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Abstract. Let g: E — F be an analytic function between two Hilbert spaces E
and [F. We study the set g(B(x, €)) C IF, the image under g of the closed ball about
x € E with radius e. When g(x) expresses the solution of an equation depending on
x, then the elements of g(B(x, €)) are e-pseudosolutions. Our aim is to investigate
the size of the set g(B(x, ¢)). We derive upper and lower bounds of the following
form:

8(x) + Dg(x)(B(0, c18)) € g(B(x, €)) € g(x) + Dg(x)(B(0, c2¢)),
where Dg(x) denotes the derivative of g at x. We consider both the case where g is

given explicitly and the case where g is given implicitly. We apply our results to the
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implicit function associated with the evaluation map, namely the solution map, and to
the polynomial eigenvalue problem. Our results are stated in terms of an invariant y
which has been extensively used by various authors in the study of Newton’s method.
The main tool used here is an implicit y theorem, which estimates the y of an implicit
function in terms of the y of the function defining it.

1. Introduction and Main Results

This work is motivated by the computation of lower and upper bounds for the
pseudospectra of matrices or, more generally, of matrix polynomials

P(A, M) =A"Ap + A" Ayl + -+ + Ao, (1.1

where A = (Ao, A1, ..., Ay) is an (m + 1)-tuple of complex matrices. The
e-pseudospectrum of such a problem is the set of complex numbers A that are
eigenvalues of the perturbed matrix polynomial P (A+E, 1) where the perturbation
E=(Ey, Ey,...,E,)issuchthat |[E| <e.

More generally, we consider an analytic function g between two Hilbert spaces
E and IF,

g E—T.

E is viewed as a set of inputs and [F as the set of outputs for a certain problem
and g(x) is the solution or output associated with the input x € E. The question
of pseudospectrum may be generalized in this context as follows: we call an &-
pseudosolution any element of the set g(B(x, ¢)), the image under g of the closed
ball B(x, ) about x with radius ¢. To estimate the size of this set a first approach
is to consider its first-order approximation

8(B(x,¢)) = g(x) + Dg(x)(B(0, £)),

where Dg denotes the derivative of g. Our objective is to find two constants ¢; and
¢2, which depend on g and x, such that the following inclusions hold:

g(x) + Dg(x)(B(0, c1¢)) € g(B(x,¢)) C g(x) + Dg(x)(B(0, cz¢)),

that is, to compute upper and lower estimates for the size of pseudosolutions in
terms of the linear function Dg(x) which, at least in principle, should be easier to
compute than g.

We recall that for a surjective and bounded linear operator L: E — F between
two Hilbert spaces, its pseudoinverse (or Moore—Penrose inverse) is defined by

L' =L*LL")™

with L* the adjoint of L. We refer to Luenberger [10, Section 6.11] for properties
of Moore—Penrose inverses. Let x € [E be such that Dg(x) is onto. Shub and
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Smale [13] defined

; Dkg(x) 1/(k—1)
y(g,x) = sup | Dg(x)"' —=— ; (1.2)
k=2 k!
where || - || is the norm defined by the standard Hermitian inner product.

By the root test we have that the radius of convergence r of the Taylor series
of g at x satisfies r > 1/y(g,x). But y(g, x) is a finer invariant than r. It is,
for example, used in measuring the domain of quadratic convergence of Newton’s
method, see [2].

Our first main result is the following:

Theorem 1.1. Let x € E be given such that Dg(x) is onto. Let A, ¢, and ¢ be
three real numbers satisfying

V2 2—x
05}\.<1—7, C:m, OSSJ/(g,X)S)\
Then
g(x) + Dg(x)(B(0, e(1 — cey (g, x)))) S g(B(x, ¢)),
and

g(B(x.#)) € g(x) + Dg(x) (B <0, ;» .
1 - 8'}/(g, x)

Thus we have accomplished our goal with the constants ¢; = 1 — cey (g, x)
and ¢; = (1 — ey (g, x)) ! expressed in terms of y (g, x). Note that ec| and ec,
are asymptotically equal to & when ¢ tends to 0.

Theorem 1.1 is not completely satisfactory for our purposes. In general, the
solution map g is not given explicitly but via the implicit function theorem. To be
more specific,

ffExF—>G

is an analytic function between Hilbert spaces, f(x, z) = 0, and D, f (x, z) is an
isomorphism where D, denotes the partial derivative with respect to the second
variable. In such a case there is a unique analytic map g defined in a neighborhood
V of x in E, taking its values in a neighborhood of z in I and such that

gix)y=z and f(y,g(y))=0 foreach yeV.

Important examples of maps g defined via the implicit function theorem are given
by:

(i) The evaluation map

eval(u, x) = u(x)
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which is defined for any u in a space of functions defined on a domain
Q contained in a Banach space H with range in C", and any x € Q. The
implicit function g associated with the evaluation map is called the solution
map and denoted by sol.

(i) The polynomial eigenvalue problem which consists of finding scalars A and
nonzero vectors x € C" satisfying

f(A, (x,A) = P(A,M)x =0,

where P (A, )) is a matrix polynomial defined as in (1.1).

When D, f (x, z) is an isomorphism we define

Dkf(x, Z) 1/(k—1)

k!

DZf(xa 2)71

v (f,x,2) =sup
k>2

where the kth derivative is taken with respect to (x, z) and
u(fox,2) = A+ID2f(x, )7 D1 f(x, DIH2
In addition, when D f(x, z) is onto, we let
w'(f. x, 2) = max(1, [|(D2.f (x, 2)"' Dy f(x, 2)"]D.

We use these three invariants to compute a domain of definition for the implicit
function g. The result is stated in the following proposition:

Proposition 1.2. When f(x,z) = 0 and D, f (x, z) is an isomorphism, the im-
plicit function g is defined and analytic on the ball about x with radius

3-2V2
,u(f,x, Z)yZ(fvx’ Z)'

A serious difficulty is to compute y (g, x) as defined in (1.2) when g is given
implicitly. In the next theorem we estimate this quantity in terms of y»(f, x, 2),

w(f,x,z),and u'(f, x, 2).

