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ABSTRACT. We obtain bounds on the spectrum of the non-self-adjoint Ander-
son operator in one dimension by using higher order numerical ranges and
are able to determine the spectrum completely in many cases. We also de-
velop further some previously existing methods that allow us to prove that
certain curves and regions are contained in the spectrum and provide numer-
ical examples that suggest that these curves contained in the infinite volume
spectrum have a strong bearing over the finite volume cases.
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1. INTRODUCTION

The non-self-adjoint Anderson Model has been the subject of various recent
papers. It originated in [15] motivated by the study of superconductivity and
has also been used to model the growth of the growth of bacteria in an inho-
mogeneous environment, [16], [17], [23], but its purely mathematical properties
have in turn been the study of many other rigorous papers. In [7] Davies con-
sidered the same operator acting on 1?(Z) and found that in this case the spec-
trum is very different to that obtained in the previously cited papers. The reason
for this is the high instability of spectral properties of non-self-adjoint operators;
in other words, if A is an element of the spectrum of the infinite volume non-
self-adjoint Anderson operator it need not be close to the spectrum in the finite
volume model.

In another series of papers, [11], [12], [13], Goldsheid and Khoruzhenko
have studied in great detail the operator defined on a finite interval with periodic
boundary conditions and have proved results about the spectrum in the limit
as the length of the interval increases; they have also shown that the spectrum
converges (almost surely) to certain curves.
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A different approach is followed by Trefethen, Contedini and Embree. In
[27] random bidiagonal matrices are investigated and the authors present results
that fully characterize the spectra and pseudospectra, as well as the numerical
range, of finite (and infinite) random bidiagonal matrices. In [3] and [4] non-self-
adjoint Anderson-type models are studied in great detail and rigorous results on
the connection between finite and infinite volume cases are obtained.

We will however follow the approach taken by Davies. In [7] and [8] Davies
found that the spectrum of the non-self-adjoint Anderson operator is a bounded
set in C and made considerable progress in determining the spectrum precisely.
However, several questions remained open and our goal in this paper is to present
methods using higher order numerical ranges that enable us to determine the
spectrum of the operator more precisely. In Section 3 we study the D model of
the operator (as defined by Davies in [9]) and obtain significantly tighter bounds
for the spectrum and in many cases we are able to determine it completely as
shown by Theorems 3.11 and 3.20. Theorems of this type cannot be found in the
papers by Davies, and in fact, except for the bidiagonal case mentioned above
and studied in [27] there are no other known examples in which the spectrum is
fully determined. Subsection 3.3 is devoted to the study of a particular instance
of the Anderson operator in which the strength of the methods developed in this
paper and in [8] and [9] can be appreciated fully.

We also include two examples in which we have computed numerically
the spectrum of finite operators with periodic boundary conditions. It is known
that the spectra of the finite volume operators are contained in the spectra of the
infinite volume operator and for completeness we include this result as Proposi-
tion 2.5 in Section 2. The results we have obtained (see Figures 6 and 9) show a
high degree of correspondence between the infinite and finite volume spectra.

Let H be a bounded linear operator defined on a Hilbert space J{. We recall
that the numerical range of H is the set

Num(H) = {(Hf, f) : f € 3 [|f] =1}
and

Spec(H) C conv(Spec(H)) € Num(H)
where conv denotes the closed convex hull. We also recall that if H is a normal
operator then conv(Spec(H)) = Num(H).

In [7] and [8] Davies made use of these properties to obtain bounds on the
spectrum of the non-self-adjoint Anderson operator. One of the goals of this pa-
per is to improve these bounds by generalizing the concept of numerical range to
higher order numerical ranges, although it is important to note that this has no
direct connections to any of the generalized ranges that Gustafson and Kao list in
[14] or to the concept developed by other authors in [19] and [20].

In this paper we present the definition of this concept and some useful prop-
erties of the second order numerical range that will enable us to proceed with our
goal. In [9] Davies gives a more detailed account of the subject and proves further
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properties of higher order numerical ranges, which are, however, more difficult
to compute.
Let p(z) be any polynomial defined on C. We know that

p(Spec(H)) = Spec(p(H)) € Num(p(H))
and hence,
(1.1) Spec(H) C {z: p(z) € Num(p(H))}.
Let
Num(p, H) := {z: p(z) € Num(p(H))}.
We define the n-th order numerical range of H to be

Num,(H):= () Num(p,H)
deg(p)<n
for any n € N, and set

Nume (H) := (Num,(H) := (|Num(p, H).
n p

We note that in [24] Nevanlinna defined the n-th polynomial numerical hull

of H by
Hull,(H)= ()] Hull(p,H)
deg(p)<n

where Hull(p, H) := {z : |p(z)| < |[p(H)||} and conjectured that Hull,(H) is in
fact equal to the n-th order numerical range of H. This result is not obvious and
was proved recently by Burke and Greenbaum in [5].

However, for our purposes in this paper we will concentrate on Num;(H).

In [9] Davies proves the following result whose significance will be evident in
Theorem 3.5.

THEOREM 1.1. The complement of Numy (H) is the union of a family of hyper-
bolic regions and half-planes. If z ¢ Numy (H) then

S, =1{0¢[0,2m): (z+¢€[0,00)) N Spec(H) = @}

contains an interval of length at least 7 or two disjoint intervals whose combined length
is at least 7. On the other hand if z is in the complement of the unbounded component of
C\ Spec(H) then S; = @.

2. THE GENERAL SETTING

In this paper we consider the Anderson operator as an operator acting on
12(Z) and hence limit the context of the following results to this setting. How-
ever, it is worthwhile to note that these concepts can be, and have been (see [8]),
defined in a much more general context.
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DEFINITION 2.1. Let My, My, M3 be compact subsets of R and let H be an
operator defined on /2(Z) such that

H(x,y)=0 if|x—y|>1,
H(x,x) € M1, H(x,x+1) € M, H(x,x—1) € Ms.
We say that H is (Z, My, My, M3) pseudo-ergodic if for every ¢ > 0, every finite

subset F C Z and every W, : F — M,, where r = 1,2, 3, there exists ¢ € Z such
that

[H(y +x,9+x) — Wi(x)] <e,
[Hy+x,97+x+1) —Wa(x)| <e,
|H(y +x,7v+x—1) —W3(x)| <e¢,
for all x € F. If My and M3 consist solely of one point we will say that H is
(Z, My )-pseudo-ergodic .
THEOREM 2.2. Let H be a (Z, M1, My, M3) pseudo-ergodic operator. If K is an
operator on 12(Z) such that
K(xy) =0 iflx—y| > 1,
K(x,x) € My, K(x,x+1)=mpy € My, K(x,x—1)=mz € M3,
then Spec(K) C Spec(H).
Proof. The proof follows that of Theorem 1in [8]. &
COROLLARY 2.3. Let Kg denote the particular instance of the operator K obtained
when K(x,x) = 0. Then Spec(Ky) is the ellipse given by
{(my + m3) cosB +i(my —m3)sin@ : 0 < 6 < 27t}
and
Spec(Kp) + M; C Spec(K) C Spec(H),
and hence, as my and mgz vary in the definition of K, it follows that
U Spec(Kp) + M; C U Spec(K) C Spec(H).
mZEMz,m3EM3 szMz,WI36M3

Next we have the following theorem whose proof we omit as it is standard
perturbation theory.

