. Let A € oou(Jr). IfO(N) # 5 choose w s.t. wT+20(N\) = 2k
and assume E(X\;ky) # 0. Let g, = M,n > 3, for arbitrary ¢ € R.
Then there exist ¢ and real values q1,qs such that

A€ op(Jr + Q)
where o, is the point spectrum and Q is the diagonal matriz with entries (gy).
Remark Similar results can be proved if one of the other quantisation condi-

tions, (4.19), is satisfied.
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Proof. Theorem 4.0.1 gives (uy,), (¢,) such that
Ap—1Up—1 + ApUn+1 + (Qn + bn - A)un =0
for n > 3. There are two cases:

. —Aus—asuz—aju; —bsu L aju
1. If ug # 0 then defining g2 := 2—A2BA G222 with uy = e

with ¢; as a free parameter and not equal to A — b1, ensures all conditions
are satisfied.

2. If us = 0 then defining u, := —% and g1 := A — by, with g2 as a free
parameter, ensures all conditions are satisfied.

See the proof of Theorem 3.5.1 for more details. O

4.6 Multiple subordinate solutions

Here we extend Theorem 4.0.1 to construct subordinate solutions for a (possibly
infinite) set of spectral parameters belonging to the generalised interior of the
essential spectrum.

Theorem 4.6.1. Let S C N and (\;);cs be a sequence of numbers belonging to
oen(Jr). Assume 0(N\;) # 5 and E(X\;) # 0 for alli € S, with

= sin(nw; + ¢;)

- , (4.42)

where w; is such that Tw; + 20(\;) = 2k$)7r, for a suitably chosen integer kjﬁ).
Then, there exists a real strictly positive sequence (c;)ics belonging to I*(N) such
that for the potential, (qy),

ym Y e = Y sl £ 00, (4.43)
i€S i€S "

for arbitrary ¢; € R, there are subordinate solutions, u() := (uﬁf)) , to the
n>1

recurrence equations
n— 1“2)1+(bn+%) 9+ apu gh)Ll—/\u(l) n>24€S8.

Remark The reader should observe that there is no rational dependence con-
dition between the 8(A),\ € (A\i)ics, like in some results (see, for example,
Theorem 1 in [65]). Indeed, our only constraint is that E()\;) # 0 and since
the function is algebraic there are only finitely many roots and therefore finitely
many points in the generalised interior of the essential spectrum where the tech-
nique fails. (For the periods T'= 1 and T" = 2 we have seen that the function
E(X) has no roots in oy (Jr) and therefore there are no restrictions for these
two cases.) Moreover, the frequency, w; used to define the potential has no
dependency on any other \; than that with which it satisfies the resonance
conditions.

88



Remark To simplify notation, unless explicitly mentioned we will assume S =
N as this is the most general and interesting case. All other cases can be proven
in the same way. Later, in Theorem 4.6.6, for the case S = {1,2}, we deal with
the initial conditions and establish explicit u(?) € 12, (g,) such that

(Jr + Qu = Aul
for each ¢ € {1,2} and where @ is a diagonal matrix with entries g,.

The aim is to consider an arbitrary A; € (\;)ics and show that the new
perturbation, (gy), still produces a subordinate solution for A;. Note that each
A; will now be associated to an eigenvalue, p(A;), of the monodromy matrix,
where p();) = e?(Xi) | Moreover, since the explicit nature of (¢n) in the single
eigenvalue case is not discussed until the section dealing with the Harris-Lutz
procedure in the proof of Theorem 4.0.1, this means that the results of Sec-
tions 4.1 and 4.2 are still applicable here. Moreover, we see that by choosing

oo
(c1)ies such that > ¢ < oo then
=1

sm (nw; + &)
lgn] = —_—

“Sa-o(l)

The details at the end of Section 4.3 follow similarly to before except now we
must use a more detailed version of Proposition 3.3.1:

Lemma 4.6.2. Let a € R,a & 2n7Z. Then

Sl 2
2| S nlem =]~ g

00 il
Proof. Define g, := > %, which exists by Proposition 3.3.1. Consequently,

k=n
- © itktla X gik+Da X gi(k+la s
et =N =N Y =G+, .
g T e U R T (4.44)

1(k+1)o¢

where o, : Z G and lon| < L. Then, by (4.44)

(em —1)gn = gnt1 — Gn +0on = — + On,
which implies [e* — 1||g,| < 2. Thus
> ika
e 2
an| = g — | <—\ O
|gn| o k = |€zoz _ 1|

89



This gives the following corollary which will be used repeatedly throughout
this section of the chapter.

Corollary 4.6.3. Let a € R, & 2wZ. Then for ny,ns € Nyng > ny

i etk ( 11 1
<(Lely 1
b R nnz) [sin(g) ]
Proof. Observe that
n2 ika e ika e ik« e ika e ik’ o
e e e e e
E | E Z = Z T Z I |
k=n, k=n1 k'=ns+1 k=nq k'=ns+1
< 1 N 1 B ( 1 n 1 > 1
T |sin (%)‘ ng‘sin (%)’ ny - ng) |sin(g)|’
where the final inequality is a consequence of Lemma 4.6.2. O

To apply the Harris-Lutz transformation in this case we define Ry, such that
Ge = (I + Gp)hi with [|Gi|| = O (1). From the analogue of (4.14) this gives

. 1\ -
hit1 = (I — Gk+1 + G + Tl(/ﬂ) + Tz(k) + 0 <k‘2>> hi, (445)

where

oo T—1

O]
— M —Cj (M) 0
Tik) = 251119 (A¢) Z z:: j < 0 Ci(\) ) (4.46)

o T-1 . (1) 2k
Ty(k) = > Clq(’””T d 0 ~D;(00) 1(h)
ZSln9 () Dj()\t)u()\t)% 0

=1 j=0
(4.47)
with Cj(\), Dj(A) as defined in (4.11) and (4.12). Then T (k), T2 (k) = O (3)

N
due to the condition that (c;);es € I'. In addition, define GIY := — > Ty(m).

Consequently, for Ny, No large enough with Ny > N; > k we have

N2 N2 oo T—1
2 1 (m+1)T—
for - || 3, | =| 3, s s e toncirs 0,
m=N m=N t =1 j=0 T—j
_ 1 icT‘lcmt) §* snlllm DT ~ e + o)
[sin O(\)] | = ljzo ar—; =, (m+1)T —j '

Then, using that
1 < 1 n J
(m+1)T -3~ (m+1)T  m2T?
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and

Mg > q 1
DD D
m:Nl m:N1

for some non-zero real constant C, we obtain

Kt = N2 i(m+1)T—j)witén)
Gl -Gl <=
H k =N \smoxt\z Z T—j z;v (m+1)T
> Na+1 im'Tw
K, = ! t 2Kt
< N, JthZCl Z m TN1 Z ’Sln Twz
I=1 |m/=N;+1
(4.48)
cromax \C (Ae)]
where K; := TK, Z a, K, = \sinee{(/\y;)li min o and the final inequality
=1 je{0,...,T—1}

follows from Corollary 4.6.3 and the strictly positive sequence (¢;);es being

chosen such that
oo

Z <. (4.49)
| sin (£22) |
Clearly, (GY)
exists.
For N sufficiently large we can employ similar techniques to establish that

N 7t 2Kt 1
HG H_ Z l|sm T“” | O(k>

is uniformly bounded in N for any value of the parameter ¢t. Consequently, the
limit G, is also bounded for any value of the parameter ¢, providing the strictly
positive sequence (¢;);es is chosen to decay fast enough.

yisa Cauchy-sequence and therefore the limit Gy, := limpy_, o G{CV

Remark It should be stressed that any real strictly positive sequence which
satisfies (4.49) will suffice to make the above Harris-Lutz procedure valid.

The Harris-Lutz procedure is well-defined and we remove the Tj(k) term
like in the single eigenvalue case (i.e. Gry1 — G = T1(k)). The analogue of
Section 4.4 becomes

91



B = (I-I-Tg +O(k2>>

TliClen (k+1)T —j)w+¢z)x
zsmé) ar—;j k+1) 7)

]=0 =1
( 0 ~D;00) uw”") +ro(=))x
D (M) 12 (M) 0 k2 b
- b i eyt (DT =jlwitdr) _ o) o= i((k+1)T+j)wi+é1)
N zsm@ (At) 2iar—;((k+1)T + )

=0 I=1

X

0 ~D;()EF (A) 1\)\z
(D.y’(At)#zk(At) 0 ) +0 (k2) >hk
_ _ 1 S 0 ~EO RO »
B (I * (k+1)sinf(\) Z CZ{ <—dl(>‘*)+fl(>‘f) ) +0 i

1=1
(4.50)

where

T-1
di(Ae) = £ik[20(Ae)+Twi] Z EJ_()\t)ei((T—j)wl+¢L)

7=0

and
T-1

fiA) = e~ h[Twi—20(A)] Z Ej()\t)e—i((T—j)wl+¢>l)

j=0

with E;(\;) as defined previously.

To establish that the perturbation affects the asymptotics, we observe that
for [ = t there is resonance between the frequency of the oscillation and the
quasi-momentum. In particular, for a suitable choice of k$) (see Section 4.5)
we have

cr Z E; (M)e (T=jwit+eér) — = E(\),

which is non-zero by the conditions assumed in the statement of the theorem.
Furthermore, it is possible for other resonance to occur when I # ¢ and this is
discussed in the following lemma.

Lemma 4.6.4. Let A\, ~ Ag denote when 20(\y) + Twg € 20Z or 20(\,) —
Twg € 21Z for A, Ag from the set (A;)ies given in Theorem 4.6.1 and where w;
is such that 20(\;)+Tw; € 2rZ. Then ~ is an equivalence relation; in particular,
the set {\; | i € S} can be partitioned into equivalence classes. Moreover, each
class has at most 2T elements.
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Proof. First observe that

Aa ~ Ag <= 20(A\y) +Twg € 27Z or 20(\,) — Twp € 27Z
<= 0(\a) —0(Ag) € TZ or (Ao) + 0(Ag) € TZ,

using that Tw; = 2z;m — 20()\;) for some 21 € Z by the conditions assumed in
the theorem. As §(\) € (0,7), this implies

Ao ~ )\5 1t 6‘()\a) — 9()\5) =0or Q(AQ) + 9()\5) =T,

which is clearly an equivalence relation. Moreover, as §()\) is strictly monotonic
on each band of o¢;(Jr) (see, for example, 3.10 in [16]) each band of essential
spectrum contributes at most 2 elements to the equivalence class. Given that
there are at most 7" bands of essential spectrum for a period-T' Jacobi operator,
then there at most 27" elements for the equivalence class in total. See Figure 4.1
for an illustration. O

Figure 4.1: In this example, for a period-3 Jacobi operator, the three thick
horizontal lines denote the three bands of essential spectrum. The possible
resonant cases, \;, for a particular point A in the generalised interior of the
essential spectrum are represented by X and X, for those A; such that 6(\;) =
O(A), and 6()\;) = 7 — 6()), respectively. Note that the six points are only
candidate elements of the equivalence class, since it still remains to check for
each whether it is also an element of the sequence (\;);cs.

From Lemma 4.6.4 we see there are only finitely many resonating terms for
each fixed ¢. Later, it will be shown that for an appropriate choice of (¢;);cs
these finitely many resonance terms cannot cancel, but for now we focus on
removing the infinitely many non-resonant terms from the consideration of the
asymptotics for (4.50) using the Harris-Lutz technique.

Define, for each t € N,

It = {n € N|20(\,) + Tw, € 27Z}, I, = {n € N|20(\;) — Tw, € 27Z}.
For the case that 20(\;) + Tw; € 27Z, by Corollary 4.6.3 we have for any M

M oo —ik[260(A)+Tw] 0 M kT [wi—w) 0
e e Cl
D a2 alX <2y 7
k=1 1=1, k =1, |k=1 k =1, ‘Sm( - M)’
ert 11 ¢
Thus
i i e 1k[20(A)+Twi] > o
a <2 — (4.51)
k=1 1=1, k =1, [sin (F257) |
lgr;s lgr;r
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Similarly

x© 1k[Twl 20(X\4)]
>N 617 <2 Z —|Sm o), (4.52)
g1 gr

Now an upper-bound needs to be established for (4.51) and (4.52) that is uniform
in the parameter ¢. This is achieved by defining a new positive sequence

, (ka—ij> . (ka—Fij)‘}
sin 5 sin 5 s

by, := min min
FE{L k=1
(4.53)

k > 2T, and observing that for all ¢ € N we have ‘sin (%)’ > by, for
I > max{t,2T},1 ¢ I}, and |sin (%H > by for I > max{t,2T},l & I, .

min
T e k— N,

Remark The motivation behind letting k > 2T follows from the fact that the
formal definition of by requires taking the minimum over a set that is non-
empty. Since there are at most 27 possible j where resonance occurs, and
these instances are excluded from our consideration, we must ensure that we
are taking the minimum over a set that has more than 27T entries to guarantee
at least one entry in the set.

The initial terms of the series being finite, we focus on the tail and see that

] a [e’e} a
e < 2 (4.54)
l:;l, |Sm (TMQTM)‘ l:;-i-l b’
g1 1gr;

which is convergent providing the sequence (c¢;);es is chosen such that
¢
Y 2t < o (4.55)
b

Similarly, we have

oo o0

Cy Cy
4 < a (4.56)
l:2zT:+l, |sin (Pt )| z:zzT:H, b’
11 141,

which is also finite providing (¢;);cs satisfies the same conditions as in (4.55).
If instead 20(\;) — w,T € 27Z we obtain similar estimates.

It is now possible to remove the non-oscillating terms using a well-defined
Harris-Lutz transformation, i.e. a substitution of the form Ek+1 = (I 4 Hy)niy,
with [|Hg| = O (1), which gives

S 1 S
Mpy1 = (1 — Hiq1 + Hy + T3(k) + Tu(k) + O (k:?)) Meg1,
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where

1 0 i +sz
T k _ _. - l:l,li]t
3(k) (k+1)smt9()\t){ S adi() 0
1=1,1¢1}+
0 > afin)
l:l,lg[t_
. |
> afi(h) 0
1=1,1¢1;
0 Z+ Cld()\f,)
1 ter]
Tyk)= ———— oo
4( ) (k/‘—i‘l) Sln9()\t){ Z Cldl(kt) 0
ter
0 > afi(Ar)
lel,
+ >0 afi(Ae) 0 }7
el
and Hp = — Y T5(r), with
r=k
T {ma}; }|Ej()\t)| 00
H < J€4{0 1
H k” = ksinﬁ()\t) Z ’sm Tw, Twl Z ‘Sln th+Twl)‘
lﬂ* lezlf

which by (4.54) and (4.56) is convergent for any value of the parameter ¢, pro-
viding the sequence (c¢;)jes, is chosen so that it satisfies (4.55), and in which
case |[Hy|| = O (4). Then, since Hy11 — Hj, = T3(k), Equation (4.50) becomes

P = (1 L Ty(k) + 0 (;2)) g, (4.57)

It is now shown that the sequence (c;);es can be chosen such that the
finitely many resonating terms appearing in T4 (k) do not cancel. This involves
the following elementary lemma.