Theorem 1.3. When f(x,z) =0, D, f(x, 2) is an isomorphism, and D f (x, 2)
is onto, we have

y(g.x) < G+ 2V2)u' (f. x, Dulf, x, 2*ya(f, X, 2),
and

)/Z(fv'x’ Z) =< M(fv X, Z)y(fv X, Z)-
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We now rewrite Theorem 1.1 for the Implicit Function Theorem context.

Theorem 1.4. Let x € E and z € F be such that f(x,z) =0, Dy f(x,z) is an
isomorphism, and D f (x, 7) is onto. Let A, ¢, r, and ¢ be such that

V2 2

0O<i<l1-22 =2
2 2(1 — 1)2

r=G+2V2)ul(f, x, Dulf, x, 22 (f, x, 2),

and

Then

g(x) + Dg(x)(B(0, e(1 —cer))) < g(B(x,¢€))

C g(x) + Dg(x) (B (0, : ))
1—e¢r

Note that since u(f, x,z) > 1 and u¥(f, x, z) > 1 the ¢ in Theorem 1.4 satisfies

. < 1-+2/2 - 3-242
T B4 2Vt x DS x, D (fx, ) T r(fix,Dva(fix, )

Thus, thanks to Proposition 1.2, g(B(x, ¢)) is well-defined and Theorem 1.4 makes
sense.

We prove Theorem 1.1 in Section 2 and Theorem 1.3 and Proposition 1.2 in
Section 3. Pseudoroots of the evaluation map are considered in Section 4. We
give a version of Theorem 1.4 adapted to the polynomial eigenvalue problem in
Section 5 and relate this result to the e-pseudospectrum of the corresponding matrix
polynomial.

2. Proof of Theorem 1.1

We first prove the inclusion

g(B(x, ) C g(x) + Dg(x) (B (0, 4)) .
I —e¢ey(g. x)

Let v € E be such that ||v]] < ¢ and let u = Dg(x)"(g(x + v) — g(x)). Since
Dg(x)Dg(x)" = idp, where idr denotes the identity operator on IF, we have

g(x +v) = g(x) + Dg(x)u.
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From the Taylor expansion for g at x we getu = Y, Dg(x)*(D*g(x)/k!)v* so
that

e llv] e
lull < o] (1+Zy(g,x>" Holl* ') = <

k=2 L=y x)lvll — 1T-y(g e

which proves the first inclusion.
For the second inclusion we aim to compute a number « > 0 such that

g(x) + Dg(x)(B(0, ex)) C g(B(x, €)).

Suppose that g(x) = 0. Given u such that ||u|| < ex we want to find y satisfying
lx — y|l < e and Dg(x)u = g(y). Clearly we can suppose that u € ker Dg(x)*
and we look for y in the same space. We define

h: ker Dg(x)t — ker Dg(x)™, h(y) =u —Dg(x)'g(y) + y.

Suppose that i has a fixed point y € B(x,¢), that is, h(y) = y. This gives
u—Dg(x)'g(y) +y =ysothat u = Dg(x)"g(y). Since Dg(x)Dg(x)" = idy we
have Dg(x)u = g(y) which completes the proof. |

To prove the existence of such a fixed point we use the contraction principle: i
has a fixed point as soon as this map is a contraction from B(x, ¢) into itself. A
bound for the contraction constant is obtained from a bound on the norm of the
derivative

Dh(y) = idp — Dg(x)"Dg(y)

. “ k+1 x
= idp — Yo Dg(x) 28D (y — )

. Dk+1
= Y gy 2 iy

!
=1 k!

because Dg(x)"Dg(x) is the identity on ker Dg(x)~. Thus

IR < Y (k+ Dy (8. x) Iy — x|*
k>1

1 v(2—v)

T d—y@oly—xD? T (1=

with v = y(g,x)|ly — x||. Since ||y — x|| < &, v < y(g,x)e < A so that, for
A <1—42/2,

v2—v) A2-1)
IDRON = (=5 = o

Thus 4 is a contraction. From the same inequality we have

2-»
(I—=2)?

IDh()|| <

v(g Xy — x|l
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and, by integrating,

1
A (y) — ()|l = H/O Dh(x +1t(y —x)(y — x)dt

L@2-5) . 2
5/0 @0l — P = ey Dl — I

This yields
IR(y) = x|l < Ay = )| + 1h(x) — x| < ey (g, )y = xII* + llull.

If [u]] < e(1—cy(g, x)e),thency (g, x)||y—x||*+|lu|| < e and A is a contraction
from B(x, ¢) into itself. This proves the existence of a fixed point for 4 and achieves
the proof. O

3. Proof of Theorem 1.3 and Proposition 1.2

To prove Theorem 1.3, we need to estimate the y of an implicit function. We
first consider the case of an inverse function. Similar questions have already been
investigated by Kim [8], [9] for complex functions of a single variable. The fol-
lowing lemma is a classical result [1, Section 2.4.A]. It gives the kth derivative of
the composition of two maps.

Lemma 3.1. Let f and h be smooth maps between Banach spaces. For any x,
X1, ..., Xy in the source space for h we have

DX(f o W) (x)(x1, ..., xz)
k
=YD D)D" h(x)(;, j € N, ..., D h(x)(x;, j € Ni)),
i=1 N

where the second sum is taken for all the partitions N = {Ny, ..., N;} of the set
{1,...,k}and v; = |N;| (thus v; > 1 and vy + - -- +v; = k).

The next two theorems are proved using standard majorant series techniques
from complex analysis (see Cartan [3]) and Lemma 3.1.

Theorem 3.2. Let p(z) = z — Y pon (Vi /kD)Z* be an analytic function of one
variable and let P: E — E be analytic and such that

P(0) =0, DP(0) = idg, ID¥PO)I| < w.

Let g and Q be the compositional inverses of p and P, respectively, which are
defined and analytic in a neighborhood of 0 € C and 0 € E, respectively. Then

ID*Q(0)| < D*q(0).
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Proof. The proof is by induction. For k = 1,
IDQO)|| = llide|l = 1 = Dq(0).

For k > 2, since 0 = || D¥idg(0)|| = || D*(P o Q)(0)||, by Lemma 3.1 we have,
with similar notations,

k
ID*Q)] = “—ZZDiP(O)(D”‘Q(O),-..,D”"Q(O))‘
i=2 N
k ) i
< Y Y I POITIDY QO
i=2 N j=1
k i
< =X > w[][P7qO]| = D*q(0)
i=2 N j=1
also since 0 = D¥(p o q). |

Now we can estimate y (Q, 0) in terms of y (P, 0).

