Electronic Journal of Linear Algebra ISSN 1081-3810

A publication of the International Linear Algebra Society
Volume 29, pp. 223-236, March 2016

ON THE SENSITIVITY ANALYSIS OF EIGENVALUES*

RAFIKUL ALAMT

Abstract. Let A be a simple eigenvalue of an n-by-n matrix A. Let y and = be left and right
eigenvectors of A corresponding to A, respectively. Then, for the spectral norm, the condition number
cond(A, A) := ||z||2 |lyll2/|y* x| measures the sensitivity of A to small perturbations in A and plays
an important role in the accuracy assessment of computed eigenvalues. R. A. Smith [Numer. Math.,
10(1967), pp.232-240] proved that cond(A, A) = ||z|2]lyll2/|y*z| = |ladj(AI — A)|l2/|p’(N)|, where
adj(A) is the “adjugate” of A and p’(\) is the derivative of p(z) := det(zI — A) at A. We extend

Smith’s condition number to any matrix norm || - || and show that
x* adj(A — A)* |«
condn, 4) = 107 _ 10~ 4]
|ly*a] I’ (M
measures the sensitivity of A to small perturbations in A, where || - ||« is the dual norm of || - ||. The

MATLAB command roots computes roots of a polynomial p(xz) by computing the eigenvalues of a
companion matrix C) associated with p. We analyze the sensitivity of X as a root of p(z) as well as
the sensitivity of A as an eigenvalue of C} and compare their condition numbers.
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1. Introduction. Computation of eigenvalues and eigenvectors of matrices is a
major task in Numerical Linear Alegbra and the sensitivity analysis of eigenvalues
plays an important role in the accuracy assessment of computed eigenvalues [14, 17, 6].
For example, the MATLAB command [U, D] = eig(A) provides a diagonal matrix
D € C™*™ whose diagonal entries are computed eigenvalues and a matrix U € C"*"
whose columns are computed eigenvectors satisfying (A + AA)U = UD for some AA
such that ||AA] is bounded by a constant multiple of the unit roundoff. Thus the
accuracy of the computed eigenvalues obtained by eig is strongly influenced by the
sensitivity of the eigenvalues of A to small perturbations in the matrix A.

Let C™*™ denote the set of n-by-n matrices with entries in C. Let A € C"*™ and
A be an eigenvalue of A, that is, rank(A — AI') < n. Then there exist nonzero vectors
x € C™ and y € C™ such that

Az = Az and y* A = \y*,

where y* denotes the conjugate transpose of . The vectors y and x are called left and
right eigenvectors of A corresponding to A, respectively. We refer to (A, y,z) as an
eigentriple of A. An eigenvalue A is simple if it is a simple root of the characteristic
polynomial p(z) := det(zI — A). We refer to (A, y, x) as a simple eigentriple of A when
A is a simple eigenvalue of A. We denote the spectrum of A by eig(A).
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Let A € eig(A). The condition number of A, denoted by cond(\, A), is given by

cond(\, A) := limsup dist(), eig(A + AA)),
[|AA|—0 HAA”

where dist(\, eig(A + AA)) := min{|\ — p| : p € eig(A+ AA)} and | - || is a matrix
norm. For the spectral norm, it was shown by Wilkinson [14, 15, 16, 17] that if
(A, y, ) is a simple eigentriple then

cond(\, A) = % (1.1)
YT

and that, for a sufficiently small || AA]|2, there is a simple eigenvalue A € eig(A+ AA)
such that |A —\| < cond(\, A)|AA|2 + O(||AA|]2). The condition number cond(\, A)
was introduced by Wilkinson for accuracy assessment of approximate eigenvalues
computed by backward stable algorithms [14, 15]. See [12, 13] for the sensitivity
analysis of multiple eigenvalues.

Starting from the condition number (1.1), Smith [10] derived an eigenvector free
expression for cond(\, A) which is given by

ladj(A — AD)[l2 _ [ladj(A — AT)]l2
lp'(V)] [Tz A =nl

where adj(A — M) is the “adjugate” of A — XI, p’(\) is the derivative of the charac-
teristic polynomial p(2) := det(z] — A) at A, and the product [, [A —p[ =p'(A) is
taken over all the eigenvalues of A except for A.

It is well known [17] that an eigenvalue p of A is multiple if and only if there exist
left and right eigenvectors u and v of A corresponding to u such that u*v = 0. Hence it
follows from (1.1) that a highly ill-conditioned eigenvalue of A, that is, an eigenvalue
with a large condition number, is expected to behave like a multiple eigenvalue when
A undergoes a small perturbation. On the other hand, it follows from (1.2) that a
simple eigenvalue belonging to a cluster of eigenvalues of A is expected to be highly
ill-conditioned and hence behave like a multiple eigenvalue when A undergoes a small
perturbation.