Lemma 4.6.5. Let A € C" ™ be a matrix where all the diagonal entries are
non-zero. Then for any vector fG C™ with all entries positive there exists a
vector f’ arbitrarily close to f so that Af? = U where the entries of U are all
non-zero.

Proof. Given f with all entries positive, if there are no zero entries in v = A f
then the result is already proven. Otherwise, consider the first non-zero entry
located at Uj,,j1 € {1,...,n}. Then, alter the vector f to become f’ so that

f;-’ = f: for all ¢ # j; and fj’-l = El + €, where € > 0 is sufficiently small so that
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the first j; — 1 entries in the new vector 7' = A f' are non-zero. From the fact
that the diagonal entries of A are non-zero, the entry U;-l is also non-zero. We
repeat the procedure for each subsequent zero entry in the vector ¢, and since
the vector is finite-dimensional this completes the proof. O

By Lemma 4.6.4 we have that we can partition the sequence (\;);cs into
finite disjoint sets. The same is true for the associated sequence (¢;);cs. Conse-
quently, the ¢; which appear in (4.57) in Ty (k) all belong to the same equivalence
class. Then, to establish that there exists a sequence (¢;);es such that Ty (k) # 0,
we partition the ¢; elements into their equivalence classes, each of finite size,
and to each class apply Lemma 4.6.5: the elements, ¢;, comprising the entries
of of the vector f, whilst each row of the matrix A encodes the exponential
and E()\;) relations that form the sum when resonance occurs. Assuming the
positive sequence (¢;)1es is chosen to satisfy both (4.49) and (4.55) one can use
Lemma 4.6.5 to vary the sequence, (¢;);cs slightly so that resonance appears
and the convergence of (4.49) and (4.55) remain unchanged. Then, by apply-
ing the generalised Janas-Moszynski theorem [63] to eliminate the error term
of order k=2 we see that the solution of (4.57) behaves asymptotically like the
solution of

- 1 0 Y(A -
where
T-1 T-1
Y () = Z ¢ Ej(/\t)e—z‘((T—j)w;+¢z)_|_ Z o Z Ej()\t)ei((T—j)wl+¢l) £ 0.
ler;  J=0 lery  J=0

Much like in the individual eigenvalue case, we need to diagonalise the matrix
in (4.58). The matrix is already Hermitian and has trace zero, and therefore
by removing the term |Y'(\;)| as a factor we observe that the new matrix has
eigenvalues 1 and —1 and determinant —1. Thus, (4.58) is equivalent to

Mgy = W f[ (IJW:;((?E)M ( (1) 31 ))1 Wty

Lr=1

& Y ()]

1:[1 (1+rsin9()\1)) 0 1=

B - Y () W

_ Y )\1,
0 'rl;ll (1 rsin@()\t))
Y (A¢)
. cr+o(1))k Tm| 0 -
~p Mg41 = < 1) mai,

Y (A¢) ‘
sin 0(Xg)

0 (@ +o(1) &~

for non-zero constants ¢z, ¢s depending on Ay € ooy (JT).
Returning to the original recurrence relation, this implies that for A; there

_|_xop
exists a decaying (subordinate) solution, ug(A¢) ~ k 157900 ) Since \; was an
arbitrary element of the sequence (\;);es this concludes the argument.
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Remark For the case of only finitely many A;,7 € {1,...,n}, it is possible to
amend the proof of Theorem 4.6.1 so that we compute subordinate solutions
that reside in the sequence space [2(N;C). Replacing the potential (gx) in the
theorem by (cqi) replaces Y (A;) in (4.58) with ¢Y (A¢). Then, choosing ¢ suf-

::9(()‘)13)‘ > ¢ for all t € {1,...,n} the subordinate

ficiently large such that

solutions will all lie in {2.

The previous theorem proves only that the sum of the potentials simultane-
ously produces subordinate solutions associated to all (\;);cs. It has not been
shown that a potential of this structure simultaneously satisfies the initial con-
ditions encoded in the periodic Jacobi operator necessary for an eigenvalue to
exist for each A;,7 € {1,...,n}. This, in general, leads to solving a system of
non-linear equations. For the case of n = 2 we explicitly solve this system.

Theorem 4.6.6. Let A1, A2 € oeu(Jr), 0(M1) # 5 # 0(A2) and assume E(N\;) #
0 fori e {1,2}. Then for g}, given by (4.43) for n > 5, and suitably chosen ¢},
¢4, g5, ¢4 we have that {1, A2} C op(Jr+Q' + R) where Q' is a diagonal matriz
with entries ¢, of a Wigner-von Neumann structure and order % as n — 00,
and

0 0
r 0
R:=1 o 0

o O 3

for some r € R. For a generic choice of Jp we can choose r = 0.

Proof. Choose ¢} as given by (4.43). By the previous remark there exist non-zero
solutions v%l), vﬁf) in /2 such that (4.2) is satisfied. Set u£}) = vﬁbl), ug) = v7(L2)
for n > 3. Then,

an_lugll + anu&)rl + (¢, + by — A)ul) =0, forn >4
and

an_lugl + anufi)rl + (¢, + by — )\g)ug) =0 for n > 4.

Thus, usll), ug) for n > 3 and ¢/, for n > 4 are now given. However, for A;, Ao
to be embedded eigenvalues, the following system of equations still needs to be
satisfied:

1) (1) (1)

azu? + (g + bs)ul) + agul = Ayul
asu$? + (g4 + bs)ul? + agu® = Agul?
aruf” + (g5 + b )us) + agul? = Aul”
arut? + (g + bo)u) + azul®) = Agus?
(@ +50)ul + agul = Ayul®
(¢, + b))l + a1ul? = Aul?,



where ugl), ugl), u§2), ugz), 4y, g5, g5 are presently undetermined, while uél),

u;(f), uil), uf) are already defined. We consider two cases depending on the
values of ugl) and qu).

(Case One) If ugi) = 0, for some ¢, then without loss of generality let i = 1
and we set r := 0. Then, we set

(A2 — bg)UgQ) - (12U§2) aluf) ;o (M= bg)ugl) - agug)

/ /
¢ =M —bi;gy = @ 143 = 0
(% U
Choosing u{!) = —2255% (1 _ ¢ )@ _ _areg” @) _ dowg? —asui? —(gs-+bo)us”
g a1 = 1 A=Az’ az

o
R

satisfies the six equatlonb listed above, prov1d1ng the u we chose above is non-

zero, i.e. ()\2 -1+ ag?f) > S u4 75 0.

If ()\2 — A1+ a?’?{ﬁ ) ugf) —aguf) = 0 then this implies Us ;é 0. We further

subdivide into two cases. If a; < 4 5 | A1 — Ag| then set

A2 — AL+ /(a2 — A\)? — 4a?
2
and instead choose
2 (1) (1)
;o oy a7e ()‘1 _bS)US — A3Uy
Q1—)\1—b1+$’Q2*_a27aQ3* N + €
and set ul) = vl (Caitelgztbad)) () _ a;gw; 2) _ u§2><—a§+e<q;+bz—xz>>;
CL2 2 CL2
@
(2) —Ea for any non-zero constant e chosen such that u; ) # 0, u ;é 0.

Wlth this ch01ce it is easy to check the six equations listed above are satlsﬁed
If instead a1 > 5 L1A\1 — Xo| then we choose 7 such that 0 < a; +r < §|)\1 — A2
and return to the start of case one.

(Case Two) Here we have ug ) = u:(f) = 0. Then, since this implies ufll) and

uf) are both non-zero, it is possible to add an arbitrary perturbation to ¢} so

that by continuity u(J ) becomes non-zero for both j. The conditions for case
one are then satlsﬁed. O

Remark Theorem 4.6.6 gives an illustrative example of two embedded eigen-
values constructed by a Wigner-von Neumann type perturbation. There exists
another technique that succeeds in embedding infinitely many eigenvalues into
the essential spectrum of a period-T' Jacobi operator, and we will explore this
in the following chapter. However, this other technique does not give as explicit
a formula for the potential.

98



Chapter 5

Embedded eigenvalues
using the geometric method

In 1991 a new technique was published by Naboko and Yakovlev [65] which
embedded infinitely many eigenvalues into the essential spectrum of the DSO. In
this chapter, we extend the method to arbitrary period-T" Jacobi operators, Jr,
essentially by treating the monodromy matrix, M (), as analogous to a rotation
matrix. Indeed, for A € o (Jr) the monodromy matrix is similar to a diagonal
matrix with conjugate entries on the unit circle, which is unitarily equivalent to
a rotation matrix. Thus we obtain the following sequence of equations

M) = Br(\) ... Bi())
—V(A)( (OA) %

H > Vﬁl()\)
= [VINU V] R(O(A

)
Y VTM) T (5.1)

>

for A € oo(Jr), where pu(\) = e the columns of V()) are composed of the
eigenvectors for p(A) and p(A) respectively, U(A) is a unitary matrix and R(6(X))
is a rotation matrix of angle 6(\). Additionally, for products of unperturbed

monodromy matrices, we have

M* = (VIVUWIREN) V)T
= [V RFOO) V(U )]
= [VIVUW)] R (kO(N) [VNT )]

This suggests that it is possible to interpret the solution to the recurrence re-
lations encoded in the Jacobi matrix (when an eigenvalue exists) as simply
rotations of the initial components; in particular, there is no change in size for
the subsequent components. Of course, for the solution (u,),>1 to be an eigen-
vector, it must also shrink sufficiently fast to be in the sequence space, [?(N; R).
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However, at the very least, the above relations offer motivation to investigate
a new way to embed eigenvalues for a period-T Jacobi operator. Its success
depends upon finding an approach to introduce sufficient shrinkage into the so-
lution, and we show that this can be done with the application of a potential
and providing that the components of the solution are not constantly rotated
into four arbitrarily narrow bad cones.

The structure of the chapter is as follows. First, we expound the geometric
approach to embed a single eigenvalue into the essential spectrum of a periodic
Jacobi operator (Section 5.1). However, unlike the original Naboko/Yakovlev
technique which is only valid for the special case of the DSO and those A in
the generalised interior of the essential spectrum rationally independent with 7,
our technique works for an arbitrary period-1" Jacobi operator and for any ele-
ment in the generalised interior of the essential spectrum with quasi-momentum
not equal to 5. We then reproduce the mechanisms devised by Naboko and
Yakovlev to embed infinitely many eigenvalues, simultaneously, into the essen-
tial spectrum, providing their quasi-momenta are rationally independent with
each other and 7 (Section 5.2), although we adapt the argument to work for
arbitrary periodic Jacobi operators. These ideas are then developed further to
permit the embedding of a single A whose quasi-momentum is rationally de-
pendent with 7, simultaneously, with infinitely many other eigenvalues whose
quasi-momenta are rationally independent with each other and 7 (Section 5.3).
Similar results are given for the case of two eigenvalues, A1, Ay whose quasi-
momenta are rationally dependent with 7 (Section 5.4), and also the case for
arbitrarily (but finitely) many, \;, with quasi-momentum rationally dependent
with 7, providing certain co-prime conditions are satisfied by the denominators
of the quasi-momenta (Section 5.5).

5.1 The single eigenvalue case

Throughout this chapter the perturbed monodromy matrix, M (A—g), is defined
to be

M(A - Qk) = BT()\)BT—I(A) .. Bl(/\ — qk)

= Br(\)... By(N) (Bl(A) o (

ay

0 0
0 1)
— M(\) - j—’jA(A) — WN)(R(O(N)) - Z—’IW*%A)A(A)W(A»W*%A),

where A(X) := M(X\)B; ' (\) 8 (1) ’

The following lemma will be needed:

W) == VNU).

Lemma 5.1.1. The invertible matriz W(A) can always be chosen to be real.

Proof. The matrix W(A) = V(AU (M), where both U(X) and V' ()A) are invertible,
is also invertible. However, the matrix W(\) may not always be real, but we do
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have a choice in what U(X), V(X) we use to define it. All that is needed is that
W () satisfies the relation

MW = WA)RON)). (5.2)

Indeed, there are many possibilities for a real W(\); for instance, we could
just take the Re(W (X)) or Im(W (X)) of any W () that satisfies (5.2), however,
this does not guarantee the invertibility condition. So, assume for contradiction
that Re(W (X)) + BIm(W (X)) is not invertible for any 8 € R. Then, define the
function

f(B) := det [Re(W(A)) + SIm(W (X))},

and by our assumption f(f) = 0 for all 5 € R. But the function f is just a
polynomial in 8 and is therefore analytic in 8, and can be extended analytically
to the complex plane. Thus, it is zero everywhere on the plane. However, if
we choose = i then we get the original expression for W (), which is always
invertible, and thus we have a contradiction. This means that there exists at
least one 5 € R such that the matrix Re(V(A\)U (X)) + SIm(V (A)U(N)) is both
invertible and real. We choose this matrix to be W(X). O

Throughout this chapter A € o¢;(Jr) and therefore M(A), Bj(\) are real.
Moreover, by Lemma 5.1.1 we may assume from now on that W(\) is real.

Consequently, since all the matrices have real entries, we have for f € R?

I (R0 - Ewanw ) 712

= ((mo - Loy v o))

ai

< (1 - QGLI’“ Re (R*(00))W (AW ) + O(g?) Tf>

— 1712+ O@)IFIP - 22 R-00) W AW N . (5.3)

ai

and where the second equality was obtained using that for an arbitrary real
matrix B, Re(B) = 3(B + B*). Additionally, observing that the matrix A())
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is rank one yields:

WM () B; (N, f) (5-4)

where (7,y) means the angle between x and y, and €; = (1,0)T, & = (0,1)T.
Now by combining Equations (5.3) and (5.4) we obtain

| (R(OON) — W LA ANW (V) F?
_ ||f|2<1 = 2B el W OMOVBT (|

—

x cos(f, W (N)éz) cos(R(=0(A)W ™ (N M(N) B (Ve ) + 0(%3)) (5.5)

The next stage of the argument is to establish for what f we can reduce the
expression on the righthand-side of Equation (5.5). In order to do this we must
investigate the relationship between the vectors R(—6(\))W ~1(A\) M (X\) By *(\)éz
and W*(\)eés.