Theorem 3.3. Let P: E — E be analytic, P(0) = 0, DP(0) = idg, and let Q
be the inverse of P. Then

y(0,0) < (3 +2v2)y(P,0).

Proof. This theorem is a consequence of Theorem 3.2. Since ||D*P(0)| <
y (P, 0)*~'k! we take here

o0
_ Z
P(Z):Z_E (PO =7~z Y =w,
k=2 l—vyz

where we write y for y (P, 0). The corresponding inverse function z = g(w) is
given by the equation

2y —(U+ywz+w=0

so that

14+ yw— /1 —6yw+ (yw)?
4y '

According to Theorem 3.2 we have || D*Q(0)|| < D*q(0), so that

Dk 0 1/(k—1) Dk 0 1/(k—1)
1(0.0) = sup ID* Q) < sup q(0) .
k=2 k! k>2 k!

3.1

qg(w) =
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The conclusion is obtained from the inequality

k 1/(k—1)
sup (D ]f'(o)) < (3 +2v2)y(P,0). 3.2)
k>2 .

To prove (3.2), we consider the function V (x) = +/1 — 6x + x2. This function
has a Taylor series expansion at the origin with radius of convergence 3 — 2+/2.
Let

o0
Vix) = Zb,,x" =1—xU(x) (3.3)
0
with
U@ =Y an" =3+4x+ 1262 4. (3.4)
0

Note that by = 1, —b,+; = a, for n > 1, and, along the real line, V(x) is
decreasing from 1 to 0 and U (x) is increasing from 0 to 3 + 2+/2 as x increases
from 0 to 3 — 2+/2. Since

0] n

2
V(x)? = (i b,,x") = Z bibp_ix"
0 0

n=0 k=

we get
—2byy1 = Zbkanrlfk
oy

for all n > 2 and, consequently,

n
2an+l = E A Qp—k
k=0

for all n > 1. From this identity we deduce a, > O for all » > 0 and also
an+1 > 3a, foralln > 1. Suppose thata, > B" for some B > 3 + 24/2 and some
n necessarily > 3. Let x( be such that

1
< X

1
1 -
B """ 31202

This is possible since 0.17 < 1/(3 + 24/2). Since 0.51 < 3x < 1 we have

and 0.17 < xp.

oo

B"x;)
E akx(’)‘ > U 2B"x; > 2.
p— 1-— 3)60

Thus
U >34+4x0.17+12x 0172 +2>3+22
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which is an invalid value for U in the interval [0, 3 — 2«/5). For this reason
0<a, <(3+2v2)" foreach n > 0.

We now come back to the function g (w) in (3.1) which we rewrite as

w4 wd o an(yw)”
4

q(w) =

using (3.3) and (3.4). Hence, for all k > 2,

Dklzl!(O) =l 1yF < 13+ 2V
so that
(Dkli]!(O)> - < HVIG+2Vy = B+ 2V2)y
which proves the inequality (3.2). O

Corollary 3.4. Let H: E — E be analytic, H(x) = y, and let DH(x) be an
isomorphism. Then the inverse H™" of H is defined and analytic in the ball about
y with radius

1
(3 +2V2)y(H, x)|DH(x)"|

Proof. Let P = DH(x)"'H so that DP(x) = idg and define Q = P~!' =
H7 "o DH(x). Then H~! = ODH(x)~! so that

DH™' = D*QDHx)™',...,DH(x)™ ")
and
ID*H"|| < ID*QIIDH() ™| < ky(Q)* M IDH ) I~

Then using Theorem 3.3 we obtain

k(34 2v2)y (P) N IDH(x) ™! |F
k(3 +2v2)y (H) YIDHx) |,

IDXH|

IA

so that

lim su
k—o00

( IDH )|
p e —

1/k
= ) < B +2V2)y (H)IDH)™|. u
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3.1.  Proof of Theorem 1.3

Let H: E x F — E x G be defined by

H(u, v) = <f(: v)), (3.5)

and let IT,: Ex F — F,IIh(u,v) = vand I: E - E x G, I(u) = (u, 0).
According to these new notations, the implicit function g is equal to

g=ThoH ol

The derivative of H and its inverse are given by

DH _ idg 0
(.29 = Dif(x,2) Dif(x,2)]’

DH(x,z)”!

ld]]; 0
D' f(x,)Di f(x,2) Dy'f(x,2))"

The kth derivative of H is equal to

X _ 0
D H(X,Z)— (Dkf(x,z))’
so that y (H, (x, 7)) = y2(f, (x, 2)). We have

y(g,x) = y(IH "I, x)

Dkal(x 0) 1/(k—1)
= sup |(IT,DH ' (x, 0) ) T, ———(1, ..., I)H
k=2 k!
< sup ||[(TLDH ' )T /&= D), /&1
k>2
D*(H™'DH(x, 2))(x, 0)
x k!
1/(k—=1)
x (DH(x,z)"'I,...,DH(x,2)"'D)
< sup ||(TL,DH~'1)||/*=D

k>2

DN(H™'DH(x, 2))(x,0) |/*7"

k!

x || T/ *=D

x [|[DH(x, z) = T||F/*=D,
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Since || T1,]| < 1 we get

y(g,x) < max(l, [(TLLDH D)

D*(H™'DH(x, 2))(x, 0) | /¢

b

x max(1, ||DH(x, z)~"I||%) sup

k>2 k!
and as
IMLDH ' D = I(=D2f (x, 2) "' D1 f(x, 2)"1,

we have

max(1, [(TLDH'D|) = 1 (f, x, 2).
From

id
DH(x,z)"'I = o, e ,
(. 2) (—D2 Uf (2D f (. z))

we obtain

max(1, [DH(x,2) "' I1*) = (1 + | D5 f(x, 2) D1 f(x, DII*) = n(f, x, 2)*
For these reasons, and since D(H "'DH(x, z))(x, 0) = id, we have
y(g.x) < u'(f,x, 2u(f. x, 2y (H'DH(x, 2), (x, 0)).

From Theorem 3.3, y(H 'DH(x,z2), (x,0)) < (3 + Zﬁ)y(DH(x,z)’lH,
(x, z)) and since

y(DH(x,2) "H, (x,2)) = y(H, (x,2)) = 2 (f, (x, 2)),
we conclude that

y(g, x) < B+ 2V2)uU' (f, x, Dl f, x, %02 f, (x, 2)).

