ESTIMATING THE NUMERICAL RANGE WITH A KRYLOV SUBSPACE

CECILIA CHEN AND JOHN URSCHEL

ABSTRACT. Krylov subspace methods are a powerful tool for efficiently solving high-dimensional
linear algebra problems. In this work, we study the approximation quality that a Krylov subspace
provides for estimating the numerical range of a matrix. In contrast to prior results, which often
depend on the gaps between eigenvalues, our estimates depend only on the dimensions of the matrix
and Krylov subspace, and the conditioning of the eigenbasis of the matrix. In addition, we provide
nearly matching lower bounds for our estimates, illustrating the tightness of our arguments.

1. INTRODUCTION

Moment-based methods are ubiquitous in applied mathematics, and numerical linear algebra is no
exception. Krylov subspace methods are an incredibly popular family of algorithms that approximate
the solution to some problem involving a matrix A using the Krylov subspace

Km (A, b) = span{b, Ab, A®b, ..., A" 'b}.

This includes methods for approximating linear systems (conjugate gradient method [10], GMRES [26],
MINRES [23], hybrid methods [31] etc.), extremal eigenvalue problems (Arnoldi iteration [1], Lanczos
method [17], etc.), pseudospectra [32], and matrix functions (e.g., estimating f(A)b or b*f(A)b). In
many applications, m is much smaller than n, and a key benefit of these methods is that they only
involve matrix-vector products, allowing for fast computation (sometimes without even forming A
explicitly). Here we focus on the quality of the estimate on the numerical range

W(A) = {

of a matrix A produced using the numerical range of a projection onto a Krylov subspace. In partic-
ular, we consider the orthogonal projection of A onto the Krylov subspace K,, (A4, b) for some vector
b, denoted by H,,. Such estimates are important not only in the computation of extremal eigenvalues,
but also for error estimates of other methods. For instance, standard error bounds for the residual in the
GMRES algorithm for Az = b after m steps depend on the quantity min,ep,, s ¢. p0)=1 Maxrea(a) [P(A)],
where P,,, is the set of complex polynomials of degree at most m and A(A) is the spectrum of A [27,
Proposition 6.32]. If W (H,,) provides a good estimate of W (A), or even conv(A(A)), then computing
W (H,,) and estimating the separation from zero can produce guarantees for the convergence rate. For
more details about Krylov subspace methods in general, we refer the reader to [27, 28] (see also [29] for
a historical perspective). Here, we consider only the mathematical properties of a Krylov subspace and
neglect matters of implementation and rounding errors in floating point arithmetic (for a discussion of
these aspects, see [8, 18, 20, 21]).

Typically, estimates for approximating an extreme eigenvalue A with a Krylov subspace K,,+1(A4, b)
depend on the quality of the initial guess b in relation to the eigenspace of A, the eigenvector condition
number, and the quantity min,cp, s+ p(n)=1 Max,epana [p()]. The latter quantity is small when
there is separation between A and A(A)\A in the complex plane, but can become arbitrarily close
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FIGURE 1. Estimating the eigenvalues of A = diag({egﬂj/"}?zl) using K, (4, b) for
b ~ Unif(S"~ 1), where n = 10* and m = 30. In Subfigure (a), note that, while there
is a decent gap between A(A) and A(H,,), the difference between A(A) and OW (H,y,)
is imperceptible. This is further quantified in Subfigure (b), where we note that the
Hausdorff distance between conv(A(A)) and conv(A(H,,)) scales roughly like 1/m,
while the Hausdorff distance between conv(A(A)) and W (H,,) scales like 1/m?.

to one in many cases, producing unnecessarily pessimistic bounds. These issues can persist even
when A is Hermitian. For example, consider the tridiagonal matrix A € R™ "™ resulting from the
discretization of the Laplacian operator on an interval with Dirichlet boundary conditions (i.e., A;; = 2,
Ajiy1 = Aiy1; = —1). This matrix has no small eigenvalue gaps, and so standard gap-dependent error
estimates (e.g., [27, Theorem 6.4]) significantly over estimate the error in approximation for extreme
eigenvalues, producing error bounds greater than one even when the Krylov subspace dimension equals
n (see [33, Example 1.1] for details).

In practice, Krylov subspace methods perform well at estimating extreme eigenvalues, even when
eigenvalue gaps are small. In [22], Musco and Musco argue that while a good estimate of an eigenvector
naturally implies a good estimate of its corresponding eigenvalue, approximating the eigenvector may
be unnecessary. Consider two close eigenvalues A and X with corresponding eigenvectors ¢, ’. It
would be difficult to distinguish the components of ¢ and ¢’, but, for eigenvalues, an estimate near
A is clearly near X as well. Kuczynski and Wozniakowski were arguably the first to fully recognize
this phenomenon in a quantitative way, producing a probabilistic upper bound of order In® n/m? on
the quantity (Amax(A) — A&@;)/(Amax(A) — Amin(A4)) for a real symmetric matrix A € R™*", where
)\gnn;; is the largest eigenvalue of H,,, the orthogonal projection of A onto K,,(A4,b), for an initial
guess b sampled uniformly from the hypersphere [16]. This concept was later extended to the block
setting. Musco and Musco introduced a block Krylov subspace method (a variant of the traditional
block Lanczos method) that produces an € approximation to the best rank k approximation of A using
block size k and order Inn/+/€ iterations (i.e., € & In? n/m?, where m is the number of iterations) [22].
The original upper bound of order In? n/m? of Kuczynski and Wozniakowski has been shown to be
essentially tight in a variety of settings, see [7, 30, 33].

However, to date, much less is known for the general, non-Hermitian setting. For instance, no
such gap-independent upper or lower bounds have been produced for the extreme eigenvalues of non-
Hermitian matrices. The situation here is more subtle than the Hermitian case. For instance, even if
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A is normal, H,, is usually non-normal (see [14, Theorem 1]). This provides an additional difficulty
for approximating the extreme eigenvalues of A using the eigenvalues of H,, (i.e., the Ritz values). In
fact, in some cases, the numerical range W (H,,,) provides a far superior estimate to A(A) than the Ritz
values A(H,,) themselves. See Figure 1 for an illustration of this phenomenon for a normal matrix with
eigenvalues located at the n'" roots of unity. For this reason, in this work we focus exclusively on the
approximation provided by the numerical range W (H,,) rather than the Ritz values A(H,,). When A
is normal and W (H,,) approximates W (A) reasonably well, the profile of W (H,,) inherently encodes
information about the location of extreme eigenvalues of A, as they are the vertices of the polytope
W(A). When A is non-normal, this precise recognition of extreme eigenvalues using W (H,,) is no
longer possible, yet still something can be said about the possible location of an eigenvalue A € A(A)
by bounding the distance between either conv(A(A)) and W(H,,) or W(A) and W (H,,).

1.1. Our Contributions. Here we prove a number new results regarding the approximation quality
of W(Hp,) to W(A), independent of the distribution of A(A), i.e., gap-free/uniform bounds. These are
the first estimates of their type in the non-Hermitian setting. We break our contributions into three
cases (all of the below results hold with high probability):

(1) Normal Matrix A. We prove that the Hausdorff distance between the numerical ranges of
A and H,, is at most order Inn/m (Theorem 3.2) and prove a lower bound of order 1/m for
the distance (standard distance, not Hausdorff) between their boundaries for some family of
matrices (Theorem 3.5).

(2) Normal Matrix A with A(A) C S°. When the spectrum of A lies on the unit circle, we can
further strengthen our estimates. In particular, we prove that the Hausdorff distance between
the numerical ranges of A and H,, is at most order In? n/m? (Theorem 3.7) and prove a lower
bound of order 1/m? for the distance between their boundaries for some family of matrices
(Theorem 3.10). The choice of S° as the containing set is solely due to the popularity of unitary
matrices. Similar bounds almost certainly hold for the boundary of any convex body.

(3) Non-Normal Matrix A. When A is non-normal, the above estimates decay rapidly with
eigenvector condition number (Example 4.2). We prove that the Hausdorff distance between
the numerical ranges of A and H,, is at most order x%Inn/m + k(k — 1), where k is the
condition number of a matrix V with orthonormal columns that diagonalizes A (Theorem
4.4). The decay of this estimate with k is consistent with observed worst-case behavior (see
Example 4.2). However, when the matrices V and (V~!)* each have nearly orthonormal
columns (roughly, inner products smaller than n~(1/24#/2) see Definition 4.7 for details), we
can prove estimates for the convex hull of A(A), even when A is moderately non-normal. In
particular, if A satisfies the aforementioned condition for some 8 > 0, then the maximum
distance between a point z € conv(A(A)) and the numerical range of H,, is at most order
Inn/m when m < n?/? (Theorem 4.10).

