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Abstract

There has been much recent interest, initiated by work of the physicists Hatano
and Nelson, in the eigenvalues of certain random, non-Hermitian, periodic tridi-
agonal matrices and their bidiagonal limits. These eigenvalues cluster along a
“bubble with wings” in the complex plane, and the corresponding eigenvectors
are localized in the wings, delocalized in the bubble. Here, in addition to eigen-
values, pseudospectra are analyzed, making it possible to treat the nonperiodic
analogues of these random matrix problems. Inside the bubble, the resolvent
norm grows exponentially with the dimension. Outside, it grows subexponen-
tially in a bounded region that is the spectrum of the infinite-dimensional op-
erator. Localization and delocalization correspond to resolvent matrices whose
entries exponentially decrease or increase, respectively, with distance from the
diagonal. This article presents theorems that characterize the spectra, pseu-
dospectra, and numerical range for the four cases of finite bidiagonal matrices,
infinite bidiagonal matrices (“stochastic Toeplitz operators”), finite periodic ma-
trices, and doubly infinite bidiagonal matrices (“stochastic Laurent operators”).
(© 2001 John Wiley & Sons, Inc.

1 Introduction
In this article we investigate random matrices in a class that we denote by
(1.2) bidiag,{X, 1},

whereX is a random variable taking values dense in a compact subsgbsupp
the complex plan€. The meaning of this notation is that eahe bidiagy { X, 1}
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isanN x N bidiagonal matrix in which the diagonal entries are independent sam-
ples fromX, the superdiagonal entries are equal to 1, and all other entries are O:

X1 1
(1.2) A=

XN

Such matrices have been considered previously under the name of “one-way mod-
els” by Brézin, Feinberg, and Zee [7, 17, 18], except with a corner entry= 1
included to make the structure periodic and permit nontrivial eigenvalue analysis.
They arise as a limiting case of the nonsymmetric random periodic tridiagonal ma-
trices introduced in 1996 by Hatano and Nelson [27, 28].

Although our results hold for general compactly supported probability distribu-
tions, two choices oK will be of particular interest, which we denote by

(1.3) X ={+1}] and X=[-22].

The abbreviatiorX = {41} denotes the random variable that takes valbgsvith
equal probability, generating perhaps the simplest nontrivial class of nonsymmetric
random matrices,

+1 1
+1 1
(1.4) A= -
+1 1
+1
Feinberg and Zee call this (again witly; = 1) the “one-way sign model.” The
abbreviationX = [—2, 2] denotes the random variable that takes values in the
interval [—2, 2] with uniform probability. The matrices this random variable gen-
erates, which are equally easy to analyze, capture some of the essential features
associated with the Hatano-Nelson model [27, 28], including, as we shall discuss
in Section 7, a “delocalization transition.”

We offer this article as a contribution to the heretofore nearly empty inter-
section of two fields: the study ahndom matricesand the study opseudo-
spectrafor matrices that are nonnormal (i.e., matrices whose eigenvectors, even
if a complete set exists, cannot be taken to be orthogonal). Random matrices,
particularly their eigenvalues, have been a familiar topic for about fifty years in
physics [38], statistics [39, 62], and numerical analysis [15], and more recently in
number theory [3, 34]. In condensed-matter physics, the subject was made famous
by Wigner's semicircle law [61] and the phenomenon of Anderson localization
(exponential decay of eigenvectors) [1]. These and many other developments in
random matrix theory have emphasized Hermitian matrices, the setting for classi-
cal guantum mechanics, but random non-Hermitian problems have been studied,
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too, since the early work of Ginibre [19], by the authors mentioned in the first two
paragraphs, and by Efetov, Fyodorov, Girko, Goldsheid, Janik et al., Khoruzhenko,
Silvestrov, and Sommers, among others.

Pseudospectra and related quantities for nonnormal matrices and operators were
first investigated in the 1970s and 1980s [20, 36, 58] and became a standard tool
in the 1990s [9, 50, 51, 54], with applications in fluid mechanics [56], numeri-
cal analysis [29, 43, 48, 49], operator theory [2, 5], control theory [30], Markov
chains [32], differential equations [10, 11, 44], and integral equations [41, 42].

In all of these fields it has been found that in cases of pronounced nonnormality,
eigenvalues and eigenvectors alone do not always reveal much about the aspects
of the behavior of a matrix or operator that matter in applications, including phe-
nomena of stability, convergence, and resonance, and that pseudoeigenvalues and
pseudoeigenvectors may do better. We shall show that random bidiagonal matrices
also follow this pattern. As has been found previously in studies of Toeplitz matri-
ces [5, 6, 46] and magnetohydrodynamics [4], the consideration of pseudospectra
rather than spectra for these matrices sheds light on the exponential (with respect
to N) sensitivity to perturbations of eigenvalues and eigenvectors and eliminates
troubling discontinuities in the limiN — oo. It also allows the delocalization
phenomenon to be analyzed without recourse to eigenvalues or eigenvectors and
without the need for nonzero corner entries.

Previous works emphasizing the nonnormal aspects of random nonsymmetric
matrices include [12] and [59]. A report on the pseudospectra of random triangular
matrices is in preparation [16], which will present analytical results motivated by
experiments in [50] and [58]. The significance of pseudospectra for the Hatano-
Nelson model, and the limited significance of eigenvalues, eigenvectors, and cor-
ner entries for that problem, have been pointed out by the first author since late
1997 [52].

Our theorems are summarized in Table 9.1 at the end of the paper.

2 Spectra and Pseudospectra

The spectrum of alN x N matrix A, which we denote b (A), is its set of
eigenvalues, a finite subset@fconsisting of at modN points. For eachk € C, the
resolventof A atzis (z— A)~!if this matrix exists; hereg — A is an abbreviation
for zl — A, wherel is the identity. An equivalent definition @f(A) is that it is the
set of numberg e C for which (z— A)~! does not exist; see, e.g., [33] or [45].

Since the eigenvalues of a bidiagonal matrix are its diagonal entries, the spec-
trum of any A € bidiagy{X, 1} is a subset of sugX). Thus there is not much
to say about the spectra of these matrices. The most interesting fact is that they
behave discontinuously in the limN — oo, as can be seen by comparing our
Theorems 4.2 and 5.1. Such a discontinuity was pointed out by Davies [12] and
Goldsheid and Khoruzhenko [24, 25], and as already noted, it is one motivation for
considering pseudospectra instead.
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The pseudospectra of a matixare compact sets in the complex plane. They
depend on vector and matrix norms, and all our discussion is based on the familiar

choices "
IxI= (S1ai?) . IAI= sup A,
lIx]l=
although many of our statements can be generalized to other norms. The 0-pseudo-
spectrumAo(A) is the same as the spectrukiA), and fore > 0, thee-pseudo-
spectra are strictly nested sets that expand to fill the plare-as co. We can
defineA.(A) in various equivalent ways:

DEFINITION 2.1 For any > 0, thee-pseudospectrum.(A) of a matrix A is the
set of numberg € C satisfying the equivalent conditions

() lz— A =€,
(i) omin(z— A) <k,
(i) J|Au— zu| < e for some vectou with |Jul| = 1, and
(iv) zis an eigenvalue oA + E for some matrixE with ||[E| < e.