We now estimate y» (f, (x, z)) in terms of y (f, x, z). Since Df (x, z) is onto we
have Df (x, z)Df (x, z)T = id so that

ya(f, (x,2)) = sup [Drf(x,2)”"

k>2

Dkf(x,z) 1/(k—1)
=]

Dfe, o) |4

D> f (x, 2)”'Df (x, )Df (v, ) ——

= sup
k=2

max(1, | Dy f (x,2)"'Df(x, 2)|)

Dkf(x, Z) 1/(k—1)
k!

IA

x sup || Df (x, z)lf

k>2
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3.2.  Proof of Proposition 1.2

This proof uses Corollary 3.4 applied to the function H defined in (3.5). We
use the same notations as in the proof of Theorem 1.3. We have || Dfg(x)| <
| D¥H=(x, 0)||. Thus g is defined and analytic in the ball about x with radius

1/(3+2v2)y(H, x, 2)IDH(x, 2) ") < 3=2v2)/(pa(f, x, Du(f, x, 2)). O

Remark 3.5. Proposition 1.2 is also valid in the context of Banach spaces.

4. The Evaluation Map
4.1. General Results

In this section we apply our theorems to the function eval. For any i, 1 <i < n,
let H; be a Hilbert space with scalar product (-, -); contained in C%, the space of
functions from 2 to C with €2 a given open subset in C", and such that, for any
x € 2, there exists a positive constant C; , with

lu; ()| < Cixlluill;
for any u; € H;. In other words, Dirac’s map
8,: H; — C, O (u;) = u;(x),

is a linear and bounded operator on H;. According to Riesz’s Representation
Theorem, there exists a two variable function

hi: QxQ—C

such that:

(1) h;i(-,x) € H; for any x € Q; and
) u;(x) = (u;, h; (-, x)); for any u; € H; and for any x € Q.

We call h; the reproducing kernel (or Aronszajn—Bergman reproducing kernel) of
H;, see K. Yosida [19]. Note the following elementary facts:

(1) hi(x,y) = hi(y, x) = (hi (-, y), hi (-, x));.

2) 22,1:1 AkArhi (xg, x;) > 0, for any positive integer n, and for any A, € C
andx; € 2,1 <k <n.

(3) The subspace in H;, generated by k; (-, x), x € €2, is dense in Hj.

We now consider H = H; x H, x - - - x H,, endowed with the product structure
and define eval: H x Q — C" by

eval(u, x) = u(x) = [u; (x), ua(x), ..., uy(x)]".
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We have the following lemma:

Lemmad4.1. Letu € H and x € Q2 be given. Suppose that u(x) = 0, Du(x) is
an isomorphism, and v € H — v(x) € C" is onto. Then

Djeval(u, x)v = v(x), “.1)
Djeval(u, x) = Du(x), “4.2)
ya(eval,u, x) = y(u, x), “4.3)
p(eval, u, x) = (1 + [[Du(x)~" diag((-, hi ¢, x)) )"/

12
< (1 + [Du(x)~"|1? max hi(x, X)) ) 4.4)

' (eval, u, x) = max(l, || diag(h; (x, x)~"/*)Du(x)]|)

IA

sis<

-1/2
max(1,||Du(x)|| <lmin hi(x,x)> ) 4.5)

Here, diag({-, h; (-, x));) is the linear operator defined by
veH — (v, hi(-, x));) € C*

and diag(h; (x, x)~'/?) is the diagonal matrix with entries equal to h;(x, x)™'/?,

1<i<n.

Note that 4; (x, x) # 0 otherwise v — v(x) cannot be onto. Thus the diagonal
matrix diag(h; (x, %) is nonsingular and its inverse is well defined.

Proof. Equations (4.1), (4.2), (4.3), and (4.4) are obvious. To prove (4.5) we first
compute the pseudoinverse of

Dy eval(u, x)~' Dy eval(u, x) = Du(x) ™" diag((-, h; (-, x));).

The kernel of this operator is the set of v € H with v(x) = 0. This last equation
may be interpreted as orthogonality relations between v and

©, ..., 8, x),...,07, 1<i<n.
For this reason the orthogonal complement to this kernel is the set of
ahiCox), ooy Ay x), e Al (- x)T
with A € C". The pseudoinverse of D; ' D satisfies
(D' D) i = (ahiCox), oo Ak x), ey Aah G x))T

and

Dy Dy (ihy (o x)s oy Mihi (), o A (o X)) = e
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This gives
Du(x)~Vdiag({-, ki (-, X)) i) Aihy (-, X)s ooy AihiGox), e, Ak (- x))T
= Du(x)~" diag(h; (x, x))A = L,
so that
A = diag(h; (x, x) ") Du(x) .

The norm of this pseudoinverse is given by

(X palhe. )"

|| diag(h; (x, x)/*)A]|
I diag(h; (x, )™ /*)Du(x) |

1Dy D) ]

IA

1Du(x) | (lmin h,»(x,xr”z) : m

Let u € H and x € € such that u(x) = 0, Du(x) is an isomorphism, and
v € H — v(x) € C" is onto. The implicit function associated with the evaluation
map is called the solution map and denoted by sol. Thus,

sol(u) = x and eval(v, sol(v)) =0

for any v in a neighborhood of u.
In what follows, we consider two important examples of Hilbert spaces and
associated reproducing kernels.