THEOREM 2.4. Let H be a (Z, M1, My, M3) pseudo-ergodic operator and let ¢, €
R (1 <r < 3) be fixed. Let d, € R be non-negative and such that

M, C B(cy,dy) ={x€R : |x—¢| <d,}
forall r. Let H. be the constant coefficient operator defined by
He(xy) =0 ifx—y|>1,
Hc(X,X) =y, Hc(x,x—i—l) = Cy, Hc(x,x—l) =c3,
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and let V be an operator on 1>(Z) such that H = H. + V where
VI < di+dy+ds.

Then,

(2.1) Spec(H) C Spec(H.) + B(0,dqy + dy + d3).

REMARK. It is clear that d, is minimized by taking ¢, to be the midpoint of
M, and this produces the smallest ball in the above result. On the other hand,
since Spec(H.) is an ellipse determined by c1,¢; and c3 the best result follows
from taking the intersection of the right-hand side in (2.1) over all ¢, contained in
the interval [n}riln{m € M, r= 1,2,3},mn?x{m e M,,r= 1,2,3}].

Finally we include the following proposition for completeness. It is impor-
tant in light of the finite examples we include in Section 3.
PROPOSITION 2.5. Let A be an n x n matrix such that
« dfi=j—1lorifi=mn,j=1,
B ifi=j+lorofi=1,j=mn,
v ifi=j,
0  otherwise,

Aj

g

where v; is contained in a compact set M C R for all i. Let B be the infinite matrix
obtained by extending A periodically to Z and let C denote a (Z, M, {a},{B}) pseudo-
ergodic operator. The following inclusions are true:

Spec(A) C Spec(B) C Spec(C).

Proof. The first inclusion can be obtained using Bloch wave analysis and is
proved by Davies in [9]. The second inclusion follows from Theorem 1 of [8]. 1

3. MAIN RESULTS

In this section we consider the one-dimensional non-self-adjoint Anderson
operator given by

(3.1) an = i,Bfn—l +vnfn +0‘fn+1

acting on I?(Z) where 0 < B < a. The potential V given by Vf, = v, f, satis-
fies the conditions given in Definition 2.1 so that H is a (Z, M) pseudo-ergodic
operator where M is a real compact set. That is,

H(x,y)=0 if|lx—y|>1 and H(x,x) e M

and for every ¢ > 0, every finite subset F C Z and W : F — M, there exists
v € Z such that
[H(y +x,7+x) =W(x)| <e¢
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forallx € F.

The Anderson Model usually considered in the literature (see for example
[6]) involves potentials in which the values v, at each point are independent and
identically distributed according to a probability law with compact support. A
random operator is pseudo-ergodic with probability 1 and this enables us to work
within the pseudo-ergodicity framework with no mention of probability. Thus,
the results we obtain are true in an absolute sense for the operator H which is
pseudo-ergodic by definition and hence almost surely random.

We will divide the study of this operator into two different cases, namely

(3.2) an:ﬁfn—l+vnfn+0ifn+l
and
(3.3) Hfy = —Bfu-1+0nfu+afyi1-

Goldsheid and Khoruzhenko in [11] and [12] have shown that in the finite case
great differences arise when studying the spectrum of the operator given by (3.2)
and the operator given by (3.3). We will show that in the infinite case the same
methods can be used to study these two cases but the results obtained when a8 >
0 or when a8 < 0 are genuinely distinct. We will follow Davies and first look at
the case given by (3.2).

3.1. THE CASE Hf, = Bfu—1 + Unfu + afy41. Without loss of generality we can
assume B < « and after multiplying H by a suitable constant we can also assume
that « — B = 1. We will thus suppose this to be true throughout this section.

We rewrite H in the following forms

(3.4) H=A+iB=(C+V)+iB:H0+V

where
Afn:ufn71+vnfn+afn+lr Bfn:bfnfl_bffH»l/
Cfon=afy_1+afui1, Vin=oufu,

witha = 1(a 4+ B) and b = 1. Clearly A, B,C and V are self-adjoint, ||B|| = 1, V
is diagonal and Hj is normal with spectrum

Spec(Hy) = {ae® + e : 60  [0,27]},
in other words, Spec(H)y) coincides with the ellipse given parametrically by
((a+ B)cosf,sinf) for0 <6 < 2m.
In [8] Davies has shown that
(3.5) Spec(Hp) + M C Spec(H) C conv(Spec(Hy)) + conv(M)

and when more information on the nature of the set M is available we have the
following results also due to Davies which we include here for completeness.
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THEOREM 3.1. If M = [—y,v] and v > a + B, then
Spec(H) = Spec(Ho) + [-7,7]-
Furthermore, 0 € Spec(H) <= vy >a—pf=1.
THEOREM 3.2. If M = {£7} and v > a + B then
conv (Spec(Hy) + ) U conv(Spec(Hp) — )
C Spec(H) < conv(Spec(H)) + [—7,7]
and
Spec(H) € B(y,a+ B) UB(—7,a+ B).
COROLLARY 3.3. If M = {£} then 0 € Spec(H) if and only if
1<y<a+B

Our first objective is to determine whether similar conditions can be ob-
tained for other points on the imaginary axis to be contained in Spec(H). We
will begin by considering the case when M consists solely of two points, that is,
vy, = %y for all n. It thus follows that ||V|| = 1.

From the definition of H and (3.5) above, we know that

Spec(H) C{z=x+iyeC: |y| <1}
LEMMA 3.4. The following identity holds:

1
B>+ —C*=1
T2
Proof. Let L denote the left-shift operator and R the right-shift operator, then

B = }(L—R)and C = a(L + R) and the proof follows. 1

In order to proceed with the spectral analysis of H we will look at H2, and
in particular at the numerical range of this operator for we know that the set

{z : 22 € Num(H?2)} contains Spec(H) by (1.1).

