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Abstract The spectral abscissa is the largest real part of an eigenvalue of a matrix
and the spectral radius is the largest modulus. Both are examples of spectral max
functions—the maximum of a real-valued function over the spectrum of a matrix.
These mappings arise in the control and stabilization of dynamical systems. In 2001,
Burke and Overton characterized the regular subdifferential of the spectral abscissa
and showed that the spectral abscissa is subdifferentially regular in the sense of Clarke
when all active eigenvalues are nonderogatory. In this paper we develop new techniques
to obtain these results for the more general class of convexly generated spectral max
functions. In particular, we extend the Burke—Overton subdifferential regularity result
to this class. These techniques allow us to obtain new variational results for the spectral
radius.
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1 Introduction

A spectral function maps the space of complex n-by-n matrices, C"*", to the extended
reals R := RU{4-00} and depends only on the eigenvalues of its argument independent
of permutations [12,17]. Given f : C — R, the spectral max function §: C*" — R
generated by f is

f(X) := max{f (1) | € C and det(A] — X) = 0}. (1)

Spectral max functions are continuous if the underlying function f is continuous;
however, they are generally not Lipschitz continuous. Two important spectral max
functions are the spectral abscissa and spectral radius, obtained by setting f(-) =
Re(-) and f(-) = ||, respectively. These functions are connected to classical notions
of stability for continuous and discrete dynamical systems. In recent years, much
research has been dedicated to understanding the variational properties of the spectral
abscissa [4-8,11,12,17,18]. Burke and Overton [12] develop a formula for the regular
subdifferential of the spectral abscissa and establish its subdifferential regularity (see
Sect. 2.3) on the set of nonderogatory matrices. Subdifferential regularity allows one
to exploit a powerful subdifferential calculus for such functions in order to describe
their underlying variational properties. A primary goal of this paper is to extend the
Burke—Overton subdifferential regularity result to the class of convexly generated
spectral max functions defined below (see Theorem 11).

The variational analysis of spectral max functions builds on that for polynomial root
max functions developed in [9,10,13]. Let P" denote the set of complex polynomials
of degree n or less in a single variable over C, and let P be those polynomials of
degree precisely n. The polynomial root max function generated by f is the mapping
f : P* — R defined by

f(p) := max{f(A)| 12 € Cand p(A) = 0}. 2)

We say that f is convexly generated if the generating function f is proper, convex, and
Isc, which we assume throughout.

The results in [9, 10, 13] are extended in [2], where, in particular, the subdifferential
regularity of convexly generated polynomial root max functions is established. Sub-
differential formulas are given when f satisfies one of the following two conditions
(introduced in [10]) at all “active roots” (see Sect. 3.2):

“f is quadratic, or f is C? and positive definite at A” 3)
“rspan (3 (1)) = C” )

where f”(X; -, -) is defined in (10), df()) is the usual subdifferential from convex
analysis, and, for § C C, rspan (S) := {t¢ |t € R, ¢ € S} is the real linear span
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of the set S. Observe that condition (4) can only hold when f is not differentiable.
Consequently, (3) and (4) are mutually exclusive.

Following [17], the authors of [12] directly derive necessary conditions on the
matrix entries of a subgradient for the spectral max function (see Theorems 7 and
8) using the permutation invariance of spectral max functions and the Arnold form
(see Sect. 4.1). In the case of the spectral abscissa, [12] establishes a formula for the
regular subdifferential using a chain rule applied to the representation f = f o @,
where f(-) = Re(-) and &, : C**" — PI"l is the characteristic polynomial map

@, (X)) = det(h] — X). 5)

However, since the mapping @,, contains no information on Jordan structure, this
approach does not provide a direct path to showing that the spectral abscissa inherits
the subdifferential regularity of the polynomial abscissa in the nonderogatory case.
Instead, subdifferential regularity is established using a non-constructive argument and
specialized matrix techniques. This approach applies to affinely generated spectral max
functions, but all efforts to extend them to general convexly generated spectral max
functions have been persistently rebuffed. In this paper, we show that an approach
based on a more refined use of Arnold form developed in [6, Theorems 2.2, 2.7] can
succeed when all active eigenvalues are nonderogatory.