4.2.  Analytic Systems in the Unit Ball

Let (L*> N H)(B) be the space of square-integrable holomorphic maps defined
on the unit ball B in C". It is a Hilbert space when endowed with the product
(f.8) = [y f(2)g(z) dv(z). Here dv is the normalized Lebesgue measure on B
sothatdv(B) = 1. We also have dv = (n!/n")d u with d u the Lebesgue measure
normalized so that the unit cube has measure 1. The reproducing kernel is the
Bergman kernel 4(-,z) = (1 — (-, z)) "' and

o) / £ (w) dv(w)
B

(1 = (z, wpr*t

See Rudin [12]. When we take for H the product of n copies of (L*> N H)(B) we
have

diag((-, 2i ¢ DI = (1 = [z~ "FD72,

Idiag(hi(z, )~ = (1 = JzH"+D72.
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According to Lemma 4.1 we obtain the following estimates:

y(u, z),
< (L+IDu) P = [zl H2,
w'(eval, u, z) < max(l, [|Du(z)|l(1 — ||z||H V73,

y2(eval, u, z)

A

u(eval, u, 7)

In the context of analytic systems of equations defined on the unit ball, Theo-
rem 1.4 becomes

Theorem 4.2. Letu € H and z € B be such that u(z) = 0, Du(z) is an isomor-
phism. Let A, c, r, and € be such that

V2 22
0<ir<l——, - "
< 2 €= 0P
r = (3+2v2)max(1, |Du(z)|(1 — ||z]|>)"+D/?)

x (1 + 1Du(z) 11 = zIH) ™" Dy (u, 2),

and
0<er <a.

Then, y (sol, u) < r and, forany v € Hwith ||v|| < e(1 —cer), there exists w € H,
[[u — w]|| < & such that

7z — Du(z2) " 'v(z) = sol(w).
Moreover, for any w € H with |lu — w|| < ¢, the following inequality holds:

&
Isol() — sol(w)l < 1Du() " I(1 = llz) =" /2 e—o.

Proof. We use Lemma 4.1 and the estimates for y,(eval, u, z), u(eval, u, z),
wi(eval, u, 7). We also notice that

ID sol(w)|l < | Du(z)~" (1 — ||z||*)~"*+D/2,

The inequality for y comes from Theorem 1.3. O

4.3. Polynomial Systems

Let P, be the space of polynomials f: C" — C of degree less than or equal to d.
We consider the Hermitian structure given by

d -1
VOEDY (a) faBe

la|=d
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where o = (¢, ..., @), is an n-tuple of nonnegative integers,
¢ @ lex| +- 4
= N | = al st oy,
o oo (d — |a])! "

and f = Z|a|§d faz® with z% = z{"---z%. Its reproducing kernel is given by
h(x,z) = (1 + (x,2))? so that

f@ = (f, 1+ 2.
In this context, Theorem 1.4 becomes
Theorem 4.3. Letu € Py = Py, X -+ X Py,. Let us denote D = max; d; and

8 = min; d;. Let z € C" be such that u(z) = 0, Du(z) is an isomorphism. Let A, c,
r, and & be such that

V2 22
A C= """
2 2(1 — 2)2

r = 3+ 2v2)ymax(1, |Du()||(1 + |IzII>) ™)
x (1 + [1Du@)'1IPA + 121Dy (u, 2),

0 <A<l-—

and
O<er <a.

Then, y (sol,u) < r and, for any v € P with |v| < e(1 — cer), there exists
w € Py, u—wl| < e such that

7z — Du(z) " 'v(z) = sol(w).

Moreover, for any w € Py with lu — w|| < ¢, the following inequality holds:

_ &
lsol(w) = sol(w) || < [ Du()~ I + 121 ? —.

The proof of Theorem 4.3 is similar to Theorem 4.2. O

In what follows we illustrate graphically the upper and lower estimates in
Theorem 1.4 in the simple case of complex polynomials of one variable (n = 1).
We denote by Z(u) = {zi, ..., zq} the set of zeros of u(z) = ZZ:Q aiz*. The
distance over P, is given by

Jul = (kd; (Z)_l |ak|2)]/2.

We define the e-pseudozero set of u by

Z.(u) ={z € C, z € Z(v) for some v € Py with |ju — v| < €}.
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This set can be numerically computed using Mosier [11] or Toh and Trefethen [15]
algebraic characterization,

Ze(u) = {z € C, |u(z)| < el AZll2},

where 7 = (1,z,...,2)7 and A = diag(L, ({),...,(,%,). 1). A plot of the
boundaries of Z, (1) for

u(@) =z(z—Hz—2) (4.6)

is given in Figure 4.1 for several values of ¢. The three roots are marked with
points.
Let z; € Z(u). In the context of Theorem 4.3 we have

1/(e=1)
u®(zp) /

2 (zp)

u = max
y(u, zi) Jmax,

® 2yd
rk=(3+2f2>max<1 a2 )(1 (4 )

T+ |z ' (z) 2

For ¢ < A/ri, Theorem 1.4 gives for the lower estimate

)V(M,Zk)-

d
U {zk — v/(zk) : for some v € P, with |[v] < e(1 — cerk)} cZ, @47
Pt u'(zx)

and for the upper estimate

d
Z: C U {Zk - v/(zk) : for some v € P, with |Jv]| < ¢ } . 4.8)
=1 u'(zx) 1 —re

For the particular polynomial in (4.6) and the particular root zz = 1 we have
re = 93 + 24/2). If we take A = % and ¢ = % then since u’(1) = 1 the lower

1.5 ™

1.

0.5

135 0 0.5 1 15 2 25

Fig.4.1. e-Pseudozerosets (¢ = 1079610, and 10~ for the polynomial u(z) = z(z—1)(z—2).
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Fig. 4.2. Upper and lower bounds (dashed line) for Z, (u) (solid line) with u = z(z — 1)(z — 2).
(a) e = 1072%; (b) ¢ = 1073.

and upper estimates for Z, in (4.7) and (4.8) are valid for ¢ < 107, Note that
lv(D] < |[vllx with & = ||(1, v/3, /3, 1)|l> and that the bound can be attained.
Hence, the sets inside the curly brackets in (4.7) and (4.8) are disks of center 1 and
radius ke(1 — cery) and ke/(1 — rre), respectively. Figure 4.2 shows the lower
and upper estimates of Z, for two different values of ¢.

5. The Homogeneous Polynomial Eigenvalue Problem

We consider the map defined by

m

k=0

F(A,x,a,8) = P(A,a, B)x = ( a",B’"kAk> x.
Here A = (Ag, A1, ..., An) € M,(C)", where M,,(C)"*! denotes the set of
(m —+ 1)-tuples of n x n complex matrices, x € C" and («, ) € C>. F(A, x, a, B)
is linear in A, linear in x, and homogeneous of degree m in (c, §). Such a map is
called multihomogeneous with degrees (1, 1, m).

The polynomial eigenvalue problem is to find pairs of scalars («, 8) # (0, 0)
and nonzero vectors x, y € C" satisfying

PA,a, B)x =0, y*P(A,a, B) =0.