Lemma 5.1.2. Let A € oo (Jr), where Jr is an arbitrary period-T Jacobi op-
erator and O(X), abbreviated to 0, is the quasi-momentum. Then the vectors
W*(N)éy and R(—0)W =Y (A\)M(XN)B; *(\)é&, where W () is defined as previ-

ously, are always orthogonal with respect to the standard complex inner product.

Proof. By observing that
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With the knowledge that the vectors are always orthogonal (for any A\ €
oei(Jr)) the following lemma implies that with the exception of a collection of
arbitrarily narrow cones around £W*(\)&y, +R(—0)W 1 (A\)M(\) By }(\)é; of
opening angle €, we have for any vector f the estimate

I (ro) - aw =) (o 3 )W) A2 < 17 (1= clasl +0 ()

for some C'(\) > 0, providing that the sign of ¢ is chosen appropriately. (Oth-
erwise the corresponding components of the solution won’t decrease in size, but
increase.)

Lemma 5.1.3. Consider f_io, hy £ 0 € R2. Then for arbitrarily small 0 < € < 5
we have Lo L
|sin(ho, f)sin(hy, f)| > sin®(e)

for fe R? lying outside the four cones with central axis :I:f_io, :I:Hl and opening
angles less than or equal to €.

—

f) > € and that sin(z) is a monotonic in-
)

Proof. Using that (ho, f) > €, (h
0, Z) yields the result. O

creasing function on the range (0, 5
Consequently, by defining Ho := 1y where v LW*(\)és, and f_il := ¥; where
7 LR(—0)W M (X\) By '(\)é; then

— —

| cos(W*(N)éa, f) cos(R(=0)W 1 (\)M (X) By ' (A)éz, f)]

—

| sin(ho, f) sin(hy f)|
> sin®(e) > 0

for all f lying outside the four cones with central axis :i:ﬁo, :I:El and opening
angles less than or equal to e.
We will use the following definition throughout this section.

Definition 5.1.4. We define the set Sc to be the four orthogonal cones about
the vectors £W*(\)é&y and £R(—0)W Y (A\)M(N)B;*(\)é, each with opening
angle ¢ (see Figure 5.1 for more details).

Thus, it has been established that for any A € oy (Jr) and for any fe R%\ S,
we have the relations

|3 = a0 7| = o) (B6) - e~ 400 W )

< WP NIPIFP (= CWlael + 0 (7)) (5.6)

for some constant C'(\) > 0, i.e. for a small enough potential the vector f
shrinks. However it still remains to show that any arbitrary initial vector can
be moved into the region R? \ S, to undergo shrinkage, regardless of where in
the plane it is initially and the value of the quasi-momentum, #()). Lemma 5.1.6
will establish this, however the following proposition is needed first.
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Figure 5.1: The four solid red lines represent the central axes of the four bad
cones comprising S, whilst the dashed lines represent the width of the respective
cones, each with opening angle e.

Proposition 5.1.5. [43,62] Let é1,¢€5,...,ex and €,€%,...,€% be two arbi-
trary collections of unit vectors in R?, and {r,01,...,0x} a collection of ratio-
nally independent numbers. If R(0) is the operator of rotation through an angle
0 around the origin of coordinates in R2, then for any v > 0 there is a number
m € N such that the angle between the vectors €, and R™(0;)€; is smaller than
~ stmultaneously for alli=1,2,...,N. Here m < R(N,~), where the constant
R depends only on N and ~.

Consequently, for A € o (Jr) such that () € 7Q, Proposition 5.1.5 gives
an upper bound on the number of applications of the rotation matrix, R(0(X)),
required to rotate an arbitrary vector, f € R2, into an acceptable region of the
plane, R?\ S..

The following gives an analogous result for when #()) is not rationally in-
dependent with 7, although we do have to exclude from our consideration the

case when 0(\) = 7.

Lemma 5.1.6. Let A € oey(Jr) with O(N) = EX # 5 where ged(p,q) = 1. Then,
for any real vector, j?G R? and any € € <0, lq) there exists some k € {0,1,2}
such that R(k6)f & S..

Proof. If @ = 2, where gcd(p, ¢) = 1, then there are two cases:
(Case One) If f & S, then take k = 0.
(Case Two) Otherwise f € S. and it needs to be shown that after a certain

number of rotations the vector f no longer inhabits any of the four orthogonal
bad cones. Define £ to be the angle between the vector f and the central axis
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of the cone containing f (see Figure 5.2 for more details). Clearly, we have the
relation

€l <e (5.7)
Moreover, since 2¢ < % < @(\), we also have that one application of the rotation

matrix, R(6), ensures that the vector f is moved to outside the first cone. We
now establish that the vector f is not moved into the bad cone opposite under

the same single application of R(f), i.e. |m — ({ + %”) | > e. Recalling that

€ < 5, and (5.7), we assume for contradiction

(42| <e=
q

27
= Iqw—pﬁ\<7-q
q

= |¢g—p|lT <. (5.8)

Wm‘<2€
q

This implies ¢ = p, which is a contradiction. Thus the condition € < zlq guar-

antees that a rotation will move the vector, f, outside of the first cone and not
into the ‘third’, i.e. the mirror image of the first.
It still remains to consider

T p
() <o >

which describes the instance of applying the rotation matrix, R(#), once, but
only succeeding to move the vector from the first bad cone into the (orthogonal)
‘second’. Clearly, if this doesn’t happen then one rotation is enough to move
foutside of S. as § < w. Thus, we assume this is not the case and that (5.9)
happens. We then consider the case of applying another rotation and moving
from the second cone into the third. This is described by

‘77— <§+2];7T>’ <e. (5.10)

Then, by recalling that € < i and combining Equations (5.7) and (5.10) we see

that
2
7T—(§+];T)‘<€=>

<~ |gqm — 2p7| < 1-2(1
2q

2pm
W—p‘<26
q

= |qg—2p|7 <.

This implies ¢ = 2p which is a contradiction. This tells us that (5.10) can never

happen; in particular, after at most two rotations the vector f will be rotated
out of the set S.. O
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Figure 5.2: The four solid red lines represent the central axes of the four bad
cones comprising S, whilst the dashed lines represent the width of the respective
cones, each with opening angle €. The vector f in this particular example resides
in the rightmost bad cone, and is of angle £ from the central axis of the nearest
bad cone.

Remark The geometric difficulty of those A with §(\) = 7 arises from the

orthogonality of the bad cones. Thus if for these A the vector f should fall into
one of the bad cones, no amount of rotating will ever relocate the vector into
a shrinkable area of the domain (i.e. a region outside the four arbitrarily small
bad cones) since the vector will just move from one bad cone into another.

Remark It should be stressed not only for this section, but also the ones that
follow, that the only truly bad regions in the plane are along the central axes
of the bad cones. Thus, when proving certain results (i.e. Lemmas 5.1.6, 5.4.1,
5.5.2 and 5.5.3) on the feasibility of manoeuvring certain vectors into shrinkable
regions of the plane we only focus on avoiding the central axis of the bad-
cones. This is because regardless of how close the vector ]F is to the central axis,
providing the vector is not on it, the opening angle, ¢, can simply be reduced
so that the bad cone is narrow enough for the vector, f, to avoid the forbidden
region altogether. However, this should not be misconstrued as a statement
advocating the possibility of bad-lines, rather than bad-cones (arbitrarily small
as they may be). The need for some opening angle, ¢, about the bad cones
follows from Lemma 5.1.3 which tells us that if € is zero then it is possible to
choose f arbitrarily near to the central axis such that

| cos(W*(N)&, f) cos(R(—0)W (A M(N) By L (\)é, f)| > |sin(e)]? = 0.
In which case we only obtain the result

(R a0 (g § )W) 712 < 172+ 0 @),
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in particular there is no shrinking of || f]|2 by factor C(\)|qx|.

It follows from Proposition 5.1.5 and Lemma 5.1.6 that for all pairs (()), f),
with the condition O(A) # 7, 3 n < ng(X;e), for € small enough, such that
R(nb)f ¢ S., and thus by Lemma 5.1.3 the vector, f, can be diminished in
size by the application of a perturbed monodromy matrix with an appropriate
potential (g,). Note that the potential will take the form

(QH):(05"'aoaala0a"'a0a5270a"'7"'7@)07"'707@-&-17'")a

i.e. a vector characterised mostly by zeros (to account for when the monodromy
matrix is analogous to a rotation and the fact that only one of the T' transfer
matrices is perturbed) and where the non-zero entries are denoted by an over-
head tilde. In particular, g; represents the i-th non-zero entry of the sequence
(qn)-

We now wish to show that the candidate eigenvector, u, is in the sequence
space [?(N;R). This will use the following lemma.

Lemma 5.1.7. Let A\ € oo(Jr) such that O(\) # 5. Then, for ¢, < 1 and

Gn € 12, the candidate eigenvector u := (Un)n>1, obtained by the procedure in
this section, satisfies the estimate

o) 7

lul® < Ko - | TT = COI@h | (riva +1)

i=0 | j=0
LMY [0 - CED + K5y (5.1)

for some K1(N), K2(X), K3(X) € R, where gy := 0 and r; represents the i-th in-
terval of rotation, i.e. the number of rotations required to rotate the components
following the i — 1-th shrinkage into the acceptable region, R? \ S, so that the
perturbed monodromy matriz M (X — q;) can be applied.

Remark The first component of the expression comes from calculating the
contribution at every T-th term, as well as all those interim components that
arise from an incomplete unperturbed monodromy matrix, i.e. those ugrys such

that
UET+s UrT
= Bs(N\)...Bi(A
( UET+s+1 ) ( ) 1( )( UET+1 )

for some k € N,;1 < s < T. The second term estimates those components that
arise from an incomplete perturbed monodromy matrix, i.e. those ugrys such

that
< URT+5 >BS(A)...Bl()\q~t)< wpr )

UET+s+1 UkT+1

for some k,t € N;1 < s < T and uses the fact that ||B;(A — ¢)|| is uniformly
bounded in ¢. Finally, the third term factors in the O(q7) contributions (see
Appendix B for more details).
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Finally, setting g, := <2 for some constant ¢y, and invoking Proposition 5.1.5
and Lemma 5.1.6 to establish that there exists some R such that r; < R for all
1 gives:

i B S log(1-13;1C(\)
[Ta=1GICON| (riga +1) < (R+1)e=
j=0
—(R+ 1)67],:1 17;1C (M) +0(a;) _ efc(A) El 7 o o= COcolni _ 1

- ZC()\)CO

which is in [*(N; C) as i — oo, providing C'(\)cg > 1. Thus, we need cq > ﬁ
This concludes the argument that u € [2.
We can summarise the above result in the following theorem.

Theorem 5.1.8. Let Jr be an arbitrary period-T Jacobi operator and \ €

oe(Jr) \ {z|0(x) = 5}. Then there exists a potential g, = O (%), with g, #
0 (L), and a vector (uy,) € I*(N;R) such that

(Jr + Q) (un) = A(un)
where Q is an infinite diagonal matriz with entries (gy)-

Remark The Coulomb-type decay of (g, ) gives that the potential is a compact
perturbation and therefore the essential spectrum of the operators Jr and Jr+Q
coincide. Consequently, the eigenvalue A in Theorem 5.1.8 is embedded in the
essential spectrum of the operator Jr + Q.

5.2 Infinitely many eigenvalues — Case One

In this section we adapt the method from [65] to embed infinitely many eigen-
values, simultaneously, into the essential spectrum using a single potential, g,.
Indeed, the problem that arises whenever one contemplates the embedding of
multiple eigenvalues is that not only must all the two dimensional vectors,

flaf?a"'?fna"'a
corresponding to the respective candidate eigenvalues
AL, A2,y Any e

inhabit shrinkable areas of the plane, but also that the respective f_; are in
compatible shrinkable areas, since the reduction factor

(1 —CNla)I FII?

used in the single eigenvalue case depended on choosing the sign of the potential-
component, g, correctly. Otherwise as the components of one candidate eigen-
vector are decreased, the components for the other eigenvector will possibly be
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increased. Consequently, in this and the following three sections, it is necessary
to impose restrictions on the set of eigenvalues being embedded to ensure it is
possible that the initial components, ﬁ, can all be manoeuvred simultaneously
into compatible, shrinkable regions of the real plane regardless of where they
first lie. Throughout this section, we insist that any finite selection of eigenval-
ues from the infinite set have quasi-momenta rationally independent with each
other and 7.

The following definition will be needed throughout the rest of this chapter.

Definition 5.2.1. Let Sé(i) denote the four arbitrarily small orthogonal cones
each with opening angle € about the vectors £R(—0(X;))W =1 (\) M (X)) By (\i)éa

Without loss of generality, the orthogonal bad cones, SE(Z), corresponding
to each distinct A; to be embedded can be standardised/rotated so that the
quadrants (i.e. those regions between bad cones) where the potential, g, needs
to be positive in order for the respective eigenvector to shrink are the same
quadrants as for the other eigenvectors to be embedded (see Figure 5.3 for more
details). This results in rotating the vector with the initial components (ug, u;)”
about the plane; however, since all the lemmas in this chapter are independent
of the location of any of the starting vectors then the results remain valid.
Consequently, we will assume all Sél) are equal to some standard S, and then it
is possible to visualise the various rotations by different angles 6();), acting in
the same plane to avoid the same cone, S.. This implies that for all candidate
eigenvector solutions to simultaneously receive sufficient shrinkage, it is sufficient
to rotate the relevant vector components into the same quadrant of the plane as
those for the other eigenvalues, or into quadrants diametrically opposite. This
leads to the following definition for the acceptable region, A., which will be used
throughout the rest of this chapter.

Definition 5.2.2. Let f; € R2 for i € {1,...,n}. The collection of vectors
(]?1,7];;1) € A with A CR?™ iff for alli,j € {1,...,n} we have f; € S. and
Qf: = Qf; mod 2, where Q : R? — {1,2,3,4}, where {1,2,3,4} correspond to
the quadrants in Figure 5.4. Informally, a collection of vectors belong to A if
they reside in compatible regions of the plane.

As an example consider the vectors fi, ﬁ, f;;,, ﬁl in Figure 5.4. The collection
( ﬁ, f;;) € A., as the vector fi inhabits quadrant 1 and f;;, inhabits quadrant

3,and 1 =3 mod 2. For similar reasons ( fé, ﬂl) € A.. However the collection
( ﬁ, fg) ¢ A as fi inhabits quadrant 1 and fé inhabits quadrant 2 and 1 # 2
mod 2. The collection ( ﬁ, ﬁl) does not belong to A, by a similar argument.