The remainder of the paper is as follows. In Section 2, we introduce the notation, proof ideas, and
technical tools that we use in this work. In Section 3, we consider the case when A is normal, and
when A is normal with its spectrum on the unit circle A(A) C S°. In Section 4, we treat the case of
non-normal matrices.

2. TECHNICAL TooLs: CONVEXITY, POLYNOMIALS, AND PROBABILITY

Here, we detail the basic notation used throughout the paper, outline the proof techniques for our
main results, and recall and prove a number of technical results regarding convex geometry, extremal
polynomials, and probabilistic inequalities.

2.1. Notation. Recall that the Krylov subspace for a matrix A € C"*" and vector b € C" of order m
is given by K, (A,b) = {p(A)b|p € Pp—1}, where P,,_1 is the set of complex polynomials of degree
at most m — 1. If dim(kKC,,,(A4, b)) = m, then we may define m orthonormal vectors {q(j)};":1 with
the property that span{q"),... q")} = span{b, Ab,..., A7='b} for j = 1,...,m. If this is the case,
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we define Q,, = [q(l) e q(m)] € C™™ and denote by H,, = Q,AQ,, the orthogonal projection of
A onto K,,(A,b) in the basis of Q,, (note H,, is an upper Hessenberg matrix). For simplicity, if
dim(K,,,(4,b)) = k < m, we define H,, = Hj. Also recall that W(A) = {ZAZ |z € C"} is the
numerical range of a matrix.

Let S"~1 denote the unit complex n-sphere in C*. Let N¢(0,1) be the standard complex normal
distribution (i.e., for z ~ N¢(0,1), Re(2),Im(z) ~ N(0, ) and are independent) and N (0, I,,) be the
distribution of standard complex normal vectors of length n. Given that the Krylov subspace K, (A, b)
is invariant under scaling b, we will often move between taking b ~ Unif(S*~!) or b ~ N¢(0,1,,),

depending on which formulation better suits our needs. We say X 2 Y if the random variables X and
Y are equal in distribution.
To measure the proximity of two sets S, T C C, let

(s, T) = Slélé’ |s — ¢,

teT
(ZH(Sa T) = sup d(57 T)a
ses
dp(S,T) = max{supd(s,T),supd(S,t)}
s€ES teT

denote the distance, one-sided Hausdorff distance, and Hausdorff distance. Note that, despite the
name, dg(+,-) is not a distance. Furthermore for a set S C C, let 35S be its boundary.

Finally, we recall miscellaneous and more basic notation that we will make use of. Let T,,(2)
denote the m*" degree Chebyshev polynomial of the first kind, defined by T},(cosf) = cosmf. Let
on(f(n)) denote an arbitrary function that, when divided by f(n), tends to zero as n — co and other
parameters stay fixed. Let || - [|2 be the vector and matrix 2-norm, ||--- | be the Frobenius norm,
and k(A) = ||Al]2]| A71||2 be the matrix condition number, and sy (A) = inf 4y ay—1 £(V) be the
eigenvector condition number of A, that is, the smallest condition number over all matrices V' that
diagonalize A. Let i = v/—1, (-,-) be the complex inner product, diam(-) be the diameter of a set,
conv(-) be the convex hull of a set, e; be the jth standard basis vector, ® be the Kronecker product,
diag(x) be the diagonal matrix with « on its diagonal, and [n] = {1,...,n}.

2.2. Main Ideas and Eigenvalue Approximation as a Polynomial Problem. In this work, we
are primarily concerned with estimating dg (W (H,,), W(A)) for b ~ Unif(S™~!) uniformly sampled
from the hypersphere. (See Subsection 2.3 for a pair of useful propositions concerning Hausdorff
distances between convex bodies.)

First, we sketch the rough argument for the upper bounds produced in this work (Theorems 3.2,
3.7, and 4.4). Tt is useful to think of the approximation to any particular eigenvalue A as a polynomial
problem. Let A € C™*™ be a diagonalizable matrix with eigendecomposition A = VAV ™!, where the
columns of V have norm one, and e = V~1b. Then the distance d(\, W (H,,)) equals

z" Ax [p(A)b]" A[p(A)b] a'p(A) V*V (AL — A)p(/\)a’ (1)
v [p(AB o A)b] o p(A)V V(M)

In the special case where A is normal, V*V = [ and this expression can be simplified further

x* Az doiq leg PP (N = Ay)
T > legPlp(Ay)12

To make this quantity small for some fixed b, we construct an extremal polynomial p € P,,_1 in
Subsection 2.4 that is large at A and very small for all other eigenvalues at least some distance away
from A. In Subsection 2.5, we state some standard inequalities in high-dimensional probability, which
allow us to handle the randomness of b and bound dy (W (H,,), W(A)) with high probability. In
particular, we bound the probability that b is too close to orthogonal to any eigenspace. When A is

non-normal, the V*V and o = V~!b terms in Equation 1 can produce barriers to this argument. To
produce some estimates in the setting where A is moderately non-normal, we show that, under certain

A— A—

min

xze,, (A,b) PEPm—1 PEPm -1

A —

min =
TEK m (A,b)

(2)

PEPm—1
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conditions, the V*V can be removed to match the normal case with small additive and multiplicative
error and that the distribution of V~!b is close to as well-behaved as b.

Finally, the main idea behind the lower bounds produced here (Theorems 3.5 and 3.10) counsists of
carefully choosing matrices A for which H,, is a perturbation (with respect to the randomness of b) of
a simple matrix that is easily analyzed, and measuring the distance between the numerical ranges of
A and H,, by measuring their distances to this simpler matrix.

2.3. Convex Geometry in the Plane. In order to quantify the approximation that W (H,,) provides
to either W(A) or conv(A(A)), we recall and prove two results regarding the approximation of a convex
body in the complex plane.

Proposition 2.1 ([3, Section 4],[24]). Let U be a convex body in C with boundary length L. There
exist n points S on the boundary of U such that the Hausdorff distance

L
dp (U, conv(9)) < o tan %

Proposition 2.2. LetU C C be a convex polytope with vertices uy, ..., un € C, andV C C be a convex
body with d(u;,V) < for all j € [n]. Then dg(U,V) < 6. Furthermore, if V CU, then dg(U,V) < 6.

Proof. Take any point u € Y. Then u = 2?21 tju; for some Y. t; =1 and t; > 0 for all j. For
each uj, let v; € V be such that d(u;,v;) <8, and set v = Y27, tju; = u+ 37, t;(v; — u;). Then
|lu—v| = | Z?:l ti(v; —uz)| < § by the triangle inequality. Hence, dg (U4, V) < 6. If, in addition V C U,
then dg (V,U) = 0, implying that dg (U, V) < 4. O

2.4. Extremal Polynomials. Chebyshev polynomials T},(z) often play a key role in the analysis of
Krylov subspaces for Hermitian matrices. One key property is that 7T,, (x) achieves the so-called Remez
inequality for intervals — an upper bound on the infinity norm of a polynomial that is bounded by one
on some subset of fixed measure (see [25] for details). In our analysis, we require polynomials with
similar extremal properties for segments of the circle and the half disk in the complex plane. For the
unit circle, we give the following result.

Proposition 2.3. LetmeN, -1 <c¢; < <1,0<d§< 1, and

~ 24271 —2¢
Pricic ="Tp| —————"-—-—-1].
cr,e28(2) = 2 ((15)(0201) )

Then P, ¢, .cp,6 € Pom and

|ﬁm,cl,02,5 (earccos(CQ)i)| > —exp (2m\/3)

ma. ﬁ eei .
COSQE[C1,C2—X5(C2—C1)]| m’cl’c%é( )’

DN | =

Proof. Clearly, ﬁmm,cm € Pam. To prove the above inequality, it suffices to show that |13m,cl,02,5(e(%)| <
1 for cosf € [c1,co — 0(cy — 1)), and |Pry e, ep.5(€?cc05(2)0)| > 1 exp (2mV/6). That |ﬁm’cl’525(eei)| <1
for cosf € [c1,c0 — d(ca — ¢1)] follows immediately from the property |Th,(x)| < 1 for all z € [-1,1].
The lower bound for e*°°5(¢2)? follows from [33, proof of Lemma 3.9]. O

In addition, for a fixed § > 0 and degree m, we need a polynomial that has modulus at most one in
the half annulus

Ds={z€C|d <|z] <1,Re(z) <0} (3)
and is as large as possible at z = 0. A nearly extremal (up to exponential constants) polynomial was
constructed by Erdelyi, Li, and Saff for the unit disk.

