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Abstract. In this paper we develop and apply methods for the spectral analysis of non-self-adjoint
tridiagonal in nite and nite random matrices, and for the spectral analysis of analogous deterministic
matrices which are pseudo-ergodic in the sense of E. B. Davies (Commun. Math. Phys. 216 (2001),
687{704). As a major application to illustrate our methods we focus on the \hopping sign model"
introduced by J. Feinberg and A. Zee (Phys. Rev. E 59 (1999), 6433{6443), in which the main objects of
study are random tridiagonal matrices which have zeros on the main diagonal and random 1’s as the
other entries. We explore the relationship between spectral sets in the nite and in nite matrix cases,
and between the semi-in nite and bi-in nite matrix cases, for example showing that the numerical
range and p-norm "-pseudospectra (* = 0, p 2 [1; A]) of the random nite matrices converge almost
surely to their in nite matrix counterparts, and that the nite matrix spectra are contained in the
in nite matrix spectrum . We also propose a sequence of inclusion sets for  which we show is
convergent to , with the n"



is the order n tridiagonal matrix given, for n 2, by

o 1
0 1
by 0 1
A = b 0 ;
1
bn 1 0

where b= (by;:::;by 1) 2C" T and each by = 1. (For n =1 we set AP = (0).)

Figure 1: A plot of spec AP, the set of eigenvalues of AR, for a randomly chosen b 2 £ 1g™ 1, with n = 5000
and the components bj of b independently and identically distributed, with each b; equal to 1 with probability 1=2.
Note the symmetry about the real and imaginary axes by Lemma 3.4 below, and that the spectrum is contained in
the square with corners at 2 and 2i by Lemma 3.1 below.

The objectives we set ourselves in this paper are to understand the behaviour of the spectrum
and pseudospectrum of the matrix AP, the spectrum and pseudospectrum of the corresponding
semi-in nite and bi-in nite matrices, and the relationship between these spectral sets in the nite
and in nite cases. Emphasis will be placed on asymptotic behaviour of the spectrum and pseu-
dospectrum of the nite matrix A% as n ¥ 1, and we will be interested particularly in the case
when the b; are random variables, for example independent and identically distributed (iid), with
Pr(b; = 1) = 0:5 for each j. (A visualisation of spec AP, for a realisation of this random matrix with
n = 5000 is shown in Figure 1; cf. [17].) To be more precise, we will focus on the case when the
vector b 2 f 1g" isthe rstn 1 terms of anin nite sequence (by;by;:::), with each by = 1,
which is pseudo-ergodic in the sense introduced by Davies [14], which simply means that every

nite sequence of 1’s appears somewhere in (by;0,;:::) as a consecutive sequence. If the b; are
random variables then, for a large class of probability distributions for the bj, in particular if each
bj is iid with Pr(b; = 1) 2 (0; 1) for each j, it is clear that the sequence (by; by; :::) is pseudo-ergodic
almost surely (with probability one). Thus, although pseudo-ergodicity is a purely deterministic
property, our results assuming pseudo-ergodicity have immediate and signi cant corollaries for the
case when AP is a random matrix.






acts on “P(Z), again focusing on the case when b 2 ¥ 1gZ is pseudo-ergodic. The action of AP is



A key result we obtain on the spectra of our in nite matrices, in large part through limit operator
arguments described in Section 2, is the following (cf. [14]): if b;c;d 2 £ 1gN, b;e;d¢2 f 1g%, and
b, B, cd, and ed are all pseudo-ergodic, then

spec A% = spec ASY = spec A" = spec A®T = = spec A® = SPeCoint A% (5)
e2f 1gZ e2f 1g%

One surprising aspect of this formula is that the semi-in nite and bi-in nite matrices share the
same spectrum, in contrast to many of the cases discussed in [39], this connected to the symmetries
that we explore in Section 3.