THEOREM 3.5. If n(y) = —1+ ﬁ’yz, then Re(H?) > #5(v)I and hence,
Num(H?) C {z: Re(z) = 5(7)}.

Proof. From Lemma 3.4 it follows that Re(H?) equals

A2 B2 = (V+C)2— (I—ﬁCZ)

\/27 2
— 1 (v L) (1 S

4a? ) 1,
> — — = — .
> H(l 4a2+1)v Uy s 4
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Thus, as |v,,| = y for all n,

1
2_B2> (- 2)1 = .
A*—B /( U+ g7 )I n(y)l
It now follows that if x> — y?> < 7(7) then z ¢ Spec(H), and we have the

following result in terms of the spectrum of H.

COROLLARY 3.6. The spectrum of H satisfies

Spec(H) C {z€ C:ly| <1}\{z € C:x®—y* <n(7)}.

The set of complex numbers z € C such that x> — y?> = () lie on a hy-
perbola which opens about the real axis or the imaginary axis depending on the
sign of n7(y). If #(7y) is negative then the hyperbola opens about the imaginary
4a21+1
to the left and to the right and has vertices at =,/ —1 + ; azl 1 2.

The latter case (together with Corollary 3.6) implies that Spec(H) lies in the
band {z € C : |y| < 1} but away from the origin, and the former implies that
while the spectrum is still contained in {z € C : |y| < 1} there exist neighbour-
hoods of +i that do not lie in the spectrum as the vertices of the hyperbola lie
symmetrically about the origin on the imaginary axis between —i and i.

Now, for any real number s such that —y < s < < define a new potential V
by setting 7, = v, — s; that is, consider the operator H = H — sI which we write
asH:g—Hg:6+17+i§whereg:A—sl,§:Bandézc.

It follows trivially from the definition of spectrum that

axis and has vertices at +i,/1 — 72. If 5(y) is positive the hyperbola opens

(3.6) —i ¢ Spec(H) & —i+s ¢ Spec(H)

and hence we obtain an analogous result to that of Corollary 3.6 for each operator
H — sI. Namely, a hyperbola centered at the point s which determines a region in
the complex plane in which the spectrum of the operator is contained.

If we consider the case when 7(y) is negative, we can extend this result as
follows:

THEOREM 3.7. Let |v,| =y > O for all n as above. If in addition v < v/4a% + 1,
then Spec(H) does not intersect the set

1 (x —7)?
C:— y<x<yand /1- 2T <yl <1%U
{Z Sz rsrsyan (2a)? l

1 (x+7)?
{zGC:—vgxé—wyand 1—W<|y]<1 .

Proof. We note that if |v,| > ¢ > 0 then |7,] > 7 —|s| > 0 and hence,
reproducing the proof of Theorem 3.5 for the operator H and in light of (3.6) it
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follows that

Spec(H) Q{Z€C¢|y| <SP\ {zeC:(x—5)* —y> <nly—Is)}

where 57(y — [s]) = —1+ ;27 (v — Is).

The family of 1nequalities (x —s)2 —y?> < n(vy —|s|) describes regions in
the complex plane delimited by the hyperbolae (x —s)? —y? = 5(y — |s]). We
will assume that 0 < s < 'y as the case when —y < s < 0 is symmetric and thus
consider only (x —s)? —y? = 17( 5).

Let F(x,y,8) = (x —s)2 —y?> +1— 4a2+1 (7 — 5)2. Solving

(37) (x’ y’ S) = 0/
(3.8) 3—5 =0,

gives us the envelope of the family of hyperbolae just described and this will in
turn be the curve required in the statement of the theorem. Then

oF (v—9).

g =
Setting this equal to 0 yields s = %((4& + 1)x — ) and substituting this into
(3.7) gives

iz _
(x=s)+ r g

1 1 12, 1 r4a®>+1  4a®+1 72
i _ 1— _ _
-] e ] o
or equivalently,
(x—7)? 2
. =1
and the case —y < s < 0 yields the curve
(x+7)°
=1.
@y Y

However the restrictions on s, namely, 0 < s < 7 in the first case and —y < s < 0
in the second, imply that only a certain part of each of the ellipses is actually
obtained as the envelope. In the case of (3.9) the restrictions on s imply that
X varies between ﬁ’)f and -y and these values, together with those obtained
symmetrically in the second case (—y < x <
statement of the theorem. 1

—M}T'y), render the sets in the

REMARK. The ellipse defined by (3.9) coincides with that defined by E - /3;2

+y? = 1, that is with the set Spec(Hp) -+ v and this simple observation allows us
to note that the previous theorem improves upon the results of Davies we have
cited from [8]; and in fact, we have the following corollaries.
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COROLLARY 3.8. Ifin addition to the hypotheses of Theorem 3.7, we have v < 2a,
then Spec(H) is contained in the set

1 1
{ze«::o<|x| S gaprandlyl< \/x2+1—4az+172}

1 (x ,),)2
. < < :
U{ZE(C 2 1’y<|x| v+ 2a and |y| ’/1—7(201)2

Proof. The inclusion follows immediately by combining Theorem 3.7 and
Corollary 3.6. 1

Now, if 22 < 7 < V4a? +1 we can improve the result of Theorem 3.2 as
follows:

COROLLARY 3.9. If in addition to the hypotheses of Theorem 3.7, we have 2a <
v < V4a% + 1, then Spec(H) is contained in the set

1 1
{ZE(C:'y—Za<|x<4az+173nd|y|<\/x2+1_4a2+172}

1 (x —7)?
P < 2 </ 1—— 7.
U{ZGC 4a2+1'y<|x| ¥+ 2a and |y| 20

Proof. The result follows from Theorems 3.2, 3.7 and Corollary 3.6. 1

Figures 1, 2 and 3 show the results of Corollaries 3.8 and 3.9 graphically. In
each case the spectrum of H is contained in the union of the two ellipses and the
small area between the ellipses and the hyperbola. There are three qualitatively
different cases for v < v4a? 4+ 1, namely y < 24,y = 2a and <y > 2a and they are
shown in order.

FIGURE 1. 7 =1.15 < 1.65 = 2a.

We now turn to the case when 7(y) > 0. Following the same approach as
when 7(y) is negative, we can improve upon the result of Davies in [8] which we
have cited here as Theorem 3.2 as the restriction v > 24 is not stronger than the
restriction 77(7y) > 0.
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FIGURE 2. 7 = 1.65 = 2a.