Proposition 2.4 ([6, proof of Theorem 2.6]). Let m € N, 0 < € < 1, Qu.(2) = 2*™ T, (%), and

2 col

R.={z€eC||z|<lLargz€[e,T—€e]U[r+¢2m— €]} U{z € C||2] <1—¢/8}.
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FIGURE 2. The mapping from eigenvalues to inputs for Remez-type polynomials. The
desired extremal eigenvalue is shown in red, and the blue region represents all possible
eigenvalues at least 0 distance away. The illustrated transformation maps the blue
region Dy into the outlined region R. from Proposition 2.4

Then Qm,c € Psm, and
me
Qu.e(1) > exp (?) max |Qu.c (2)].

zZ€ER,

This construction can be modified to Ds by applying a simple quadratic transformation.

Proposition 2.5. Let m e N, 0< 6 <1, P(z) = (1— %)+ (1—2)z+1, and

5 _ bro2m P(z) +P(z)"!
Ppns(z)=P(z)*™ T, ( 5 con (%5) ) .

Then f’m,g € Pem and

Prs(1) > exp (Tj) i [P s(2)]. (1)
Given Proposition 2.4, to prove Proposition 2.5, it suffices to set ¢ = %(5 and show that P(0) = 1
and P(Ds) C R.. This requires some fairly lengthy and un-insightful analysis and casework, and so we
defer the proof of Proposition 2.5 to the Appendix. See Figure 2 for an illustration.
In addition, we note that the construction in Proposition 2.5 is useful not only for the gap-
independent analysis presented in this work, but also for existing gap-dependent estimates as well.
For instance, the following is an immediate consequence of Proposition 2.5 and [28, Lemma 6.2].

Proposition 2.6. Let A € C"*" be a diagonalizable matriz with eigendecomposition A = VAV ™!,
where the columns of V' have norm one. If A; & conv(A(A)\A;) and d(Aj, A(A)\A;) > ediam(A(A)),

then V152 ( )
V=bl5 m—1)e
I—P,)Veils < -2 B AS

It m)Vejll2 < [V—1b];? exp( 2 )’

where Py, is the orthogonal projection onto K., (A, b).

2.5. Probabilistic Inequalities. To properly analyze the behavior of a Krylov subspace for a random
b ~ Unif(S*~!) on the complex hypersphere, or, equivalently, a complex Gaussian vector b ~ Ne¢(0, I,,),
we recall the following fairly standard results.

Proposition 2.7 ([34, Example 2.11]). Let X ~ x3% be a chi-squared random variable with k degrees
of freedom. Then P[|X — k| > kt] < 2e=*"/8 for all t € (0,1).
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Proposition 2.8. Let M € C"*" be invertible, b ~ Unif(S"~!), and t € (0,1). Then
|[Mb];[* t ]
P | min > >1—et.
LG ] [|MB]3 ~ n?k2(M) ]~

Proof. By [4, Lemma 2.2], P [|(b,v)|> < Z] < er for 7 € [0,1) and |[v||; = 1. We have

t t|M*v|3 et

P[(Mbv)|* < | <P|[(b,M*V)]? < ——2| < —.

0.0 < e | < |l arw) < TR <

Applying a union bound for e, j € [n], and noting that |[Mb||3 < || M]3 implies our desired result. [

n

In addition, the following propositions will be used to treat the non-normal setting in Section 4.
Proposition 2.9. Let b ~ N¢(0,1,) and M € C**™ be a normal matriz. Then, E[b*Mb] = trace(M)
and Var[b*Mb] = | M||%.

Proof. We provide a proof only because of the involvement of complex random variables; see [19,
Lemma 3.2b.2] for well-known results for the real symmetric case. When M is normal, the invariance

of the distribution of b under rotation allows us to rewrite b*Mb =< Z?=1 A;|b;]2, where {); }r_y are
the eigenvalues of M. For b; ~ N¢(0,1), we have E[|b;|?] =1 and Var([|b;|*] = 1, and so

B Y] = S nE ) = o
=1 =1 =1
and

Var[ZAjbjF} ZM 2Var[|b;|?] Z\)\ 2.
j=1

]

Proposition 2.10 ([34, Example 2.8, Proposition 2.9]). Let b ~ N¢(0,1,) and M € C" " be a
Hermitian or skew-Hermitian matriz. Let X = b*Mb. Then,

12 t
P[|X —E[X 2t§2exp{—min<,>]
X —ELX] 1] M AT,

Proof. Again rewrite b*Mb < 2?21 Aj|b;|? where \; are the eigenvalues of M. Since M is Her-
mitian or skew-Hermitian, the eigenvalues are purely real or imaginary. Each term \)\j||bj|2 is sub-
exponential with parameters (v/2|)\;],2|A;]); thus, Z?:l I\;||b;]? is sub-exponential with parameters

(V2IIM ] p, 21| M]2).- O

Corollary 2.11. Let M € C"*", My = (M + M*), and My = L(M — M*), with corresponding
random variables X = b*Mb, X; = b*Mb, and Xo = b*Msb. Then

t2 ¢
X] = ||Mi]|% + | M2]3 P[IX —E[X]| >t <4 — mi .
VarlX) = A+ IMofEand P BN > ) < dexp | min e s |

Proof. Note that X = X; + X5, X7 is purely real, and X5 is purely imaginary. For the first part,
rewrite
Var[X] = Var[Re(X)] + Var[Im(X)] = Var[X;] + Var[X5].
For the second, note that
P[IX —E[X]| > ] <P [|X: - E[X]| 2 /v2] + P[|X: - E[X:]| > /V3)].
The given bound is not tight but suffices for our purposes. O

Proposition 2.12. Let b ~ N¢(0,1,) be a random vector and M € C" ™ be a positive-definite
Hermitian matriz. Then, P[b*Mb <t - trace(M)] < et for all t > 0.
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Proof. The proof is a standard Chernoff bound adapted from [13] for complex normals. Again rewrite

b*Mb 2 Z?:l Aj|b;|? where \; are the eigenvalues of M. Assume ¢ < 1, otherwise the statement is
trivially true. Then, for ¢ = (t~1 — 1) /trace(M),

P[b*Mb < t-trace(M)] =P tZ)\j - z:)\j|bj|2 >0
Jj=1 j=1

=P H e (=101 > 1
j=1

<[]E [ecw—wm)}
j=1

B ﬁ ec)\jt
=1 1 —+ C)\j

< ectrace(Mt(] 4 ¢ trace(M)) ™! = el 7.

3. THE NUMERICAL RANGE OF A NORMAL MATRIX

In this section, we produce estimates on the approximation of the numerical range W(A) of a
normal matrix A € C"*™ by a Krylov subspace. In particular, we prove estimates on the Hausdorff
distance between W (A) and W (H,,), where H,, is the orthogonal projection of A onto ,,,(4, b) for a
random b ~ Unif(S"~!). We produce an upper bound of the form 1“7" for an arbitrary normal matrix
(Subsection 3.1), and a nearly matching lower bound of the form L (Subsection 3.2). (The necessity
of the log term has already been treated in a number of previous works, see [30, Theorem A.1] and [33,

Lemma 3.8].) We also provide an improved estimate of the form 1‘;22" for normal matrices with their

spectrum on the unit circle S, and a nearly matching lower bound of the form # (Subsection 3.3).
We note that, based on the degree of the polynomials constructed in Subsection 2.4, the below results
are stated not for all m, but for either 2m + 1 or 6m + 1. However, this immediately implies bounds

for arbitrary m, based on the standard inclusion K1(A,b) C Ka(A,b) C ... C Kn(4,b) C ...

3.1. Estimating the Numerical Range. To estimate the approximation W (H,,) provides to W (A4),
we first estimate the distance between W (H,,) and an arbitrary extreme eigenvalue A of A.

Lemma 3.1. Let m,n € N, A € C"*™ be normal, and X\ € A(A) be an extreme point of W(A) with a
corresponding unit eigenvector . Then

x* Ax

T*T

A —

min
rEKem+1(A,b)

6 (emlbl3 Y
< o (5. amOV (A,

Proof. Without loss of generality, let A\ = 0 be the extreme point of W (A) of interest, diam(W(A)) = 1,
and W(A) C Dy, the half disk (see Equation 3). Let § > 0 and Ss = {A; € A(A)[|A;] > §}. By
Equation 2,

x*Ax

T*T

Zmesa | [Plp(A)[PA,

=1 o P Ip(A)[?
o Tages o)
~ rePom (b, ) P[p(0)]?