The vectors x, y are called the right and left eigenvectors corresponding to the
eigenvalue (o, ). Special instances are the generalized eigenvalue problem (m =
1) and the quadratic eigenvalue problem (m = 2).

When (a, 8) € C? and x € C" is an eigenpair, since F is multihomogeneous in
A, x and o, B, for any scalars p and 7, p(«, 8) and 7x is also an eigenpair. For this
reason, it is natural to consider the eigenvalues and eigenvectors in the projective
spaces P (C) and P,,_; (C), respectively. Here we denote by P,,_; (C) = P(C") the
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set of vector lines in C". Let us define
Vp ={(A, x,a, B) € Mu(C)"!' xP,_y x P, : P(A, a, B)x = 0}.

Vp is an algebraic variety and a smooth manifold.

5.1. General Results

Our aim in this section is to give a version of Theorem 1.4 adapted to the context
of the homogeneous polynomial eigenvalue problem. First we define the implicit
function g.

Definition 5.1. Let I1; be the restriction to Vp of the projection (A, x, «, B) —
A. Wesay that (A, x, o, B) is well-posed when the derivative of the first projection
I1; at (A, x, , B) is an isomorphism.

Note that this derivative is itself a projection, DI1,(A, x, «, B)(E, x, &, ,B) =
E'. In the following we use intensively the matrix

P(A,a,B) Dy P(A,a B)x DsP(A,a, B)x
Tp = X* 0 0

0 a B

The next lemma is from Dedieu and Tisseur [4] and characterizes well-posed
problems.

Lemma 5.2 [4, Theorem 3.3]. Let (o, B) be an eigenvalue of P(A, a, B) with
corresponding left and right eigenvectors y and x, respectively, and let v =
(BDy P — aDgP)x. The following conditions are equivalent:

(i) DIT(A): Ta xapVpP = M, (C)" 'V isanisomorphism, thatis, (A, x, o,
B) is well-posed.
(ii) The matrix Jp is nonsingular.
(iii) rank P(A,a, B) =n — 1 and y*v # 0.
@iv) (o, B) is a simple eigenvalue.

When (A, x, a, B) is well-posed, by the Inverse Function Theorem there exist
aneighborhood U (x, o, B) C P,_; x P} of (x, @, B) and a neighborhood U (A) C
M, (C)"*1 of A such that

Mi: Ve N(UA) x U(x, o, B)) = U(A)
is invertible. Its inverse gives rise to a smooth map

G =(G1,Gy) =TLoll;": U(A) — Ulx,, B), 5.1



Implicit Gamma Theorems (I): Pseudoroots and Pseudospectra 21

such that
Graph(G) =Vp N (U(A) x U(x, a, B)).

We now take two charts in P,_; at x and in P; at (o, B8). See Hirsch [7] for
a description of these manifolds and their charts. We suppose that ||x| = 1 and

(ZZ;O |oc|2k| ,B|2(’”’k))1/2 = 1. We denote by x* the set of vectors in C” perpen-
dicular to x. We consider the chart ¥ defined on

{y o (y.x) # 0 x {(h, ) = (A, ), (@, B)) # 0} C Puy x Py
taking its values in

(x + x5 x (@, B) + (@, B)F) € C* x C?

defined by
y (A, @)
», (A, w) = ( , ) ,
VO G D =0 Tk . 2@ B)
where z(«, 8) = (@™, & '8, ..., ap™ ", ™). The set x is the usual model for

the tangent space at x to P,,_;.

Let us denote by f the restriction of F to M,,(C)"*! x (x +x1) x ((a, B) +
(a, B)F) sothat £(B,y, (b, ) = > A*u"*Bry. When (x, («, B)) is an eigen-
pair associated with A and when the problem (A, x, («, 8)) is well-posed then,
f(A, x, (¢, B)) = 0 and the derivative

Dyf (A, x, (o, B) : x* x (a, B)F — C"

is invertible. The corresponding implicit function is the map g = ¥ o G. We refer
to Figure 5.1 for a sketch of the solution maps G and g.

In the following lemmas we compute the invariants u, w', and y,. Notice that,
for any u € C", the partial derivative with respect to (x, «, 8) satisfies

u

sz(A,x,(O[,,B))_lusz_l 0
0

Lemma 5.3. We have

m 12
IF(A, x,a B < (Z |a|2"|ﬁ|2<'"‘“> 1AlFlx]l.
k=0
with
m m n
TAIG =D 1Az =) D 1Aw;l
k=0 k=01i,j=1

the Frobenius norm of the matrix tuple A.
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(x+xt) x
((avlg + (avﬂ)L) Il:Dn—l X ]Pl

Uz, a,ﬁ{ (a:,a)ﬂ)
A %, /

<A\
S

E m+1
A ' Ma

Fig. 5.1. The solution maps G and g.

Proof. Firstwehave | F(A, x,a, B)|| < ||P(A, a, B)| rllx||. Writing P(A, «, B)
as

P(A,a, B) = [Am, Ap—i -+ Aolle™ I, a™ ' B1, ..., B 11",

and using ||EF||r < ||E||¢||F|l» we obtain
IP(A, @, B)lIF < IAlllle™ "' BL, ..., B" 1]l2.

The result follows from ||[e™ 1, «™ ' 81, ..., B" ]|, = (O3 oe| K| B2y 172,
O

The following lemma is taken from Blum, Cucker, Shub, and Smale [2, Sec-
tion 14.2, Proposition 1].

Lemma 5.4. Let h: C* — C be a degree d homogeneous polynomial. Let us
define its norm as

d -1
”’”'2:2(0:1 a) Jha?,

o

where a = (ay, ..., ot,) is an n-tuple of nonnegative integers satisfying

d d! o
art oty =d, <0{1,...,Otn>_ﬁ’ and h_;h"‘z'

o, !
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Then, for any x, wy, ..., w; € C" one has

ID* () (wr, ..., w)| <d(d—1)---(d —k+ DIAIx I wi - lwll.

Remark 5.5. A similar result holds for homogeneous polynomial systems
H.:C"— C",H = (Hy, ..., H,). In that case

ID*H (x)(wy, ..., w)ll <d(d —1)---(d —k+ DIHxI* lwil - - [[wgll
with [|[H|]? = > IIH; |I> and d = max; deg H;. For this reason

ID¥H(x)|| = max |[DXH(x)(wy, ..., wp)l|

flwil<1

dd—1)---d—k+ DIH]||x]4"

IA

Note that since F (A, x, («, B)) is linear in A there is no loss of generality in
assuming that |A||r = 1.