FIGURE 3. ¢ = 1.85 > 1.65 = 2a.

The case 7(vy) = 0, that is, v = V/4a? + 1, represents a critical case for the
hyperbola described by the equation x> — y? = 7(7): it becomes two straight
lines through the origin, y = +x. However, this does not create a significantly
different case in our treatment here. Nevertheless, there exists another critical
value for 7, namely v = 4";—:1, that does play an important role as shown in our
next results.

THEOREM 3.10. Let |vy| = v > O for all n and Va2 +1 < v < 4’@—;1 then
Spec(H) is contained in

1
) 2
{ze(C'y—2a<]x<4{1217and|y|<\/x2+1—4a2+17}

1 x—yz
U{ZEC:W7<|x|< +2aand |y| < }

Proof. For —y < s < v we know that
(310)  Spec(H) C{z € C:ly| <1}\{z € C: (x—s2—y* < iy~ |s)

wheren(y—|s|) = -1+ — |s])?. We will again assume that s lies between

4u2+1<
0 and 7 and consider only (x —s)? —y? = 5(y — s).
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Let F(x,y,8) = (x —s)2 —y?> +1— 4u2+1 (7 — 5)2. Solving

oF
F(x,y,s) =0= 3

gives the envelope of the family of hyperbolae which can be written parametri-
cally as

x(s) =

where the condition v4a2 +1 < ¢ < 4”;—;1 ensures that y(s) is well defined.
Eliminating s from these equations gives

1

2 — 2 2 4g2(m — )2
4a2+1('y+4a s), y(s) j:4a2+1\/(4a +1)%2 —4a?(y —s)

(x—7)? 2
Gap TV =1
and the case —y < s < 0 yields the curve
(x+7*, >
(2a)2 +y =1

Combining these equations together with the restriction on 7y implies that

1
Spec(H)ﬂ{ze(C 42+1'y<|x| ’y+2a}
1 (x—7)?
- < P < <y/1——F=5 .
(3.11) C {z eC w1l < |x| < v+ 2aand |y| 1 202

Now, in light of Theorem 3.2 this inclusion together with (3.10) renders the set in
the statement of the theorem. 1

Let us now turn to the case when ¢y > 4“ +1

determine the spectrum of H.

where we are able to completely

THEOREM 3.11. Ify > 4“ 4L and v, | =y > 0 for all n, then
Spec(H) = conv(Spec(Hyp) + ) U conv(Spec(Hp) — 7).
Proof. As we have already noted, the ellipse that defines Spec(Hy) + 7 coin-

cides with that described by (( ;) + y?> = 150 in order to prove the statement of
the theorem we will proceed in the same manner as before. Consider the family
of hyperbolae F(x,y,s) = (x —s)?2 —y>+1— a2+1 (7 — s)?. We note that if we let
0 < s < 7 then the parametric equations of the envelope given by

1 1
x(s) = 4a2 1 (')’ +4ﬂ25), y(S) = im \/(45{2 + 1)2 — 4ﬂ2(’)/ — 5)2

are not well defined, however, this which would appear to be a problem is the
reason behind the strength of our result in this case.
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The function y/(s) is well defined for ¢y — 4”;—;1 < s < 7 and for this range of

s, x(s) ranges from lej (')f + 4a? ('y — 4“;—;1)> = 7 — 2a to vy, thus obtaining the
entire left half of the ellipse as the envelope for the family F. This, together with

the symmetry of the problem, implies that
Spec(H) C conv(Spec(Hp) + ) U conv(Spec(Hp) — 7y).
The other inclusion is precisely the result proved in Theorem 3.2. 1

Let us now consider more general potentials in the definition of H. So far we
have dealt with the case when v, = +79 € R" and we will look now at the case
when the potential takes values in an interval (as done in Theorem 3.1) or a more
general compact set contained in R. It is important to note that the values v, at
each point will continue to be independent and identically distributed according
to a probability law with compact support M C R.

We derive the following simple result from Theorem 3.1.

COROLLARY 3.12. If M = [—7, ], then [—7, ]| + i and [—7, | — i are con-
tained in Spec(H).

Proof. This is proved by Theorem 3.1. &

Now, if M is an arbitrary compact set, we have the following result.
THEOREM 3.13. Let M be any compact set in R. Then
m=ie Spec(H) ifandonlyifm € M.
Furthermore, if M has any gaps of length > 4a then the spectrum of H is disconnected.

Proof. If m € M then the ellipse given by m + (« + p) cos6 +isin for 6
[0,271] is contained in Spec(H) by equation (3.5), and hence it follows that the
points m +iand m — i (obtained when 6 = 7 and 37" respectively) are contained
in the spectrum of H.

On the other hand, if m £i € Spec(H), then equation (3.5) implies that
m € conv(M). We will assume that M C conv(M) as otherwise the result follows
from a translation argument and Corollary 3.12. If we suppose that m ¢ M then
following the arguments used in Corollary 3.6 we can determine a hyperbolic
region which contains the points m + i and which cannot lie in Spec(H).

Finally, to prove the last statement of the theorem we note that Theorem 2.4
implies that

Spec(H) C |J B(m,2a).
meM

COROLLARY 3.14. Let M be any compact set in R and let k be the number of gaps
in M bigger than 4a; then Spec(H) has at least k + 1 components.

Proof. The proof follows from the last statement of Theorem 3.13. 1
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3.2. THE CASE Hfy, = —Bfu—1 + Unfn + afy41. In this subsection we will again
assume that 0 < B < « and we will suppose that H has been scaled by a suitable
constant so that « + 8 = 1. We rewrite H as before as

H=A+iB=(C+V)+iB=Hy+V
where

Afn:afn—1+vnfn+afn+1/ Bfn:bfn—lfbfn—i—l/
Cfn:afnfl +afn+1/ anzvnfn/

witha = (a — B) and b = 1. Itis clear that the identities stated for the analogous

operators at the start of Subsection 3.1 hold in this case as well and the following
inclusion is satisfied:

Spec(H) C{z=x+iyeC: |y| <1}.

Many of the results obtained in Subsection 3.1 do not depend on taking —p or j
as coefficient of f,,_ in the definition of H. In fact, we have the following results,
due to Davies [8], whose proofs we omit as this change in coefficients bears no
relation to the arguments of the proof. We consider the case when M consists
solely of two points: v, = %y for all n. Then

(3.12) Spec(Hp) = {(a — B) cosf +1isinf : 6 € [0,27]}.