The main aim of this paper is to revisit sensitivity analysis of eigenvalues of
matrices and roots of polynomials. More specifically, our main contributions are as
follows.

e We extend (1.2) to any matrix norm. Smith derived the condition number (1.2)
from (1.1) for the spectral norm but the derivation is not amenable to generalization
to other matrix norms, see [10]. We take the reverse approach. First, we show that

cond(\, A) =

(1.2)

ladj(A — AD)*||.
cond(\,A) = ——————
(V)]
where adj(A — AI)* is the conjugate transpose of adj(A — AI) and || - ||« is the dual
norm of a matrix norm || - [|. Our derivation is concise and is independent of (1.1)
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and does not depend on the choice of a particular matrix norm. In particular, for the
spectral norm, we deduce yet another version of cond(\, A) in terms of the singular
values of A — A\I. Indeed, we show that

H;?;f oj(A—\)
Ip" (V)] ’

where 0;(A—A),j =1,...,n—1, are the nonzero singular values of A — A\I. Second,
for a simple eigentriple (A, y,z) of A, we show that adj(Al — A) = p'(Nzy*/y*x.
Hence we show that

cond(\, A) =

ladj(A =AD"l _ [lyz~{l.
(M) ly* ]

Thus we show that the eigenvector free version of cond(), A) and the eigenvector
dependent version of cond(\, A) are easy consequences of each other and that the
derivation is independent of the choice of a particular matrix norm.

e We analyze sensitivity of roots of a scalar polynomial p(x). The MATLAB com-
mand roots computes roots of a polynomial p(x) by computing the eigenvalues of a
companion matrix C), associated with p. We therefore compare the sensitivity of A as
a root of p(z) with the sensitivity of A as an eigenvalue of C),.

The rest of the paper is organized as follows. Section 2 presents sensitivity analysis
in an abstract setting and analyzes sensitivity of roots of scalar polynomials. Section 3
presents sensitivity analysis of eigenvalues of matrices. Section 4 provides a short
exposition of holomorphic perturbation of eigenvalues. Section 5 compares sensitivity
of X\ as a root of a polynomial p(z) with the sensitivity of A as an eigenvalue of a
companion matrix (), associated with p.

cond(\, A) =

2. Sensitivity analysis. Let V be a finite dimensional Hilbert space equipped
with an innerproduct (, ). If || - || : V' — R is a norm then || - ||« : V' — R defined by
lz[l := supy,=1{l{z, ¥)| : y € V} is a norm on V and is called the dual norm of || - ||.
It follows that [{x, y)| < ||| ||ly]|« for z € V and y € V.

For the special case when V = C™, we consider the standard innerproduct
(x, y) := y*x, where y* is the conjugate transpose of y. Similarly, when V' = C™*" we
consider the standard innerproduct (X, Y) := Tr(Y*X). Then || X||r = /(X, X)

is the Frobenius norm on C™*™. The spectral norm on C"*" is given by |[|Al2 :=

sup{|[ Azl : [|z[ls = 1}, where [[z[|3 := \/(z, x).
Let U C V be open and A : U — C. The directional derivative (also called the
Gateaux derivative) of A at A € U in the direction of H € V is given by

SA(A; H) = Tim 24T HD) = A(A)
t—0 t

when the limit exists. The derivative (also called the Frechet derivative) DA(A) of A
at A € U is a linear map DA(A) : V — C such that

IMA + H) — A(A) — DA(A)H|
1H]| 0 I H|

= 0.
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If DA(A) exists then DA(A)H = 6\(A; H) for H € V. Further, there is a unique vector
VA(A) € V, called the gradient of A at A, such that DA(A)H = (H, VA(A)) for all
H € V. Consequently, we have

IDA(A)[| = sup [DA(A)H| = [[VA(A)[l. = sup [0A(A; H)I. (2.1)
| H|[=1 |H|=1

Suppose that A is differentiable at A € U. Then the sensitivity of A(A) to small
perturbations in A is measured by the norm of the derivative DA(A). Thus the con-
dition number of A\ at A is defined by

cond(\, A) := [[DA(A)]| = [[VA(A)]]«. (2.2)

Note that the first order bound |AN(A + H) — A(A)| < cond(A, A)||H|| holds for suffi-
ciently small ||H|. If H € V is such that (H, VA(A)) = ||[VA(A)||+||H| then the first
order bound is attained, that is, |\(A + H) — A(A)| = cond(\, A)||H]||. In such a case,
H is called a fast perturbation for A\(A4).

Often the function A is defined implicitly and the task is to compute A(A4) and
analyze the sensitivity of A at A. This is specially the case for eigenvalue problems.
For implicitly defined functions, the implicit function theorem plays an important
role.

The Implicit Function Theorem: Let f : C" x C™ — C™ and V(f) :=
{(z,y) €e C* x C™ : f(x,y) = 0}. Let (a,b) € V(f). Suppose that f is holomorphic in
a neighbourhood of (a,b) and that

g_zi(avb) %(avb)
Oy f(a,b) == ' :
%’;‘ (a,b) --- 21{: (a,b)

is nonsingular. Then there is an open set U C C™ containing a and an open set
W C C™ containing b and a holomorphic function g : U — W such that

{(z,9(2)) : z € Uy = V()N (U x W).

This shows that g(a) = b and the graph of g is precisely the set of all (z,y) € U x W
such that f(x,y) = 0.

Let F: V x C — C be a smooth function. We denote the derivatives of F (X, z)
at (A, \) with respect to X and z by dx F(A,\) and 9,F (A, ), respectively. Then
for an implicitly defined function, we have the following result.