Lemma 5.6. When ||x|| = 1, |Allr = 1, and Z;{":O loe| | 8120 = 1 we have
the following estimate:

DFF(A, x, (@, B) |*"

k!

< (m+1)(m+2).

sup >

k>2

Proof. When k > 2, the kth derivative of F is given by

DYF(A, x, (a, B)((Ey, %1, (61, B1))s - - - s (Ex, Xxs (ks Br)))

= D, 5 F (A, x, (@, B)) (&1, B1), - .., (G, Br))

—

k
+ ) Dy F(A, &, (@, B, B, - (&, B, - (ks Br)
i=1

+ Z D?;;})F(Eiv-xv (a3 ﬁ))((alv Bl)v ey (di’ ﬁi)? ceey (dkv ﬁk))
i=1

—

k
+ Y D5 F(Ei X (e B)((@1s B (6 Bi)s o (65 By - (s B)).

ij=1
i#]

In these formulas we overlined the missing terms and the derivatives are taken
with respect to («, ). According to Remark 5.5 and Lemma 5.3 we obtain the
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following bound:

IA

ID*F(A, x, (@, B)Il < mGm —1)---(m —k+1)
+kmim—1)---(m—(k—-1)+1)
+kmm—1)---m— (k-1 +1)
+ (kK2 —kym(m —1)---(m — (k —2) + 1)

= m+2)m+1)---(m—k+3).
To conclude, we notice, as in Blum, Cucker, Shub, and Smale [2, Section 14.2,

Lemma 10], that sup,.,((m + 2)(m + 1) - - - (m — k + 3)/k!)!/*~"is achieved for
k=2. O

Lemma5.7. When |x|| = 1 and |Alr = 1 and Y0 la|*|BP™ 0 = 1, we

have

P/ (A, (e ) = 17" PR
Proof. This is a consequence of Lemma 5.6 and the definition of y;. O
Lemma 5.8. When ||x|| =1and > ;_, loe)2%| 8120 = 1 we have

n(f, (A, x, (@, B)) < V1+ 1T, 1I°

Proof. This is a consequence of Lemma 5.3 and the equality

P(E,a, B)x
Dyf(A,x, (e, B)'Dif(A, x, (@, BE = Tp ' 0 . O
0

Lemma 5.9. When ||x|| = 1and Y ;_, lae| |12 = 1 we have

WH(f (A x (@ B) = 11Tl
Proof. Our aim is to estimate the norm of the operator

(D2 f (A, x, (@, B)) "Dy f(A, x, (a, B)).

The generalized inverse of a linear surjective operator is its right inverse of min-
imum norm, that is, the inverse taking its values in the orthogonal to the kernel.
Using the unitary invariance of the homogeneous polynomial eigenvalue problem
we may suppose x = ¢ the first vector of the canonical basis in C". This kernel
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is the set of (m + 1)-tuples of matrices A such that 3", o™ *E; ;; = 0 for each
i = 1,...,n. This is an orthogonality relation between E and the (m + 1)-tuples

BY = (B\",..., BY), i=1,....n,

defined by B,E’?l = &kﬁm’k and O for the other entries. Given (x, ¢, B) e xt x
(o, B)*, we want to find an (m + 1)-tuple of matrices E = Y, v; B® such that

P(E,a, Be X
Dyf (A, x, (@, B)"'Dif(A, x, (@, B)E = Tp 0 =|a
0 p
This equation is equivalent to
Vi
> kB K Erey m : x
0 =D lapP oy, | = | @
0 k=0 0 ﬁ
0
Thus
X
IEIF=|Jp|a]]|- O
B

We now have all the ingredients necessary to translate Theorem 1.4 to this new
context.

Theorem 5.10. Let (x, (o, B)) be an eigenpair associated with the homogeneous
polynomial eigenvalue problem

(Z akﬁm_kAk> x =0,
k=0

where ||Allrp = 1. We suppose this problem well-posed and also ||x|| = 1,
Yoo lak|BPm=h = 1. Let A, ¢, r, and & be such that
2 2—A
0<A<l- £ c=——,
2 2(1 — A)2
34+2V2

S+ 1)(m +2uc(Tp) (1 + 175 1),
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where k(Jp) = | Tp|| IIJEI || is the condition number of Jp and
0<er <a.
Theny (W o G, A) <,
¥~ ((A) + Dg(A)(Br(0, e(1 — cer)))) € G(Br(A, ¢)),

o))

Proof. This theorem comes from Theorem 1.4 and Lemmas 5.7, 5.8, and 5.9.
The inequality y (¢ o G, A) < r comes from Theorem 1.3. O

and

G(Br(A,e) Cy! (g(A) + Dg(A) (Bp (o,

The upper and lower estimates for the set G(Br(A, ¢)) in Theorem 5.10 are
given in terms of Dg(A) : M, (C)"*! — x* x (a, ). In the following lemma
we compute this derivative.

Lemma 5.11. Let (x, «, B) be a simple eigenpair of our polynomial eigenvalue
problem. Assume that ||x|| = 1 and )"}, loe|?*| 812" = 1. We have

—P(E,a, B)x
Dg(A)(E) = J;" 0
0
Proof. Recall that G = I, o TT; " so that
DG(A) = DIl (x, a, B) o (DIT (A, x,a, 8))~".
The last derivative is given by
DIT (A, x,a, B) : TiaxapVe — My(C"F,
DI (A, x,a, B)(E, %, a, B) = E.
Hence DI1 (A, x, &, B)'(E) = (E, %, &, B) € Tiax.a.p)Vp 50 that
DG(A)(E) = (&4, ).