We also have that

(3.13) Spec(Hyp) + {£7} < Spec(H) C conv(Spec(Hy)) + [—7, 7],
(3.14) Spec(H) € B(v,1) UB(—7,1).

Furthermore, if || > 1 then

(3.15) conv (Spec(Hy) + ) U conv(Spec(Hp) — )
C Spec(H) C conv(Spec(Hp)) + [—7, 7]
Now, following the same procedure as in Theorem 3.5 and Corollary 3.6 we
have the following result.
THEOREM 3.15. The spectrum of H satisfies
Spec(H) C {z € C: |y| <1}\{ZE(C'x2—y2< _1_1_#72}
P C syl < : w1 S
Proof. The proof is identical to the proofs of the results cited above. 1

In a similar fashion we also have the following results (see Subsection 3.1
for the proofs).
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THEOREM 3.16. Let v < v/4a? + 1. It follows that Spec(H) does not intersect
the set

1 C(x=)?
i ———7< d <1
{ZG(C 4a2+17\x < 7 an o }

x+
v and ” <yl < }

COROLLARY 3.17. If v < 2a then Spec(H) is contained in the set

U{ze@:—yéxg—

1
{ZEC:O<|X|\42+173nd|y| \/x2+1—4a2+1’72}
1 =12
: 2 o2 (°
U{ZG(C 1Y <l S y+2aandlyl < (20)?

COROLLARY 3.18. If2a < 7y < V4a? + 1 then Spec(H) is contained in the set

1 1
{ze@:7—2a<|x<W73Hd|y|<\/x2+1_4a2+172}
1 (x —7)?
U{ZEC 21! <IFl<r+2aand |yl < T [

THEOREM 3.19. If V4a? +1 < v < 4“ 401 then Spec(H) is contained in

1 1
{ZE(C:'y—Za<|X<4 2+1’yand|y| \/x2+1_4az+172}

1 =2
U{ZG(C 42+1'y<|x| <9y+2aand |y| < Gar [

And finally we have the following result which completely determines the
spectrum of H for a range of values of .

THEOREM 3.20. Ify > 41 then

Spec(H) = conv(Spec(Hyp) + ) U conv(Spec(Hp) — 7).

These results, which are also true in the case when H is given by (3.2), allow
us to see the similarities between the operators studied in Subsection 3.1 and the
present section. However, the following results show us that there is an intrinsic
difference between these operators. The theorems we present below do not pro-
vide any information in the case of (3.2) when studying outer bounds for Spec(H)
but are of great importance here.
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We follow a method introduced by Davies in [7] and extended in [8]. It al-
lows us to make a more precise determination of the spectrum of H by looking at
certain sets that can be proved to be contained in Spec(H). We need the following
definitions:

Let f € I?(Z) with | f|| = 1. We define

var(f) = (Q°f, f) — (Qf, f)?

where Q is given by Qf(x) = xf(x). We say that A € 0,.(H) (the localized
spectrum of H) if there exist k and a sequence f,, € I2(Z) such that | f,| = 1 for
all n, var(f,) < k for all n and nlim |Hfn — Afull = 0.

Now, given any finite sequence u = (u,...,u,_1) of ¢’s and —v’s, let W,
be the periodic potential such that W, ,, = u, if m = r mod n. Then, if f € I?(Z)
and wy, = (f—1, fm) the eigenvalue problem given by
(3.16) —Bfm—-1+Wumfm + &fms1 = Afm

may be written as
Wiyl = WimnAm

A= (° :
" 1 %(A_Wu,m) ’

Hence, wy,, = wgApA;1 - - - Ayy—1 and in general, for any r € Z

where

wn(rﬂ) = wnerAl . 'An—l-

Now, let B = AgA; - - - A,_1, it follows that det B = ( — g)n, that is det B < 1.

The following result is mainly due to Davies. A different eigenvalue equa-
tion is considered in [8], however the proof works exactly as written out and we
thus omit it here.

THEOREM 3.21. Let E" denote the set {e? + (— g)"e_ie :0 €1(0,2m]} and
E, = {)\ : tI‘(A()A1 s An—l) S En}
Then E, is closed and bounded and E,, C Spec(H).

We can now state the following two results which are also due to Davies
and which will be of great importance in our analysis of Spec(H). See [8] for
the proofs; we note that given our assumption that « > B the proofs need no
amendment to work for the results as stated below. (The case & < B can be
proved analogously as having det B > 1 would simply interchange the roles of
the exponentially increasing/decreasing arguments used in the proof).

LEMMA 3.22. Let u = (u, ..., u,_1) be a vector in {£y}". Then
Ly :={A :tr(ApAy - - Ay_1) € Int(E™)}, Oy :={A : tr(ApA1--- Ay_1) € ext(E")}

and E, are disjoint sets and cover the complex plane.
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THEOREM 3.23. Letn,p € N. Ifu € {xy}" and ' € {£y}F then [, N O,y C
Uloc(H)'

Let us consider first the case n = 1 in Theorem 3.21. There are only two
possibilities for u, namely, u = %. It is straightforward to see that we obtain no
new information from this case, that is, the results yielded by considering n = 1
simply state that

E,UE_, C Spec(H)

which is an equivalent statement to that made by the first inclusion in equation
(3.13).

The case n = 2 however, is much more interesting and it will allow us to
study the case n = 2, p = 1 in Theorem 3.23.

THEOREM 3.24. If u = (vy, —y), then E, consists of the curves described by the
roots of the polynomial (in A) given by

)\2 _ ,.)/2 +2“/3 _ “Zeig _ ‘BZG—iG — O,

as 8 varies between 0 and 27t.

Moreover, if v < 1 then the roots describe a single simple closed symmetric curve,
whereas if v > 1 then two simple closed symmetric curves are obtained. If v = 1 the
roots of the polynomial vary along two symmetric loops that intersect at the origin.