Two approaches for extending the variational theory to convexly generated spec-
tral max functions are presented. The first uses the Arnold form (see Theorem 3) to
develop a framework for the application of a standard chain rule [20, Theorem 10.6]
to simultaneously establish both a formula for the subdifferential and subdifferential
regularity when all active eigenvalues are nonderogatory (see Theorem 6). The second
extends the methods in [12] to develop a formula for the set of regular subdifferentials
without a nonderogatory assumption (see Theorem 6). However, we again emphasize
that the second approach does not provide a path toward establishing subdifferential
regularity when f is not affine.

The method of proof for the first approach builds on tools developed in [6,12]. For
i < n, we exploit the fact that a polynomial 5 € P" has a local factorization in P”
based at its roots [see (17)]. This gives rise to what we call the factorization space
Sj and an associated diffeomorphism Fj : S5 — P" (see Sect. 3.1). The key new
ingredient is our mapping G : C x C"" — §j [see (43)], which takes a matrix
X e C"™" o the “active factor” (of degree n < n) associated with its characteristic
polynomial @,,(X) [see (28) and (47)]. The resulting framework is described by the
following diagram.
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The majority of the paper is devoted to developing the variational properties of the
mappings described in this diagram.

Numerous issues need to be addressed in order to place previous work into a com-
prehensive framework within which modern techniques of nonsmooth analysis apply.
The new framework allows us to extend our knowledge of the variational properties
of the spectral abscissa to convexly generated spectral max functions. Of the several
technical refinements/advances needed for the development of this framework, we
describe three of particular significance. First, specialized notions of differentiability
are required since the fields on the domain and range of f differ (see Sect. 2.2). Second,
inner products are developed that exploit the local geometry of the spaces C™*", P",
and S ;. These inner products give convenient representations for the derivatives of the
mappings G and F; and their adjoints (see Sect. 2.1). Finally, and most importantly,
since | locally depends only on those eigenvalues that are “active” (see Sect. 5), the
mapping G is introduced to focus the analysis on the eigenspace determined by the
active eigenvalues alone, thereby preserving the variational structure required for the
application of a standard nonsmooth chain rule.

The paper is organized as follows. In Sect. 2, we build notation and review the nec-
essary background. In Sect. 3 we review the polynomial results from [2,13]. In Sect. 4
we recall the Arnold form and use it to develop a representation for the derivative of
the factors of the characteristic polynomial corresponding to nonderogatory eigenval-
ues. In §ect. 5, we derive formulas for the subdifferential and horizon subdifferential
of f at X when X has nonderogatory active eigenvalues and show the subdifferential
regularity of f at X. In Sect. 6, we derive the regular subdifferential of { at an arbitrary
X € C"" and show that f is subdifferentially regular at X if and only if the active
eigenvalues of X are nonderogatory. In Sect. 7 we apply these results to the spectral
radius and illustrate them with two examples.

Sections Notation

! R, f, £, f, rspan, @, P", Pl

2.1 @ F, o)y G LY () G ')ccnxn

22 F-differentiable, h'(x), Vh(x), f'(¢:8). f"(Z:8.8)

2.3 Rit. Ry, $%, di(x), dh(x), 0h(x), 9%°h(x), I (x; v)

3.1 M", e, ng) Sﬁ, Fp. Tk, ng)» 7}3 ("'>Sf;’ <".>(Pﬁq[3)

32 Ag(p), Ty (p) )

4.1 E. P.B. IO, miks s Niks ajs mjs i no, »js(X)
42 g (X), T;(X), G(¢, X), R(v)

2 Background

We review inner product spaces, differentiability with respect to a field, and notation
and definitions from variational analysis.
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2.1 Inner products

A linear space L over the field F with real or complex inner product (-, -) is called
an inner product space, denoted by the triple (IL, IF, (-, -)). Only the complex C and
real R fields are considered. When it is important to emphasize that the inner product
is complex, we write (-, -)°. A complex inner product space (I, C, (-, -)) can also be
viewed as a real inner product space (L, R, (-, -)) with real inner product (-, -) :=
Re((-, -)%). This distinction is important when considering linear transformations and
their adjoints, since both depend upon the choice of the underlying field. Recall that
if dim(L, C, (-, -}) = n, then dim(L, R, (-, -)) = 2n.