ZAJQ& | [Plp(A)[7A,
=1 o PIp(A) P

< min
PEPem

min
2EKem+1(A,b)

+4.
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Now, consider the choice p(z) = ﬁmﬁ(z), as defined in Proposition 2.5. By Inequality 4,

ZAj655|aj‘2|ﬁm,6(Aj)|2< L. (m)
(b, @) 2| Pms(0))>  ~ l{bi#)? 6 )"

m||bl|3
6[{b,¢)[?

1bl13 ( m5) 6 ( ( m|b]3 ))
————exp|— |+ —(14+In| —+=5 .
(b, )| 6 m 6/(b, #)|?

Theorem 3.2. Let m,n € N, a > 0, A € C"™" be normal, and {(p(l),...,cp(")} be an orthonormal
etgenbasis. Then

Setting § = 6m ™" In (

) (if & > 1, the result is trivially true), we obtain our desired result

O

em|bl3

i (W(Hem 1), W(A)) < %m ( > diam(W (A)).

6 minjep, (b, 1))[2
In particular, if b ~ Unif(S"~1), then

dH(W(H6m+1),W(A)) < 6(2+Oz) 1nn:| 5m
diam(W (A)) - m '

Proof. By Proposition 2.2 and the inclusion W (Hgn41) C W(A), if the distance from every extreme
point of W (A) to W (Hgm+1) is at most € diam(W (A)), then the Hausdorff distance between W (Heg,+1)
and W(A) is also at most that quantity. Combining this fact with Lemma 3.1 completes the proof of
the first part of the theorem statement.

Now suppose that b ~ Unif(S"~1). By Proposition 2.8 with M = [ ... ¢™]* and t = em/(6n®),
min;e(y) (b, e)|2 > em/(6n>+*) with probability at least 1 — e?m/(6n®) > 1 — 2mn~2. Therefore,

with probability at least 1 — %mn*“,

2 2 1
6 . (_emlbllz < 5 pzra = 6@+ao)lnn j€nl.
6](b, p(1))|2 m m

m

O

3.2. Lower Bounds for Krylov Subspace Approximation. In the previous subsection we proved
that, with high probability, the numerical range is approximated up to error e when m > e 'Inn. It is
already well-known that the Krylov subspace dimension m must be at least Inn in order to guarantee
any non-trivial approximation of the entire numerical range [30, Theorem A.1l]. Furthermore, some
multiplicative relationship between Inn and e~ ! is needed in the bound for m. For instance, taking
e=[(1+~)Inlnn]~t, m = ~vInn+ P(1/e) for any fixed constant v > 0 and polynomial P, and taking
n sufficiently large, the approximation produced will be greater than e with probability 1 — o, (1) [33,
Lemma 3.8]. In addition, when the matrix is Hermitian, dimension m > e~'/2 is required to guarantee
€ error, a tight lower bound in this setting [33, Lemma 3.5]. Here, we show that for normal matrices
m > e ! is required to obtain at most € error, thus matching the bounds for Theorem 3.2. In fact, we
show this not just for Hausdorff distance, but for the distance between W(H,,) and 0W (A), i.e., we
produce an instance where no extreme eigenvalue of A is approximated better than 1/m.

Proposition 3.3. Let k,n € N, k <n. Then 2?21 < (n — H%) Z?Zl gk,

Proof. We have
DEVLED RTINS U U LS SR
VL Yiodb o Tabr =D g )P T et

n—1
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Proposition 3.4. Let V € C™*"™ satisfy V*V = I withm > n, D € C™*™ be diagonal with | Dl < 1,
and QH be the polar decomposition of (I + D)V. Then

Al All2]| D]l
[VFAV — Q*AQl|2 < ———5—
*T 1Dl
for all A € C™>™,
Proof. Because ||D||2 < 1, the matrix (I + D)V has full column rank, and so
Q= I+ D)V[V*(I+ D*)(I+ D)V]~Y/2 e c™*
in the polar decomposition of (I + D)V is unique [12, Theorem 7.3.1]. Letting E =V — Q,
IV*AV — Q*AQ|l2 = |[E*AV + Q" AE)||2
< [1El21All[IV 12 + [ QU2l[All2l E1l2
= 2| Ell2[|All2-

What remains is to bound ||E||z. Using a similar technique,
I1Ell2 = | = DV + (I + D)V (I = [V*(I + D*)(I + D)V] ")
<Dz + (1 + Dl = [V*(I + D*)(I + D)V]/?|l2.
The matrix [V*(I + D*)(I + D)V] has singular values in the interval [(1— || D||2)?, (1 +||D||2)?], and so

- 1 D]l
I = [V*(I +D*)(I + D)V] /2|2 < -1= -
1—[|D]2 1—[Dll2

Combining all these bounds, we obtain

Iv-a7 - @40l < 2l (11 + S IPIDIDLE ) _ 441Dl

1—[[Dll2 1—IDll2

Theorem 3.5. Let n = {m?, {,m € N, m > 15, £ > 4800m2Ilnm, 1 = (1,...,1)T € C/, r =
\/—%(\/i\/ﬁ,...,\/ﬁ):r eC™, w= exp(ZT”), 0= (w,?....,.0o™MT eC™, and A = diag(r@0®1) €
C™*. If b ~ Unif(S"~1), then

P[d(W(Hm)ﬁW(A)) o1 ]>1 2

diam(W(A)) = 60m m

Proof. Without loss of generality, we may take b ~ N¢(0, I,,) instead of b ~ Unif(S"~1). Let
A = diag(r ® 0) € cmixm?
b € R™ be such that

¢
b = Z 1bj4 (k—1)m2|?,

and H,, Q* AQ,, € C™*™ denote the orthogonal projection of A onto K, (A A A) in the basis of
Qm. We note that, because A and A have m? distinct cigenvalues and b ~ Ne(0,1,,), Kin(A,b) and
Km (A b) both have dimension m with probability one, and so Q,, is well-defined. By Equation 2,
H,,, the orthogonal projection of A onto K,,(A,b), and H,, have the same Rayleigh quotient for each
polynomial p € P,,,_1, and so have the same numerical range. Therefore, we may work with H,, instead
of H,,. Note that two times the squared entries of b are independent chi-squared variables with 2/
degrees of freedom each.
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Now, let b= /{1 € c™ and H,, = Q;AQNm be the orthogonal projection of A onto K, (fl, b) (ie.,
Hm is a “noisy” version of H m). The benefit of H,, is that the vectors A7b are orthogonal and have
easily computable norms:

m

ATlR AkR k.. k
(A7b, A*b) = Zog,rgep

N _m< z
$oomne (1)

IIM

p=1
_ e (g =k
0 otherwise .

Therefore, [ Nm]jk =0 for j # k + 1, and, by Proposition 3.3,

o= (S Wy
A \mEheT ) T ek Dm)

By Gershgorin’s Disk Theorem, the matrix (e'®H,, + e **H},)/2 has eigenvalues all bounded by (1 —

1
(e+1)m

is at most (1 —

)1/2 in modulus for all ¢ € [0, 27), implying that the maximum modulus of an element of W(ﬁm)
1 1/2
note that the vectors A’b, j = 0,...,m — 1, have the same span as the columns of (I + D)Q,,, where

D is diagonal with D;; = % — 1. By Proposition 2.7 with ¢ := v12¢~1Ilnm < 1 and a union bound,

. Now, let us consider how different the situation can be for H,,. For I;, we

2
1,...,m?2 m

P { max |2b2 — 20| > V/48(1n m]
Jj=

Therefore, for ¢ > 4800m?2Inm,

121nm
D]l <1-— — —\/1— =
DIz 20m

with probability at least 1 —2/m. By Proposition 3.4, applied to Q. and (I+ D)Qm (with V := Qm),

B . o R 4(1—4/1- 5=
| Ho — Q*AQ|2 = Q% A, — Q7 AQ|5 < ( - ),

1
1— 20m

where @) € Cm™**m ig as in Proposition 3.4, i.e., @ is the matrix with orthonormal columns in the
polar decomposition of (I + D)Q,,. This means that @ and @), have the same column space, and so
Q = QU for some unitary matrix U € C"™*™ and

||Hm - Q*AQ”Q = ||Hm - U*Q:nAQAmUHQ = ||Hm - U*ﬁmU”2~
Therefore, the largest modulus of an element of W(ﬁm) is at most
1
1 1/2 41— 1— 20m
flm):= <1( > + ( )

e+ 1)m 1
20m

The function (1— f(m))m is monotonically decreasing, with limit (4—e)/(10(14€)) > 1/30 as m — oc.
Therefore, f(m) <1 —1/(30m), completing the proof. O
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0.2 0.7 1.5
0.6
0.1 05l |
0.4
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0.3
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(a) Zoomed in numerical range with (b) Error as m increases (c¢) Error normalized times m
marked eigenvalues
0.2 06 6
05 55
0.1 5
0.4
45
0 03 4
02 35
-0.1 3
0.1 \
-0.2 - 0 ol !
08 085 09 095 1 1.05 1.1 0 10 20 30 40 50 0 10 20 30 40 50
(d) Zoomed in numerical range (e) Error as m increases (f) Error normalized times m?