Proof. Letu = (v, —7) and let B = ApA;. Then

s_ (0 ¢ o B N _( & Lo+
ot tat) T ey g )

02

2 2 2
and hence, det B = % and trB = %

Now, E2 = {el + (g)ze*ie :0 € [0,271]} and

_{A:w@z}_

E - a2

’Yr*,y)

That is, E (v,—7) is the set of A € C such that
(3.17) A% — 4% 4 20B = a2e? + pPe

for & € [0,27t]. This last equation can be solved explicitly for A and it is quite
simple to see that there are three qualitatively different cases, namely ¢ < 1,
v = 1land ¢ > 1. Let us consider first the case when v < 1. If § = 0 then
equation (3.17) becomes A% — 42 +2aB — a® — B> = 0, and hence, A is real. As 6
grows then A takes complex values until § = 7 when A = £4/—1 + 72 which lies
on the imaginary axis; and we note that this value coincides with the intersection
of the balls given in equation (3.14), that is B(y,1) and B(—7,1). As 6 varies
between 77 and 271 a symmetric curve is obtained and hence a single closed curve
is obtained.
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If v = 1 there is a crucial difference with the case described above: at the
point when 6 = m, A = £4/—1+ 9% = 0 and hence the curve described by the
roots in this case consists of two loops that are not disjoint but that intersect solely
at the origin. Finally, if v > 1 the value of A when 6 = 7 is real and nonzero and
hence as the roots vary they do so along two distinct (but symmetric) loops. 1

If we take u = (7, —7) and ©/ = (v) in Theorem 3.23, then I, is the interior
of the curves of Theorem 3.24 and O, is the exterior of the union of two ellipses.
By Theorems 3.21 and 3.23, the curve(s) E, and the regions I, N O, are contained
in Spec(H). The three examples in Figure 4 show the new regions that have been
proved to be contained in Spec(H) by Theorem 3.23 (case n =2, p = 1).

REMARK. This result greatly contrasts with the results that would be ob-
tained from this theorem in Subsection 3.1 where the curve obtained for the case
n = 2 never lies outside the curves obtained for the case n = 1 and thus has been
omitted from our study as it cannot be used to determine whether any portion of
the spectrum lies outside the curves obtained for the case n = 1.

We know from our previous results (namely, equation (3.14)) that 0 can only
be in the spectrum of H if v < 1, but we can now conclude the following;:

COROLLARY 3.25. Ifa — B <y < 1then 0 € Spec(H).

And in fact, using the results used in [8] to obtain Corollary 15 there, it
follows that

COROLLARY 3.26. 0 € Spec(H) <= a—B <y <L

The following two theorems give the polynomials whose roots determine
the desired curves in the cases n = 3 and n = 4 of Theorem 3.21. However, their
study becomes quite complicated and it is perhaps only practical to study these
cases numerically.

THEOREM 3.27. Let uy = (7,7, —7) and upy = (=, —7,7). Then E,, and E,,
are the curves traced out by the roots of the polynomials

A=A+ Bap— VA —apy +7° —ade? — pPe¥ =0,
A3+ YA2 4 [Baf — VPIA +apy — P —alel? — plei? =,
respectively, as 6 varies over [0, 271].

Proof. The proof follows from considering the matrices defined by u; and
uy using Theorem 3.21. Namely,

g_(0 & o £ o £

_<1 (A—7)> <1 (A—v)) (1 i(A+7)>'

,_ (o B o b o £

’ :<1 ;m%) (1 ;m“ﬂ)) (1 ;u“—w)‘ '

R
=
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FIGURE 4. In these cases # = %,ﬁ = % and 7y takes values 0.8, 1

and 1.4 respectively.

THEOREM 3.28. Let 6 € [0,27t]. The roots of the following equations are con-
tained in Spec(H):

)\4 + [40([3 _ 2’)’2])\2 + ,)/4 + zaZﬁZ _ 064819 _ l34ei9 =0,

A —29A% + 4aBA? + [29° — 4aBy|A — 9* + 20287 — atel? — prel? =0,

A £ 2973 4 4aBA? + [4aBy — 293N — ot + 20287 — atel? — plel? = 0.
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Proof. The proof follows by considering the three vectors given by u; =
(v = =7 u2= (v, 7,7, —v)anduzg = (=7, =7, =7, 7). 1

We note that the first equation in the statement of Theorem 3.28 above can
be solved explicitly and we thus have the following corollary.

COROLLARY 3.29. The curves described by

:i:\/'yz —2aB + \/4ac2[32 — 292 + ateld + Brei0
as 6 varies in [0, 27| lie in Spec(H).

REMARK. Theorem 3.23 establishes that the regions determined by the in-
tersection of the exterior of any one of the curves determined by the previous
two theorems with the interior of another such curve is contained in the spec-
trum of H.

FIGURE 5. The curves shown in bold are contained in Spec(H)
and are obtained from cases n = 1 to 4 of Theorem 3.21. The
curves obtained from the cases n = 1 and n = 2 are shown ex-
plicitly and the remaining curves belong to the cases n = 3,4.
For this particular example & = %,ﬁ = %,’y = 43. Theorem 3.23
tells us that the region that lies outside any of these curves and

inside another is also contained in Spec(H).

Figure 5 shows an example of these curves and the regions they determine
_33_2,_4
forthecasea = 5, = 5,7 = 3.

Figure 6 contains the same graphical information as Figure 5 but it also

shows the eigenvalues obtained for 100 finite 100 x 100 matrices which we know
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FIGURE 6. This figure shows the same curves as Figure 5 to-
gether with the eigenvalues from the finite matrix with periodic
boundary conditions.

are contained in the spectrum of H. The high coincidence between these points
and the curves obtained is clear.

3.3. A SPECIAL CASE. In this subsection we will consider the particular case of
the operator H when & = 8, namely

1 1
(3.18) an:—ifn—1+vnfn+§fn+l~

We will again commence by considering the case when v, = £ € R\ {0} for all
n. Keeping the same notation as before we have

Spec(Hy) = { 3 ~ 2e 16 € [0,27]} = {isin(8) : 6 < [0,27]},

that is, Spec(Hp) is the interval [—i,i]. Hence, it follows from (3.5) that
(3.19) [—1,i] £y CSpec(H) C{z € C: |x| <yand |y| < 1}.

We again rewrite H as A 4-iB and in this case 4 = O and b = %, hence, it is
immediate that ||A|| = vy and ||B|| = 1, and in fact we have the following identity
for B2:

1

(3.20) BX=1- 7L+ R)?

where L and R continue to denote the left and right shift operators.
We now follow the method described in the previous sections using the
second order numerical range to obtain more information about Spec(H).
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THEOREM 3.30. Re(H?) > (—1+ 42)I and hence, the spectrum of H is con-
tained in the set {z : Re(z%) > —1+ 9*}.

Proof. See Theorem 3.5. 1

COROLLARY 3.31. The spectrum of H satisfies
Spec(H) C{z€ C: x| <vyand |y| <1}\{z€C:x* —y> < —1++°}.