THEOREM 2.1. Let F : V x C — C be a smooth function and (A, a) € V x C
be such that F(A, ) = 0. Suppose that 0,F (A, a) # 0. Then there is an open set
U C V containing A and a smooth function X\ : U — C such that \(A) = Aa and
F(X,\X)) =0 for all X € U. Moreover, for X € U, we have

DAX)H = —dx F(X, NX))H/8.F(X,\(X)), for HeV, (2.3)
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where Ox F (X, \(X)) and 0,F (X, \(X)) are derivatives of F (X, z) with respect to X
and z, respectively, evaluated at (X, \(X)). Thus the sensitivity of A at A is measured
by the condition number

_ loxF (A, Aq)||
cond(Aa, A) : B F AN (2.4)
Proof. Since 0,F (A, a) # 0, by the Implicit Function Theorem, the smooth
function A : U — C exists satisfying the stated conditions. Again since F(X, A\(X)) =
0 for all X € U, differentiating with respect to X, we have 0 = Ox F'(X, \(X))H +
0. F(X,\X))DXX)H for H € V. Hence evaluating the derivative at A and using
the fact that A(A) = A4, the desired results follow. O
Let P,, C C|x] be the subspace of polynomials of degree at most m. For p €
P, let [p] € C™! denote the coordinate of p with respect to the ordered basis

(Lz,...,a™) of Pp. Then for p(x) = 7" a;z7 we have [p| = [ag,ar,...,am]".
Obviously the map P,, — C™*1 p — [p] is an isomorphism and (p, q)m = [q]*[p]
defines an innerproduct on P,,. If || - || is a norm on C™*! then ||p|| := ||[p]| defines

a norm on P, and ||p|l.« := sup{|{q, p)m| : |lg]| = 1} is the dual norm on P,,. For
plx) =300, ajz’, the conjugate polynomial p is given by p(z) := o ajal.
THEOREM 2.2. Let p(x) = ij:O ajz? and Ao be a simple root of p(x). Then
there is an open set U C Py, containing p and a smooth function A : U — C such that
A(p) = Ao and X(s) is a simple root of s(x) for all s € U. Further, for s € U, we have

_/_&m(s)
5(\)

DA(s)h = — = (h, =N, (8)/3(\))m and VA(s) =

for all h € Py, where s'(\) is the derivative of s(x) evaluated at A(s) and Ap(s) is a

polynomial given by A, (s)(x) := ijo()\(s))jxj. The condition number cond(Ag, p)
of the root \g of p(x) is given by

A (p)|+ Loy AT
cond(ro,p) = [DA@p) | = JAmPl _ Il Ao ol

P’ (Ao)] [P’ (Ao)]
In particular, if p(z) is monic then the sensitivity of Ao relative to perturbations in
the coefficients ag, . .., am—1 is measured by the condition number

[Am-1 @)l _ [IL, Ao, -, AT "l
P' (M) P (M)

cond® (Mo, p) =

Proof. Define F : P, x C — C by F(s,2) = s(z). Then 0,F(p, \o) = p (M) # 0
and 0sF (s, z)h = h(z) for all h € Py,. Hence DA(s), VA(s) and cond (A, p) follow from
Theorem 2.1. If p(z) is monic and the perturbations are restricted to ag, ..., Gm—1
then p(z) is perturbed to p(z) 4+ b(z) with b(z) := Z;.n:_ol bz Hence the sensitivity of
Ao is measured by the condition number cond® (\g, p) = sup {|DA(p)h| : h € Ppy_1} =

]\m— . 1-)‘ ””’)\m—l * .
Sup{|h(A0)/p/()\0)| th e mel} = d ‘p/(;\gl;)‘l‘ = l Olp/o\g)l Ll 0
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Suppose that p € P, is a monic polynomial and Ag is a simple root of p(x). Then
observe that [p'(Xo)| = [],,2x, [Ao — k| =: 6p(Ao), where the product is taken over all
the roots p of p(z) except for Ag. This shows that if §,(A\o) is small, that is, if Ao is
not well separated from rest of the roots of p, then A\g is expected to be sensitive to
small perturbations in p(x). By Theorem 2.2, we have

Ap + Ap) = Xo — (Ap, A (p))m /P (Xo) + O(]| Apl|?)

for all Ap € P, such that ||Ap]|| is small. Note that A(p) = Ao. Hence the first order
bound |[A(p + Ap) — A(p)| < cond(Ag, p)||Ap|| holds. A polynomial Ap, is said to be
a fast perturbation for A(p) if

(Ap, A (p))m /P (Mo) = [|Am (D) || Ap.c]l /35 (Ao)-

In such a case, we have |A(p+ Ap.) — A(p)| = cond (Ao, p)|| Ap«|| showing that the first
order bound for [A(p + Ap) — A(p)| is attained at Ap.,.