We do not know a simple test for membership of the set  given by this characterisation (though
see Figures 2 and 3 below for plots of known subsets of , and see Section 4.3 for an algorithm
for computing approximations to ). But this result implies that spec AP foreveryb 2 f 1g%
which gives the possibility of determining subsets of by computing spec A® for particular choices
of b. In particular, as recalled in Section 2, when b is n-periodic for some n 2 N, i.e. bj+n = bj
for j 2 Z, spec AP can be computed by calculating eigenvalues of an order n matrix (a periodised

version of AE,). We compute n , for n = 5;10;:::; 30 in Section 2, where  denotes the union
of spec A, over all n-periodic b 2 ¥ 1g%. We speculate at the end of the paper that
L
n2N

is dense in , and it has been shown recently in [9] that certainly 5 is dense in the unit disc
D = fz : jzj < 1g, which implies that D , as established slightly earlier directly from (5) in [5].
(Throughout, S denotes the closure of aset S  C: for an element z 2 C, z denotes the complex
conjugate.)

To obtain a rst upper bound on  we compute the “2-numerical range, W (AP), of A® when
b is pseudo-ergodic. We show that, if b;c;d 2 £ 1gN, b;e;d2 £ 1g%, and b, b, cd, and ed are all
pseudo-ergodic, then

WAL =WASH =WAY) =WASH = =fz=a+ib:ab2R; jaj + jbj < 2g:

Since the spectrum is necessarily contained in the closure of the numerical range, this implies that

D

We point out that the numerical range of AP, converges to that of A, in particular that W (A%) %
asn ¥ 14, if bis pseudo-ergodic. (Here and throughout, for T, Cand T  C, the notation
Th % T means that T, T for each n and that dist(T;T,) ¥ Oasn ¥ 1, with dist(T;T,) the
Hausdor distance de ned in (16) below.)

TReN4PEsE Faikhat ik Haber (Section 4) is an investigationincé



We can prove neither of these last two conjectures about spectral asymptotics. On the other
hand, our theoretical results for the pseudospectrum are fairly complete. We show rst in Theorem
3.6 a pseudospectral version of (5), that, if b;c;d 2 f 1gV, b;e; ~



implications in a nal Theorem 5.1, in the same section summarising succintly what we have
established about the spectral sets and P (Theorem 5.2), and outlining a number of open
problems.

In the course of this investigation, focused on a particular operator and matrix class, we develop
results for the larger classes of tridiagonal or banded nite and in nite matrices. In particular,
Theorem 4.4 shows that, for p 2 [1; 1], " > 0, the “P "-pseudospectrum of a general, semi-in nite
tridiagonal matrix is contained, for " > ", in the ‘P "%-pseudospectrum of its n n nite section if
n is su ciently large. It also shows corresponding results relating the pseudospectra of a general
bi-in nite matrix to that of its nite sections. In Section 2 we employ recent work [7, 8] on limit
operator methods for the study of spectral sets for very general classes of in nite matrices. We
make explicit in Theorems 2.1 and 2.9



important property of the lower norm is that
A (B) kA Bk (10)

for any bounded linear operators A and B on X.

In the case when, for some N 2 N, X =CN and B isan N N matrix, (i)-(v) are equivalent
additionally to spec.B=f 2C: (B 1) <"g = speCpgin;~ B. If k k=k ka, then, for every
N N matrix A, (A) = smin(A), the smallest singular value of A. Thus these de nitions are
additionally equivalent to [40]

spec.B =f 2 C: syin(B 1) <"g: (11)
Note that (10) implies that
jsmin(B 1) smin(B Dj ] Boo2c (12)

It is equation (11) that we use for the numerical computations of pseudospectra in Section 4.3.

An alternative de nition of the pseudospectrum is to replace the strict inequality > in (i) by
, SO that the "-pseudospectrum is de ned to be

Spec.B =specB[f 2C:k(B 1) k " lg:

This has the attraction that Spec..B, like spec B, is a compact set for * > 0. An interesting question
is whether spec..B = Spec..B, which hinges on the question of whether or not it is possible for the
norm of the resolvent of B, k(B 1) 'k, to take a nite constant value on aopenset G C. Let
us say that the Banach space X has the strong maximum property if, for every open set G C,
every bounded linear operator B on X, and every M > 0, it holds that

kB 1%k M8 2G)D KB 1) k<M;8 2G):