The shape of the hyperbola x2 — y?> = —1 + 42 clearly depends on the value
of 7. For v < 1 the hyperbola opens about the imaginary axis and has vertices at
+iy/1 — 2, if v = 1 it degenerates into two orthogonal lines through the origin
and if v > 1 the hyperbola opens to the left and to the right and has vertices at
+4/792 — 1. Itis worth noting that regardless of the value of 7y the hyperbola inter-
sects the intervals [—i,i] — ¢ and [—i,i] + -y at the points (-1, +i) and (v, £i) re-
spectively, and we have thus obtained outer bounds for Spec(H). Figure 7 shows
three specific examples (y = 0.75,7 = 1 and v = 1.5) of these 3 qualitatively
different cases together with the results that Theorem 3.33 will provide.

We note that in this case working out the envelope of the family of hyper-
bolae given by

(3.21) F(x,y,s) = (x — 5)2 — y2 +1—(y— s)2

is not a useful technique as the envelope consists solely of four points, (£, £i).

We thus turn to the method of periodic potentials introduced in the last sec-
tion. It is important to note that the added symmetry of our operator in this case
makes many of the calculations much more accessible and many detailed results
can be obtained, however it is precisely the added symmetry of the problem that
causes the simple closed curves which appeared in the previous section as solu-
tions to the polynomials to collapse into arcs and hence stops us from being able
to apply Theorem 3.23 to the operator defined in (3.18).

We have
0 1
Am = (1 20\ — wu,m)>

and if f € 12(Z) and wy, = (fi—1, fm) the equation

1 1
_Efmfl + Wimfm + Efm+l = Afm

may be rewritten as

W1 = WinAm
as before. It is easy to see that det AgA; - - - A,—1 = (—1)" and Theorem 3.21 may
be rewritten as the following result.

THEOREM 3.32. Let E" = {el? + (—1)"e™19: 0 € [0,277]}, and let
Ey = {A:tr(AgAy -+~ A,_1) € E"}.
Then E, is closed and bounded and E,, C Spec(H).
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The case n = 1 coincides with the first inclusion of (3.19). The case n = 2
however, produces new information. In fact, we have the following theorem.

THEOREM 3.33. The spectrum of H satisfies one of the following inclusions de-
pending on the value of y:

(3.22) ru |- iy/1-92,1y/1- 12| € Spec(H) ify <1,
(3.23) [=7,7] € Spec(H) ify=1,

(3.24) [f v, =72 — 1} U [\/72 - 1,7} C Spec(H) ifvy > 1.

Figure 7 shows particular examples of each of these three cases together with
information obtained from Corollary 3.31 .

Proof. Let u = (7, —7). It is worthwhile to note that the cases (v, 7) and
(=7, —7) produce the same results as the case n = 1 for obvious reasons and will
hence not be considered here. Let B = AgA;. We have that

b= ((1) 2(A1—7)> ((1) 2(A1+’Y)> N (Z(Al—v) 1+2i(AAJ{Z)72)>’

and hence, det B = 1 and trB = 2 + 4(A? — 92).
Now, E? = {el’ + 7 : 0 € [0,277]} and

E(y,—q) = {A:2+4(A* —9%) € E*}.
Thatis, E (7,—7) 18 the set of A € C such that
2+ 4(A2 — 9?) = el o710
for 6 € [0,27t], which can be simplified and written as
%(COSG —1)+92
This last equation can be solved explicitly and it is quite simple to see that

there are three different cases, namely ¥y < 1,y =1and ¢ > 1.
If y < 1,then 0 < 9% < 1 as 7 is positive, and

(3.25) A2 =

1
1< A= E(COSQ—l)—F’)’Z <1

Now, as 0 varies in the interval [0, 27] we obtain the following results: If 6 = 0
then A = £, and as 6 begins to increase 5 1(cosb — 1) + 7% remains positive and
hence, A2 has two real roots. When 6 = arccos(1 — 29?) (which is well defined as
-1 < (1—-29%) < 1), A = 0and for arccos(1 — 29?) < 6 < 7, A? has two purely
imaginary roots whose moduli increase as 6 continues to increase. If § = 7t then
A = #iy/1— 92 and as @ varies from 7 to 271 the same roots are obtained in
reverse order. We observe that the roots obtained when 6 = 7 coincide with the
vertices of the hyperbola obtained in Theorem 3.30.
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7
AN

FIGURE 7. For each value of ¢ (0.75,1 and 1.5 respectively),
Spec(H) is contained in the regions pointed to by arrows and
contains the bold lines.

Summarizing these results, we have that

[—v.7]U {—i\/l —’eri\/l —72} C Spec(H) ify <1

and hence, equation (3.22) in the statement of the theorem is satisfied.
If v = 1then 0 < A2 = J(cos® — 1) + 92 < 1, as 6 varies in [0,271] the roots
fill up the real axis between —1 and 1. That is,

[—7,7] € Spec(H) ify=1.
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And finally, to prove equation (3.24), consider y > 1. It follows that
1
0<—-1+92<A?= §(C059—1)+72 <92

Hence, as 6 varies the roots oscillate between /—1 + 92 and -y and the symmetric
negative interval:

[_7,_\/72_1} U [\/72—1,7} C Spec(H) ify>1.

And hence the result follows as required. 1

The case n = 3 of Theorem 3.32 produces polynomials of degree 3 (as the
cases n = 1,2 produced polynomials of degree 1 and 2 respectively) so an in
depth analysis of the roots of the polynomial in general can be a very complicated
task, however the added symmetry of our operator in this case (x = = %) makes
the analysis somewhat simpler than it would be in more general cases, and in fact
we have the following result.

THEOREM 3.34. The set of complex roots of the following two equations obtained
as 0 varies in the interval [0, 27t], are contained in Spec(H):

(3.26) 403 — 49N + (3 —4y?)A +49° — 4 = isinf
(3.27) 403 44927 + (3 —49%)A —49° + y = isinb.

Moreover, this set is made up of six arcs whose end points are obtained when 6 = 7 and
g = 3z
=3

Proof. The proof follows as before by considering 11 = (7,7, —) and up =
(_7/ =Y ,)/) .

The case n = 4 will be the last case we look at in detail. For n > 5 The-
orem 3.32 is obviously still valid but it is perhaps only feasible to carry out the
analysis numerically as one encounters several polynomials of degree n > 5.
However we will make some general remarks about the type of information that
can be expected in all cases and what can be said about the spectrum of H in each
case.