Here onmin denotes the smallest singular value, and we follow the convention of
writing [|(z — A)7Y = oo if ze A(A).

Conditions (i) and (ii) assert that.(A) is the subset of the complex plane
bounded by the*-level curve(s) of|(z— A)~1|| or thee-level curve(s) obmin(z—
A). Condition (iii) concerns the existence of arpseudoeigenvectorCondition
(iv) asserts that . (A) is the set of all complex numbers that are in the spectrum of
some matrix obtained by a perturbation of notne. The equivalence of (i)—(iv)
is discussed in [57], [46], and [49], and much more extensive related material can
be found in [33].

Figure 2.1 shows pseudospectra of two matrices from bjdiggl}, 1}, one
with N = 100 and one witiN = 10,000! The pictures reveal that the nonnormal-
ity of these matrices is pronounced. The resolvent norm grows exponentially in a
region with the form of a figure 8, more precisely a lemniscate, and for Inrge
and smalle, the e-pseudospectra have approximately this fixed shape, including
points far from the real axis. (An example in [46] considers the pseudospectra of

1in view of condition (ii) of the definition of pseudospectra, pictures like this can be generated
by computingomin(z — A) for values ofz on a grid in the complex plane and sending the results
to a contour plotter. The work involved is potentially very lar@N3v2) floating point operations
for av x v grid, if the standardd(N3) dense matrix methods for computing the SVD are used.
However, our matrices are bidiagonal, so only “phase 2” of an SVD computation is needed, involving
the QR or LR or divide-and-conquer algorithms, and this reduces the operation count to an easily
manageabIeO(szz) or O(Nv?), depending on whether one computes all the singular values or
just the smallest [13, section 5.4]. Since the bidiagonal SVD is not accessible in MATLAB, we have
achieved the speedupm(sz) instead by computingmin(z— A) by Lanczos inverse iteration, as
described in [53]. Each plot of Figures 2.1 and 2.2 viitk= 10,000 took 5-10 hours to generate on
a Pentium 11l workstation, essentially the cost of solving on the order gfoltﬂiagonal systems of
10* equations. The plots with = 100 each took about ten minutes.
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N = 100

N = 10,000

FIGURE 2.1. Spectra and pseudospectra in the complex plane of typical
matrices from bidiag{{£1}, 1}. The solid dots, azx = +1, are the
eigenvalues. The contours, from outside to inside, are the boundaries of
Ac(A) fore =1072,10°% 10710 10724, ..., 1030,

matrices of this form in which the diagonal entrie4 are not random but strictly
alternating.) There is also some weaker growth of the resolvent norm outside the
lemniscate.

Figure 2.2 shows analogous pictures for the case hidiae?, 2], 1}. The be-
havior is similar, except that instead of a lemniscate we see a “Hatano-Nelson bub-
ble.” Outside the bubble, there is again modest growth of the resolvent norms, and
inside the bubble, the norms are again exponentially large. We see, for example,
that a matrix perturbation of norm as small as¥amay again change the eigenval-
ues forN = 10,000 completely, making them lie close to the bubble. Introducing
a nonzero corner entgp: would be an example of such a perturbation. Itis a tenet
of the theory of pseudospectra, however, that these sets reveal more than just the
motion of eigenvalues under perturbation: They have implications for the behavior
of the unperturbed matrix, too. For example, the strong transient effects that make
streamwise streaky structures ubiquitous in high Reynolds number shear flows are
linear but nonnormal in origin; they can be explained by pseudospectra but not by
spectra [47, 56]. Some estimates of the behavior of a matrix that can be obtained
from a knowledge of its pseudospectra are reviewed in [51].
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N = 10,000

FIGURE 2.2. Same as Figure 2.1 but for bidjgd—2, 2], 1}. The
eigenvalues are now distributed in the interval, 2]; in the lower plot,

they appear to have fused into a solid line. The lowest pseudospectral
contour that appears in the upper plot iss 10-22. The others are there
too, in principle, but hidden under the dots.

We will now develop theorems that make the observations of Figures 2.1 and 2.2
precise.

3 Four Subsets of the Complex Plane

Our results, which are closely related to the results of Goldsheid and Kho-
ruzhenko [24, 25] and Brézin, Feinberg, and Zee [7, 17, 18], among others [8, 31],
are based on the explicit computation of the resolvent of the bidiagonal n#atrix
In the 3x 3 case, since

al -1 a ab ab
b-1 -1 b bc)|=1,
c! c

we see that ik; is the j ™ diagonal entry ofA, then

-1

z—X1 -1
(z— A 1= zZ—% -1
Z— X3
Z—x)t Z-x)Mz-x)t Z—-x)"Hz—x)Hz—x3)7!
= (z—x)7t (Z— %) Yz —x3)7?

(z—x3)7t
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The pattern for generd\l is clear. The(i, j) entryr;; of (z— A1 for j > i is
given by

j
3.1 rn=]Jez-xo".
kei

which implies

j
(3.2) loglrij| = — log |z — X .
k=i
If z = xy for one of the terms in the product or sum, the formulas are still valid if
we definelrj; | to beoo.
We now ask what (3.1) and (3.2) imply about the behavigripfasj+1—i —
oo. We can establish a framework for this as follows. For any, andN with
1 <i,j =< N, the quantity|r;;| is a random variable taking values [, co]
determined by the set of matrices bidig, 1}. However, it is easily seen that
this random variable depends only r- 1 — i, not oni or j individually or on
N. Let us call it simplyR;1—i. Now by (3.2), we have

—logRj11-i =log|z— X4| +log|z— Xa| +--- + 09|z — Xji1-il,

a sum of independent, identically distributed random variables, all equal pHog
X]. Since|z — X] is bounded above, the expected value of{iog X|, defined by

Edog|z— X|) = / log |z — x|di(x) ,
supf X)

necessarily exists: It is either finite eroo. Hereu is the measure defining the
random variableX, with fs du(x) = 1. Accordingly, the numbethead2)
defined by

(3.3) dmear(2) = exp(E(log|z — X))

also exists: It is either positive or 0. @f¢ sup X), it is positive; ifz € supa X),

it may be either positive or 0.) We can interpdalea{2) as the mean distance of
z to supgX) in the sense of a geometric mean weightedubyFor X = {41},
dmear(2) Is given by

(3.4) Omear(2) = |22 - 1|l/2 ,
and forX = [—2, 2], an easy integral shows that we have
(3.5)  Omea2 = exp(—1+ zRe[(z+ 2)log(z+ 2) — (z— 2) log(z — 2)]) .