If X has the strong maximum property, then no bounded linear operator on X can have a resolvent
norm with a constant nite value on an open subset of C, and it is easy to see that




For S;T C, let
dist(S; T) := max(supfdist(z; S) : z 2 Tg; supfdist(z; T) : z 2 Sg): (16)

(This notion of distance, when applied to compact subsets of C, is an instance of the Hausdor
distance between compact subsets of a metric space.) Given a sequence T, Cand T C, let
us write T, ¥ T if dist(T,;T) ¥ Oasn ¥ 1. Additionally, let us write T, % T if T, ¥ T and
Tn T foreach n,and write T, & T if T, ¥ T and T T, for each n. It is an easy calculation
to show that

spec.B & specB as " 1 0": @an

Similarly, it holds for " > 0 that spec..B & Spec.B, as " ¥ "*, and spec..B % spec.B, as

"0 @ " Thus, in the case where X has the strong maximum property so that spec.B = Spec.B,
it holds for " > 0 that

spec.cB & spec.B; as "™ ¥ "*: and spec.B % spec.B; as™' ¥ " ; (18)

so that spec.B depends continuously on ".

The spectrum and "-pseudospectra are connected to the numerical range. In the case that X
is a Hilbert space with inner product (; ), and where B is a bounded linear operator on X, the



and note that ViMp = My;,Vj, for j 2 Z, b 2 “1(Z). In terms of these notations, the operators
AP and AP¢, corresponding to the in nite matrices (



which is not only bounded but also quasi-periodic, i.e. for some 2 Cwithj j=1, Xkan = Xk,
k 2 Z. It is easy to see that this implies that

_ L . .
spec AP¢ = spec AZC+BPE (23)
j =1

where A% is given by (3) (with AY® := (0)) and BRC is the n  n matrix whose entry in row i,
column jis in ji1 Ca+ i1 jin b, where ij is the Kronecker delta. We will abbreviate B,E?f
as B, in the case that ¢ = (1;::;1).

An important case where AP is self-similar is where AP is pseudo-ergodic in the sense of Davies
[14]. The following is a specialisation of the de nition from [14].

De nition 2.2 Call b2 f 1gZ% and the operator AP pseudo-ergodic if, for every N 2 N and every
w2 f 1gN, there exists J 2 Z such that bn+3 = wp, for n = 1;::; N.

We see from this de nition that AP is pseudo-ergodic if and only if every nite sequence of

1’s appears somewhere in the bi-in nite sequence b. The signi cance of this de nition is that,
for many cases where the entries b, are random variables, the sequence b is pseudo-ergodic with
probability one. In particular, the following lemma follows easily from the Second Borel Cantelli
Lemma (e.g. [3, Theorem 8.16]), the argument sometimes called the ‘In nite Monkey Theorem’.

Lemma 2.3 If the matrix entries bn, for n 2 Z, are iid random variables taking the values 1
with Pr(b, = 1) 2 (0; 1), then AP is pseudo-ergodic with probability one.

The link to limit operators is provided by the following lemma (see [14, Lemma 6], [26, Corollary
3.70] or [8, Theorem 7.6]):

Lemma 2.4 For b2 f 1g%, A? is pseudo-ergodic if and only if °P(AP) = fA®:c2 f 1gZg.

Combining this lemma with Theorem 2.1 gives the following characterisation of the spectrum
and pseudospectrum of AP in the case when b is pseudo-ergodic:

Theorem 2.5 If b 2 f 1gZ% and AP is pseudo-ergodic, then

spec A® = spec, AP = SpecA° = = SpeCaging A° (24)
c2f 1g% c2f 1g%

and r
spec AP = P:.= specRAS; (25)
c2f 1gZ

for">0andp2[1; 1]

Limit operator ideas, the \In nite Monkey" argument and the validity of the rst two \="
signs in (24) are not new in the spectral theory of random matrices (see e.g. [4, 13, 14, 19, 33]).
Equation (25) is previously shown, for a general class of pseudo-ergodic operators for the case p = 2
in [14



for the pseudospectrum specRAP. In particular, spec A° if c2 n, for some n 2 N, where
n:=Tfc2f 1g%:cis n-periodicg. Thus
L L
n = spec A® = speCooint A (26)
c2 n c2 n

for every n 2 N: this is informative as  can be computed explicitly by (23) as the union of



Figure 2. Our gure shows the sets n, as de ned in (26), for n = 5; 10; :::; 30, computed using the characterisation
(23), which is made explicit for n = 1;2 and 3 in Lemma 2.6. In particular, 1 =[ 2;2] [i[ 2;2] and, for each n,
1 n and, by Lemma 3.1, n =fx+iy:x;y 2R; jxj+jyj 2g.