FIGURE 3. Numerical range estimates of A from Theorem 3.5 (top row) and Theorem
3.7 (bottom row). Whereas n changes as a function of m to simplify the proof, the
essence of the statement holds for each matrix individually. Here we fix A € C**"
with n = 10240 with eigenvalue multiplicity 10 and run Arnoldi for m up to 50.
In Subfigures (a) and (d), we plot part of the numerical range of A along with the
estimated numerical range for 10 random starting vectors b and m = 50. In Subfigures
(b) and (e), we plot the Hausdorff distance between the estimated and actual numerical
ranges as m increases. To better see the 1/m and 1/m? behavior respectively, we
multiply the error by m in Subfigure (c¢) and by m? in Subfigure (f).

Remark 3.6. The constants used in the lower bound of 1/m in Theorem 3.5 are of moderate size. A
similar theorem, with a lower bound of 1/m just for Hausdorff distance (instead of distance to boundary
OW (A)), can be produced with much milder requirements on the size of n: essentially, just take the
same eigenvalues as in Theorem 3.5, give A\ = 1 wvery high multiplicity, and apply the same technique
used in [33, Lemma 3.5]. However, we note that the requirements in Theorem 3.5 are purely for the
sake of producing a clean and concise mathematical proof; practice shows that this phenomenon actually
occurs for relatively small n. See Figure 3.

3.3. Spectrum on the Circle. Next, we consider the situation where the spectrum of A lies on the

complex unit circle S°. A common example of such matrices is the unitary group. We provide an

improved upper bound of the form 1?;2" and a nearly matching lower bound of the form #

Theorem 3.7. Let m,n € N, a > 0, and A € C"™" be normal, with its spectrum on S and an
orthonormal eigenbasis {p™M), ... @Y. Then

64em?||b||?
minje[n] ‘<b7 ‘P(j)>|2

drr (Re(e™W (Hapm1), Re(e®W(A))) < : 6}”2 In ( ) for all 0 € [0,27).
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In particular, if b ~ Unif(S"~1), then

2+ a)?ln’ de?m?
@Hafin o g eo,om)| >1- 8™
16m2 ne

P |dy (Re(eW (Ham41), Re(e?W(A))) <

Proof. Our general proof technique is as follows. First, we produce a bound on the difference between
the orthogonal projections of W(A) and W (Ha,,41) onto an arbitrary line. Then, we lower bound the
magnitude of the orthogonal projection of our vector b onto eigenvectors.

Without loss of generality, consider the projection of W(H,,) onto the real line. Let Re(W(A4)) =
[c1,ca], A be an eigenvalue of A with largest real part, and ¢ be a corresponding eigenvector. Similar
to the proof of Lemma 3.1, we have

: (IB*(CzI - A)G?) g [ PIP(V)PRe(c2 — Ay)
min o 2 A28 TP
£EK2m41(A,b) (o — 1)z

= min
PePan (2 — 1) 35y o [2[P(X)[?

<5+ min D Re(es—A;)>8(ca—c) [0 [ P(N)]
R . [(b @)|?|P(N)[?

2

. .5 . . . 1 2 (64m?||b|?
Consider the choice Py, ¢, c,,5(2), defined in Proposition 2.3, with 6 = = In oA ) Then

. 2Re(ca—Ai)>d(ca—cy) |ai|P(\)[? <5 b2 < 1 12 64em?||b]|?
P (b, ) 2[P(V)]2 = 2Loamvs = 16m2 — \ | (b, @)2
€P2m @) PIP(N) (b, @) [2Le m ;)

By Proposition 2.8 with M = [ ... o] and t = 64em?/n®, min e, [(b, 9))|? > 64em? /n>+>
with probability at least 1 — 64e?m?/n®. Therefore, with probability at least 1 — 64e?m?n~%, the
relative difference in projection between W(A) and W(H,,) on any line is at most %m” Inn at
either endpoint. O

Remark 3.8. Note that the statement of Theorem 3.7 is reminiscent of arguably the most popular
technique for estimating the numerical range of a matrix, which consists of choosing angles 01, ... ,0y,
and computing the largest and smallest eigenpairs of (€% A+e~"%i A*) /2. This algorithm was proposed
by Johnson [15] and is implemented in the tv function in the Matriz Computation Toolbox [11] and
the fov function in Chebfun [5], using the QR algorithm to estimate extreme eigenvalues. In addition,
Braconnier and Higham created a variant using a version of the Lanczos method, which exploits the
fact that only the largest and smallest eigenpairs are needed [2]. As mentioned in the introduction,
using a Krylov subspace of dimension m, one could guarantee an approximation of the form 1‘:22" for
each angle. When A(A) C S°, Theorem 3.7 proves that computing the numerical range of H,, instead
provides this same approzimation quality for every angle simultaneously (i.e., without having to build
a different Krylov subspace for each angle).

We note that the Hausdorff distance for a projection onto any line also immediately implies the
same bound for the Hausdorff distance in the plane.

Corollary 3.9. Let n € N, and A € C"*" be normal with its spectrum on S°. Then

(2 + a)? In%n 64e?m?
H. A< — | >1-— .
dH (W( 2m+1)a W( )) = 16m2 - n%

P
b~ Unif (S"—1)

Proof. By Proposition 2.2 and the inclusion W(Ha,,11) C W(A), it suffices to show that, for any
extreme point A of conv(A(A)), the desired bound holds. For an extreme point A € OW (A), consider
the line through A and the closest point in W (Ha,+1). By the convexity of W(Ha,,41), the distance
between A and W (Ha,,+1) is equal to the distance between the projection of both onto this line (this
follows from the standard proof of the hyperplane separation theorem, see [9, pg. 11]). Applying
Theorem 3.7 to this line completes the proof. O
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Theorem 3.10. Let n = k/, k;Em 6 N, k>m > 10, £ > 8m*Ink, 1 = (1,...,1)T € C,

w=exp (), 6 = (w,w?,...,w")T € C*, and A = diag(6 ® 1) € C"*". If b ~ Unif(S"™'), then
2 2
P |d(W(H,,),0W(A) > —| >1- 2.
[ (W) oW () > 2] =1 2

Proof. The proof technique here is nearly identical to that of Theorem 3.5. AWithout loss of generality,
let b~ Nc(0,1,) be a complex Gaussian vector. Let A = diag(@) € C¥**, b € R¥ be such that

£
Z p+(j— 1)/|

and H,, be the orthogonal projection of A onto Ko (A, b) (dim(K,, (A, b)) = m with probability one).
Agaln by Equation 2, H,, and H,, have the same numerical range, and so we may instead work with
H,, and note that two times the squared entries of b are 1ndependent chi-squared variables with 2¢
degrees of freedom each. Let b = /71 € C¥ and H,, = Q;AQm be the orthogonal projection of A
onto ICm(fl, B) The vectors APb are orthogonal, with constant norm

i ki ifp=gq
Arb, Aty = 03" 0% 0 = ¢y -0t =
< ]21 jz1 0 otherwise ,

and so [H,, lp+1,, = 1 and equals zero elsewhere. This matrix H,, has a well-known numerical range,
with radius cos(7r/ (m + 1)) [35] Now, consider how different the situation can be for H,,. For b,
the Vectors Apb p=0,. — 1, have the same span as v¢(I + D)Qm, where D is d1agona1 with

D, = \/Z — 1. By Prop051tlon 2.7 with ¢ := m~2 and noting that £ > Sm*Ink,

P [ Dnax |2b2 — 20 > 2@} < 2kexp( 83:24> < %
Therefore, ||D|js < 1 —+/1—m~2 with probability at least 1 —2/k. Again, similar to the proof of
Theorem 3.5, by Proposition 3.4 applied to @, and (I + D)Qp,
4(1-=vV1-m=2)
Vi-m2

for some unitary matrix U € C™*™. Therefore, the largest modulus of an element of W(I:Im) is at

most
™ 4(1-vV1-m™2)
f(m) := cos + .
m-+1 V1—m=—2
The function (1 — f(m))m? is monotonically increasing, and so (1 — f(m))m? > 100(1 — £(10)) > 2 for
all m > 10. Therefore, f(m) < 1 —2/m? for m > 10. O

|H, — U*H,Ully <

Again, similar to the lower bound of Theorem 3.5 (see Remark 3.6), the requirements on n relative
to m are quite pessimistic. See Figure 3 to observe this behavior numerically for relatively small n.