A fast perturbation can be constructed as follows. Let || - || be a norm on C™ and
xo € C™ be nonzero. Then it is well known that [18, 19]

Azl = {y € C™ : (o, y) = [[zoll and [|ly[[ =1}

is the subdifferential (subgradient) of the map = — ||z| at xo, where (z, y) := y*a.
If || - || is differentiable at z¢ then 9J||zo| = {V|xo|l}. In such a case, we have
[(V]|zol)]]« = 1 and (zo, V|xo|]) = ||zo]|. For example, if || - || is strictly convex
then it is differentiable on C™ \ {0}. For the special case of the Holder p-norm on C™,
it is easy to determine the subdifferential O|xo|, see [1, 18, 19].

Thus a fast perturbation for the root A(p) = Ag of p(x) is a scaled polynomial
it 0l An(p)/6' (30)]l. Indeed, for p, € Ol Am(p)/p(Mo)|l+ setting Ap. (z) := ep. (x),
we have (Ap., A (D))m /P (M0) = [[Am(P)|l«||Ap«]|/6p(Xo) and hence the first order
bound |[A(p + Aps) — A(p)| = cond (Ao, p)||Ap«|| holds for sufficiently small e > 0.

Generically, the condition number of a problem is inversely proportional to the
distance from the problem to the nearest ill-posed problem [7, 15, 16]. This is easily
verified for roots of polynomials. Suppose that p(x) is monic and has m distinct roots
Aty .oy A Let 73m denote the set of polynomials in P, having a multiple root. Set
dist(p, Pp,) := inf{||p — s|| : s € Py }. Then we have

PN s I Ay e ATl
dist ) < mi : J )
ist(p, Pm) < min cond(h;.7)

Indeed, we have p(z) = p'(\;)(z — Aj) + -+ p™(\;)(z — A;)™/m!. Now defining
Ap(z) == —p'(N\j)(z—N;), it follows that (p+Ap)(z) = ¢(z)(z—A;)? has a double root
at A;. Since [|Ap] = [p' () I T = NG T A, -, X7 /cond(Az, p),
the desired result follows.

3. Sensitivity of eigenvalues. We now generalize Smith’s version of the con-

dition number of a simple eigenvalue of a matrix to the case of an arbitrary matrix
norm. Our derivation is based on derivatives of eigenvalues and is independent of
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Wilkinson’s version of the condition number. We proceed as follows. The adjugate of
a matrix A € C"*" denoted by adj(A), is defined by

(adj(A));i = (=1)"* det(A(i, 7)),

where A(i,7) is the matrix obtained from A by deleting the i-th row and the j-th
column of A. Let det : C"*"™ — C denote the determinant map which takes a matrix
X to its determinant det(X). It is well known that Aadj(A) = adj(A)A = det(A)I.
Also det is a differentiable function and the derivative D det(A) at A is given by the
Jacobi formula

Ddet(4)X = Tr(adj(A)X) = (X, adj(A)*) for X € C"*". (3.1)

Note that Vdet(A) := adj(A)* is the gradient of det at A. Also note that adj(A) =0
when rank(A) < n — 1 and that adj(A4) # 0 when rank(A) > n — 1. For the special
case when rank(A) = n — 1, the following elementary result holds.

THEOREM 3.1. Let A € C"*". Suppose that rank(A) = n—1. Then adj(A) = vu*
for some nonzero vectors u and v such that Av = 0 and u*A = 0. Consequently,
we have Ddet(A)H = Tr(adj(A)H) = uw*Hv for all H € C"*"™ and Vdet(A) =
(adj(A))* = wv*. In particular, if X is a geometrically simple eigenvalue of A and
p(z) := det(zI — A) then p'(A) = Tr(adj(A — A)) = y*x for some left eigenvector y
and right eigenvector x of A corresponding A, where p'(\) is the derivative of p at .

Proof. Let R(A) and N(A) denote the range space and the null space of A,
respectively. Set X :=adj(A). Then XA = AX = det(A)I = 0. Now AX = 0 implies
that R(X) C N(A). This shows that X is a rank one matrix. Hence X is given by
X = vu* for some nonzero vectors u and v. Since R(X) = span(v) C N(A), we have
Av = 0. Similarly, X4 = 0 = A*X* = 0 = R(X*) = span(u) C N(4*), that is,
u*A = 0. By the Jacobi’s formula (3.1), Ddet(A)H = Tr(adj(A)H) = v*Hv for all
H € C™*™ and hence V det(A) = (adj(A))* = uv*. Finally, by the chain rule, we have
p'(A) = Tr(adj(AM — A)) = y*z. O

A well known result due to Wilkinson [17] states that A is a multiple eigenvalue
of A if and only if there exist left and right eigenvectors v and v, respectively, of A
corresponding to A such that «*v = 0. This is immediate from Theorem 3.1 when \ is
geometrically simple, that is, rank(A—\I) = n—1. Indeed, in such a case, p'(\) = y*x
which shows that p’(\) = 0 < y*z = 0. In fact, a more general result holds.

Let A : C — C™*™ be meromorphic and regular, that is, det(A(z)) # 0 for some
z € C. Let A € C. If rank(A()N)) < n then X is said to be an eigenvalue of A(z). If A
is an eigenvalue of A(z) then there exist nonzero vectors x and y such that A(A)z =0
and y*A(X) = 0. The vectors x and y are called right and left eigenvectors of A(z)
corresponding to A, respectively. If A is a multiple root of p(z) := det(A(z)) then A
is said to be a multiple eigenvalue of A(z).