Theorem 2.7 [5, Proposition 2.1] D

Recently [9], an alternative proof of this theorem has been obtained, through a construction that
shows that 4 is dense in D. It is an open (and interesting) question as to whether 4 is dense in

. An interesting, related, case where the union of the spectra of all periodic operators is shown
to be dense in the spectrum of the pseudo-ergodic case is studied in [29], but there are other
pseudo-ergodic bi-in nite tridiagonal examples where this is not true.

The above results concern bi-in nite matrices, but similar results apply to the semi-in nite
matrices A and Ak_ﬁc. We say that the operator induced by the bi-in nite matrix B = (bjj)i:jon
is a limit operator of the operator induced by the banded semi-in nite matrix A+ = (aij)i;j2n if,
for a sequence hy; hy;::: of integers with hy ¥ +1, it holds that

Qi+hj+he T bijA






3 The Numerical Range and Symmetry Arguments

Let us rst introduce some properties of and notation related<toladjoint operators. Given a banded
bi-in nite matrix A = (ajj)i;j2z, with sup;; jaijj < 1, A will denote th-354(denot 0 Td [19sr9307.9626 Tf 6.345 0 Td [



that W (AP



Lemma 3.3 Forn2N,a2f 1g", and b;c2f 1g" 1,
D2AVCDE = Abdicd,
where d = (a;ay;::;;an 1an), SO that
spec AP%¢ = spec AP4Cd = spec ALC:
Further, for p2[1; 1] and " >0, where q 2 [1; ] isgiven by p 1 +q 1 =1,
specRARC = specR APdCd = gpecP ALS = specd ADC:

Moreover, for 1 p r 2and " >0, spectA%C  specRALC.
A st application of the above lemmas is the following symmetry result (cf. [22]).

Lemma 3.4 Forb 2 f 1g%, " >0, and p 2 [1; ], spec A®, spec., A®, specRAP, spec AP, and
specRAPR are invariant under re ection in the real and imaginary axes. Further, where S(b) denotes
any one of these sets, it holds that S( b) = iS(b). The set , which is the set spec A° = spec. A°
in the case that b is pseudo-ergodic, and, for * > 0 and p 2 [1; 1], the set R, which is the set
specRAP for b pseudo-ergodic, are invariant under re ection in either axis and under rotation by
90°.

Proof. We prove the results for A° using Lemma 3.2; the proof for A using Lemma 3.3 is similar.
That the entries of the matrix A° are real implies the symmetry about the real axis. De ning
a2f 1gZ by ax = ( 1) k2 7Z, so that d = aV ia is the constant sequence d = (:::; 1; 1;:2),
it follows from Lemma 3.2 that MaAPM, 2 = AP, which implies that the sets spec AP, spec, AP,
and specRAP are also invariant under re ection in the origin, so that they are also invariant under
re ection in the imaginary axis. De ning, instead, a 2 “1(Z) by ax = i¥, we obtain, similarly,
that MaAPM, 2 =1 A



Similarly, for x 2 ‘g(Z) and k 2 N, (AP°X) k =Db k 1X Kk 1+C kX k+1 = CkXk+1 + Dk 1Xk 1 =
(APCX)y, so that APC : “B(Z) ¥ ‘B(Z). Further, for k 2 N, (EALX)x = bk 1Xk 1 + Xk+1 =
bk 1Xk 1+ CkXk+1 = (Ag3°x)k, so that (29) holds. Since E and P are isometric isomorphisms
and E = P 1, it follows that spec A% = spec Al¢ and that specPA. = specRAZC, for " > 0 and
p 2 [1; A]. The remaining results follow from Lemma 2.8 and Lemma 3.2. m

Putting the results from the previous section and this section together gives the following
characterisations of the spectrum, essential spectrum, and pseudospectrum in the pseudo-ergodic
case.