Theorem 5.2.3. Let Jp be an arbitrary period-T Jacobi operator and {\;}32,
a sequence of numbers belonging to oey(Jr), where any finite collection

{71',0(/\1),9(/\2), e 79(An)}7n Z 1
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Before Stand. A1

_l’_ —

After Stand. A1 A2

+ | - + | —

— | + - | +

Figure 5.3: The thick red axes illustrate the arbitrarily narrow cones to be
avoided for two candidate eigenvalues A1, Ay respectively, with the first row rep-
resenting the situation before any attempt at standardization has been made,
and the second afterwards, specifically once the orthogonal bad cones corre-
sponding to Ay have been appropriately rotated. The 4, — signs in each accept-
able quadrant indicate the sign that the relevant non-zero component of the
potential, g, must take in order for the candidate eigenvector to shrink suffi-
ciently. Observe that after the standardization has been made (i.e. the second
row of axes) the same quadrant can be chosen for both A\; and Ay and it will
be consistent in terms of the sign required of the potential component, g, to
produce shrinkage.
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Figure 5.4: The thick red axes illustrate S, the arbitrarily narrow cones to be
avoided. The numbers 1, 2, 3, 4 label the acceptable quadrants between the cones
and are used in Deﬁnltlon 5.2.2, whilst the vectors fl, fg, f3, f4 are employed in
the discussion that follows the deﬁmtlon.

18 rationally independent. Then there exists a potential g, = O (%), with q,, #
0 (L), and vectors (uy ;) € I>(N;R) such that

(Jr + Q)(Un,i) = Ai(un,i)
where Q is an infinite diagonal matriz with entries (gy).

Proof. The ability to embed infinitely many eigenvalues using a result (Propo-
sition 5.1.5) that is only valid for finitely many eigenvalues follows by breaking
up the set {A;}52, to be embedded into an increasing sequence of finite subsets,
Np, such that

Ny CNyCN3C---CNpC...

and

U Ny = {Al}fil
k=1

Then at each particular stage we are only ever dealing with finitely many eigen-
values (with quasi-momenta rationally dependent with each other and 7) which
Proposition 5.1.5 is sufficient to deal with. For instance, consider a possible
sequence N where

Ny = {1}, No = {1, 22}, N3 = {1, M2, A3}, ...

Then for the first stage of our calculation we are concerned only with embed-
ding one eigenvalue, A1, so that we deal with rotating the initial components
corresponding to this candidate eigenvector, (u, 1) into a shrinkable area of the
plane, and applying an appropriate potential q; once there for the reduction to
take effect. (As in the single eigenvalue case we denote the number of rotations
necessary by 71). Then move onto No = {A1, A2} and use Proposition 5.1.5 to
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find a bound, 75, on the number of rotations necessary to manoeuvre the appro-
priate components of both candidate eigenvectors, (ty 1), (tn,2), simultaneously
into consistent shrinkable areas of the plane, A., and applying a potential 5.
The process is then continued by considering the set N3, et cetera.

Consequently, the proof rests on showing that an eigenvector, u, correspond-
ing to an arbitrary A € {)\;}5°;, belongs to the sequence space (?(N;R); the idea
being somewhat similar to the three-step single eigenvalue technique. However,
now the eigenvalue corresponding to this eigenvector might not necessarily be
in the set N; (the set of eigenvalues whose components are rotated into their
respective cones straight away). Instead, we assume A € N; for all ¢ > k and
A & Nj for all j < k where k € N. In particular A first appears in the set IV,
and we denote the contribution to the square of the norm from the initial com-
ponents as Ai. Then continuing as before in the single eigenvalue case one uses
Proposition 5.1.5 to ensure that all the vectors f; corresponding to the elements
of N; are simultaneously rotated into shrinkable regions of the plane.

Thus, the norm of the eigenvector solution can be estimated by

lu()[1* < AV + De(N) Y | T = CN[G]) | (R(Niga) + 1)
i=k |j=k
+mm§jﬁu—aW@w
t=k Ls=k

where Ag(A\), Di(N), Fi(A\) € R, o := 0 and R(N;) corresponds to the number
of rotations necessary to simultaneously rotate the collection of vectors corre-
sponding to elements of the set N; into consistent acceptable regions of the
plane, A..

It remains to show that this sum is bounded; in particular that the vector, u,
belongs to the sequence space [?(N;R). Unlike in the single eigenvalue case, the
term R(Nj) is now no longer constant and in fact grows. However, by choosing
the sets N; appropriately the term R(Ny) can be controlled so as to be of order
Vk (see the remark below for more details). Thus, choosing g, = %0 and from
ideas already expounded for the single eigenvalue case, we have that

i ~ Y log(1-HICO) 141
[T = 1GICON | (R(Ni1) +1) < (1+ Vi)e™ = e
j=k
which is in {*(N;C) as i — oo providing C(A\)cp > 3. Thus, we need ¢y >
2032/\)' -

Remark The exact mechanism by which we can slow the rate of growth of
R(Ny) to be of order O(v'k) is by repeating the sets, N; sufficiently often, i.e.
letting N; = N;11 = N;1o for sufficiently many steps.
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5.3 Infinitely many eigenvalues — Case Two

Here we explore how to embed infinitely many eigenvalues (any finite selection
of which have quasi-momenta that are rationally independent with each other
and 7) simultaneously with a single eigenvalue, A1, whose quasi-momentum,
O(A1), is specified to be rationally dependent with 7, but not equal to 7.

The following lemma will be needed first.

Lemma 5.3.1. Let (\) = %” where p,q € N and ged(p,q) =1, and let

{71'7 9()\2), 9()\3), e ,9()\71)}

be rationally independent. Then for any collection of non-zero real vectors
{f1,--+, fn} there exists t € N such that the collection

(RO, - RO ) € Ac,

where A¢ is as defined in Definition 5.2.2. In particular, the vectors, fL ey f_;L
can be simultaneously rotated into the same quadrant or diametrically opposite
ones.

Proof. First consider 6(\1). By Lemma 5.1.6 there exists a number, &, such that
the new vector R(kf(\1))f1 is in R?\ S.. Now, since the angle, §(\;), associated
with this vector is of the form %, every subsequent 2¢ rotations will return us

to the same point in the plane. Thus, create new angles, 8(\;) := 2¢0(\;)
for all i € {2,...,n}. These new angles are still rationally independent, and
consequently Proposition 5.1.5 can be applied to give an upper bound, r, on the
number of rotations necessary to move all the R(kf(X2))f2,. .., R(kO(An))fn
into the same quadrant where R(k#();))f1 resides. Note that the purpose of
these new angles is to ensure that every new step is 2q old steps, implying that
the vector R(kA(A1))f1 remains fixed under subsequent rotations. The upper
bound for the number of rotations is k 4+ 2¢gr. Thus, for some t < k + 2qr, we

have (R(te(Al))f;, . .,R(t&(An))ﬁ,) € A.. O

Theorem 5.3.2. Let Jp be an arbitrary period-T" Jacobi operator and {\;}32,
a sequence of numbers belonging to oy (Jr) where any collection

{m,0(A\2),0(N3),...,0(\n)}, n>2

is rationally independent and A1 € oeu(Jr) such that O(N) = EE # 5 with

ged(p,q) = 1. Then there exists a potential g, = O (%), with g, # o (%), and
vectors (un ;) € I2(N;R) such that

(J1 + Q) (un,i) = Ni(un,i)

for all i and where Q is an infinite diagonal matriz with entries (gy,).
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Proof. We wish to show that an arbitrary eigenvector, u(A), belongs to the se-
quence space [?(N;RR). Moreover, it is required that A\; appear in the set Ny,
where ;= N; = {\;}$2, and N; C N;4; as before. This means that at every
stage we are dealing with embedding one eigenvalue with a quasi-momentum
rationally dependent with 7, along with finitely many others eigenvalues whose
quasi-momenta are rationally independent with each other and 7. Lemma 5.3.1
is now invoked instead of the Proposition 5.1.5 to ensure that all relevant vectors
associated to the elements of the set N; are simultaneously rotated into shrink-
able areas of the domain. Thus, we construct a candidate eigenvector solution
whose norm can be estimated by

%

[u(N[I* < Ax(A) + Di(N) Z [1—=cWIgh | (R(Nig1) +1)

FRMY [H(l - 0(»@)1 -

t=1 Ls=k

We bound the growth of R(Ny) = O (\/E) by increasing the sets N}, sufficiently

slowly, and then take logarithms and exponentials as in Section 5.2 to show that
the candidate eigenvector belongs to the sequence space I2(N;R). O

5.4 Infinitely many eigenvalues — Case Three

Here we discuss the case of embedding two eigenvalues, A1, Ao, first where 0 <
61 < <% or 5 <6 <6y <m, and then where 0 < 6(\;) < 5 < b2(X2) < 7.

Lemma 5.4.1. Let 0 < 6y <0y < 5 or 5 <6y <0y <m. Then, for any pair of
non-zero real vectors {fi, fé} in the plane, there exists k such that the collection

(R fi, R(k62) 1) € A,

where A¢ is as defined in Definition 5.2.2. In particular, the vectors, fi, fg can
be simultaneously rotated into the same quadrant or diametrically opposite ones.

Proof. First consider the case when 0 < 6; < 02 < 5. Since 62 > 01 then

eventually there will be an ‘overtaking’. This means that the vector fg will
overtake the vector fi at some stage. In the step preceding this overtaking the
two vectors fl, fé are either in the same quadrant or not. If they’re in the same
quadrant, then the objective is already achieved. If they’re not then the vector
f2 must be in the quadrant ‘behind’ the quadrant f1 is in or in the cone; however
after one more rotation the vector f2 overtakes fl, and since o < 5 the two
vectors must then be in the same quadrant (see Figure 5.5 for more detalls) and
outside S, for sufficiently small e.

When § < 6; < 6 < 7 the argument is similar. Again, the only bad

situation is when fg is immediately ‘behind’ fl Then, in the next step when
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BEFORE AFTER f2 .

Figure 5.5: The diagram illustrates one particular example of ‘overtaking’,
specifically when 0 < 61 < 03 < 5 and ﬁ, fg do not inhabit the same quadrant
before the overtaking. The two images denote the location of the vectors before
and after the threshold rotation has been applied. As can be seen, since o < 5

there is no threat of fo overshooting, and landing in the next (inconsistent)
quadrant instead. Note that the thick red axes denote the arbitrarily narrow
bad cones to be avoided.

the ‘overtaking’ happens the vector f1 must move into the next quadrant, where
it is joined by the vector fg It is not possible for the vector fg to ‘overshoot’
and land in the inconsistent quadrant beyond f1 as this would require f2 to
move more than two whole quadrants in one rotation, and we already assume
02 < 7 (see Figure 5.6 for more details). O

Theorem 5.4.2. Let Jr be an arbitrary period-T Jacobi operator and {X;}5°,
a sequence of numbers belonging to o.(J) where any collection

{m,0(X3),0(Aa),...,0(An)}, n >3

is rationally independent, and {A1, A2} C oeu(Jr) where either 0 < (A1) <
0(X2) < Z or 3 < 0(\1) < 0(X2) < m. Then there exists a potential ¢, = O (),
with g, # 0 (L), and vectors (uy,;) € I*(N;R) such that

(Jr + Q) (Un,i) = Ai(un,i)
for all i and where Q is an infinite diagonal matriz with entries (¢y,).

Proof. For the case when only one of 8()\1),6(\3) is rationally dependent with
7, we already have the result (see Theorem 5.3.2). Thus the only outstanding
case is when 6(A1) = EL% and 6(A2) = E25 with ged(p1, q1) = 1 = ged(p2, ¢2).
The argument follows similarly to the proof of Theorem 5.3.2 by dividing
up the set of eigenvalues to be embedded into sets Ny C Ny C N3 C ... except
now {A1,A\a} € N;. The ‘overtaking’ argument used in Lemma 5.4.1 can be
applied again to establish that a finite number of rotations will be enough to
simultaneously manoeuvre the initial vectors in the plane corresponding to the
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BEFORE f1 AFTER

Figure 5.6: The diagram illustrates another example of ‘overtaking’, specifically
when § <60 <0y <mand ﬁ, fg do not inhabit the same quadrant before the
overtaking. The two images denote the location of the vectors before and after
the threshold rotation has been applied. As can be seen, since 3 < 6 the vector

fg lands in the next diametrically opposite quadrant. Note that the thick red
axes denote the arbitrarily narrow bad cones to be avoided.

candidate eigenvalues, A1, Ao, into shrinkable regions. Moreover, for subsequent
sets, Ny, it will become necessary to simultaneously rotate finitely many other
initial vector components using quasi-momenta 6(\.,),...,0(\,,), rationally
independent with each other and 7. Specifically, we ﬁrst set about moving the
vectors, fl, f2 corresponding to the two quasi-momenta rationally dependent
with 7 into shrinkable regions of the plane, just as in the Ny case, with the upper
bound ng on the number of rotations required. Then, observing that for every
subsequent ¢ := LCM(gy, g2 ) rotations the vectors f1, fa remain in the shrinkable
region of the plane, create new quasi-momenta 8(\;) = t0();) for i € N\ {1,2},
rationally independent with each other and m. Then, Proposition 5.1.5 can again
be applied to the vectors f; for i € I, where I := {i € N\ {1,2} : \; € Ny},
to rotate them all simultaneously into the same shrinkable region as fl, ﬁ but
now using the new angles ¢; since this ensures that at every time a rotation is
applied the vectors f1, f; remain in the same shrinkable region. This technique
is applicable for all sets Nj.

Thus, for each A € {A}$2,, we can construct a candidate eigenvector solution,
u(A) that satisfies

%

[uNI* < Ax(A) + Di(N) Z [1—=cWgD | (R(Nig1) +1)

oo [t—1

+Fe(N) Y [H(l - C(A)zm)] . (5.12)
t=1 Ls=k

Again we slow the growth of R(Ng) = O (\/@) and then take logarithms and

exponentials as before to show that the candidate eigenvector belongs to the
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sequence space [2(N;R). O

We now continue to look at embedding two eigenvalues, simultaneously, but
this time consider the more sophisticated case when the quasi-momenta are such
that 0 < 0(\1) < § <0(A2) <.

Lemma 5.4.3. Let 0 < 0; < § < 03 < m, but where m — 6 # 01. Then for

any pair of non-zero real vectors {f}fé} in the plane there exists k such that
the collection

(R Fi, R(k62) ) € A,

where A, is as defined in Definition 5.2.2. In particular, the vectors ﬁ, f; can
be simultaneously rotated into the same quadrant or diametrically opposite ones.