Variants of (3.5) arise in numerical analysis whenever one deals with problems of
polynomial interpolation in equally spaced points; see, e.g., [35, section 12.2], [55,
chapter 5].

up(X)
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SinceE(log |z — X]) exists, the law of large numbers implies that

— R ..
(3.6) % — E(log|z— X)),
or equivalently,
o 1
3.7 R, )V4+1-D) _
S (Ri+1-) dmear(2)

almost surely ag +1—i — oo [26].2 If dmea2) = O, the meaning of this
statement is thatRj ;1)U 1") — oo a.s. aN — oo.
For anyX andz, letdyin(z) anddmax(z) be defined by

Omin(2) = min_ [Z—X|, dnax(2) = max [z—X|.
xesupa X) xesupp X)

Our three measures of distancezdb supgX) are ordered,
0 < dnin(2) < dmead2) < dmax(2) < o0,

and thus they can serve to divifie, co) in general into four subintervals. Our
results will distinguish four subsets @fdefined by the conditions
Q) dnax(2) < 1,
Q) : dmead?) < 1 < dmax(2) ,
Qi Omin(2) < 1 < dnead2) ,
Q1 < dnin(2) .
(The number 1 in these conditions would becdmgif (1.4) containedr instead

of 1 above the diagonal.) Either or both @f and2;, can be empty, bu®;,, and
Qv are always nonempty. The sets are disjoint, with

QUQULQ Uy =C.

Any or all of @, ;, and€2;; may contain a portion of sugi), but2, lies at a
distance 1 from supgix).
We summarize the observations above in a lemma.

LEMMA 3.1 Forz € C,

(3.8) (1/dmax()* < Re < (1/dmin(2))"
and
(3.9 (RoY* — 1t a.s. as k— o0o.
Omear(2)
2A condition holdsalmost surely abbreviatedh.s, if it holds with probability 1. For example,
if X1, X2, ... is a sequence of independent samples from the uniform distribi#i@n2], then the

numbers 1x; are almost surely all finite.
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Thus for z i), ), Q)1, andQ)y we have guaranteed exponential growth, almost
sure exponential growth, almost sure exponential decay, and guaranteed exponen-
tial decay of R as k — oo, respectively. In particular, these conclusions do not
depend on whether or note supg X).

Figure 3.1 illustrates these sets for three examples of random variéblEse
second and third of these are our choi¢ad} and[—2, 2], but since sup@X)
has diameter 1, the setQ, is empty in both of these cases. Our first example
accordingly take to be the random variable distributed uniformly in the complex
disk{x € C: |x|] < i}.

For some of our assertions we will need a stronger convergence result than in
Lemma 3.1. If we make the additional assumptzog supf X), then logjz— X| is
bounded below as well as above; this is now a random variable with the best possi-
ble behavior, including, for example, existence of the variance and all higher mo-
ments. From the existence of the variance we could apply the central limit theorem,
for example, to conclude that the distribution(eflog Rc/k — 10g9(dmear(2)))/vk
converges ak — oo to the normal distributiomN (0, Var(log |z — X])).

What we actually need is a somewhat different statement to the effect that the
tails of the distribution for finit are small:

LEMMA 3.2 Let ze C \ supp X) be fixed. For any > 0,

/k _ —Caovk
(3.10) P(‘(Rk) Irot2) > E) < Cq€

for all k > 1 for some positive constantg @nd G.

SKETCH OF PROOF. The condition in question is equivalent (with a change of
€) to the condition

P(|—log R — kE(log|z— X])| > €k) = Cre~ %,
which is the same as
P(‘ log|z— X1] +---+log|z — x| — kE(log|z — x|)‘ > ek) < Cle‘CNE,

Let F(t) be the distribution function for logz — X| — E(log|z — X]), and, follow-
ing a standard technique in probability theory, fétv) denote thecharacteristic
functionof F [26],

(3.11) f(w) = /OO e“F(dt),

which is the Fourier transform ofF/dt. The sum ok independent copies of this
random variable has the characteristic functidriw))¥, and the inverse Fourier
transform gives

(3.12) P((—logR« — kE(log|z — X|)) > €k) =

o0 1 o0 ,'t k
T lw f
/Ek > /_ooe (f () dwdt,
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(a) If X is the uniform distribution orfx € C : |x| < %}, then€ is defined by
Izl <% Quby3 <zl <1, byl<|z <% and2y by 3 <|z.

(b) ForX = {&1},  is empty, is defined byiz2 — 1| < 1,y by 1 < |22 — 1]
and mi{|z — 1], |z+ 1]} < 1, andQ)y by min{|z— 1], |z+ 1]} > 1.

I -

(c) For X = [-2,2], @ is again emptyg?), is defined bydmea{2) < 1, ) by
dmear(2) > 1 and miRe[—2.21 12 — x| < 1, andQyy by minge_2 011z — x| > 1,
wheredmear(2) is given by(3.5). The stars are explained in Figure 4.1.

FIGURE 3.1. The set$, Qy1, i, and)y for three random variables

X. By Theorem 4.2, the resolvent norm of thex N matrix grows
exponentially adN — oo for z € @ (surely) and®; (almost surely),
grows subexponentially i€ (almost surely), and is bounded indepen-
dently of N in Q). The boundary betweef; and; (dashed) is the
“bubble” of points whose weighted geometric mean distance to(s(pp

is equal to 1. Theorems 5.1-8.1 relate these regions to the spectra of the
corresponding singly infinite, periodic, and doubly infinite matrices.
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with a similar integral for valuesc —e. Now sinceX has compact support, by
the standard theory of characteristic functiohg)) = 1, f'(0) = 0, |f(w)| < 1

for o € R\{0}, and f”(0) < O (unless the distribution log — X| has zero vari-
ance, in which case the lemma is trivial). Moreovéfw) is an entire function

of w, i.e., analytic throughout the complexplane. This means that the contour
of integration of the inner integral in (3.12) can be deformed into the complex
plane without changing the value of the integral. In particular, let the real axis
be replaced by the complex pattbo - ¢ — 8 - ¥y — § — +o0, where

a = —k V4 B = —k V4 ik ¥y = k4 — ik Y? ands = kY4 (In-
stead of the exponent:, we could take any number [w%, 0).) On the segment

[ B, y] of this new contour of integratiorje‘i‘”‘| < e—<Vk sincet > ek. On the
segmentda, B] and [y, 5], | f(w)| < 1 — (1 + o2)|f"(0)|/(2vk), implying

I(f (0)K| < e~ AoDIf"OIVK/2 On the segments—oo, ] and (8, oo), | f (w)| is
bounded below 1 and thyf (w))¥| is exponentially small. Putting together these
estimates, we see that the the integrand is bounded over the whole contour by a
function of the formC,e—C2vk, O

4 Random Bidiagonal Matrices

Lemmas 3.1 and 3.2 concerned the entpigs of the resolventz — A1 but
our main interest is in the resolvent norm, which defines the pseudospectra. The
following theorem records a number of facts about these norms. It also makes
some statements about spectra, which depend on a definition of what it means for a
sequence of sets to converge to a limit. For our purposes the following quite strong
definition is suitable.