4. THE NUMERICAL RANGE AND EXTREME EIGENVALUES OF A NON-NORMAL MATRIX

To this point, we have produced estimates for the approximation quality of W(H,,) for W(A) for
normal matrices through estimates for extreme eigenvalues of A. These estimates crucially rely on
the fact that, for a normal matrix, the numerical range equals the convex hull of the eigenvalues
W(A) = conv(A(A)). When A is non-normal, W(A) may be strictly larger than conv(A(A)). The
extent to which this can occur can be easily quantified in terms of the conditioning of V' in the
eigendecomposition A = VAV L.
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Lemma 4.1. Let A= VAV~ with A diagonal and ||Alj2 < 1. Then
drr(conv(A(A)), W(A)) < |IVI[2|(VV)T2 = Il2 + [|(VFV)Y2 = 1]
Proof. In order to bound the Hausdorff distance, it suffices to define A = V(V*V)~1/2A(V*V)1/2y 1,

note that W(A) = conv(A(A)), and bound the difference in Rayleigh quotient (itself bounded by the
two-norm) between A and A for an arbitrary vector . We have

A= Ally < [VAVT = V(V*V) " 2AWV V)2V
<|(VV)PAWVEV) T — Al
< [(VIV)EAVEV) TR = (VIV) A + [(VIV)VPA = Al
< (V)2 | (VV) T2 = Ilp + [(VV) Y2 =I5
O

When this distance is large, the techniques used in Section 3 are no longer sufficient to provide a
quantitative estimate on W (A) using W(H,,). Unfortunately, in the worst-case, this issue is inherent
to the problem. The following example illustrates that the bound in Lemma 4.1 is essentially tight in
the worst case, and that W (H,,) in some cases no loner provides a reasonable estimate of W (A) for
even moderately sized m.

Example 4.2. Consider the matriz A = A +vyejel € R"™" where v > 0 and A is a diagonal matriz
with A; = cos (%) fori=1,....,n. A has all its eigenvalues in [—1,1], numerical range

W(A) = {z e c‘ f‘f{fj/l + hjﬁff < 1},

and eigenvector condition number ky(A) = \/1+~2/4. As v increases, the distance between OW (A)
and [—1,1] and the size of ky (A) both increase linearly. The numerical range of most Krylov subspaces
will contain [—1,1] (the convex hull of the eigenvalues of A) relatively quickly, but will fail to approxi-
mate W(A) in a reasonable amount of time. See Figure 4 for an example with n = 1000, v = 2, and
m = 100.

In this section, we present two main results. The first provides estimates on the Hausdorfl distance
between W(H,,) and W(A) (Theorem 4.4 in Subsection 4.1). Unsurprisingly, in light of Example
4.2, these estimates degrade rather quickly once (V) is larger than 1+ 0,,(1). However, even though
W (H,,) may no longer approximate W (A) well once (V') grows, as long as the eigenvectors still possess
repulsive behavior (quantified below in Subsection 4.2), precise statements regarding the approximation
that W (H,,) provides to conv(A(A)) can still be made, in some cases, for (V) as large as n'/2=¢
(Theorem 4.10 in Subsection 4.2).

4.1. Estimating the Numerical Range for a Nearly Normal Matrix. First, we estimate the
approximation the W (H,,) provides to an arbitrary extreme eigenvalue A of A(A). In the previous
section, we produced bounds on this approximation by using extremal polynomials from Subsection 2.4
applied to Equation 2. Here, we apply the same techniques, but must account for two key differences
between Equation 1 and Equation 2: the existence of the term V*V in both the numerator and
denominator, and that o = V~1b is no longer uniform on S"~!. The former issue is treated by the
following lemma and the latter issue is treated using Proposition 2.8.

Lemma 4.3. Let V be invertible. Then
x*V*V Dx
x*V*Vax

x*Dax

<V ED

D[V H2lV = (V5|2
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-1.5 -1 -0.5 o 0.5 1 15 10 20 30 40 50 60 70 80 90 100
Re(2)

(a) W(A) and W (H1gp) for ten different b ~ Unif(S™~1) (b) dg(W(A), W(Hp,)) for m = 1,...,100 and
ten different b ~ Unif(S*~1)

FIGURE 4. The numerical range of H,, for A = diag(cos W) + 2ejel and ten
different b ~ Unif(S*~!), where n = 1000 and m = 100. The numerical range quickly
(approximately) contains [—1, 1] (the convex hull of eigenvalues of A) in all instances,
but fails to reasonably approximate the numerical range of A. In over half the cases,
W (Hjio0) is barely bigger than [—1,1], and in all cases the Hausdorff distance between
W(A) and W (Hygp) is still at least 1/2.

Proof. We have

z*V*V Dz z*Dx z*(V*V —I)Dx
z*V*Vx z*V*Vax z*V*Vax
_ |=*Dx T*x VNV - (V- H" DV~ Ve
|z ||V Ve V*Vzx
z*Dx 1k -
< V=HE+ 1V = (VO I D)V 2.

O

A fair amount is lost in the bound of Lemma 4.3 compared to what one may expect in practice. For
instance, this bound handles the worst case scenario for a vector a, but fails to exploit the potential
benefits of using a random b. However, this lemma is sufficient for the purposes of estimating W (A),
as when ky (A) is larger than 1 + o0,(1), there can be other barriers to accurate approximation (see
Example 4.2).

Combining Lemmas 4.1 and 4.3 and applying the same techniques used in the proofs of Lemma 3.1
and Theorem 3.7, we obtain the following result.

Theorem 4.4. Let m,n € N, and A € C"*" be a diagonalizable matriz with eigendecomposition
A =VAV~L, where the columns of V have norm one. Then

6e0) (el
m 6 min e, o)

dig (W (Hem+1), W(A)) < ( ) +4r(V)(k(V) — 1)) diam(conv(A(A))).

In particular, if b ~ Unif(S"~1), then

dH( (H6m+1)ﬂW( ))
diam(conv(A(A)))

6K%(V) In (n*TR2(V)) + 46(V) (k(V) — 1)] 21- j%

<
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Proof. The proof of this result is quite similar to that of Lemma 3.1 and Theorem 3.2, with the
additional use of Proposition 2.8 and Lemmas 4.1 and 4.3. First, we estimate the distance between an
arbitrary extreme point A € A(A) and W (Hegpm41)-

Without loss of generality, let A = 0 be the extreme point, diam(W (A4)) = 1, and W(A) C Dy, the
half disk. By Equation 1 and Lemma 4.3,
x*Ax a*p(A)*Ap(A)a
a*p(A)*p(A)a

min
IG]Cem+1 (A,b)

We have ||[V~1||2 < k(V) and

IV = (V=2 < mfﬁ%(V) — o (V)7 <2(k(V) = ).

Let 6 > 0 and S5 = {A; € A(A)||A;| > é}. Then
ap(A)Ap(A)a' Yoses, 1oy p(A
a*p(A)*p(N)a | ~ pePom Z;Ll |12 |p(A;
2oa,es, 0P Ip(Ay)
< min

PEPsm MiNjc[y) |aJ| 1p(0)]

< V3 min

T*T PEPsm

] IV = (V) eV e

%A,
2

Z/\jgzs(S |2 [p(A5) P A,
21 log Pp(A)[?

PEPsm

+ 0.

i)
)
2
2
Now, consider the choice p(z) = ﬁmﬁ(z), as defined in Proposition 2.5. By Inequality 4,

ersAajFleé( I el (-5%)

mln |aJ| ‘Pm 5( )|2 B minje[n] |a‘j|2

6

Setting 6 = 6m~'1n (%) (if § > 1, the result is trivially true), we have

6 min;e(n [ [?

i [P A0 el () 5 By, (mlelE V),
PEPem | a*p(A)*p(A)a min;ep,) )2 6 m 6 mincp,) o)
Altogether, this implies that

x*Ax

T*T

min
2EKem+1(A,b)

2 2
< B0, (_emal
m 6 min;cp,) |2

) +2:(V)(k(V) —1).