THEOREM 3.2. Let A : C — C™ "™ be meromorphic and regular. Set p(z) :=
det(A(z)). Then we have p’'(X\) = Tr(adj(A(N))A’(N)), where p'(X) and A’(\) are the
derivatives of p(z) and A(z) at A, respectively. Further, X is a multiple eigenvalue of
A(z) if and only if there exist left and right eigenvectors u and v, respectively, of A(z)
corresponding to A such that u* A’ (X\)v = 0.
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Proof. By Jacobi formula and the chain rule, we have p’(\) = Tr(adj(A(X))A'(A)).
Further, if rank(A(\)) = n — 1 then by Theorem 3.1, we have adj(A(\)) = vu* for
some left eigenvector u and right eigenvector v of A(z) corresponding to \.

Suppose that A is a multiple eigenvalue. Then p’(\) = 0. If rank(A(\)) =n —1
then p’(A) = Tr(adj(A(N))A’(N)) = u*A’(A)v = 0. On the other hand, if rank(A(\)) <
n — 1 then, for any nonzero u such that u*A(X) = 0, the map

¢ :N(AN)) = C, z —~ u ANz

is a linear functional and hence ¢(v) = 0 for some nonzero v € N(A(A)). Hence the
desired result follows.

Conversely, suppose that there exist left and right eigenvectors y and x such that
y*A'(N)z = 0. If rank(A(N)) < n — 1 then adj(A(\)) = 0. Consequently, we have
p'(A) = Tr(adj(A(X))A’(A)) = 0 showing that A is a multiple eigenvalue. On the
other hand, if rank(A(X)) = n — 1 then p’(\) = Tr(adj(A(N))A’(N)) = v*A'(N)v =
aBy*A'(\)x = 0, where v = ax and v = By. This shows that A is a multiple eigen-
value.

Now consider the map F : C"*" x C — C given by F(X,s) := det(s] — X). If
A4 is an eigenvalue of A then obviously (A4, \4) is a solution of F(X,s) = 0. So, we
consider the algebraic variety V(F) := {(X,s) € C"*" x C : F(X,s) = 0}. We say
that (A, A4) is a simple point of V(F) if A4 is a simple eigenvalue of A. We now
show that if (A, A4) is a simple point of V(F) then there is an open set ) containing
A such that V(F) N (2 x C) is the graph of a smooth function @ — C, X — A(X)
such that A\(A) = 4.

Recall that (X, Y) := Tr(Y*X) for X,Y € C"*" is the standard innerproduct
on C"*™ and [|Y||. = sup| x| =1 [(X, Y)| is the dual norm of a norm || - [| on C"*".

THEOREM 3.3. Let A € C" ™ and \a be a simple eigenvalue of A. Then there
is an open set @ C C"*™ containing A and a smooth function \ : Q@ — C such that
AA) = Xg and A\(X) is a simple eigenvalue of X for all X € Q. Moreover, for X € Q,
we have

DAX)H = Tr(adj(AN(X)I — X)H) adj(A(X)I — X) ))*7

B det (WX = x) @ VAX) = (as det M(X)T — X

for all H € C"*™, where 05 det(N(X)I — X)) is the partial derivative of det(sI — X)
with respect to s evaluated at (AN(X), X). Thus for any matriz norm, the sensitivity of
the eigenvalue A\(X) is measured by the condition number

_ MadjAOT = X))l I(adi(A(X)T = X))*|[.

cond(\, X) := |0sdet M(X)I — X) | [Tr(adj AM(X)I — X))|

Proof. Consider the map F : C"*" x C — C, (X,s) — det(sI — X) and the
variety V(F) := {(X,s) € C"*" x C: F(X,s) = 0}. Obviously (A, A\4) € V(F). The
derivative of F(X,s) with respect to s evaluated at (A, A1) is given by 0sF(A, Aa) =
p'(Aa) # 0. Hence by the Implicit function theorem there is an open set €2 containing
A and a smooth function A : Q — C such that A\(A) = Aq and V(F) N (Q x C) =
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{(X,A(X)) : X € Q}. In other words, X +— A(X) is a smooth function on 2 such that
A(A) = Mg and F(X,A(X)) =0for X € Q. Since V(F)N(Q2xC) = {(X,A\(X)): X €
0} is the graph of X +— A(X) for X € Q, it follows that A(X) is a simple eigenvalue
of X for all X € Q. Indeed, if A\(Xy) is a multiple eigenvalue of X for some X, € Q
then the eigenvalue A4 and an eigenvalue g # Aa of A must move and coalesce at
A(Xo) when X varies from A to Xy. However, the intersection of two eigenvalue paths
(X, M(X)) and (X, (X)) with pu(A) = pa at (Xo, A(Xo)) would contradict the fact
that V(F) N (2 x C) = {(X, A\(X)) : X € Q} is the graph of the map X — A(X) for
X e