DerFINITION 4.1 Let{Kn}, N =1, 2,..., be a sequence of subsetsfand let
K be a closed subset &f. We say that

(4.2) Kn — K asN — oo

if for everye > 0, there exists an integ@& such that for alN > Ny, Ky andK
are each contained in tkeneighborhood of the other. We say that

(4.2) Kn — K as.afN — oo
if this condition holds with probability 1.

THEOREM 4.2 (Random bidiagonal matriceget A be an Nx N matrix of the
form (1.2), and let 2|, i, Qui, Qv dnin(2), dnear(2), and dhax(2) be defined as
in the previous section. Then fore C, we have the following conditions on the
norm of the resolvent. As always, we writg — A)~!|| = oo if (z— A)~! does
not exist.

(i) If z e @, then|(z— A7Y > (1/dmax(2)N (guaranteed exponential
growth).
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(i) fz e @ U, then|[(z— A7 — oo a.s., and if in addition z¢
supf X), then||(z— A)~YYN - 1/dnead2) a.s. as N— oo (almost sure
exponential growth

(i) Ifz € Q, then|(z— A~ — oo a.s., and if in addition z£ suppX),
then|(z — A7¥YN — 1a.s. as N— oo (almost sure subexponential
growth).

(iv) Ifz € Qu, then||[(z— A7} < 1/(dmin(2) — 1) (guaranteed boundedngss

The spectrum satisfies(A) C supf X), with A(A) — supgX) a.s. as N—
oo in the sense of Definitioh 1L The numerical range satisfies(&) € conv ),
with W(A) — conu);) a.s. as N— oo, whereconv - ) denotes the convex hull.

PROOF. Since the norm of a matrix is at least as large as the absolute value of
any of its entries, condition (i) follows from Lemma 3.1 by considering the corner
entryry of (z— AL

For condition (ii), by Lemma 3.1, consideration ofy again is enough to
ensure that|(z — A)7Y|YN is at least as large a§dmeadfz) a.s. asN — oo:

The precise statement is limiaf, o |(z — A)"YYN > 1/dmeard2) almost surely.
To complete the proof we must show tHaz — A)~1||¥N cannot be essentially
larger than this, i.e., limsyp, . [1(z — A7YYN < 1/dmead2) almost surely.
To do this, we consider the entries of (z — A)~! in two classes: those with

j +1—i <+/Nandthosewithi +1—i > +/N. By (3.8), the entries in the for-
mer class satisfirij| < (1/0min(2))¥N and therefore limsup , max j |rij [N <

1. By Lemma 3.2, for ang > 0, each of the entries in the latter class sat-
isfy |rij|YN > 1/dmea2) + € with a probability that decreases & — oo
faster than the inverse of any polynomiallih Since there are only polynomially
many entries in the matrix, it follows that the same statement about probabilities
is true of may |rij|¥/N and of||(z — A)~Y|¥/N. Sincee is arbitrary, it follows that
limsupy .., 1(Z— AN < 1/dmead2) almost surely.

For condition (iv), we note that(z— A)~Y|| < ||Doll + ||D1ll + - - - + || Dn—1ll,
whereD; denotes thg'" upper diagonal ofz — A)~L. Since||D; || < dmin(2)~1!
by Lemma 3.1, the result follows on summing a finite geometric series.

This leaves condition (iii) of the resolvent norm estimates, which is the most
interesting one, since the resolvent norms are divergingotavhile the corner
entriesryy are converging to zero. What is going on here is that although on
average the entries of the resolvent decrease away from the diagonal, arbitrarily
large pockets must (almost surely) appear in which they increase, a phenomenon
we shall consider from another angle in Section 6. To be precise 4@, , since
dmin(2) < 1, there existXg € suppX) with |z — Xo| < 1. For anye > 0, there
is a positive probability that a random sample X will satisfy [x — Xo| < €. It
follows that for anyJ > 0, a sequence of matricég, Ay, ... from bidiag { X, 1}
for N = 1, 2, ... almost surely eventually contains a block with diagonal entries
x;, of length at least), with [x; — Xo| < €. The resolventz — A)~* of such a
matrix contains al x J square block along the diagonal determined by thkse
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entries, and by taking sufficiently small and]) sufficiently large, we can make
the norm of this square block arbitrarily large. The proof|¢f — A)~!|| — oo

a.s. is finished by noting that the norm of the square block is a lower bound for
(z— A)~Y|. (This argument is analogous to one used by Davies [12].) To prove
that|(z— A)~¥N — 1 a.s., on the other hand, we can reason as in the second
part of (ii), above. As in that argument, the entries wjith 1 —i < +/N haveN™

roots bounded by 1 in the limN — oo because of the absolute bound|op|, and

the entries withj + 1 —i > +/N almost surely have the same property because of
Lemma 3.2.

Concerning the spectrum, the inclusiagA) C supp X) is trivial. To establish
that A(A) — suppgX) a.s. aslN — oo, we must show in addition that for ary
with probability 1, there exists an integllp such that for allN > Ny, supgX) is
covered by the-neighborhood ofA (Ay). Such a result holds pointwise for each
z € supp X) individually, and the extension to su@y) as a set is an easy matter
of compactness.

Concerning the numerical range, the inclusM{A) < conu ) follows
from the inequalityl|(z— A) Y| < 1/(dmin(2) — 1) for all z € Qyy, thus including
all z ¢ conM2y;). The limit W(A) — conv ;) a.s. follows from this together
with the fact that](z — A)~|| — oo a.s. forz € Q. O

Theorem 4.2 explains the results of Figures 2.1 and 2.2. In particular, it explains
the exponential growth of the resolvent norms inside the bubble and the slower
growth outside. We see that the bubble is defined by the conditien(z) = 1;

i.e., it is the set of points whose weighted geometric mean distance t@>upp

is equal to 1; we shall make more of this definition in Section 7. Feinberg and
Zee [17] obtained the same formula for the location of eigenvalues in their periodic
one-way model, based on a similar result by Goldsheid and Khoruzhenko [24, 25]
for the eigenvalues of the Hatano-Nelson model.

A more quantitative confirmation of Theorem 4.2 is presented in Figure 4.1.
Here, for randomly selected matricése bidiag, {[—2, 2], 1} for various dimen-
sionsN, the norm||(z — A)~%|| is plotted for the five values afin €, 2y, and
Qv marked by stars in Figure 3.1(c). As predicted, we see exponential growth in
the first case, subexponential growth in the second, and no growth in the third.