Proof. The technique uses the ‘overtaking’ argument, like Lemma 5.4.1. How-
ever, due to the comparative size of the angles involved there is now the threat
that before and after the overtaking happens the vectors ﬁ and fg are still in
inconsistent quadrants. This is the only case that needs to be considered. Define
the new angle 0 := 6 — 7 and without loss of generality consider the situation
when |62] < 61. (The case |02| > 61 follows a similar argument, whilst the case

[9;‘ = 67 has been excluded by the acceptable conditions of the lemma.) Since

we may identify opposite quadrants we can assume f; is rotated by 52 rather
than 65.

For the sake of simplicity we skip straight to the step before the overtaking is
to happen and assume the two vectors inhabit inconsistent quadrants (otherwise
there is no problem). Moreover, after the overtaking we assume the vectors
reside in inconsistent quadrants (otherwise again there is no problem). By
identifying consistent quadrants, without loss of generality the problematic case
occurs when & < 0,8 > 0,6 + 601 > 0,& + 02 < 0, where & := arg(f;). We
aim to show that since 6; > \52| there exists a k1 € N such that

&+ k101 > g and & + klgz > —g7 (513)

i.e. after k; steps fi has been rotated into the second quadrant, while fé is still

in the consistent fourth quadrant (see Figure 5.7 for more details). These are
satisfied if - -

(kl — 1)91 > —and ki < ——,

2 20,

respectively. For this to occur, it is sufficient for 6y, 05 be such that

™ ™
—t1l<k<-——-1.
201—’_ ! 22

This implies that
’/ng + 49152 > *71'91
< T (01 + 52) > —49152
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Note that we subtracted 1 from the upper-bound since not only must k exist
it must also be a natural number. Indeed, if 01, 6> are such that the relations
hold for the new (reduced) upper bound then they will also hold for the original
bound and since the difference between the two upper bounds is 1 there must
be some natural number k in the range.

If these conditions aren’t met then there is still the chance that the same
‘consistent-coinciding’, happens later, just in another quadrant. This happens
when both are in the lower left quadrant, i.e. if there exists ko € N such that

& 4 kol > and & + kol > —. (5.14)

These are satisfied if
s —T
ko—1> — and k —_—
2 > o an 0 < %, s

respectively. Then for this to occur it is sufficient for 6y, 6 to be such that
™ T
01 —05

This implies that

20152 +7(61 + 52) >0
— (0 +6s) > —20,05.

Note again that we have subtracted 1 from the upper-bound. If such a &k, does
not exist then we can keep repeating the process. For k, we need 61,65 such

that - .
1+ néi) < n(g{) -1 <= ﬂ(el +§2) > *20152.
1 —02

Then for any |§2| < 61 this condition is satisfied for any n large enough. For
the case |02| > 67 the same expression is obtained. O

Theorem 5.4.4. Let Jp be an arbitrary period-T Jacobi operator and {\;}524
a sequence of numbers belonging to oy (Jr) where any collection

(1,0(03),000),....000)}, n>3

is rationally independent, and {A1, 2} C oeu(Jr) where 0 < O(\) <
O(A2) < m and (A1) # m — 60(N2). Then there exists a potential (¢,) = O f% ,
with g, # 0 (L), and vectors (uy,;) € I*(N;R) such that

(Jr + Q) (un,i) = Ai(un,i)

for all i and where Q is an infinite diagonal matriz with entries (¢,).

—
~

Proof. The argument is the same as in Theorem 5.4.2, except now Lemma 5.4.1
is replaced by Lemma 5.4.3. O
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&1+ k16q &1+ 20,

&1+ 01

— X3
&1

€2+ 05

&+ 252
Eo + k16,

Figure 5.7: The diagram illustrates the possibility of the vector fl being rotated
into the top-left quadrant whilst the vector fé is still tarrying in the bottom-
right. The expression &; + z6#; corresponds to the angle of the vector being
described, whilst the thick red axes are as in Figure 5.5.

5.5 Infinitely many eigenvalues — Case Four

Here, alongside infinitely many eigenvalues whose quasi-momenta are rationally
independent with each other and 7, we consider an arbitrary (but finite) selec-
tion of eigenvalues, where A1, Ao, ..., A, such that

Yoy pam PnT
O(\) =—,0(N2) = —,...,0(\p) = —,
() a1 (%2) q2 () an
ged(pi, ¢i) = 1,gcd(qi, q;) = 1 for all i # j and 6(\;) # 5 for all 4.
The following elementary result will be needed:

Proposition 5.5.1. Let j? be an arbitrary vector in the plane and 0 = % where

ged(p,q) = 1. Then, if 2|p the orbit of f has q distinct elements under the
rotation matriz R(0), all separated evenly by an angle of 27”. If 2 f p then the

orbit offhas 2q distinct elements under the rotation matriz R(0), all uniformly

distributed with separating angle %.

We can now prove the following lemma which will be used in the main
theorem of this subsection.

Lemma 5.5.2. Let f be an arbitrary mon-zero vector in the plane. Then for

0= % Z1{3, %’T where ged(p, q) = 1, every quadrant will feature at least once

in the orbit of f under the action of R(6).

Proof. First consider the case when 2 ) p. Then, by Proposition 5.5.1, the orbit
of f has 2q distinct elements, evenly distributed about the circle of radius |f].
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Thus, if ¢ > 4 then even if all the axes are hit, there will still be at least four
other points in the orbit evenly distributed within the quadrants. If ¢ = 3 then
there are two options: either no axis is hit, in which case there are six points
of the orbit evenly distributed about the circle of radius | ﬂ, four of which must
visit every quadrant; or at least one axis is hit by the orbit. However, if one axis
is hit then the opposite axis is hit 3 rotations later (or earlier), thus meaning at
least two two axes are hit. However, no other axis can be hit because this would
be at a distance of 5 from either axis, and this is not a multiple of %. Thus,
there are four points left in the orbit, meaning every one of the four quadrants
is visited.

Secondly, consider the case when 2|p. Then, by Proposition 5.5.1, the orbit
of f has ¢ distinct elements, evenly distributed about the circle of radius | f]
Thus, for ¢ > 8 even if all four axes are hit, there are still four orbits left with
which to visit every quadrant. Now since ¢ € {2,3,4,6} are not valid options,
we direct our attentions to ¢ = 5. The problem becomes tantamount to looking
at a regular pentagon and seeing that at most only one vertex can lie on the
axes, thus leaving four to visit every quadrant. Finally, for ¢ = 7, it is sufficient
to look at a regular heptagon and observe that at most one vertex can reside
on the axes. O

Remark The invalidness of the result for the angle § = 7 follows from the fact

that if ﬁ begins on the central-axis of a bad cone then no quadrant is visited over

its orbit. Similarly, for 6§ = 2% the result fails because at most three quadrants

are visited (since its orbit only has three entries) and at worst two (when the
one of the orbit includes the axis).

Lemma 5.5.3. Let fi, ceey f;L be any nmon-zero collection of vectors in the plane

and 0, = ”1—1”,92 = %”7...,0,1 = ’Z“—: where ged(pi, ¢i) = 1, ged(qi, q;) = 1 for

alli # j and 0; # 5 for any i. Then there exists k € N such that the collection
(RK6D, .. R(K.) ) € A,

where A¢ is as defined in Definition 5.2.2.

Proof. (Case One) For all §; # %, we know that from Lemma 5.5.2 there exists
some a; such that R(a;6;) ﬁ ¢ S.. What we are now aiming to do is rotate all
vectors f; into the same quadrant, i.e. we wish to find some x such that

=a; mod aiq,

az mod oqa,

T =a, mod a,qy,,

where a; = 1 if 2|p; and «; = 2 if 2/ p;. Now if at most only one p; is divisible
by 2 then we can apply the Chinese Remainder Theorem to obtain the result.

120



However, if 2|p; for all j € A C {1,...,n} where |A| > 2, then the Chinese
Remainder Theorem is no longer immediately applicable since the moduli are
not co-prime. Instead, we break the system down into co-prime factors, that is
x = a; mod 2¢; implies

r=a; mod2 and r =a; mod gj,

for all j € A. This new system can be solved using the Chinese Remainder
Theorem, but only providing there are no inconsistencies with regards =z = a;
mod 2; in particular, for all j € A, a; must have the same parity. If there is an
inconsistency, then we observe that due to the co-prime conditions on ¢; there
is at most one jo € A where g, is even, and we choose to make every other a;
of the same parity. This is achieved by adding ¢; (which must be odd) to all
those a; whose parity is different to aj,, and thus all the parities are now the
same. This follows from the fact that
q; x BT p;m,
q;j

which, since 2 f p;, is an odd multiple of 7 and so

R(0;(a; +q;))f; = R(0;0;)f; + .

Thus by eliminating any inconsistencies in the parity, we have only moved the
vector f_; from its current quadrant into the diametrically opposite one. The
Chinese Remainder Theorem can now be applied.

(Case Two) If 6, = 2 for some t € {1,...,n} then Lemma 5.5.2 is no longer
valid for this particular quasi-momentum. However, the result still follows,
since the two quadrants the vector ﬁ does visit under the action of the rotation
matrix R(6(A)) are indeed enough. This is because by Lemma 5.5.2 the vectors,
ﬁ,i € {1,...,n}\ {t}, can be moved to one of these two quadrants under the
corresponding action of R(36;) (the new angle 36; ensuring f; remains fixed in
the correct quadrant whilst the other vectors are being moved about). O

We now state the main theorem of this subsection.

Theorem 5.5.4. Let Jr be an arbitrary period-T Jacobi operator and {X\;}52,, .
a sequence of numbers belonging to cey(Jr) where any collection

{ﬂ-v 9()‘"4-1)’ 0()\n+2), ceey H(An-‘,—k)}, k > 13
is rationally independent, and {\1, Aa, ..., A\n} C oen(Jr) where
mm

O() = == 00) = % B = p;”,

1

ged(pi, qi) = 1,8cd(qi, q;) = 1 for all i # j and O(N;) # 5 for all i. Then there
exists a potential q, = O %), with q, # o (%), and vectors (un ;) € I*(N;R)
such that

(J1 + Q) (un,i) = Xi(un,i)

for all i and where Q is an infinite diagonal matriz with entries (gy,).
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Proof. The proof is the same as that used in Theorem 5.4.2, except now when we

divide up the eigenvalues into sets we have {A1, A2,..., A\, } C Ny, and replace
Lemma 5.4.1 with Lemma 5.5.3 to simultaneously rotate the vectors f1,..., fn
into shrinkable regions. O

Remark Clearly, Theorem 5.5.4 covers all cases in Theorem 5.3.2. However,
Theorem 5.5.4 does not replace Theorems 5.4.4 or 5.4.2 since the pair of eigenval-
ues with quasi-momenta rationally dependent with 7 considered in these cases,
say O(\) = p;—l’r, 0(A2) = p;—;, could be such that ¢, ¢o are not co-prime and for
Theorem 5.5.4 we demand that all ¢; be pairwise co-prime.
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Chapter 6

Embedded eigenvalues
using the ansatz method

With the exception of a few points, the techniques discussed in previous chap-
ters were devised for arbitrary A € oe;(Jr). We now change this philosophy
somewhat and devise eigenvectors and potentials for more explicit elements of
the essential spectrum, usually those that have been excluded from other tech-
niques; this explicitness in the eigenvalues we’re embedding making the ansatz
for the eigenvector somewhat more transparent and the calculations themselves
simpler. In the first section we focus on the DSO and establish methods to
embed the point A = 0 which is excluded under the Wigner-von Neumann and
geometric methods, and also the parabolic points 2 and —2. For the latter pair
we actually show that a weaker potential of the order n~2 suffices, which does
not contradict Theorem 1.6.1, since the parabolic points do not belong to the
elliptic interval. In the second, and last, section we focus only on those elliptic
points whose quasi-momenta share rational dependence with 7, complementing
the techniques employed in the geometric method.

6.1 Exceptional points for the DSO

Recall that the spectrum of the DSO is the closed interval [—2,2] and that
C(X\;1) = 4 (see the proof of Lemma 3.2.2). Thus, the only element of the
generalised interior of the essential spectrum for which the Wigner-von Neumann
method is invalid is A = 0. We now consider alternative methods to embed
eigenvalues here as well as at the boundary points.
2n(—1)"
nz—1
forn>2andq = % has an embedded eigenvalue at A = 0 and associated eigen-
NES
(=ptz

vector u, = ~———— forn > 1.

Lemma 6.1.1. The discrete Schrodinger operator with a potential ¢, =

—
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Proof. Clearly us + quu; = 0. Moreover, for this choice of (uy,)

ntl 1 1 -1 5]
Un+41 +Un—1 = —QnlUn — (*1)|‘ 2 J (n+ 1 - n— 1) = *Qn%
2n ESEEY
= —1 2 2
= = a7 (51
— _ 2n(-1)"
dn = 21

Thus, the recurrence equations

) AR G D IS G D G LA

0
n+1 n—1 n2—1 n ’

are also satisfied for n > 2, and the eigenvalue A = 0 becomes embedded in the

a.c. spectrum of the operator. O

Alternatively, there is also the following lemma which uses a different po-
tential and different eigenvector to embed the same value.

Lemma 6.1.2. The discrete Schrédinger operator with potential

12

1 n=2kkeN
dn = o -1
l=n+1

has an embedded eigenvalue at A = 0 and associated eigenvector

U, = A, sin (%) + B,, cos (%) ,
where A, := Y. qiBg and

k=n+1
n =2k k eN,

S 3=

n=2k+1,keN.

o |

Proof. Substituting u,, = A, cos(%F) 4+ By sin(%") for Ay, B, undefined at the
moment, gives
Up—1 + Untl = —qnlp

s ™ ™

2) + By 41 cO8 ((n +1) 2) + A, sin ((n _ 1)§>

+ By cos ((n - l)g) = —qn (An sin (%) + B, cos (%))

e (Aps1 — Ap_1)sin ((n + 1)%) + (Bnt1 — Bp_1) cos ((n n 1)%)
= —qn (An sin (n%r) + B, cos (%)) .
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Furthermore when n is even
(Api1 — Ap_1)sin ((n n 1)%)

<~ (A1 — Ap,)cos (ng) = —qnB,, cos (n

—qn B, cos (n

)
)

— (An+1 - Anfl) = _anna (61)

b 2 o]

using sin (o + Z) = cos(a), and cos(kw) € {1,—1},k € Z. When n is odd

T

2
LT .,

<= —(Bn+1— Bn-1) sm(n§) = —q 4, sm(n§)

(Bn+1 — Bn—1)cos((n+1)=) = —g, A, sin(ng)

e (BnJrl — anl) = ann, (62)

using cos(a + §) = —sin(a). Thus, even-indexed B; are related to odd indexed
A;. Hence, define B,, as in the lemma and substituting into Equation (6.1) gives
for n even

An+1 - An—l = _Qan <~ An = Z ann (63)
k=n+1

by observing that A, 1 — A, _1 is the discrete derivative. Similarly, substituting
the definition of B,, into Equation (6.2) gives for n odd

1 1
Byi1— Bn_1) = q 4, & —— — —— = q, A,
(Brty 1) =a ntl n-1 1
-1
> 1 1
= g, = B — _
o (k_z:nﬂ% k) (n—|—1 n—1>

oo
The initial relationship us+¢q;u; = 0 is also satisfied, using that # = %2. O
k=1

The boundary points of the generalised interior of the essential spectrum
{—2,2} are also excluded from the Wigner-von Neumann technique for the DSO,
as well as from the geometric and discrete Levinson method. This is due to the
inability to diagonalize the monodromy matrix at these particular values of .
However, as with the case of A = 0, other approaches exist to embed eigenvalues
here.