Since F(X, (X)) = 0 for X € Q, differentiating with respect to X, we have
DANX)H = —0xF(X,\NX))H/0sF(X,\(X)) for H € C"*", where dx F(X,\(X))
and 0, F(X, A\(X)) are derivatives of F(X,s) with respect to X and s, respectively,
evaluated at (X, A(X)). By Jacobi formula, OxF(X,\(X))H = —Tr(adj(A(X)I —
X)H) and 0,F(X,\(X)) = Tr(adj(A(X)I — X)). Hence the desired results follow
from Theorem 2.1. O

Observe that the condition number in Theorem 3.3 generalizes Smith’s condition
number (1.2) to the case of an arbitrary norm on C"*” when X = A. We now show
that Smith’s condition number of a simple eigenvalue is an immediate consequence of
Wilkinson’s condition number (1.1) and vice-versa. This follows from a representation
of adj(A) in terms of eigenvalues and eigenvectors of A. Note that if rank(4) =n—1
then by Theorem 3.1, we have adj(A) = vu* for some left and right eigenvectors u
and v of A corresponding to 0. On the other hand, if 0 is a simple eigenvalue of A
then for any left and right eigenvectors y and x of A corresponding to 0, it is easy to
see that adj(A) = —Tr(adj(A))zy*/y*x. More generally, we have the following result.

THEOREM 3.4. Let A : C — C™ ™ be meromorphic and regular and let (\,y,x)
be a simple eigentriple of A(z). Set p(z) := det(A(z)). Then we have

P(Nry* _ Tr(adj(A(N) A" (N))zy*
y*A'(N)x yr A’ (N ’

adj(A(A)) =

where p'(\) and A’(\) are the derivatives of p(z) and A(z) at A, respectively.

Proof. By Theorem 3.1, we have adj(A(\)) = vu* for some nonzero vectors u and
v such that A(A)v = 0 and u*A(X) = 0. Since A is a simple eigenvalue, we have v = ax
and u = By for some scalars a and 8. Thus adj(A(\)) = aBzy*. By Jacobi formula,
we have p'(\) = Tr(adj(A(N\)) A (N\)) = aBTr(zy*A'()\)) = aBy*A’'(\)z which gives
af =p'(\)/y*A'(\)x. Hence the desired result follows. O

Now, by considering A(z) := zI — A and a simple eigentriple (\,z,y) of A, it
follows from Theorem 3.4 that

adj(M — 4)  zy*

. 3.2

POy (32)
Hence the Smith condition number cond(\, A) = ||adj(A — AI)*||./[p’(A)] is an imme-
diate consequence of the Wilkinson condition number cond(X, A) = ||zy*||./|y* x| and

vice-versa. Indeed, we have the following result.
THEOREM 3.5. Let A € C™*™. Let (\a,y,x) be a simple eigentriple of A. Then
there is an open set  C C™*™ containing A and a smooth function A : Q — C such
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that N(A) = Mg and N(X) is a simple eigenvalue of X for all X € Q. Moreover,

Tr(adj(Aal — A)H)  Tr(adj(Aal — A)H) y*Hx

== 00 T mediOal - 4) e
C(adiQal = AN [ adjQal —4) T oy

for all H € C"*™ where p(z) := det(zl — A). For any matriz norm, the condition
number cond(Aa, A) is given by

[(adj(A = AaD)*[l« _ [[(adj(A = Aa D))" [« _ [lyz" |

CODd()\A,A) = |pl(/\A)| B |T1~(adj (/\AI—A))| N |y*~”€| '

Further, for a subordinate matrix norm, we have

cond(A, A) = ||(3dJ(AI— AaD))*l« Hy:i s _ IIyIIIHxII.
Ip'(Xa)l ly*a] [y 7]

Furthermore, for the spectral norm (as well as the Frobenius norm), we have

I(adj(A = AaD)ll2 TIi= 05(A=AaD) 2|2yl

cond(Ag, A) = = =
(A4, 4) PO Lo i~ lval

)

where 0;(A—Xal),j =1:n—1, are nonzero singular values of A—Xal and p varies
over all eigenvalues of A.

Proof. The derivative DA(A) and the gradient VA(A) follow from Theorem 3.3
and the equality (3.2). As for the condition number, we only need to prove the results
for a subordinate matrix norm and the spectral norm. For a subordinate matrix norm,
we have ||A|| = max{||Az| : ||z|| = 1}. Hence ||yz*||« = ||| ||yll+, where || - ||« is the
dual norm of the norm || - || on C™. Consequently, for a subordinate matrix norm, the
desired results follow from Theorem 3.3.

For the spectral norm, we have ||yz*||2 = ||z||2]|y||2- Further, by ([10], Theorem 4)
we have ||adj(A—Aal)||2 = H?fl 0j(A=Aal). Also we have p'(Aa) =[], .5, (Aa—p)
for all eigenvalues p of A. Finally, note that ||adj(A — Aal)|2 = ||adJ(A Aal)||F.
Hence the desired results follow from Theorem 3.3. O

Theorem 3.5 provides a first order perturbation bound for a simple eigenvalue of
A. Indeed, a first order bound as well as a fast perturbation for a simple eigenvalue
are as follows.