By Proposition 2.2, a bound for all extreme eigenvalues of A immediately implies a bound for the

Hausdorft distance between conv(A(A)) and W(Hegpm+1). Combining this with Lemma 4.1, we obtain
A1t (W (o s1), W(A)) < dig (W (e 11), conv(A(A))) + dys(conv(A(A)), W(A))

6k2(V 2
< K ( ) In ( .€m||aH2 2) _,'_4,{(‘/)(,{(‘/) _ 1).
m 6 min;e ||
Now, suppose that b ~ Unif(S™~!). By Proposition 2.8 with M = V=1, t = em/(6n%), we have
min;ep, [V 710];? em S e?m 1 5m
[IV-1b], = 6n2tag2(V)

6ne — 4ne’
completing the proof. O

An analogous statement to Theorem 4.4 for A(A) C SY can also be made by combining the above
proof with the proofs of Theorem 3.7 and Corollary 3.9.

Remark 4.5. In Figure 4, despite a constant condition number, W (H,,) approzimately encloses
conv(A(A)). This can be easily explained in the following way. When restricted to the subspace of
C™ ™ with first and last component equal to zero, A is normal, and, when m > 2, K,,(A,b) contains a
vector in this subspace. Therefore, W (H,,) must provide a very good estimate of conv(A(A)\{A1, A, }),
which in this case is nearly identical to conv(A(A)). In Subsection 4.2, we consider a general class
of matrices whose eigenvector condition number is of moderate size, yet still W(H,,) approzimately
encloses conv(A(A)), due to relatively well-behaved eigenvectors.
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(a) W(A), A(A) and W (Hsp) for ten (b) dg(conv(A(A)), W (Hm)) for  (c) m x dg(conv(A(A)), W(Hpm)) for
different b ~ Unif(S»~1) m = 1,...,50 and ten different m = 1,...,50 and ten different
b ~ Unif(S"~1) b ~ Unif(S*~1)

FIGURE 5. W(H,,) for A in Example 4.6. Here we let n = 2560, m = 16, and [ = 10.

4.2. Bounding the Eigenvalues of a Non-Normal Matrix with Repulsive Eigenvectors.
While Subsection 4.1 illustrates that estimates of the numerical range break down as the eigenvector
condition number increases, we can still obtain a reasonable estimate for the convex hull of eigenvalues
when the eigenvectors are relatively well-behaved. Consider the following example:

Example 4.6. Let A = VAV~! € CY", with V*V = (1 — n=2/3)I + n=2/3117 and A as defined in
Theorem 3.5. Figure 5 demonstrates that conv(A(A)) can be approzimated with order 1/m convergence,
as the condition |[V*V];| < n~%/® prevents the eigenvectors from clustering.

The following definition parameterizes our notion of eigenvector repulsion, preventing eigenvectors
from adversarially combining in any single direction.

Definition 4.7. We say a matriz V€ C"*" is S-normal for some B > 0 if its columns have norm

one and, for V.= [vy ... v,] and (V7 1)* = [w; ... w,],
> il (lwjw;| + wiw,|) < n Pl |2 for all jk € [n]. (5)
Len]\k

When this S-normal condition holds, we can effectively treat the additional difficulty introduced by
the term V*V in the numerator and denominator of Equation 1.

Lemma 4.8. Let n > 2 and § > 2In(21n(en))/In(n), V€ C™*™ be B-normal (see Definition 4.7),

and D, P € C" ™ be diagonal with ||D||2 < 1. Then, for b ~ Unif(S"*(C)) and ¢ = 2n="/21n(en),

o [[[PY-1ol vvDPY—i)| (1 [PV-1b]*D[PV~b]
PV=16[V*V[PV-1b] |~ \1—c ) \| [PV-16]* [PV 1b]

Proof. For simplicity, let W = (V~!)*, and, without loss of generality, suppose that |P;| < |P| for

j < k. We first treat the denominator ||V PW*b||?; the numerator will be bounded in a similar

manner. For the desired denominator |PW*b||?, let ¢ := E[||PW*b||?] denote its expectation. Then,
by Proposition 2.9,

‘ + 5)} < en P2 fon =12 4 qn=1/4,

n
¢ = E[||PW*b||?] = trace(W P* PW*) = trace(P* PW*W) = Z | P2 ||w; 2.
j=1

The expectation of ||V PW*b||? is given by

E[[[VPW*b||*] = trace(W P*V*VPW*) = trace(V*VPW*WP*) = > > " viv; Powjw, P;.
j=1k=1
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By the ordering |P;j| < |Py| for j < k and Inequality 5 (with j = k),

n n j—1
E[|[VPW*b|%] = Z | P; |2 | w; ||? +2ZZR€ P, P; v v wiw;)
=1 j=1k=1
> [P ||wy||2—QZ|P| Z|v ok |[wiw,|
Jj=1 Jj=1
> (1-20-%)0.

Now, let M = WP*(V*V —I)PW*, and consider the error term ||V PW*b||? — | PW*b||?> = b*Mb. By
Proposition 2.9, its variance is given by

M]3 = trace(((WPHI[V*V — [I[PW*])%)
= trace(([V*V — I][PW*][W P*])?)
= ZZ ( Z v;f'vg Pngwak> ( Z 'UZ'Um Pmpjw:nwj>'
J=1k=1 \te[n]\j me[n]\k

Rearranging the index pairs j,¢ and k, m, and applying Inequality 5, we obtain

M5 = ZZ (ZU vy PP, wjwy, + v;v; PP, wj wk>

j=1 k=1

k—1
D * N *
: ( g VU, P P wy, w; + vy, vi Py P wkw])

m:1
n n i-1 S
<> |Pj|2|Pkl2<Z o oel (fwjwn| + wiw’“”) ( e |wzwj|)>
L2 — m=1
n
<02 305 B AP Pl P
j=1 k=1
< n72ﬁ¢2-

Now, let X = |[PW*b|?, Y = |[VPW*b||?, and ¢t > 1. By Proposition 2.10 (using the inequality
|M|l2 < ||M||#) and Proposition 2.12,

]P[Yg (1—2n_ﬁ/2t)X} :P[X—Yzzn—ﬁ/z‘tx]
<P[X <n 2| +P[X -V = 20 tg]
<en~ ﬁ/2+2exp( L 1).

Now we turn to the numerator. Assume, without loss of generality, that ||P|l2 < 1, and let Z =
[PV=1b]*(V*V — I)D[PV~1b] equal the difference in numerators. Its expectation is given by

E[Z] = trace(DPW*W P*(V*V —I)) ZD P; Z wiwy, Py vjv;.
n]\Jj

Using Inequality 5 and the property |P;| < |Py| for j < k, |E[Z]| can be bounded as follows:

Z Y 1P| Pullwjwi] [ofv;| < 2ZIP \2Z|w wg| [vjv;| < 2077

J=lke[n)\j
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Bounding the variance is slightly more difficult, since N := [PV ~1]*(V*V — I) D[PV ~!] is not neces-
sarily normal. Instead, we bound ||[N + N*||% and ||N — N*||% separately and make use of Corollary
2.11. The procedure is very similar to that of the denominator, save for the term max; j |D; + Dg| < 2.
We sketch the estimate for |[N + N*||% ([N — N*||% is nearly identical):

|N + N*||% = trace (([D*(V*V —I) + (V*V — I)D]PW*W P*)?)

ZZ( Z (l)j+Dg)’U;’Ungpszwk>< Z (l)kJrDm)v,’:vaijwfnwj>

j=1k=1 \ te[n]\j me[n]\k
n n o P
g4zz< > |Pe|Pk||v;w||wzwk>< > |Pm||Pj|v,:vm||w;wjl)
j=1k=1 \t€[n]\j me[n]\k
n n -1 ik
<43 3PPl <Z [} e] (Jwj x| + |w;fwkl)> ( > lov (lwhw;| + wzwﬂ))
j=1k=1 =1 m=1
<402 30 S B P P e |
j=1k=1
< An28¢2.

Hence, Var[Z] < 2n~2%¢? and, by Corollary 2.11,
P[1Z] > 2n"Pt¢] <P[|Z —E[Z]| > 2n"P(t — 1)¢] < 4dexp (—1F).