Figure 4.2 shows numerically computed boundaries oéthseudospectra of a
single matrixA e bidiagy {[—2, 2], 1} of dimensionN = 1 for e = 1071, 1072,
and 101%, Note that the 10'%-pseudospectrum is almost identical to the region
inside the “bubble” plus two “wings” (actually strings of very small connected
components around the eigenvalues) extending outside. Inside this region we have
(z— A1 > 10 and the norms at the points3D and Q1i indicated by stars
in Figure 3.1 are approximately 3% and 18%6%, respectively. In an applica-
tion governed by this operator, one would expect that for practical purposes, the
behavior would be as if the spectrum included all of the region inside the bubble.
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(a) Resolvent norms for two choicese ;. The straight lines mark the as-
ymptotic results of Theorem 4.2(ii).
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(b) Resolvent norms for two choicese ) and one choicez € Q)y.
As guaranteed by Theorem 4.2(iv), the latter data are all bounded by
1/(dmin(1.2) — 1) = 5.

FIGURE 4.1. Norms||(z— A)~1| for randomly selected matrices from
bidiagy{[—2, 2], 1} for N = 2,3,...,1000. The five sets of data cor-
respond to the five values afindicated by stars in Figure 3.1. Note the
different vertical scales.
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Iz — A ~ 10756

FIGURE 4.2. Numerically computed-pseudospectra for a single ma-
trix A e bidiagy{[—2, 2], 1} with N = 10° for e = 1071, 1072, and
107100 The inner dashed curve is the bubble separa@ingand
and the outer dashed curve is the boundar@2@f andQy. Inside the
bubble, the resolvent norm is very large.

We do not know of a previously published plot of a1#f-pseudospectrum, or
of pseudospectra of a matrix with dimension in the millions.

5 Random Bidiagonal Infinite Matrices

For an operator acting on a space of infinite dimension, complications arise in
spectral theory that are absent for matrices. Itis no longer the case that the spectrum
is just the set of eigenvalues. Instead, for a bounded opefasmting in Hilbert
space (which is the natural context of our problem, though various generalizations
are possible)A (A) is the set of numbers € C for which z — A does not have a
bounded inverséz — A)~ [23, 33, 45].

Let us be specific about our bidiagonal matrice®f the form (1.2). In the
infinite-dimensional limit, we could consider a singly infinite bidiagonal matrix
acting on vectorsvy, v, ...)". We like to think of such arh as a bidiagonasto-
chastic Toeplitz operatomwith domainé] = ¢,(Z"). (A Toeplitz matrix has con-
stant entries on each diagonal; a “stochastic Toeplitz matrix” has independent sam-
ples from a fixed distribution on each diagonal.) Alternatively, we could consider
a doubly infinite bidiagonal matrix acting on vectars. , v_1, vg, v1,...)". We
think of this as a bidiagonatochastic Laurent operatowrith domainé, = £,(Z).

Roughly speaking, for these stochastic problems as for their nonstochastic
Toeplitz and Laurent cousins, the Toeplitz operator corresponds to a limit of Toep-
litz matrices, and the Laurent operator corresponds to a limit of circulant matrices
(i.e., Toeplitz matrices with corner entries introduced to make the structure peri-
odic) asN — oo. We can explain this for our bidiagonal matrices as follows. If
a singly infinite triangular matri® has an invers®1, then it is easily shown by
induction that the finite sections &' must be the inverses of the corresponding
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finite sections oB. Thus a nonsingular upper triangular Toeplitz operator has an
upper triangular inverse, namely, the matrix one gets by computing out from the
diagonal in the obvious fashion.

Here are results for the singly infinite case; the doubly infinite case is addressed
in Section 7.

THEOREM 5.1 (Random bidiagonal infinite matricetet A be a singly infinite
matrix (“stochastic Toeplitz operatorj’ of the form(1.2). ThenQ;, € A(A) C
QU Q) UQu, and with probability.l.,

(51) A(A) =Q U U, .

For z € Qp, we have

5.2 @-ANY < —,

(5.2) I e v

and with probabilityl, this inequality is an equality. Also with probabilify the
numerical range WA) is

(53) W(A) = COﬂV(Qm) .

PROOF. Suppose a bounded inverée— A)~! exists for some. As was just
noted, one can show by induction starting at the upper left corne¢zhat) ~* is
upper triangular too and that its entries are given by the same formula (3.1) as for
finite-dimensional matrices.

For the first assertion of the theorem, considet |, i.e.,dnax(2) < 1. If
z ¢ A(A), then (3.1) applies, giving us;;| > 1 for eachi and j with j > i (in
fact, with exponential growth). Thug — A)~! cannot be bounded after all, and
we have a contradiction.

Next, considerz € Q) U Qy, i.e.,dnin(2) < 1. Again, ifz ¢ A(A), then
(3.1) applies, and by parts (ii) and (iii) of Theorem 4.2, with probability 1 there are
finite sections ofz — A)~! with arbitrarily large norms. Thus with probability 1
(z— A)~1is unbounded after all, implying thate A(A). Now this establishes
that any fixedz € @, U  is in A(A) with probability 1, but the assertion of
the theorem is stronger: that with probabilityall suchz are inA(A). As in the
proof of the last theorem, the argument can be expanded to establish this by the use
of compactness. Because this case is slightly more complicated than that one, we
spell out the details.

Since suppX) is compact, so i§2; U 2, and it follows that for any > 0,
there exists a finite set of valugs € Q2 U Qy; such that the union of the-balls
around{z; } covers2; ULy . Our argument implies that with probability 1, none of
the inversesz; — A)~! exist as bounded operators. The nonexistence; of A1
implies that foriz— zj| < e, if (z— A)~! exists, ther|(z— A)7!| > e1. Thus we
see that for any > 0, ||[(z — A7} > e * uniformly for all z € 2, U Qy, with
probability 1. Since is arbitrary, this implieg\ (A) 2 €, U2y with probability 1.
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Now considerz € Qu, i.e., dmin(z2) > 1. In this case we can use (3.1) to
construct an infinite matrikz — A)~1. Regardless of what numbexs e supgX)
appear on the diagonal &, (3.8) implies that the entries of the matrix decrease
exponentially away from the diagonal, and thus it is indeed a bounded inverse of
Z — A. The bound (5.2) can be verified by the same geometric series argument
as in the proof of Theorem 4.2; a weak rather than strict inequality now appears
because the series is infinite. Since arbitrarily long stretches of entries arbitrarily
close to some € supp(X) with |z — X| = dnin(2) Mmust almost surely appear on
the diagonal ofA, the inequality is almost surely an equality (cf. [12]).