COROLLARY 3.6. Let (Aa,y, ) be a simple eigentriple of A. Then there is an open
set Q@ C C™*™ containing A and a smooth function A : Q — C such that A\(A) = Aa
and N\(X) is a simple eigenvalue of X for all X € Q. Further, we have

A(A + AA) = A(A) + (A4, VA(A)) + O(|AA|?)
= AA) + (A4, ya* Jz"y) + O(| AAJ)

and the first order bound |AN(A + AA) — A(A)| < cond(\, A)||AA]| for small ||[AA].
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If Z € Ollyx™||« then X := Z/sign(y*x) is a fast perturbation for \a, that is,
(X, VA(A)) = [[VA(A)]l« and the first order bound

IMA + £X) — MA)| = cond(, A)|[tX]

holds for sufficiently small |t|, where sign(z) := z/|z| if = # 0 and sign(0) = 1. In
particular, if ||lyz*||« = ||z| ||y« and, v € O|y||« and v € O||z|| then uv* € J||yz*| .
and hence X := uv* [sign(y*x) is a first perturbation for \a.

Let Vo(F) denote the set of simple points of V(F'), that is, (X, s) € Vo(F) if s is
a simple eigenvalue of X. Then the map C : Vo(F) — (C™*™, || - |)*, (4, A) — DA(A)
defines the condition map for eigenvalue problems such that cond(X, A) = ||C(4, N)]|,
where (C™*" || - ||)* is the dual space of (C"*™,| - ||). On the other hand, the map
K Vo(F) = (C™ || - [|+), (A, A) — VA(A) is the matrix representation of the
condition map C(A, A) such that cond(\, A) = ||IC(A4, \)|]..

4. Holomorphic perturbation. Let A : C™ — C"*" be holomorphic. The
analysis of the eigenvalues of A(t) when ¢ varies in C™ is a classical subject and has
been studied extensively, see [4, 8, 9, 5, 11] and the references therein, also see [3].
We mention that the holomorphic evolution of a simple eigenvalue A(t) of A(t) also
follows from the results in Section 3. For completeness, we provide a short exposition
of the holomorphic evolutions of simple eigenvalues of A(t). Our derivation is slightly
different from those in [11, 5].

THEOREM 4.1. Let A : C™ — C™*™ be holomorphic. Let \g be a simple eigen-
value of A(to) and, yo and xo be left and right eigenvectors of A(tg) corresponding
to Xo. Then there is an open set & C C™ containing to and a holomorphic function
A Q — C such that A(to) = Ao and A(t) is a simple eigenvalue of A(t) for all t € Q.
Further, for t € Q we have

At + h) = X(t) + DABOR + O([R3) = A(t) + (b, VA®) + O(||h]I3)
for sufficiently small ||h||2. The derivative DA(t) and the gradient V(t) are given by

i Tr(adiMOT — A0))dy; A(0)h; 3255, Tr(adj(A(B)T — A(1)) 9y, A(t))hy

DA(t)h = = T D) - Tr(adj(A(t)] — A(1)))
_ ([Mr(adiAO] = A1) A1), - - Tr(adi MO T — A(1))r,, A1))] )
VA(t) = < Tladi V0T — AR)) >

for all h € C™, where 0y, A(t) is the partial derivative of A(t) with respect to t; and
0.p(t, A(t)) is the partial derivative of p(t,z) with respect to z evaluated at (t, A(t)).
In particular, we have

oaro) T (AdiT — A(to) 258} T (adj(hol — A(to) 251 )y 2Alle)y 0I

8tj a azp(th )\0) - T‘I’(adj(/\of — A(to))) a yoxo

Proof. Counsider p(t, z) := det(zI — A(t)) for (t,z) € C™ x C and the analytic
variety V(p) := {(t,2) € C™ x C : p(t, z) = 0}. Then (to, \o) € V(p) and 9,p(to, \o) #
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0. Hence by the Implicit function theorem and following similar arguments as those
in the proof of Theorem 3.3, we obtain a holomorphic function A : 2 — C such that
Ato) = Ao and A(t) is a simple eigenvalue of A(t) for ¢t € Q. Again by Theorem 3.3
Tr(adj(A(t)I — A(t))DA(t)h

and the chain rule, we have DA(t)h = (adi(A() (H))DAMH) for all h € C™,

9:p(t, A(t))
where DA(¢) is the derivative of A(t). The derivative DA(¢) : C™ — C™*™ is a linear
map and is given by DA(t)h = 3770, 9, A(t)h; for all h € C™. Also 9.p(t, \(t)) =

J

Tr(adj(A(t)] — A(t))). Hence for h € C™, we have

S T (adj (AT — AW)I, AW by
Te(adi(\(DT — A(7) -

DA(t)h = (h, VA(t))

which yields the desired results O

Notice that the results in Theorem 4.1 can be easily extended to parameter depen-
dent nonlinear eigenvalue problems [3]. Let A : C™ x C — C"*", (t,2) — A(t, 2)
be holomorphic and regular, that is, for each ¢t € C™ there is a A € C such that
det(A(t,N)) # 0. If A(t) is a simple eigenvalue of A(t, z), that is, A(t) is a simple
zero of p(t, z) := det(A(t, z)) = 0, then the analyticity of A(¢) in a neighbourhood of ¢
and the derivative DA(t) can be deduced by applying the implicit function theorem to
p(t,z) = 0 at (¢, A\(t)) followed by the Jacobi formula for the derivative of determinant.