Lemma 6.1.3. The discrete Schradinger operator with potential

dn = 2((.,12_31)2) n>2
n 7 n—1l

1

has an embedded eigenvalue at A = 2 and associated eigenvector u, = n%
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Proof. For this choice of (uy,)

9 1 qn 1 2
U + Uy — Up—1 = 22U, — —— + — — —
n+1 gnlUn n—1 mn (Tl 1)2 n2 (71 1)2 — n2

B B n?(n?+1)
= w=2(1- )
2(1-3n2)

= =

for n > 2. Moreover g; = Z ensures the initial conditions are satisfied, and the
eigenvalue \ = 2 becomes embedded in the a.c. spectrum of the operator. [

Lemma 6.1.4. The discrete Schrodinger operator with potential

2

-1 n=1

"

n2

has an embedded eigenvalue at A = —2 and associated eigenvector u, =

Proof. For this choice of (uy,)

(=)™ gu(=1)" (=Dt —2(-1)"
ottt =t = 720 (n+1)2 e T (n—12 n2
4 2
n*+n
<= =2|-1
w=2(-1+ G )
_ 6n2 —1
< > QH_(nz_l)Qa
for n > 2. Moreover ¢q; = —1 ensures the initial conditions are satisfied, and the
eigenvalue A = —2 becomes embedded in the a.c. spectrum of the operator. [

Remark Note that with A € {—2,2} it was possible to embed an eigenvalue
using a potential only of order # Our conjecture is that for any Hermitian peri-
odic operator, Jr, a potential weaker than the standard % is sufficient to embed
an eigenvalue at the boundary points of the generalised interior. Theorem 2.2.1

prohibits this from being true for A € o (Jr).

6.2 The ansatz approach for period-T' Jacobi op-
erators

The focus is now turned to dealing with Hermitian period-T" Jacobi operators,
Jr, and embedding those A € o (Jr), with a quasi-momentum that is not ra-

tionally independent with 7. The idea rests on defining a candidate eigenvector
(uy,) for the perturbed problem
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(b1 + q1)u1 + arug = Aug, (6.4)
an—l”n—l"’(bn + Qn)un + anlpt1 = Ay, n2>2, (65)

from the components

iy = < Uk ) = %M’“(A) ( ; )k €N, (6.6)

for some o and where M () is the monodromy matrix. In particular, we define
U, = &= for n = kT +s,5 € {0,1,...,T — 1}, and where () is the solution to
the unperturbed problem

Op—1Tp—1 +bpTpy + UpTn1 = )\xna n>1, (67)

with initial components z¢ := 1,21 := «. Then, since A € o¢;(Jr) and the
solutions to the unperturbed problem (6.7) are bounded from above we have
that upr = O (ﬁ) By the remark in Section 4.1 we obtain that u, = O (%)
for all n € N. Furthermore, from the involvement of the monodromy matrix it
can be seen that, without loss of generality letting n = Tk and T > 1, we have

An—-1Tn—-1 bn‘rn AnTn+1 _ )\In

Ap—1Un—1 + (bn - A)un + AnUn+1

k—1 k k k
_ Ap—1Tn—1 bnmn AnTn+1
k-1 k k
An—1Tn—1 + bnTp + AnTnt1
k

-o(2)-o(3)

)\un — Qp—1Up—1 — bnun — QplUn+1 -0 <1>

U, n

Consequently, if u,, < % then

4p = (6.8)

which will solve (6.4) and (6.5) for g, := g, for n > 2 and ¢, := ¢} — °L.

Remark Note that if we’d instead defined ¢, := ¢/, for all n only (6.5) would
be satisfied. The need for ¢; to be defined differently to the other g, follows
from the need to satisfy the initial condition (6.4). Setting the initial component
ug := 0 (see Section 1.3 for more details) would also have achieved this, however,
if we wish to use Lemma 6.2.1, as we plan to do, then it is necessary that the
initial component of the vector equal 1.

The definition for ¢, rests on finding an a such that u, < +. We use the
following result to achieve this.
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Lemma 6.2.1. Let Aq,..., At be a sequence of invertible 2 X 2 matrices and
D := Ar... Ay, a finite product of invertible matrices such that D¥ = I for
some k € N. Then with the exception of at most 2kT — 1 wvalues of «, the
vectors

1 1 1 1
(D) (D) (D)o (),
Aap( 1 A ADp( ! A At (1 (6.9)
1 o ey AT 1 ... A7 o yeeey AT 1 ... A7 o .

have both coordinates non-zero.

Proof. (Step One) Consider the invertible matrix A; with entries w;, x;, y;, 2;
acting on a column vector of the form (1,&@)?. Then,

w; T 1 . w; + T
Yi 7 a yi +zia )’
Now since the matrix A; is invertible this also means that

In particular if w; = 0 or z; = 0 then both z; and y; are non-zero. Similarly, if
x; = 0 or y; = 0 then both w; and z; are non-zero. Thus, the elements of the
product of the matrix A; with the column vector are non-zero providing that
a ¢ {0, _;1_“, ;—y} and assuming that w;, x;,y;, z; are non-zero. If any of the
latter are zero, then omit the elements from the exclusion-set for o where the
denominator is zero. For example, if x; = 0 then « ¢ {0, =% }.

23
(Step Two) Now consider the arbitrary product

( g ) = TnTn_1...Th ( ; ) (6.10)

We wish to show that o # 0 # p for all « except a finite number. The product
of invertible operators TnyTn_1...711 is an invertible matrix, say 7. Then by
applying Step One to this matrix we see that p, o are non-zero providing « does
not belong to a finite set with at most three elements. However, if values of «
have already been excluded so that the results holds for example for 77, then
there are most two additional values to exclude for the product T as @ = 0 is
already out of consideration.

Consequently, it can be seen that for the result to hold for the collection in
(6.9) there are at most 2kT — 1 values that a cannot take: three for A; and two
for each of the other kKT — 2 elements in the collection. O

The relevance of Lemma 6.2.1 to our problem is not immediately obvious
since it demands that the monodromy matrix, M (), to the unperturbed prob-
lem be such that M7()\) = I for some j € N. Indeed, given that we are only
interested in A € oy (Jr) such that 8(\) = % for some p,q € N, ged(p,q) =1
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the monodromy matrix has this property. This follows from the fact that for
A as above the monodromy matrix M () has distinct eigenvalues e**?) with
corresponding eigenvectors v+ (A) and so

MI(N)TL(N) = MI7HA) (M(N)Tx(N))
inG(A)MJ 1(>\)_’i()\)

U

O MI2 () (M) (V) = ...

:|:27rz _ U:i:a
where j is such that 2% = 0 mod 27. In particular, the matrix M7()\) has
eigenvalue 1 with geometric and algebraic multiplicity 2 and is consequently the
identity matrix.

Thus, by applying Lemma 6.2.1 to the transfer matrices and monodromy
matrix, M (), associated to the unperturbed T-periodic Jacobi operator, where
O(\) is rationally dependent with 7, it can be established that for appropriate
initial elements each component of the solution to the unperturbed problem,
(2,), is non-zero and only equal to possibly finitely many values. Thus x,, < 1,
and therefore u, =< %, implying that the potential, (g,), can be defined by
Equation (6.8). This results in the following theorem.

Theorem 6.2.2. Let Jr be a T-periodic Jacobi operator. Then, for A € ooy (JT)
such that (X)) = %, p,q € N,ged(p, q) = 1, there exists a potential (g,) € 1*(C)
such that

(Jr + Q) (un) = Aun)

where Q is an infinite diagonal matriz with entries (¢,) and (u,) belongs to the
sequence space 1*(N;R).

Remark This technique complements the geometric technique since the mech-

anisms involved are somewhat mutually exclusive. Consider the explicit case

of T' =1 and the task of showing B"(\) ( i ) # ( 2 ) for all n, non-zero

B € R. Assume it does happen then

B”()()
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i0()

by taking ratios, and where p(A) =e This is equivalent to

_ sin((n — 1)0()\))

sin(nf(\) = cos O(N) + sinO(A) cot((n — 1)0(N)). (6.11)

It remains to be seen if for a particular A an «a be chosen so that this equality
never happens. For () rationally independent with 7, (n — 1)8(A\) mod 27 is
dense in the interval [—m, 7] which means cot((n —1)8())) is dense in (—o0, 00).
Thus, for 6(\) rationally independent with 7, we have that for all € > 0 and «
there exists n such that

sin(nd)
“ sin((n + 1)0) <€
This implies |2,,| < Ce for some C and therefore |u,| < S€ for n = kT + s;
in particular, wu, ¥* % since € is arbitrary. Of course, if sinf@(\) = 0 then
the contribution of cot((n — 1)8(\)) is cancelled out, but this only happens
for (A) = 0 or §(\) = m which are not rationally independent with 7 in the

first place. However, for 8(\) rationally dependent with m then the expression

sin((n—1)6(\))
sin(nd(\))

possible to select a value of a not equal to any of these. (Note that investigating

1 B
when B™()\) ( o ) #+ ( 0 for all n, non-zero 8 € R produces the same

only assumes a finite number of values, as n — oo thus making it

result). Consequently, the properties of §(\), rationally dependent with m, that
were so problematic in the geometric approach are now, ironically, what make
these rationally dependent points so useful.
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Chapter 7

Conditions for the absence
and existence of embedded
eigenvalues

It has already been established that for Hermitian period-T' Jacobi operators a
potential, (g,), belonging to the sequence space I*(N;R) is too small to embed
any eigenvalues into the background operator’s essential spectrum (see Theo-
rem 2.2.1). Naturally one then asks what other conditions exist to preclude the
embedding of particular eigenvalues and if such conditions can be rearranged
to describe the ‘embeddability’ of other values in the same band of essential
spectrum, providing the condition is satisfied. This question was investigated
for the DSO in [65] and where additional conditions for the guarantee of em-
bedded eigenvalues were also discussed. For example, if the sequence ¢, — 0
for A € (0,2) and

S W

then the DSO with (g,) has no eigenvalues in the interval (—\,\), whilst if
9(X;q) < oo then it is possible to devise a potential, (¢,) ~ (L) to embed any
element in the set (—2, —A\) U (A, 2). From these results we see that for the DSO
it is ‘harder’ to embed A the further it is from the boundary of o (Jr) and
therefore require a stronger potential.

In this chapter we adopt similar techniques to obtain analogous results for
the arbitrary period-T" Jacobi operator case, however we stress that whereas
Theorem 2.2.1 held for a potential of any structure, only potentials of the sort
discussed in Chapter 5 will be valid here, namely, where the perturbed mon-
odromy matrix is of the form

M()\ — (h) = BT()\)BT_l(A) . Bl()\ — QZ)
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7.1 Conditions for the absence of embedded eigen-
values

Observe that for A € o¢y(Jr) and @; = (us, uir1)”, we have

e

Tpar = M\ — gp)itn = M(X) — Zj

—WM(M»—ﬁvlm VB

/\
oo/\
N——" o
v

:

= VA)(DA) + Qu(N)V (N, (7.1)
mn(/\) mia(A) 1(A) 0 0
here M(\) = ,D()\) == —= = e
where (A) ( m21 m22 )\) (A) 0 /-L(A) 7M<A) € ’
LAl e duli—mis )I?
P —mi1 mll P n|H—M11 :
V) :=[ » ! N B- (A) and an (M) := 2 =rbees s with
myz2(AN)mai(A) mi2(X)mar (A
T )
mi2 mo1 mi2 ma1
mii(A) = S pmma(A) mii () = p—mi1(A)

Lemma 7.1.1. For allé€ C?, q, = O (%) and n sufficiently large

MMM+QMMMFZ<1|%WMWM)EW

ar sin ()

Proof. For the sake of space unless defining a new operator we will suppress
the dependency of functions on A throughout this proof. Let T,,(\) := I +
D*(N)@Qy(N). Then, since D is unitary

I(D + Qu)éll* = {(D + Qn)&, (D + Qu)é)
= (DI +D*Qn))é, D(I + D*Qn)e)
= (T»T,€,€).
Indeed, since the operator T,:T,, is linear and self-adjoint, its eigenvectors can

be chosen to be orthonormal, and therefore the operator can be diagonalised
with unitary matrix V, (A) (see, for example, Theorem 13.11 in [52]). Then, by

defining f(\) := V;1(A)E
(D + Qu)éll* = (T TV f Va f) = (VT TuVa S f)
= NP AP A AT Sl 2 AP = Aale®, o (72)

where A" \"M9% denote the minimum and maximum eigenvalues of the oper-
ator T»T,,, respectively.
Simple computations show that

o w
DQn—an<uI ,U,SC)
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where a, () is as used in (7.1) and z(\) := my1(A) — % Moreover,

recalling that my1 (A)maz2(A) —miz(A)ma1(A) = 1 and mq1(X) +maa(N) = 2cos b
we see that

2 2
— | —my1|” =2mq1cosd —mi; — 1 =miaman
and therefore

_ 2
HT = [y — Fouta Hmay + i =

= pmy1 + p(E—ma) = 1.
H—mq H—=m1

Thus,

o 1+ a, O,
Tn_( —ay, l—an)

and so
o 140, —a, 14+ ap fa%
TTn = ( [ 1—-a, —a, 1—a,
B 1+ 2lan]?  2]an|? + 2ay,
T\ 2o+ 2a, 14 2]an]?
using that g, is real and therefore «, is purely imaginary, @, = —a,. Conse-

quently, the smallest eigenvalue, X™" for T*T,, is

AT — 1 42, |2 = 2]an|V/1 + |am?.
Now, by applying a Taylor expansion to the function f(z) = /1 + z about

z = 0, and using that a;,, = O(n™!) (since ¢, = O (L)) we obtain, for n
sufficiently large,

. 1
A =1 2|04n|2 — 2|y (1 + i\an|2 +0 (n4)>

=1-2a,|+ 2|0¢n\2 + O(n_3)
> 1 —2|ay|. (7.3)

Finally, by observing that

_ qnlp *m11|2 | =4nMmi2meo1 | qn|ma|
|| = — = —| = . (7.4)
armyz(f — ) 2a7myosin 6 2a7 sin 0
we can substitute (7.4) and (7.3) into (7.2) to produce the result. O

Theorem 7.1.2. Let A € ooy (Jr). If (qn) is a real sequence such that ¢, — 0

and
3 Ima1(\)] -
;exp{—aTSkaZqu}_oo 7.5)

=1
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then the operator Jr with potential (¢,) has no eigenvalues for all N € ooy (Jr)
such that ,
[ma1(X)] _ Ima1 (V)]
sin O(\) sing(\)’

where may () is the bottom-left entry in the unperturbed monodromy matriz,
M(N).