Finally, the assertion abowV(A) follows essentially as in Theorem 4.2, [J

6 Localized and Delocalized Resolvents

To physicists interested in random matrices related to the Hatano-Nelson ex-
ample, a crucial phenomenon is that adelocalization transitionIn all previous
articles on the subject that we know of, this phenomenon has been approached via
the eigenvectors of random matrices of periodic structure, i.e.,anith= 0. It is
found that when an eigenvaluads real, the corresponding eigenvector is exponen-
tially localized in the sense that for sonjg its entries decay exponentially with
|j — jol; this is a non-Hermitian generalization of the phenomenon of Anderson lo-
calization [1]. As one moves along the curve of eigenvalues or changes a parameter
so thath becomes complex, on the other hand, the exponential decay is lost and
the eigenvectors become global. Questions of localization and delocalization of
eigenvectors have been a central topic in condensed matter physics for many years,
because they are related to quantum mechanical phenomena such as transparency
to light and conductivity of electricity. Hatano, Nelson, and Shnerb have proposed
a number of possible physical implications of the delocalization transition for their
matrices [27, 28, 40].

For nonperiodic matrices witay; = 0, the eigenvalues are trivial, and no one
has suggested that the eigenvectors corresponding to eigenvalues inside the bubble
are physically meaningful. (They are “gauge-transformed Anderson modes,” lo-
calized at one end, and their exponential growth with the vector index implies that
the corresponding eigenvalues are exponentially ill-conditioned; we shall say more
about this at the end of the next section.) However, the delocalization phenomenon
can still be seen in the resolvent matfix— A)~. Mathematically speaking, if a
linear system generated by a matfxs driven at a complex frequenay

do ‘
5t = Ag + €ty
for some vectow, the solution is

pt) =€, u=(zZ-A .

In particular, if we takev to be the discrete delta functia®, thenu is the jth
column of(z — A)~L. Thus each column aiz — A)~! represents the response of
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the system to spatially localized input at frequengyand it is natural to regard
(z— A as localized if the entries of these columns decay exponentially with
distance from the diagonal, delocalized if they do not.

Our Lemma 3.1 implies that according to this criterion— A)~* has the fol-
lowing properties adl — oo for z in each of the four regions:

Q, : delocalized (surely),

Q) : delocalized almost surely,
Q : localized almost surely,
Qv : localized (surely).

Figure 6.1 confirms these predictions for a random matrix Wth= 400. For
largerN, of course, the distinction between localized and delocalized cases would
grow steadily more pronounced. Note tharapproaches the bubble from outside,
though the resolvent remains localized, the “correlation lengths” become larger, a
familiar phenomenon near critical points in condensed matter.

7 Random Bidiagonal Periodic Matrices

We have considered nonperiodic bidiagonal matrices and shown that they ex-
hibit a Hatano-Nelson bubble and an associated localization-delocalization effect,
provided that one looks at pseudospectra and resolvents rather than eigenvalues
and eigenvectors. If one looks at eigenvalues and eigenvectors for these matrices,
one sees little.

As mentioned previously, the usual approach in the literature has been to inves-
tigate eigenvalues and eigenvectors but for matrices of periodic structure, where
the pattern of the superdiagonal entry is continued in the bottom-left corner of the
matrix by settingany: = 1. Some authors call a matrix of this structure “peri-
odic bidiagonal.” We might also continue the usage of Section 5 and call it “sto-
chastic circulant.” In this periodic case it is found that eigenvalues appear that lie
along the “bubble” boundary between regiaddg and 2. Goldsheid and Kho-
ruzhenko [24, 25] and Feinberg and Zee [18] have made this precise, and the details
of their mathematical arguments are close to ours; also see [8, 31].

An upper bidiagonal matrix and its periodic variant are closely related, differing
only in the(N, 1) position. Since the difference there in our case is 1, one might
think that one problem cannot be regarded as a perturbation of the other that is
small in norm. In fact, however, one can interpret a great deal in the light of small
perturbations. I1fl > 1 is arbitrary, then

X1 1 X1 d

(71) D Dfl: . ,
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z=12
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FIGURE 6.1. Localization and delocalization as seen in the resolvents

(z — A1 for a fixed choice ofA e bidiagy{[—2, 2], 1}, N = 400,
for the same five values afas in Figure 3.1. A dot is printed at each
position of the matrix withrijj| > 0.5. Forz outside the bubble (first

three plots), the resolvent is concentrated on the diagonal, while for

inside the bubble (last two plots), it is not concentratedzApproaches
the bubble, local exceptions of larger and larger scale appear.
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whereD = diag(d, d?, ..., dN). Mathematicians call this a diagonal similarity
transformation; physicists call it a gauge transformation. For l&fgéhe corner
entry d—N is exponentially small, so the latter matrix is an exponentially small
perturbation of a bidiagonal matrix (1.2) with the eigenvalues .., xy and a
slightly enlarged diagonal.

Can this exponentially small perturbation change the eigenvalues very much?
The following theorem shows that the answer is resoundingly no for some of the
eigenvalues, and yes for others (those vath < dmeadXj) < 1). Though not
stated in exactly this form before, the statement in the theorem about convergence
of the eigenvalues to the “bubble” plus the “wings” is essentially contained in the
papers of Brézin, Feinberg, and Zee, Goldsheid and Khoruzhenko, and Brouwer et
al. We define these two sets precisely, for geniras follows:

Subble={Z € C : dnead2) =1},  Swings = {Z € SUPA(X) : dmear2) > 1}.

The setS,ings may contain curves and regions with interior, but it cannot contain
isolated points, for if an isolated poigg belonged to supfX), then the measure
u(Zo) would have to be positive, implyindea{zo) = 0. In the unbounded region
exterior to suppX), Subble Can consist only of closed curves wilhea{z) > 1 on
one side andineafz) < 1 on the other, foritis a level set of the harmonic function
E(log|z — X|), which satisfies the maximum principle, yet is not constant since
it increases t@o asz — oo. Within and interior to supfX), Suppie Can be more
complicated. For example, X is the uniform distribution on the unit circle, then
Syubble S the closed unit disk.

THEOREM 7.1 (Random bidiagonal periodic matricdsgt A be an Nx N matrix
(“stochastic bidiagonal circulant matrix of the form(1.2) except with &; = 1,
and let ze C be given. If ze @, then|(z— A7} < 1/(1 — dnax(2), and if ze
Qiv, then|[(z— A7 < 1/(dmin(2) —1). If z € 2, UQy, then|(z— A) 7| — oo
a.s. as N— oo, and if in addition z¢ SyupbleU Swings: then|l(z — AN — 1
a.s. as N— oo. Moreover,

(72) W(A) — convuy)

almost surely as N— oo, and, provided that sgppie cONsists only of curves disjoint
from supp(X) except at isolated points,

(7.3) A(A) — SubbleU SNings
almost surely as N oo.