5. Sensitivity and linearization. Consider a monic scalar polynomial p(z) :=
2"+ a,-12"" 1+ - ~+ag. Then it is well known that the roots of p(z) are the eigenvalues
of the companion matrix

—ap-1 —0Qp-2 - —ag
1 0 0
Cp =

Indeed, det(zI — C,) = p(z) and hence p(z) is the characteristic polynomial of C,,.
The matrices of the form C), are also known as Frobenius companion matrices of
polynomials. The Frobenius companion matrices are the basic blocks in the rational
canonical forms of matrices. The MATLAB command roots uses Frobenius companion
matrices for computing roots of scalar polynomials. So, suppose that the roots of
p(z) are computed by solving the eigenvalue problem Cj,v = Av. This raises a natural
question: How is the sensitivity of X\ as a root of p(z) related to the sensitivity of
A as an eigenvalue of C,7 This is a pertinent question because the sensitivity of
eigenvalues influence the accuracy of the computed eigenvalues. Thus, with a view to
providing an answer to the question, we compare the condition numbers cond(), p)
and cond(A, C).

PROPOSITION 5.1. Let X be a simple root of p(z). Then X is a simple eigenvalue
of Cp and v :=[A\""1 ... \1]T is an eigenvector of C, corresponding to \. Further,

=LA+ Gty AT @ AT ao) +ag]
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is a left eigenvector of C, corresponding to \. Furthermore, u*v = p'(\) and that
adj(Al — Cp) = vu*, where p'(\) is the derivative of p(z) at A. Thus we have

A = Gl [l
condAG) = "= - o

Proof. 1t is easy to see that Cpv = Av and u*C), = Au*. A simple calculation
shows that u*v = p’(\). Hence by Theorem 3.4 we have adj(A — Cp) = vu* and
the desired expression for cond(A, C}) follows from Theorem 3.5. This completes the
proof. O

Set A,, :=[1,\,...,A"]T. Then recall from Theorem 2.2 that the condition num-
ber of A as a root of p(z) is given by cond(\,p) = ||[A,|l«/|p’(N\)|. We now compare
the sensitivity of A as a root of p(z) with the sensitivity of A as an eigenvalue of C,.

THEOREM 5.2. Let p(x) := det(zI — Cp) and X be a simple eigenvalue of Cyp,. Let
u and v be as in Proposition 5.1 and A, := [1,\,...,\,|". Then, for the spectral and
Frobenius norms, we have

lull:  _ cond(ACp) _ V3 ul

VITRAE =~ cond(hp) ~ T2

Proof. By Theorem 2.2 and Proposition 5.1, for the spectral and Frobenius norms,
we have cond(), Cp)/cond(A, p) = ||v]2/|ull2/]|Anll2. Now a straightforward calcula-

tion shows that
2
| VDRl s
[Anl2

which yields the desired bounds. O

Note that ||u|l2 > 1 and ||u||s = oo as |A| = oo. Thus, a root A of p(x) with a large
absolute value is more ill-conditioned as an eigenvalue of C), than as a root of p(x).
This is to be expected as cond(\, C}) measures the sensitivity of A to an arbitrary
small perturbation AA to C), and the perturbed matrix Cp + AA almost always will
not be a companion matrix. Since the perturbed matrix C}, + AA cannot be expected
to be a companion matrix, restricting the perturbation AA such that C, + AA is
a companion matrix we obtain structured sensitivity analysis of A. Observe that if
b= [bh_1,.. .,bo]T € C" then AA := —eb' is a structure preserving perturbation
of Cp, that is, Cp + AA is a companion matrix of the polynomial (p + Ap)(z) =
2"+ (ap_1+bp_1)x" 14+ (ag+bo), where e; = [1,0,...,0]T € C". The sensitivity
of an eigenvalue A\ of C, relative to perturbations of the form e;b' is measured by
the structured condition number of A which we denote by conds(/\,Cp). Then by
Theorem 3.5 we have

cond®(\, C,) = sup{|(e1b", uv* /v*u)| : b € C" and |le;b*| = 1}. (5.1)

Also recall from Theorem 2.2 that cond® (A, p) measures the sensitivity of A relative to
small perturbations Ap(z) € P,—_1 to p(x). In such a case, the perturbed polynomial
p(z) + Ap(z) is again a monic polynomial.

PROPOSITION 5.3. Let p(z) := det(xl — C}) and X be a simple eigenvalue of Cp.
Let w and v be as in Proposition 5.1. Then, for the spectral and Frobenius norms, we
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have
vl vl
condS (A, C,) = cond(, p) — = :
R ) = eondT B = R0 T

Proof. By Theorem 2.2 we have cond® (X, p) = ||v||2/|p'())]. Since

[{e1b™, uwv™ /v u)| = |b v|/|u"v]

and p'(\) = wu*v, taking supremum over ||bl|z = 1 for b € C”, by (5.1) we have
cond®(\, Cp) = Aolle - lvlle cond®(\, p). O

IO T Jur]
We mention that the results presented in this paper can be generalized, with

appropriate modifications, to nonlinear eigenvalue problems, see [2].
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