To complete the proof, we union bound the cases that the denominator is too small and the numerator
too big. Let Z, = [PV ~'b]* D[PV ~1b] and Z, = [PV 1b|*V*V D[PV ~1b]. Setting ¢t =1 + Inn (note
that 2n=%/2t < 1 for 8 > 2In(21n(en))/In(n)), we have

|2y 1 |Zs| 2t —8/2 ey
R — < < — — >
P52 > (5 + 5 ) | <P [Y <(1-2n t)X} P [|ZI\ 1Z,] > 2n tx}

<P[X < #2) + P[X - Y = 207 Ptg] + P[|2] 2 20 Ptg]
< enP/2 + 2exp (—%) + 4 exp (—%)
=en B2 £ on V2 4 an—1/4,

The above lemma immediately implies an upper bound for estimating extremal eigenvalues.

Corollary 4.9. Letn > 2 and § > 21In(21n(en))/In(n), A € C**™ be diagonalizable with eigendecom-
position A = VAV =L where V is B-normal (see Definition 4.7), and A, € A(A) be an extreme point
of conv(A(A)). Then, for b ~ Unif(S"~1),

6 ‘|V71b|\2 21n(en)
d(Ae, W (Homi1)) S n (il ) + 256
diam(conv(A(A))) — 1 _ 2n(en)

nB/2

< en P2 4 on =12 4 ap~VA,

Proof. By the proof of Lemma 3.1, there exists a polynomial p € Pg,, such that

[PV B ApMVIB]| _ 6 (em[VTIB[ZY .
A, — <—In(—r———=|d A(A)).
@V Ve | = m G ) B oA
Applying Lemma 4.8 with D = (AxI — A) and P = p(A) completes the proof. O

Combining the above estimate for a single extremal eigenvalue with Proposition 2.1, we can produce
an estimate on the one-sided Hausdorff distance between conv(A(A)) and W (H,,).
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Theorem 4.10. Let n > 2 and 8 > 2In(21n(en))/In(n), A € C**™ be diagonalizable with eigende-
composition A = VAV =1, where V is B-normal (see Definition 4.7). Then, for b ~ Unif(S*~1) and
any 0 < v < min{$/2,1/4}, the one-sided Hausdorff distance between conv(A(A)) and W(Hegm+1) is
bounded by

A (conv(A(A)), W (Hem11)) _ i I(n*T*52(V)) + 2in(en) L
diam(conv(A(A))) - 1— 21“{37(/3;) nY nY
with probability at least
e?m e 2 4

N 6n® N nﬁ/Q_'Y N n1/2_7 N n1/4_7 ’
Proof. Let U = conv(A(A)), and L = wdiam(U). By Proposition 2.1, we can pick n?/2 vertices S to
create an interior polytope V = conv(S) approximating the convex hull with error at most nL—v tan i—:
The optimal polytope V must have each element of S on the boundary of . For each s € S, let
As, its € A(A) be the endpoints of the boundary segment containing s. Let W = (J,cg{As, s} and
W = conv(W). Since ¥V C W C U, W approximates U at least as well as V.

By Corollary 4.9 applied to the eigenvalues in W and Proposition 2.2,

5 6y ((—emlV_ bl 4 2In(en)

dg (U, W(Hem1)) S m 6ming [V 1b]x[2 nB/2 +ltan2—7r <_ ¢ n 2 n 4

diam(conv(A(A))) — 1— 2lnﬁ(72n) nY | = nBl2—y T pl/2—y T pi/a—y
n

By Proposition 2.8 with M = V~! and t = em/(6n%), we have

mingep) [V 71b]k|? em e?m
IV=1b]|2 = 6n2ter2(V)| — 6ne’

completing the proof. O
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APPENDIX A. A REMEZ-TYPE POLYNOMIAL FOR THE HALF ANNULUS

Here we provide a proof of Proposition 2.5. Recall that
Ds={z€C|d <|z] <1,Re(z) <0}
and
R.={z€C||z|<largze[e,r—€e]U[r+¢2r— €]} U{z € C||2] <1—¢/8}.

Given Proposition 2.4, in order to prove Proposition 2.5, it suffices to prove that P(0) = 1 and
P(Dys) C R%& for P(z) = (1 - 9)22 + (1 — g)z + 1. Clearly, the former is true. The latter is proved

below.

Proposition A.1. Let 0 < <1 and P(2) = (1 - §)2* + (1 = §)z + 1. Then P(Ds) C Ra;.
3

Proof. By the open mapping theorem, it suffices to show that P(0D;s) C R2 5 We do so by considering
3
the following three portions of 0Dy separately:

(1) z=¢€",0¢ [Z %T],

(2) z=ci, 6 <|e <1,
(3) z=de¥, 6 €T, 3]

272
First, consider z = €', § € [Z, 27]. We have

|P(e®))? = |(1 = £)e¥ + (1 - 2)et? +1)?

—1—1—1— —|—4(1—7) cos@ +4(1 — )cos@

|P(e®)|” is a convex function of cos@ for 6 € [Z, 7], and so it achieves its maximum at one of the

27
endpoints. Therefore,

|P(e®)* <12+ 3 4 dmax{(1 - %) — (1 - 2)%,0}

The right hand side is bounded above by (1 — :56)? for § € [0,1], and so P(e?) C Ry for 0 € [3, 1.
390
Next, consider z = ¢i for § < |¢| < 1. We have
Pci)=1—(1-2)+ (1 - %)ci.
Note that the real part of P(ci) is positive. Without loss of generality, let ¢ > 0. It suffices to show
that
(1—§)e

arg(P(ci)) = arctanl_(l)i)c > 25,

or, equivalently, that
tan(20)(1 — $)c® + (1 — 2)e — tan(24) > 0.
The left hand side is increasing with respect to ¢ for ¢ > 0, and so
tan(20)(1 — 8)c® + (1 — 2)e — tan(24) > tan(20)(1 — 2)6% + (1 — 2)5 — tan(20).
The derivative of the right hand side is bounded below by -3 75 on [0, 1], and so its minimum is achieved
at § = 0 and given by zero. Therefore, P(ci) C Ry for < || < 1. Finally, consider z = de'® for
3
0 € [Z,37]. We have

202
|P(5e)|* = \ 8)52¢20 4 (1 - 8)6e? 41|
- 52 10°+ 860 — 16° 4+ L0+ 6(2— 20 +26° — 36° + £6%) cos O + 6°(2 — 16) cos® §
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and e e

(1 —g)dsin(0) + (1 — §)5°sin(20)
1+ (1—2)dcos(d) + (1 — )62 cos(26)
5 37] into three cases, depending on the size of § and
value of 6. Let us first consider the size of |P(§ei9)|2. This quantity is a convex function of cos for

6 € [5,7], and so it achieves its maximum at one of the endpoints. Therefore,
[P0 )| <1 =67+ 16% 4+ 8364 — 16° 4 L5% 4+ max{—(2 — 95+ 26° — 367 + L5%),0}
_ 2, 153 6554 155, 16
=1-0"+ 30"+ 570" — 50” + 150"

arg(P(de"’)) = arctan

We break our analysis of z = de? for § € |

This quantity is strictly less than (1 — 1—126)2 for § € [%, 1], so we may now restrict our attention to
0 < %. If cos 6 < —%, then
|P(e)|* < 1- 624 16% 4 8560 - 167 4 Lo°

+ dmax{—(2 — %5 + %52 — %53 + %54), —1—12(2 — i& +26% — %(53 + 1—1654) + ﬁ5(2 — %6)}

— 115139424 23 ¢3 , 6944 97 ¢5 , 1 ¢6
- 69 = 1210” T 3580” + 510 1639 + 160 >

and the right hand side is bounded above by (1 — 1—12(5)2. All that remains is to consider the case where
o< % and —% < cosf < 0. When 0 and cosf are this small in magnitude,

Re(P(de)) =1+ (1 — 2)5cos(6) + (1 — $)57 cos(26) > 0.
Suppose, without loss of generality, that § € [F,7]. We aim to show that, in this regime, arg(P(de')) >
2§, or, equivalently, that
3
(1—2)5sin(0) + (1 — $)8%sin(260) > (1 + (1 — £) cos(d) + (1 — 2)52 cos(20)) tan(25).
1

We note that cos and cos(26) are negative, sinf > =, and sin(26) > —1 for 6 € [Z,arccos(—5)].

Combining these bounds with the inequality tan(z) < 2+ 323 for 0 < 2 < 1/2, it suffices to show that

B D) L0 - D97~ (30 A0 = 68— B - E) >0

- Therefore, P(6e”) C R%(S for € [Z,2F]. This

completes the analysis of the third and final portion of dDs, and so P(0Ds) C R 5
3

proof. O

By inspection, this is indeed the case for § <
completing the