Theorem 3.6 If b;c;d 2 f 1gV, e;f;g 2 £ 1g% and b, cd, e, and fg are pseudo-ergodic,
then spec A% = spec AS® = spec A® = spec ATU = spec, AL = SpeCy A% = spec, A® =

Speces AT = and, for " > 0 and p 2 [1;1], where q 2 [1; 1] is given by p 1 +q ! =1,
specPAL = specPASY = specPA® = specPAT9 = P = 4. Further,forl p r 2and">0,
r P.

Proof. From Lemma 3.2



o0 & o =

4.1 That the nite matrix spectral sets are contained in the in nite
matrix counterparts

For n 2 N, introduce the n  n matrices

(@) L 1 o 1
1
=8 -~ X ad I3 =@ . A
1 1

so that I, is the order n identity matrix. The proof of the following result uses a similar construction
to that of the bi-in nite matrix A% in the proof of Lemma 3.5.

Theorem 4.1 If b is pseudo-ergodic then, for n 2 N,

specAl = spec AT on+2  SPeCAP =
f2f 1gn 1




and hence, using repeated re ections, i.e. by putting

o
S
Acd E



The inclusion | 2n+2 1S illustrated for n =4 in Figure 4.

An interesting question, alluded to already in Section 2, is whether 4, which is contained in
or 4, which is a countable subset of 4, are dense in , the spectrum of AP for b pseudo-ergodic.
Of course, we do not know what s, so that this question is di cult to resolve! We do know
however (Theorem 2.7) that the unit disc D , and we can consider the question as to whether

1 or g aredensein D. Recall that the sets n, for n = 5;10;:::; 30, are plotted already in Figure
2. Studying Figures 2 and 3, it appears that there is a \hole" in both , and | around the origin,
though these holes appear to be reducing in size as n increases. And in fact, as mentioned already
in Section 2, it has been shown recently that 5 is dense in . Further, it appears to us plausible,
comparing the two gures, to conjecture that 4 is dense in 1 and so dense in ID.

Figure 5: This is a zoom into 25 { the 5th picture of Figure 3. The location of this zoom is near the point 1+,
which is the midpoint of the northeast edge of the square W (AP) = . The picture clearly suggests self-similar
features of the set 5.

Figure 5, taken from [5], zooms into the part of the set ,s around 1 + i. Intriguingly this set,
the collection of all eigenvalues of a set of 224 matrices of size 25 25 (25 224 = 419;430; 400
eigenvalues in all!'), appears to have a self-similar structure. We have no explanation for these
beautiful geometrical patterns, and it is not clear to us how to gain insight into the geometry of
this set.

In the next theorem and corollary we show the analogue of Theorem 4.1 for pseudospectra.

21



Theorem 4.2 If b



4.2 Convergence of the nite matrix spectral sets to their in nite matrix
counterparts

As we have remarked at the beginning of this section, it is not clear that the spectrum of a
general banded matrix should have anything to do with the spectra of its nite submatrices. In



specOP
"specpZsuch that

since jInG) 'w(G+1)j (N 1)1 for k 2 Z. Since also, for each k 2 “;::;;m, g ¥ Xy as
N ¥ 1, itisclear that, for every > 0, if N is chosen large enough, then kekq 1, and also
kekq <*+ . But this implies that 2 specRA-., if N is large enough and * N andm N.
If 2 specti.~A then essentially the identical argument shows that 2 speciA.. . But this
implies that 2 specRA-., [40, Section 4]. This completes the proof of the rst step.
To nish the proof of the theorem we argue as follows. Given "™ >" > 0and p 2 [1; 1], let
=" ™=2,and" ="+ . LetS:=speckA andletO:=Ff + D: 2 Sg. Then O is an open
cover of t@ compact set S, and so has a nite subcover, i.e. there exists a nite set spechA
with S > (+ D)= D+ . Now specPA  spec? A. Applying the result shown in the
rst step, we see that we can choose N so that, for * N and m N, spect A-.. Thus
speckRA S D+ D + spec? A-,  spechAcm, by (15). m
To apply this result, for ;m 2 Z with ©*  m, let A?;m denote A-.;m, the matrix of order m+1  *
as de ned in the above theorem, in the case that A = A®. So, in particular, A%, = AP for n 2 N.