PrROOF First, considerz € Q), i.e.,dnax(Z) < 1. Let S denote the circulant
shift matrix withs; = 1 for j = (i + 1)(modN), O otherwise. Then we have
(7.4) z—A=D-S,
whereD is the diagonal matrix with entries— x;. Thus we can regarzl— Aas a

perturbation of norm|D|| < dmax(2) of —S. It follows thatz — A has an inverse,
and it satisfied| (z — A7 < 1/(1 — dmax(2)).
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Next, suppose € 2 U Q. An argument to establishiz — A)~!|| — oo a.s.
can be made that is essentially the same as in the proof of the corresponding part of
Theorem 8.1 in the next section; we give details there. Conversely, we must show
that if z ¢ Syubble U Swings: the growth is not exponential. We return to this at the
end of the proof.

If z e Quv, again we make use of (7.4), but now it[i® 1| rather than|D||
that is small. Sinc@l,in(z) > 1, we now have|D~Y|| < 1/dmin(2) < 1, hence
|SD™!|| < 1 also, giving a convergent series representation

(75 Zz-At'=D-9'=D'+DHsDYH+DLsSDH2+...

and the required bound.

The assertions concernilg(A) are corollaries of the facts thitz— A) 1| —
oo a.s.aN — oo forz e  UQy and that|(z— A)~|| < 1/(dmin(z) — 1) for z
outside this region, as in the proofs of the last two theorems.

The claim (7.3) regarding the spectrum is essentially as in the papers by Gold-
sheid and Khoruzhenko and Feinberg and Zee. A proof can be based on the char-
acteristic equation oA, which is easily seen to be

N
(7.6) p@ =[] -2=1.
j=1

We sketch the argument without giving details and without repeating in each
clause the qualification “almost surely & — oo.” By methods akin to those
of earlier proofs in this paper, it can be seen thadifa{2) < 1, i.e., forz e
QU Qy, (7.6) cannot hold:p(z) is exponentially smaller in magnitude than 1.
Fordmead2) > 1, we similarly have thap(z) is exponentially larger than 1 except
that if z € suppX), then equality may be achieved by takingxceptionally close
to somex;. (A physicist might say that an eigenvalue is pinned to an impurity.)
Thus any limit points ofA(A) asN — oo must be confined t&ubbie U Swings-
Conversely, we must show that everye Syppie U Swings IS such a limit point.
This can be done with the aid of the principle of the argument of complex analysis,
which asserts that ip(z) maps a closed loop onto a curve that winds times
counterclockwise around the point 1, then the equapit®) = 1 hasv roots in-
terior toI", counted with multiplicity. Foz € Syings: SinCedmead2) > 1, we can
construct arbitrarily small loopE nearz that enclose one or more poirns but
satisfy| p(¢)| > 1 for all ¢ € T'; by the argument principle, there are as many
eigenvalues. inside such a loop as there are poirgs Note that this shows not
only that the eigenvalues cluster on sufjpfor dmea(2) > 1, but that the densities
of the eigenvalues match those of the samples fromSipp

Forz ¢ supp X) lying on an arc ofS,yppie @s noted above, we hadgead?) >
1 onone side of the arc adgea{¢) < 1 onthe other. It follows that the same holds
for | p(¢)|, implying that a small loog™ can be constructed neasuch thatp(I")
winds counterclockwise around the outside of the unit disk a number of times, cuts
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inside without passing through the point 1, winds around inside, then cuts back out
again. Such a curve has positive winding number about 1, and thus again there are
eigenvalues nea.

Finally, we return to the proof that far ¢ SyuppieU Swings: thoughl|(z — AL
may diverge toco asN — oo, the growth is almost surely not exponential. For
this, as in the proof of Theorem 4.2, it is convenient to use an explicit formula for
(z— A)~L. From Cramer’s rule we find, in analogy to (3.1),

[Tksiork=j (Z — %)
(“1+TTan@ =)
[Ti<i andksj (Z — %)

(=14 TTa@z—x))

Forz ¢ Subble U Swingss @s argued abovd,[4(z — Xk) is almost surely expo-
nentially smaller (inside the bubble) or larger than 1 (outside). In the former case
the denominators in (7.7) are —1 and the numerators a@(1), sorij is O(1).

In the latter case the denominators are exponentially large and the numerators are
exponentially large too, but as there are fewer factars xi) in the numerators,

the ratio is agairO(1). Thus in either casg; is O(1), and a complete proof that

this gives the required behavior a.s.Mis— oo can be based on Lemma 3.2, as in

the proof of Theorem 4.2. O

<],
(77) rij =

i>J.

The papers by Feinberg and Zee and Goldsheid and Khoruzhenko carry argu-
ments like these further to obtain estimates not just of where the eigenvalues lie,
but of their density. These are essentially arguments of potential theory. If an
eigenvaluer of A is thought of as a point charge with potentt? log|z — A|,
then in the limitN — o0, SyuppieiS an equipotential surface of potential zero, and
the eigenvalues lie along it in an equilibrium configuration subject to the external
field applied by the other eigenvalues, if any, pinned to the vatp@s Syings.

In this article we have hardly mentioned condition numbers of eigenvalues,
which measure sensitivity of individual eigenvalues to perturbations [13], but they
are implicit in any discussion of pseudospectra, and Davies has investigated eigen-
value condition numbers for his random tridiagonal matrices [12k; I6 a sim-
ple eigenvalue of a bidiagonal matri, the condition number of; is «(x;) =
1/|lw*v|, wherew* andv are normalized left and right eigenvectors Afasso-
ciated withx;, respectively. Ifx; is in Syings, bOth w* andv are localized and
k(X)) = O(1), whereas ihnear X)) < 1, «(Xj) is of orderdmeadx;)~N. This huge
condition number gives another perspective on how it is possible that introducing
a corner entry can move all the eigenvalues witQa{Xj) < 1 out to the bubble.
Forx; € Suings: the condition number can also be used to give an alternative proof
that introducing the corner entry has negligible effect on this eigenvalue. At first
one might think, since; = 1 andx(x;) = O(1), that introducing the corner
entry could move the eigenvalue by a distaf@@), but with the help of (7.1) we
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see that nothing like that can happen.dlfs chosen slightly less thateadX;),

the bidiagonal part of the right-hand matrix of (7.1) still has localized left and right
eigenvectors and(x;) = O(1), but it is only a distancé ™ ~ dmear(x;) ™ from

the periodic matrix. Thus introducing the corner entry in fact perturbs the eigen-
valuex; at most on the order @meardX; )~N,

8 Random Bidiagonal Doubly Infinite Matrices

Finally, we turn to the doubly infinite, or Laurent, case. Questions of spectra
have been considered for a class of tridiagonal doubly infinite random operators by
Davies [12], and our arguments are close to his. Some results on such spectra are
also mentioned by Goldsheid and Khoruzhenko [24, 25].

It is well-known that whereas the spectrum of a Toeplitz operator is a certain
curve in the complex plane (the image of the unit circle under the function known
as thesymbolof the operator) together with the points it encloses with nonzero
winding number [6, 21, 60], the spectrum of the corresponding Laurent operator is
just the curve itself [6, 14, 60]. The simplest example is the shift ope&ataith
s,i+1 = 1 for each buts; = 0 otherwise, which has spectrum equal to the closed
unit disk if it is singly infinite, but just the unit circle if it is doubly infinite. Part of
the explanation is that in the doubly infinite case, the inverse of an upper triangular
operator need not be upper triangular. Indeed, for this example the inverse is the
lower triangular reverse-shift operator defined(®y') ;1; = 1.