According to the description of this tangent space we have

X —P(E,a, B)x
al|l=7" 0
B 0

Since g = ¥ o G, Dg(A) = Dy (x,a, B) o DG(A) and this proves our lemma
because Dy (x, «, B) = id when x and («, 8) are normalized. O



Implicit Gamma Theorems (I): Pseudoroots and Pseudospectra 27
5.2.  Bounding Regions of ¢-Pseudospectrum

In what follows we relate the result in Theorem 5.10 to the e-pseudospectrum of
P(A, a, B) defined by

Ae(P) = {(a, B) € C\(0,0): P(A+E,a, B)x =0
for some x # 0 and E € M, (C)"*! with |E|r < &}. (5.2)

Pseudospectra are a valuable tool for assessing the global sensitivity of matrix
eigenvalues to perturbations in the matrix. The literature on pseudospectra is large
and growing and we refer to Trefethen [16], [17], [18] for thorough surveys of
pseudospectra and their computation for a single matrix; see also the Web site
[5]. We refer to Higham and Tisseur [14], [6] for definitions and characterizations
of pseudospectra for square and rectangular matrix polynomials. Note that the
definition of A.(P) in (5.2) differs from the one given in [6] since it uses the
Frobenius norm rather than a subordinate matrix norm || - ||; and the perturbations

are measured together ||[Ey, . .., E,]||F < eratherthanindividually | Ex||; < evg,
0 < k < m, for some nonnegative parameter vy.
Let (o4, Bi),i = 1,2, ..., mn,beeigenvalues of P(A, «, 8) and assume that all

of them are simple. The map g = (g, g2) depends on the considered eigenvalue
(ar;, Bi) and we denote this dependence by g'. Then

A(P) = b (Br(A, &) (5.3)
i=1

For ¢ < A/r with A and r as defined in Theorem 5.10, we obtain lower and upper
bounds for A, (P):

(e, B:) + Dgh(A)(Br (0, (1 — cer)))} € Ao (P),

i=1

and
A (P) C U{(Oli, Bi) + Dg5(A)(BF(0,&/(1 — er)))}
izl
in terms of Dg5(A) : M, (C)" ™' — (a;, bi)*.

Lemma 5.12. Let (o, B) be a simple eigenvalue with corresponding left and
right eigenvectors y and x, respectively. Assume that the eigenpair is normalized

o 1/2
so that (3, || B|*m~) 2~ 1and x| = Iyl = 1. Then

*P(Eaaa ).X o -
DeyA)E) = LEE DY g o
y*v
where v = BDaP(A, a, B)x —aDgP(A, a, B)x. Moreover,

n
max |[|Dg,(A)(E)|l = —
IEilF<n [y*v]
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and the maximum is attained for E = (Ey, ..., E,;) with

Ei = nak B Fyx*, k=1,2,...,m.
Proof. See Dedieu and Tisseur [4, Theorem 4.2]. O

Lemma 5.12 provides a way of computing the boundary of (o, ) + Dg,(A)
(Br (0, n)). We form the matrices E; = na*p™ *yx* and the set

i Y P(E, a, f)x

{(a, B) + ne - (=B, @), 0 €0, 27'(]}.

The next lemma gives a characterization of A, (P) in terms of a scaled resolvent
norm and is the basis of our algorithm for computing A, (P) or parts of it.

Lemma 5.13.

Ao(P) = {(a,B) € C}\(0,0):

m

1/2
1P(A, o, /)7 < & (Z |a|2"|ﬂ|2<'”—">> (5.4)

k=0

with |P(A, a, B)~! ||;1 = 0 when (a, B) is an eigenvalue.

Proof. Let S denote the set on the right-hand side of (5.4). We first show that
(o, B) € Ag(P) implies (o, ) € S. If («, B) is an eigenvalue of P this is
immediate, so we can assume that («, 8) is not an eigenvalue of P and hence
that P(A, «, B) is nonsingular. Let £ and y # 0 be such that |E||r < ¢ and
P(A+E,a, B)y =0. Since

PA+E,a,8)=PA,a, B){ + P(A,«, ﬂ)’lP(E, a, B))
is singular, we have

m

1/2
L<|P(A,a, ) ' P(E,a. B)llr <& (Z |a|2"|ﬁ|2<'"-">> IP(A, & B) "I

k=0

using Lemma 5.3 so that («, 8) € S.

Now let (o, B) € S. Again we can assume that P(A, «, §) is nonsingular.
Choose y with ||y|| = 1 so that |P(A,a, B)~'y|| = |P(A,a, B)~'|r and let
x=PA,a B) 'y/IPA,a B) |, sothat ||x|| = 1.Let E = —yx*/||P(A, o,
B)~"l . Then

M M

P(A o, B) + E)x = - =
(PPt B = BTy 1P B) s

)
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and

k=0

m 1/2
IEIF=1/IP(A . ) lr <& <Z |a|2’<|ﬂ|2<'"">) :

We now apportion E between the Ej by defining

m

-1
E; = —sign(a* " ") (Z |a|2"|ﬂ|2<’"k>) E,

k=0

where, for complex z,

sign(2) z/lzl, z#0,
1 =
MO =10, =0
Then
P(E.a.B)=) o*B"*E,=E,
k=0
and | E||r < &. Hence (a, B) € A (P). O

Note that the standard way to numerically compute and visualize pseudospectra
istoevaluate || P(A, z, )7 ' /([ 121*)!/? over a finite region of the complex
plane and plot level curves.

Let us illustrate the results in this section with the following example. We
consider the quadratic eigenvalue problem

a’A; + afA; + BoAg =0

given by the matrices

2 0 9 -3 1 0 1 -1 -1
Ap=10 0 0|, Ai=]10 -1 0], Ay=10 1 0
0 0 -3 0 o0 1 0O 0 O

The six eigenvalues are (0, 1), (1, 1), (1, 1), (2, 1), (3, 1), and (1, 0). We consider
the first one (o, B) = (0, 1) whose right and left eigenvectors are given by x =
y=(0,1, 0)T. We take in Theorem 5.10, A = 0.29289. This gives ¢ = 1.7071,
r =2.86x107*,and A/r ~ 10~*. Pairs of complex numbers (a, ) are plotted as
o/ B. The straight line in Figure 5.2 represents the boundary of A, (P) fore = 10~*
in a neighborhood of the zero eigenvalue. The dotted lines are boundaries of the
upper and lower estimates of A.(P) in this region.
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-15 L L 1 1 1

A5- 1 -05 0 05 1 1.5
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Fig.5.2. Boundaries of A (P) (solid line) and boundaries of the upper and lower estimates of A (P)
(dotted line) for ¢ = 10~* as seen in the (z, 1)-plane in C2.
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