Corollary 4.5 Ifb2 f 1gN is pseudo-ergodic then, for every " >0 and p 2 [1; 1],
specPAD = specPAS., % specPA’, = P; asn ¥ 1:
If b2 £ 1g? is pseudo-ergodic then, for every " >0 and p 2 [1; 1],

specPA2. % specPA’= P; as‘ ¥ dandm ¥ 1:

Proof. We will prove the second of these statements. The proof of the rst is similar. From
Corollary 4.3 and Theorem 4.4, given any " 2 (0;") there exists N 2 N such that

spechA  specRA-., specRA; for * N and m N: (32)

Since, from (18), spec®A % spech
"specpZsuch that



The previous subsection already provides potential methods for computing these sets. We have
that, if b2 f 1g" is pseudo-ergodic, then

2 — i 2pb.

2= lim spec?AD: (33)
This then implies, by (18), that

— i H 20,

= -I-T?) nIl!m1 spectAl: (34)
In principle, these equations can be used as the basis of algorithms for computing P and . In

particular, to approximate # one uses the sequence of sets spec?A%, n = 1;2;:::, which can be
computed as described in Section 1.2. The di culty with this scheme is that one has no idea of the
rate of convergence of spec?AR



S
the notation introduced in Corollary 4.3, it must hold that ., specZAE’;‘+n 1 ﬁ; , for every
> 0. For small values of n, " in the above theorem can be calculated explicitly, in particular

" =2and", = pi: (35)

Example 4.8 As a rst example of application of the above theorem, consider the case when
bm = 1 for each m. Then A?., =, =A%, = AP for each ‘. Further, this matrix is self-adjoint, so

that spec®AP = spec A% + D), for every > 0. Thus the statements of the theorem reduce to
specA® spec Al +",D and spec?A® spec Al + (" +",)D; "> 0: (36)

In this simple case we can compute the above sets explicitly, to check that ¢he above inclusions holg,
nding that specA® = [ 2;2], spec?A® = [ 2;2]+ "D, and specA% = 2cos s :j=1;:5n .



Figure 6: Plots, for n = 6;12 and 18, of the sets 2., which are inclusion sets for = spec A®, when b 2 f 197

is pseudo-ergodic. Also shown, overlaid in red, is the square , with corners at 2 and 2i, which is W (AP), the
numerical range of AP. Overlaid on top of that in blue is the set 3¢ [ D which, by de nition and Theorem 2.7, is a
subset of

In Figure 6 we plot 2.. , for n = 6;12, and 18. Each of these sets contains , by Theorem 4.9,
and note that each set is invariant under re ection in either axis or under rotation by 90°, by Lemma
3.4. On the same gure we plot the square  which, by Lemma 3.1, also contains . It appears

that, for n 18, 2.._. If this were to hold for all n 2 N then it would follow, from Theorem
4.9, which tells us that 3. & , and Lemma 3.1, which tells us that ~,that = . It
seems impossible from these plots to take an educated guess as to whether or not ﬁ;..n holds

for all n, not least because the convergence rate of 2.. to may be slow: Theorem 4.9 tells us

that dist( ,%;..n; ) dist( En; ) but it follows from (13) that dist( %n; ) "n 2 =(n+2).
We have not been able to produce similar plots to those in Figure 6 for much larger values of

n because of the large computational cost. But it is feasible to compute S,( ) for a single for

larger n. We have carried out this computation for = 1.5+ 0:5i, a quarter of the way along one
of the sides of . Computing in standard double-precision oating point arithmetic we nd that

S34(1:5 + 0:5i) = 0:17201954132506::: > "'34 = 0:169830415547956::: : (42)

This implies that 1:5+0:5i 8 3,.., and so 1:5+0:5i 8 , which of course implies that s a strict

subset of . In fact, in view of (41) and the symmetries of noted in Lemma 3.2, the inequality
(42) implies more, namely that

¢



Theorem 5.1 Suppose that the entries of b 2 f 1g# are iid random variables, with Pr(b,, = 1) 2
(0;1). Then:

(i) specAP , spec Ab. , With spece, AP = spec AP = spec, A% = spec A% =  almost
surely.