(7.6)

Remark For the particular case of T = 2 (with zero diagonal) we have that
the function

o ma(N)
9N = arsinO(\)
satisfies
70 = ANT + 405 (af 4 a3) — 11X3(af — a3)* + 12M\(af — a3)?(af + a3)

(=M +202(a2 + ad) — (a3 — a2)?)?

A2—(a?+ad) )2

recalling that mo;(\) = 7(1)\71 and sinf(\) = \/1 - ( TICE ) . Moreover,

since mo1(0) = 0 for T = 2 we obviously have that g(0) = 0. Also, for A > 0,
g"(A\) >0 and for all A € R ¢”"(\) = —g(—A). Thus,

[ma1(N)]

et i b0)

is convex. Then, for each band of essential spectrum, Condition (7.6) can instead
be re-phrased to state that the result holds for all A’ between A and A, where

A is such that g(A) = g(\) and resides in the same band as A\. However for
arbitrary periods we do not have an explicit proof of this convexity, although
numerical calculations do suggest that the property holds.

Proof. By Equation 7.1 and Lemma 7.1.1 we have that for m sufficiently large:

n—1

mo1 )\/ _ N — 2
11 (1 |Z];Hsinegxi|)> [V Xy

k=m

IV Wi (
NE NS TT lak[lma21(\)] /
= [lu(\)|| zAm(M;nkgn (1— aTSmg(X))—&-Fm()\), (7.7)

where u = (up);—;, Am(A) = (Hv—l()\)H—l HV—l()\)UmT’DZ and F,,(\) =

> |uir|?. The value of A, in (7.7) follows from the fact that
i=0

V=E OO 1P a2 > v |

134



and so

S M= > (VOO IV T  darl)?
n=m-+1 n=m-+1

T lgk||ma1 (M) A T DIV
> 7; kgn (1 - aTTG(/\’)) (V2O HIV T (N e ) ™
Indeed, it is unnecessary to to include the other |u;r4;| components, where
1 < j < T —1, since we are only interested in a lower bound. Similarly, it is for
this reason why we would have been entitled to exclude the constant F,()\) in
(7.7); however, for the sake of thoroughness it was included.

Now continuing with the proof, we use Lemma 1.6.5 to deduce that

Tl lalma )N R Jgelma (V)

k=m k=

> exp{z [aillmar V] 4y (7.8)

ap sin 6(\ )

for € > 0 and m sufficiently large.
For those A’ that satisfy Inequality (7.6) we obtain

|m21 o |m21 1 + 6
< R\ IR TR
exp{ ap sin 6(\ Z Gkl ¢ < exp ar 81119 ) Z 2

where € is the same as in (7.8), providing m was chosen sufficiently large. Finally,
by invoking Condition (7.5) and Inequality (7.7) we see that u(\) cannot reside
in the sequence space [?(N;C) and thus obtain the result. O

Remark Consider Inequality (7.8) and recall that since the objective is to
bound from below the worst case is when o(1) is positive (when o(1) is negative
can simply be dealt with by ignoring the term). However, even when positive
the problem is overcome by choosing an m large enough so that o(1) can be
bounded by a small enough €. It is important to note that this technique can
only be employed because we have the luxury of starting from an arbitrary m;
if the exponential exponent were instead

- map (N
T
we would have to resort to other means.

Corollary 7.1.3. Let A € o (Jr). If the sequence (qy) satisfies the inequality
i |gn|? < 0o and (7.5), then Jr with (g,) has no eigenvalues for X' where N
a;e elements of ey (Jr) such that

[mar(N)| _ [ma1(M)]
sin 6(\) = sinf(\)’
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where maoy () is the bottom-left entry in the unperturbed monodromy matriz,
M(N).

Proof. Observe, that by employing Lemma 1.6.5, again, except this time ex-
panding up to the 22 term (instead of ) we obtain

n—1

|gx|[ma1(N)]
kgn (1 ~ apsinf()) )
n—1
_ _lallma V] gk lma NI?
= exp {kzm ( ar sinG(\) a% sin? f(\) 1+ (1))> }
|Qk\|m21 |qx|? \le MVI?
=¢ { Z ar sin O(A ; 2, sin” O(\) } (7.9)

B —2K|ma1(N)] } lar|lma1(A)|
P { a% sin? @(\) 2 arsinf(\) [’
providing m is sufficiently large and where K : Z |gn|?. Thus, if Equa-

tion (7.5) is also satisfied we see that by Inequahty (7 7) that [|u(N)| is not
finite and therefore the value A is not embeddable. Coupling this with Theo-
rem 7.1.2 the result is obtained. O

Remark Indeed, it should be stressed that Equation (7.9) was deduced using
the same technique as in the previous remark, (bounding o(1) with €) except this
time choosing € to be explicitly 1, rather than some sufficiently small number.

We conclude this subsection by discussing what the recent results mean for
the potentials with Coulomb-type decay which were used in Chapter 5.

Corollary 7.1.4. If |g,| < % for some C > 0 then for all X € ooy (Jr) such
that c o)
Moy
— =2 <1 1
arsin@(\) — (7.10)

A is not an eigenvalue of the operator Jr + Q where Q is the diagonal matriz
with entries (qp).

Proof. By substituting the explicit upper bound for g we obtain that
i |m21 C|m21( )l
>
ngl P { ap sin §(\ Z laxl ¢ = P ap sin 9()\) Z
exp { Clmar(N)|

v

i (logn + 1)}

ar sin 9()\)
C|m21 _ Clma1 (V)|
= exp n_ arsinon)
ar sin (A
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using that > + < logn. This is infinite if (7.10) is satisfied. Then condition
k=2

(7.5) is met ;nd, since ¢, is also square-summable, Corollary 7.1.3 gives that A
is not an eigenvalue of Jr + Q. O

7.2 Conditions for the existence of embedded
eigenvalues

Before stating the main result of this section we will need the following three
lemmas.

Lemma 7.2.1. Let V(A) be as used in (7.1) and X\ € ooy(Jr). If the vector
(u,v)T € C? is such that ww € R then the vector (u,v)T := V=1 (u,v)T satisfies
the equality |u| = |v].

Proof. Clearly,

2 ___ma(Y)
vy () = A mmu R CL T ) (v
v 2imia(\)sinf@(\) \ —1 - meQ) v

p(A)—m11(X)

mi2(A)v
N 0 R OV i ey B
—u—+

> 3 mlg(A)’U
2imy2(X) sin@(\) w)—ma1(N)
Moreover,
e | 1
mi2{A)v 2 2 2
u e+ (000
2N — mar(\) (A —mir (NPT
- 2Re (0N = maa () maa (o)
and
miz(A)v ? 2 1 ( 2 2
—U = |u|” + mis(A)|v
ot | = Gy S (O
2Re (03] = mus () ma (o) )
Recalling that vw € R and mj;1(X), mi2(A) are real concludes the proof. O

Lemma 7.2.2. Let A € ooy (Jr). If the complex numbers u and v are such that
|u| = |v| then the vector (u,v)T, where

(3)=vomo-ave())

v

also satisfies |u| = [v].
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Proof. Simple calculations give that

(5)=v=on (- Exsron (o 3 ) v (1)

() =ma1 (V) 2N (utv
( p(Nu — 1 M(Zic)szg()\)lsiﬁG()\() : )
T n ([N =mu (MNP pN) (utv) |-
MONCE #2iarm;;(/\)sinu6()\)

Then

gn(N) — mair (V)P (u + v) |

2a7mi2(A) sin 6(N)

tnlp(X) = mar (V)]

~2 o2
" = Jul” + armiz2(A)sin §(N)

Re(ivw)  (7.11)

and

an(X) = mar (V) (u + v)
2armiz2(A) sin 6(X)

2
_ anlp(A) —ma
armiz sin 6(N)

912 = v + Re(i +up). (7.12)

Finally, using
Re(iuv) = — Im(uv) = Im(uv) = — Re(iuv)
and that |u|? = |v|? the result is obtained. O

Lemma 7.2.3. Let A € oo(Jr). If € = (u,v)T € C? is a vector such that
lul?> = [v]* = 3,a = arg(u), B := arg(v) then the norm of the vector f(\) :=
VAA)M (X = q,)V (M€ has as q, — 0 the asymptotic expression

B qnma1(A) cos(§ +a — )

IFOIE =1 PRy

+0 (qz) -

Proof. Adding together Equations (7.11) and (7.12) gives

2qn|p(A) — ma1 (A)]? Im(va)
armia(N)sinf(A)

IFIP =1+ +0(c2).

n

Then, using

(o) = I (Jeto) = SELE=D

and
|M(>\) — m11(>\)|2 =1- 2m11(/\) cos + m%l(/\) = —mlg()\)mgl(/\)
the result is obtained. O

Remark Observe that the expression only guarantees shrinkage if ma1(\)gy,
and cos(§ + a — f3) are of the same sign. In subsequent calculations we will see
that a and 8 can be chosen such that this is always the case.
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From the above lemmas it now becomes possible to adapt a variant of the
geometric technique, presented in Section 5.1, to embed a single A from the
generalised interior, whose quasi-momentum, 6()\), is rationally independent
with 7, for an arbitrary period-T Jacobi operator. We now assume these same
conditions for the new technique and note that it is more explicit in terms of
the shrinkage that is occurring at each step. We also recall that without loss
of generality ug = 0,u; = 1, r; represents the number of rotations required to
rotate an arbitrary vector into an acceptable region of the plane for the i-th
shrinkage, and the term ¢; denoting the i-th non-zero entry in the potential,
(¢n). Thus, if for example n = T'(r1 + ro + 2), say, we obtain

( s ) =M(AfaQ)M;(A)M(A,%)MT(A)( (1) )

1
(7.13)

=MW\ —q@)VN)D NV I A)MN—g)VND " (AN)V ) ( 0 > )

Now, we consider an arbitrary n. Invoking Lemma 7.2.1 gives that (u,v)T :=
V=1(A\)(0,1)T is such that |u| = |v|. Then, applying the diagonal matrix, D(\)
(with entries, eii‘g()‘)) won’t change the size of the components u,v. Indeed, if

D()\) is applied r; times, D" (\)(u,v)T =: (u,2)7 then
arg (@) = arg(u) + 700\,  arg(®) = arg(v) — rib()
which implies

a:= g + arg(7) — arg(d) = g + arg(u) — arg(v) + 2r;0(\). (7.14)
If g,ma1(A) is positive then by Proposition 5.1.5 an upper-bound, 71, can be
found independent of the starting arguments, u,v such that the sum, «, in
Equation (7.14) is less than some v < F. If gyma1()) is negative, the Propo-
sition 5.1.5 can still be applied to find an upper bound, 75, for the sum, «,
although this time to guarantee an « such that %’T < v < a < m. Then,
applying V=1 (A)M (X — gx)V(\) provides a shrinkage to the vector (u,?)? of
factor

_ l@mai (N[ cos(a)] _  gimar (V)] cos(+)]

ar sin O(\) - a7 sin ()

The process is repeated for subsequent components, bearing in mind that r :=
max{7, 72} will be fixed for each A, i.e. r; < r for all . Then

I < 4 Y ( IJ (1- el o (ﬁ))) PR,
ek (7.15)

1

where

AN = VP + 1) (fugl* + Jura )

(1 S IBOP RS ] ||Bi<A>||2),

j=11i=1 j=21i=1
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k=1
with K such that |B1(A — @,)|? < K, for all n and Fr(\) := 3" |u, |
n=1

Remark The presence of V() in the definition of the constant Ag () can be
understood from the example in (7.13) and generalised to arbitrary n. Here, we
see the expression M (A—g2)V () on the righthand-side of (u,, upn11)T. We mul-

tiply the former by V(A\)V ~!()) so that the shrinkage factor 1 — %

can be applied, leaving a remaining factor V(\).

Furthermore, by applying Lemma 1.6.5 we obtain

f[ (1 _ fammaMlleosa| | (cﬁ))

il arsinf
< exp (ﬂ; _ |f7m’:;1$i(:yi§)ow (1+ 0(1))>
< Ek exp <Z:1 m(l - 6)) (7.16)

for some € > 0 where k is chosen to be sufficiently large and
|Qmm21 )]
Ay = (1- .
fT OXP (Z ar sin () €)

Remark The € term follows from the o(1) and cos(y) expressions, and can
be made smaller by choosing the v at the outset to be either closer to 0 or w
(depending on whether g, mao1()) is positive or negative). This will affect the
value of .

Substituting (7.16) into (7.15) it is not difficult to see that u()\) € I?(N;C)
if for some € > 0 we have:

- |m21 ~
;exp< aTsme Z| Iml | < . (7.17)

Before stating the main result the following definition will be needed.

Definition 7.2.4. We call two potentials, (g,)5% 1 and (q},)5, equivalent if

|Gm|

m=l 1 (7.18)

7]
1

INEIkANeE

as n — 0.
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One of the motivations for defining two potentials, (¢, ) and (¢/,) as equivalent

n n
is that in the event they do satisfy (7.18) we have that > |gm| ~ > |q},| and
m=1 m=1

D laml = (1 +0(1)) Y ldl-
m=1 m=1

This implies

exp <Z|qm|> exp< (1+o0(1 Z|qm|>
> exp <<1 oy |q:n> , (7.19)

m=1

for some e > 0 providing n is chosen large enough. This will be used in the
proof of the next result.

We now conclude the chapter with the following theorem, which establishes
conditions for the existence of an embedded eigenvalue for a perturbed period-T'
Jacobi operator.

Theorem 7.2.5. If the sequence g, — 0 is such that for some \ € ey (Jr)
3 \m21

7.20

nz—;exp{ ar sin O(A WZ\qu < (7.20)

then for any N € ooy (Jr) such that

[ma1 (N)| _ [ma1 (V)]
sin @(\) ~ sin O()\)

under the condition that 8(X') is rationally independent with w there is a real
potential (q,) equivalent to (qn) such that X' is an eigenvalue of the operator Jr
with potential (ql,).