THEOREM 3.35. The roots of the following three equations, obtained as 6 varies in
[0, 27t], are contained in Spec(H):

(3.28) 8AY + (8 —1672)A%2 4+ 89* +1 = cos ¥,
(3.29) 8A* — 16773 + 842 + (167° — 8y)A — 8y* +1 = cos ¥,
(3.30) 8A* + 16743 + 812 4 (87 —169°)A — 89* + 1 = cos¥.

Furthermore, the solutions to these equations lie on simple arcs and in fact the solutions
to equation (3.28) lie on two parabola arcs for v = %, and on two parabola arcs and the
imaginary axis for v < 1.
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Proof. Three cases need to be considered:

w=nr="-7), w=0"77-"7), w==7-""-77)-
Letuy = (7,7, —7v,—7) and let B = AgA1A2As. Then

=02t ) (a0 ) (0 20h) € al)

B 4A% +1— 492 8A3 + 89A% + (4 —89%)A — 892
T\BAS —8YAZ + (4 —8792)A + 893 16A% + (12— 3292)A2 + 169 + 492 +1
and hence, E* = {e!? 471 : 0 € [0,27]}.
It follows that E(, , _, ) is the set of complex A such that
16A* +16A% — 329222 +169* +2 = 2cos b
and hence (3.28) is obtained. This equation can be solved explicitly for A% and
hence for A obtaining the following in terms of 6:

1
A= iz\/—2+472+ \/2- 1692 + 2cos8,

1
— a4l = 2 _ _ 2
/\—iz\/ 24492 — /2 - 1692 + 2cos6.

Ify = % then as 6 varies the roots of the above equations lie on two parabola
arcs. Namely, the parabolic segment with vertex %i (point obtained when 6 = 0)
and with end points %\/ —142iand —%\/ —1 — 2i (obtained when 6 = ), and
the symmetric arc reflected on the real axis.

If v > % the roots of these equations determine two parabolas as well but
only a portion of these arcs is contained in the spectrum of H; the sections that lie
away from the imaginary axis and whose end points are obtained when § = 0 and

§ = mt. More precisely, the segments contained between % \/ —2+4y24 /4 — 1672

and % \/ —2 +492 4+ /1692 in the first quadrant, and in the second quadrant be-

tween —%\/—2—1—472 — /4 —-1692 and —%\/—2 +492 — \/—1672, together
with the symmetric segments obtained by reflection on the real axis.

Finally, for v < % the roots of equation (3.28) not only lie on parabola arcs
as mentioned above but along the imaginary axis. When 8 = 0, both

1 1
- 2 /4 — 16~2 24— 2 _ /4162
j:z\/ 2 +4v%+4/4 —167% and :I:z\/ 244y 4 — 167y

are purely imaginary and these values determine the extreme points of the inter-
val on the imaginary axis on which the roots of equation (3.28) lie. As 6 grows
the roots continue to move along the imaginary axis until they reach the vertices
of the parabolic segments described in the previous two cases and then, when
f = 7 the end points of these segments are obtained. As 0 then varies from 7t to
27t the same path is described in inverse order.
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Equations (3.29) and (3.30) can be obtained analogously by considering u, =
(—y, =7, —7,7) and uz = (vy,7,, —7) respectively.
Thus u; is associated with the matrix B’ whose entries are given as follows:
Bj; = 4A% —8yA +49% +1,
Bl, = 8A% —89A% + (4 — 892)A + 893,
Bhy = 8A3 — 249A% 4 (4 +249%)A — 89% — 4y,
Bhy = 16A% — 32913 4 12A% + (3293 — 8y)A —160* — 49> +1,
and thus, det B’ = 1 and trB’ is given by
16A% — 32943 +16A2 + (329° — 167)A — 169* + 2.
This in turn implies that E,, ,, , _,) is the set of A € C such that
8A* —167A% + 812 + (169° — 87)A —89* +1 = cos b

and similarly E_. _, _, ) is the set of A such that

8A* + 16913 + 812 + (87 — 169°)A — 89* + 1 = cos 6.

These equations are more complicated to work with than equation (3.28) but it is

still possible to analyze them to some extent. The value ¢y = % is a critical point

as qualitatively different results are obtained if v > % orify < %
Ify= % the set of roots of equations (3.29) and (3.30) contain the interval
[—7, —7] together with four additional arcs, one in each quadrant. We will de-

scribe the curve in the first quadrant here and then appeal to the symmetry of the
problem to obtain the remaining three. Its end points are obtained when 6 = 0

and 6 = mr. The curve starts at the point v + @i and moves ‘upwards’ towards
the hyperbola described by x* — y* = —1 + 7% but without actually reaching it.

Ify > %, each of the curves in the four quadrants remains the same, how-
ever the roots along the real axis no longer cover the entire interval between —7
and v, in other words, a gap occurs around the origin. However, the analysis of
this gap is not crucial to our problem as the case n = 2 of Theorem 3.32 deter-
mines exactly what portion of the coordinate axes is contained in the spectrum of
H.

Ify < \% the roots move along the curves described in the case when ¢y =

% but also along two other curves. These curves share their end points (which lie

on the imaginary axis and on the parabola described in the analysis of equation
(3.28)) and form a loop around the origin. 1

Figure 8 shows the information obtained from all cases studied thus far (n =
1 to 4) in the particular instance when v = 0.9. We note that all the curves that
have been obtained from Theorem 3.32 in this manner are not closed curves. This
follows from the intrinsic symmetry of the operator we are considering. In each
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FIGURE 8. The thick curves shown are contained in Spec(H),
they are obtained from cases n = 1 to 4 of Theorem 3.32 in the
case when v = 0.9

FIGURE 9. Eigenvalues of a hundred 100 x 100 finite matrices
with periodic boundary conditions when y = 0.9.

case a polynomial of degree 1 is obtained and this is set equal to either isin®
or cos ! depending on whether the degree of the polynomial is odd or even and
hence closed curves will not be obtained as inverse images of a segment under a
polynomial mapping. The proof is straightforward. (See [1] for instance.) This is
important in retrospect when we consider the information that was obtained in
the previous section when this operator symmetry was not present.

Finally, Figure 9 shows the eigenvalues obtained numerically for the finite
case when v = 0.9. In fact, it is data obtained from 100 runs of calculating the
eigenvalues of 100 x 100 matrices with periodic boundary conditions. The high
degree of correspondence between this data and that shown in Figure 8 is clear.
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It is known that the eigenvalues are contained in the spectrum of the infinite vol-
ume operator and our example reveals a high degree of correspondence between
these finite volume spectra and the curves we have studied.
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