(i) W(AL) W(AD) , with W (AP) = W(AZ) =  almost surely.

(iii) For n 2 N, spec A and W (AR) ,and,asn ¥ 1, W(A2) % , almost surely.

(iv) For " > 0 and p 2 [1; 1], specRAP R, specRAL R, with specPAP = specRA = P
almost surely.

(v) For " >0, p2[1;1], and n 2 N, specRAP Rand, asn ¥ 1, speckAP % R, almost
surely.

Similarly, if b;c 2 f 1g%, and the entries of bc are iid random variables, with Pr(bmcy, = 1) 2
(0; 1), then (i)-(v) hold with A®, A% AP replaced by APc, ASC and Abc, respectively.

Proof. To see that (i)-(v) hold, note that, by Lemma 2.3 and the remarks at the end of Section
2, the condition of the theorem imply that b and also by := (b1;by;:::) are pseudo-ergodic with
probability one. Then (i) follows from the de nition of in Theorem 2.5, and from Lemma 3.5
and Theorem 3.6. That (ii) and (iii) hold follows from Lemma 3.1, Theorem 4.1 and Corollary
4.6. That (iv) holds follows from the de nition of R in Theorem 2.5, and from Lemma 3.5 and
Theorem 3.6. Finally, (v) follows from corollaries 4.3 and 4.5. That (i)-(v) hold for the case where
AP AL AP are replaced by APe, A%C and Al respectively, and the entries of bc are iid random
variables, with Pr(b



Proof. Part (i) follows from Theorem 2.7 (taken from [5]) and Lemma 3.1, and that s a strict
subset of  holds, as discussed at the end of 4.3, provided ="34 S34(1:5+ 0:5i) > 0. Part (ii)
is Theorem 4.1, with R P, because P = specPAP if b 2 f 1gZ is pseudo-ergodic (Theorem
3.6). Part (iii) is Lemma 3.4, (iv) is from 3.2, (v) is part of Theorem 4.9, and (vi) is from the end
of Section 4.3. m

It is clear from the above results that we understand well, in Theorem 5.1, the interrelation
between the numerical ranges and pseudospectra of the semi-in nite, bi-in nite, and nite random
matrix cases, and have shown that the almost sure spectrum is the same set  for the semi-in nite
and bi-in nite cases, and contains the spectrum in the nite matrix case. Interesting open questions
are whether or not, similarly to the analogous results for the pseudospectra, spec AP %  almost
surely asn ¥ 1, which would imply that 4 is densein ,sothat 1 isdensein . (That o
is dense in  was conjectured in [5].) Note that, if it does hold that spec A %  almost surely,
then both Figs 2 and 3 are visualisations of sequences of sets converging to

Regarding the geometry of  (and of the pseudospectra R), we have some information in
Theorem 5.2, including in the last part of this theorem establishing a computable sequence of sets
converging from above to  (a sequence of three of these plotted in Figure 6). However there is
much that is not known. Is  connected (which would imply, by general results on pseudospectra
[40, Theorem 4.3], that also PR is connected)? In fact, is  simply-connected? What is the
geometry of the boundary of , and the geometry of the sets n, the nite-dimensional analogues
of (cf. Figure 5)? We have conjectured in [5] that is a simply-connected set which is the closure
of its interior and which has a fractal boundary, which is plausible from, or at least consistent with,
Figure 6, if it holds that —37 = . Our methods and results provide no information about what is
a usual concern of research on random matrices, to obtain asymptotically in the limitasn ¥ 1
the pdf of the density of eigenvalues, except, of course, that we have shown in Theorem 5.1(iii)
that the support of this pdf is a subset of

There are many possibilities for applying the methods introduced in this paper to much larger
classes of random (or pseudo-ergodic) operators. For some steps in this direction we refer the
reader to [30, 6, 9].
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