Proof. Clearly, for any A such that |7:Ll2‘19((/\,))‘ > ‘:ﬁgg‘\%l there is an € > 0 such
that

|m21 |m21 ]. — 6
E > B ANARALS A E ,
exp ( ar sm@ || exp ar 51119 M) |m| (7.21)

m=1

Since 6()\') and 7 are rationally independent,  in (7.16) can be chosen appro-
priately so that the e appearing in (7.17) is the same as in (7.21). Consequently,
the sufficient condition for an eigenvector to exist for A becomes

mar(N)|(1— ) 5~ |
Zex ( M;MM) <00 (7.22)
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for some potential which is mostly zeros (corresponding to the rotations taking
place) and occasional non-zero entries q;. However, this condition is not obvi-
ously satisfied as the potential here is not the same potential, (g,), as given in
(7.20). This problem is overcome by constructing the k-th non-zero entry, gy,
of the former so that it is the sum of the components of the potential, (g,),

K3
corresponding to the interval of rotation 7, i.e. letting s; :==T > rj then

k=1
s1+1 so+1 s3+1 sp+1
= E qi, 42 = E i, 43 = E Qiy---y4n = E qi,
i=1 i=s1+2 i=s0+2 i=8p_142

recalling that r; denotes the number of rotations necessary to move the initial
components after the (i — 1)-th shrinkage into an acceptable region so that the
i-th shrinkage can be applied. Clearly, this potential for the construction of
the eigenvector is equivalent to the potential, (¢,), given in (7.20) and so using
(7.21) we see that

- | (1 - ~ |
r;cexp < m(jzlpsme ) . Z | M|> = ZeXP( arr;ile Z |Qm>

with k chosen large enough. Thus, the sufficient condition, (7.22), for Jr to have
an eigenvalue X" with potential (¢},) (with non-zero entries g,) is satisfied. O
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Conclusion

Now we conclude the thesis with a brief discussion on the relative merits and
difficulties of each of the main embedding techniques. First, we consider the
Wigner-von Neumann method. The primary advantage of this approach is its
explicitness for the eigenvector associated with the embedded eigenvalue; a fea-
ture that both the discrete Levinson and geometric techniques lack. However,
there are several setbacks to this explicitness, namely the ability to only embed
one eigenvalue at a time into the essential spectrum and the condition that such
a A is not a root of the rational function C(\;T). Regarding the latter, we sus-
pect that this function has no roots in the generalised interior of the essential
spectrum for even periods, and for odd periods (with zero diagonal) only has
one root at A = 0. We have shown this to be true for the cases T = 2, T' = 3,
although have yet to prove the conjecture more generally.

Secondly, we discuss the discrete Levinson technique to embed eigenval-
ues. The immediate advantage to this approach over the Wigner-von Neumann
method is its ability to embed at least two eigenvalues simultaneously with a
single potential. However, unlike the Wigner-von Neumann method, which has
an explicit eigenvector, this method instead has an explicit formula for the po-
tential, a Wigner-von Neumann structure to be precise, and which we assume a
priori. The method also suffers a similar disadvantage as the Wigner-von Neu-
mann technique in that it fails for those A € oo (Jr) that are simultaneously
the roots of E(\;ky), E(A\;k_) for all ky € {1,..., T}, k_ €{0,...,T —1}; we
conjecture that no such A satisfies all these conditions and for T' = 1,T = 2
have proven this to be the case. A final remark about this method is that
its focus is less on embedded eigenvalues and more on subordinate solutions,
which possess a greater stability, since these are, in fact, stable with respect to
an [!'-perturbation whereas eigenvalues are unstable with respect to arbitrarily
small rank-1 perturbations (see, for example, [51]). Using the discrete Levinson
method we manage to simultaneously devise subordinate solutions correspond-
ing to a possibly infinite set of spectral parameters, but do not establish how
these subordinate solutions can be made into formal eigenvectors.

Lastly, we consider the geometric approach for embedding eigenvalues, which
can be used to embed any single eigenvalue, A, into the essential spectrum
providing 6(\) # 7, or to embed infinitely many eigenvalues simultaneously with
various conditions on the quasi-momenta. However, this capacity for infinite
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embeddings comes at the expense of explicitness for both the eigenvector and
the potential.

This suggests a certain incomparability when analysing the different embed-
ding methods, since the usefulness of each depends upon the particular end one
has in mind. For instance, if one were tasked with embedding a single, specific
eigenvalue into an interval of a.c. spectrum, then the discrete Levinson ap-
proach would be preferable; if one were tasked instead with embedding multiple
or infinitely many eigenvalues, then the geometric approach would be best; and,
finally, if one were tasked with exploring the differences between the discrete
and the continuous case, then the Wigner-von Neumann technique would be
more effective, since the very property that made it less appealing before, i.e.
the C(A; T') function, is now a selling point. This is because, to the best of our
knowledge, such a function does not exist in the continuous setting, and so its
presence here has deep philosophical implications, namely that the discrete area
of mathematics is not simply a tame backyard of the more forbidding continuous
landscape: it is a wild tundra in its own right, with its own rules and its own
equally fascinating challenges.
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Appendix A

The function C();3)

For a zero-diagonal period-3 Jacobi operator, J3, the monodromy matrix, M ()),
is such that

a3z _a A2

JWM:RMB%WMMz(%E@Z_ijquAs>.

ai aijaz azas aijas ajazas

Moreover, the standardised eigenvector of M (A) with normalised first compo-
nent is
1
Aas+paiaz .
A2—a?

1 a3+ pajag _Apaz +ajaz .
@Yo = L1 1= )\2703 , P2 = )\Q*G% y P3 = M.

Consequently,

This gives

C(A;3) :=Re (Z 902'901'1) = Re (0190 + p291 + 3P,)

i=1
— Re [ 2% + pajasz n Apag + aiaz as + Tiayaz N Mias + ajaz
- A2 —af A? —a A? —aj A2 — a2
A
T _ae [0\2 — af)(as + az) + a1 (a3 + a3)
(\* — (af + a3 + a3))

2a1aza3 (()\2 —a?)(a1az + araz) + Nasas + a%aw?’) } ’

using that p is on the unit circle, and therefore Tr(M(\)) = 2Re(u). Indeed
further simplifications give:
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JERERES s
ay az as 1 +a2+a3)
50E — o) <A2—(af+a§+a§)+ ) . (A1)

C(\3) =
- EvETE

Evidently, there are three roots

2(a1 +as+a
0, hs 1= & (0} + f + ) — 2 G2t %),

aq az as
Now, since

Tr (M(0)) =0<2

this means A = 0 € o, (J3) which is completely consistent with our earlier
conjecture. It is the location of the other roots, Ay, that is less clear. In
order to investigate A+ and determine whether they belong to the spectrum of
Ga.c.(Jr) it is sufficient to to see if

T (M(A)] = 2.

Recall that the symmetry of the spectrum guarantees that A_ will behave iden-
tically. Thus,
Tr(M(Ay)) =220

2(a1 +as +a a1 +as +a
\/a%—ka%—ka%— (11 12 13) 1 2 3 _120
atmta (R+h+d)ans

2 2 2 2 2 2
a a a a as Qs
@¢¢1+1+2+2+5+5m@%@+@+®

a a3 a1 a3z ar a2
3
1 1 1)?
> ajagaz | —+ — + —
ay a2 as

2 2 2 2 2 2
a a a a a a
¢j<1+1+2+2+3+3

2
—a1 —az —ag | (a1 + a2 + as)
a2 as ay as a1 ag

3

1 1 1
> a2a2a [~ + = 4
A P

3 3 3 3 2 2 2
< (a] + ajaz + a3 + a1a; + a2 + a1 — ajas — a1a5; — ajaz)(a; + az + 1)
— (a1 + az +araz)® >0
by stating, without loss of generality, that ag = 1.

This yields a continuous function in two variables, say g(ai,az2). It now
suffices to investigate the roots of this function. There are three instances:

1. a1 = l,ag = —1.
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2. a1 =—-1,a9 = —1.
3. a9 is free and a; is a root of the following quintic polynomial:

h(as) := (az + 1)Z° + (2a3 + 3as + 2)Z* + (a3 — 3a3 — 3az + 1) 23
+ (2a3 — 3a3 — 1243 — 3az 4+ 2)Z% + (a5 + 3a3 — 3a3 — 3a3 + 3ax +1)Z
+ @ + 2a3 + aj + 2a3 + as.

The first two can be dismissed because they do not involve positive a1, as
and thus the quintic equation must be solved. MAPLE produces five polynomial
solutions (which it can’t explicitly state), and of these three always produce real
values. Figure A.1 illustrates this, and we see that all the a; are non-positive
here. Consequently, these three polynomial solutions can be dismissed, too.

0

-20

Figure A.1: Graph of three real solutions of aq

Figure A.2: Graph of imaginary part of solutions of a;

In order to consider the complex pair of conjugate polynomial solutions and
determine whether they produce any real values of a; it suffices just to consider
one. Thus, plotting the graph of as against Im(aq), Figure A.2 illustrates that
the only possibility of a real solution is at a; = 1. Inspecting the graph of Re(a;)
against as for this particular complex polynomial solution we see that a; = 1
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implies a; = 1. This means that the original function g(aj,as) only equals
zero at one point (1,1) in the positive ay,as plane. However, since g(aq,as)
is a polynomial and therefore continuous it suffices to show that g(ai,as) is
positive for any point outside (1,1) to show that g(a;, as) is positive everywhere
outside (1,1), and indeed it is established that at (1,2) the function ¢(1,2) =
99 > 0. This concludes the argument, but admittedly we have not shown that
gla1,a2) # 0 for az > 10 with hallmark mathematical rigour. However, at the
very least we have an idea.
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Appendix B

Additional details for the
geometric method

Here we provide additional details about the derivation of (5.11) at the end of
Section 5.1, concerning a bound on the candidate eigenvector u := (u,)n>1 for
A € oeu(Jr), where Jr is a Hermitian period-T Jacobi operator. There are
three steps: first, consider the first T'r; components formed by the unperturbed
transfer matrices, M (A), acting on the initial entries ug := 0,u; where ry is
defined as the number of times it is necessary to apply the monodromy matrix
before the initial components are rotated into an acceptable/shrinakble area of

the plane. In particular,
Ul . 0
()= ()

() ()

= [u]” + ual* < [[Br (V) |u|?,

2

2
= < [B:()I*

using the 2-dimensional 1?2-norm. Then, for 1 < 7 < T, we have

( uﬁl ) = B;(\)... Bi(\) < 1?1 )

= uj]* < B (A) ... ByW)[P | [*.
By labelling ¢;()) := || B;(A) ... B2(A)B1(\)|? and ¢ := 1 this implies
T-2

T-1
Dol < [ D0 | ful?.

i=0 =0
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Similarly, for any k € N

T-—1 T—2
> lukr gl < ;N | (lurr? + lukr1a]?) - (B.1)
i=0 =0

Moreover, using that

(o ) =mor () v () ).

UkT+1 Ui Ui

with V(A) as in (5.1) and D()) is the diagonal matrix with conjugate entries
on the unit circle, produces the relations

ez [* < (IVOIPIVTE IRl urral? < V)PV )IPual* (B.2)

for A € oei(Jr). Combining (B.1) and (B.2) yields

T—1 _
> ur sl < Ky(\)w
i=0
~ T—
for 1 <k <rq, and where K1 () :==2( > ¢;(A\) | |[V(A HV H . Thus,
=0

setting u; = 1, the contribution for the first T'r; components is less than or

equal to r1 K1 (X), i.e.
Tri—1

37wl < Ky (N).
=0

Secondly, we consider what happens to the eigenvector at every T-th compo-
nent after the first shrinkage in the cone. Recall that in general r; denotes the
i-th interval of rotation, corresponding to the number of rotations necessary to
rotate the initial components of the (i — 1)th shrinkage into a shrinkable region
of the real plane. Then, we have

g+ 07? + [ sy < IMO = q)M™ ()P (Juol® + [ua )
= W) (ROMN) = aW = N)ANW ) R (0()W (V)]
< WOPIWINIP (1 = CW)la@l + 0 (a7))

using ug = 0,uy := 1, [|[RF(O(N))| = |D*(N\)|| = 1 and (5.6).
Similarly, for 1 < 5 < ry, we have
(w107 F g 1y [ < TME)MA = )M VP (Juol® + Jua[?)
= [W)R™=(6(N) (ROMN) = aW A ANW) R (O(N)W (V)]
< WOIPIW NI (1 = CV)l@] + O (dF)) -
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Thus, at regular T-intervals there is a total contribution of
(r2 + DIWOIPIW TN (1 = CNV)|@| + 0 (47))

before the second non-trivial component of the potential is introduced. Ex-
tending the idea to before the N-th non-trivial component of the potential and
incorporating the contributions in between the regular T-intervals using tech-
niques mentioned in the first step produces

N-1 %

H CNIg) | (rigr +1) + Ks(), (B.3)
=0 |j=0

where K3(\) accounts for all O (¢7) contributions and go = 0.
Thirdly the contribution from the perturbed transfer matrix on the inter-
mediate components needs to be calculated. Observe that if

UKT 41 ~ UkT
=Bi(\—
< UkT+2 ) i qt)( UkT+1 >
then

lurrr2]® < | Bi(A = @)1 (luer|? + [urrs1]?)
t—1

< B =a)PIWIP w12 T (1 = cOlagsl + 0 (@)
s=0

and so, for 2 <7< T —1,

lurri51? < IBj—1(A) ... Bo(A)B1(A — @) ||

< W) w I2H 1-C(\)las| +0(a2)) -

This implies

T—1 B

D ke < Ko (V)1 Bi(A = g4 HQH (1-CWlas|+0(a3))

j=1

~ 2 1
where Ka(\) := |[W\)[]2|[W=L(N)|? Z H B;(\)|| and [ B; := I. This

j=2 ||i=2 =2

gives the second term of the total sum of the components of the candidate
eigenvector to be estimated by

ZnBl =) H2H 1= CNg) + Ka(A) (B.4)
as N — 0o, where K4()\) accounts for all O(q3) contributions.
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Denoting that || X ||co—oo := sup X oo then
f€R2 [Iflloo

A b qs
||B1()\z]vs)||oc—>oo§max{17aT+ | + [b1] + |g }

ay

and since ¢ < 1 then we can replace || with 1 and get a bound uniform in .
Consequently, using that all matrix norms are equivalent we obtain

lul* < Ko ()Y | TI = CNIGD | (rasr +1)
i=0 | j=0
+ Y [0 - CONED + K

where K3(\) := K3(\) + K4()\) and for some Ky(\) € R.
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