For us, the shift operator is more than just an example, for as in the proof
of Theorem 7.1, our infinite matriX can be regarded as a diagonal perturbation
of the doubly infinite shift operato®, which is a normal operatoiS(§ = S$*S).
Therefore, introducing the diagonal entries can only perturb the spectrum—the unit
circle—by at most sypx;| [33].

THEOREM 8.1 (Random bidiagonal doubly infinite matricelsg¢t A be a doubly
infinite matrix (“stochastic Laurent operatdr of the form(1.2). ThenA(A) C
Q) U Qy, and with probabilityl,

AA) = QU Q.

For z €  we have||(z — A7 < 1/(1 — dmax(2)), for z € Qv we havel|(z —
A < 1/(dmin(2) — 1), and with probabilityl, both of these inequalities are
equalities. Also with probability, W(A) = conu(2y).

PROOF. First, considerz € ), i.e.,dnax(2) < 1. As in the proof of Theo-
rem 7.1, we make use of equation (7.4), where r®denotes the doubly infinite
shift operator. As in that proof, since— A is a perturbation of-S of norm
< dmax(2), it has an inverse satisfyinfyz — A)~Y| < 1/(1 — dmax(2)). Since
arbitrarily long stretches of entries arbitrarily close to some suppX) with
|z — X| = dmax(2) must almost surely appear on the diagonahpthe inequality is
almost surely an equality.
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Next, suppose € @, U Q. Suppose the diagonal entries Afhappen to
consist of a fixed finite set of numbesxs, ..., x; € supgX) repeating period-
ically. Then by standard theory of spectra of block Laurent operators [22, 37],
it is known that the spectrum oA is {A € C : |(A — X)) --- (A — X3)| = 1},
and that for eachh € A(A) there is a corresponding eigenvectorin(Z), finite
sections of which give arbitrarily good approximate eigenvectors (7). Now
sincedmin(2) < 1 < dmax(2), we can pick such a sed4, ..., x; whose geomet-
ric mean distance ta is as close as we wish to 1, implying that there are values
A € A(A) as close as we wish o SinceA is an infinite matrix, arbitrarily large
finite sections must almost surely appear that come arbitrarily close to this particu-
lar periodic structure. Therefore the random matrix must also have arbitrarily good
approximate eigenvectors (7).

If z € Qyv, we repeat the argument of Theorem 5.1 or Theorem 7.1: Construct
an upper triangular operatgz — A)~* by (3.1) or (7.5) and verify that it is a
bounded inverse with the necessary properties.

The assertions concerning(A) andW (A) follow as in the previous theorems.

O

In the proof just given we have noted that fore Q, (z— A)~! is upper
triangular, whereas fat,,«(2) < 1, itis lower triangular. This difference in struc-
ture from one region to another is a familiar phenomenon in the theory of Toeplitz
operators, where the crucial quantity is the winding number about a poirthe
complex plane of the image of the unit circle under the symbol [6, 14]. Here, be-
cause of randomness, the curve broadens to a belt of finite thickness. Actually, our
hypotheses do not requiketo be random. If it is constant, we just have bidiagonal
Toeplitz matrices, and Theorems 5.1 and 8.1 reduce to the familiar result (At
is a closed disk and a circle, respectively.

9 Summary and Discussion

In this article we have not discussed the Hatano-Nelson model explicitly, but
those familiar with this area will recognize that it has been a motivating force
throughout. The Hatano-Nelson model is a tridiagonal analogue of (1.2) in which
both the sub- and superdiagonal entries are nonzero but distinct. Their analogous
notation to that of (1.1) would be

2 2
wheret andg > 0 are real parameters. The papers [8, 17, 18, 24, 25, 27, 28, 31, 40]
all deal with the eigenvalues of such matrices in the periodic agse= %e*g,
N = %e*g, and there are many more we have not cited.
We developed the observations of this paper originally for Hatano-Nelson ma-
trices. In particular, in the nonperiodic tridiagonal case one has an exponentially
growing resolvent norm inside the bubble and a subexponentially growing norm in

t t
tridiag, {—e‘g, X, —e+g} ,
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THEOREM4.2 THEOREMS.1 THEOREM7.1 THEOREMS8.1
“stochastic “stochastic “stochastic “stochastic
bidiagonal bidiagonal bidiagonal bidiagonal
Toeplitz Toeplitz circulant Laurent
matrix” operator” matrix” operator”
nonperiodic nonperiodic periodic periodic
N < o0 N = o0 N < o0 N = oo
RESOLVENT NORMS
1 1 < 1
Z GV 00 < 1= = T-dmax(@
Q (dmax(2)) T=Gmax(2) (equality a’s.)
— oo a.s.
Q| V- 15 as. o0 a.s o oas o a.s.
. mear(2) v — 1a.s.
if z ¢ suppX)
— oo a.s. — o0 a.s.
Qi V-— las. oo a.s V-— las. 00 a.s
if z ¢ supp(X) if z ¢ SyubbleY Swings
1 <1 1 < __1
Qv < Gend=1 = Umin@-1 = Gond=1 = Omin@-1
(equality a.s.) (equality a.s.)
SPECTRUM AND NUMERICAL RANGE
A(A) — suppX) a.s. | QU U as.| - SubbleY Swings@-S-| Q1 UL as.
W(A) | — convL) a.s. conv(£2)) a.s. — conv(L) a.s. conv(€2y) a.s.

TABLE 9.1. Summary of results.

a bounded region outside. We have confined our treatment here to the bidiagonal
case because it captures the essence of the matter and yet is essentially simple. Ta-
ble 9.1 summarizes the facts about these matrices established in our four theorems.
It would probably not be a big step to work out analogues of most of these results
for tridiagonal matrices. Much of the work has already been done in the papers
of Brézin, Feinberg, and Zee [7, 17, 18], Goldsheid and Khoruzhenko [24, 25],
Brouwer et al. [8], Janik et al. [31], and Davies [12].

Speaking as mathematicians, we propose that it would be interesting to see
how far the theorems summarized in Table 9.1 can be generalized to more general
“stochastic Toeplitz and circulant/Laurent matrices and operators.”

Speaking as physicists, we note that in a wide range of applications involving
strongly nonnormal matrices and operators, as listed in the introduction, pseudo-
spectra have been found to have greater physical significance than spectra. It
will be interesting to see what happens when physical systems are eventually con-
structed in the laboratory that are governed by matrices of the Hatano-Nelson type.
We expect that for nonperiodic systems of this kind, it may once again be the pseu-
dospectra that match the experiments.
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