Let Fo, Fq, F, be the fields C or R with Fy a subfield of both F; and F,. For
i=1,2,1et (L;, Fy, (-, -);), be finite-dimensional inner product spaces. Note that both
LL; and L, are inner product spaces over Fo with the appropriate Fo inner product. A
transformation L : IL; — L, is said to be Fy-linear if for all o, B € Fg, x, y € L1, we
have L(ax + By) = aL(x) + BL(y). The adjoint mapping L* : L, — LLj [16] is the
unique Fo-linear transformation satisfying

Re((x, Ly)y) = Re((L*x,y))) ¥ (y,x) € Ly x Lo, (N

As given, this definition appears insufficient since the Fy inner product is not specified
in (7); however, this is resolved by noting that the imaginary part of a complex inner
product can be obtained from knowledge of only its real part since Re((ix, y)*) =
Im((x, y)), where i := +/—1. That is, the adjoint can be obtained using only the real
part of the [Fy inner product.

Itis essential to be mindful of the distinction between the adjoint of a linear operator
and the Hermitian adjoint of a matrix. The adjoint of a linear operator L is denoted
by L*, whereas the Hermitian adjoint of a matrix M € C"*™ is denoted by M*. For
example, the following elementary lemma is key.

Lemma 1 (Adjoint of a linear functional) Let (L, I, (-, -)) be a finite dimensional
inner product space where F is either C or R. Given 'y € L, define L : . — T as the
linear functional Lx := (y, x) for all x € L. Then L*¢ = (y, where the left-hand
side shows the action of the adjoint, and the right-hand side is multiplication of y by
the scalar ¢ € T.

The next lemma provides a key tool in our construction of inner products, which
in turn impacts the nature of the adjoint operator.

Lemma 2 (Inner product construction) [2, Lemma 4.1] Let L1 and 1Ly be finite
dimensional vector spaces over F = C or R, and let L : 1Ly — L, be an F-linear
isomorphism.

1. Suppose 1Ly has inner product (-, -),. Then the bilinear form B : L} x Ly — F
given by B(x,y) := (Lx, Ly), for all x,y € L is an inner product on L.
Denote this inner product by (-, -)1 := B(, -). Then the adjoint L* : 1L, — L
with respect to the inner products (-, -}, and (-, ), equals L™".

2. Let (IL;, I, (-, -);) be inner product spaces fori = 1, 2. If (x, y); = (Lx, Ly), for
all x,y € Ly, then L* = L™ with respect to these inner products.
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As a vector space, we endow C with the complex inner product (£, ¢) =
£¢. This inner product defines the standard complex inner product on C"*! by
{(ag, ai, ..., an), (by, b1, ..., bn))fc,l+1 = > o lae, be) for all ag, by € C, £ =
0,...,n. We also work on the space C"*" of complex n x n matrices with com-
plex inner product (X, Y)fcnx,, = tr (X*Y). We use Lemma 2 to construct further
inner products as needed. In each case, there is a complex version and an associ-
ated real version obtained by taking the real part of the complex inner product with
(-, ) := Re({(:, -)), where the bilinearity of the real inner product is considered to be
over the scalar field R.

2.2 Derivatives

Again let Fo, Fy, Fy be the fields R or C with Fyp € F; NF,. Fori = 1,2, let
(L, Fy, (-, -);), be finite-dimensional inner product spaces with associated inner prod-
uct norms ||-||;. Let & : Lj — LLp. We say that 4 is Fo-differentiable at x € 1Ly if there
exists an Fy-linear transformation, denoted 4’(x) : L — Ly, such that

h(y) = h(x) + 0 ()(y —x) +o(lly — xlI1),

where limy . [o(lly — x[l})/ Iy — x|l ||, = 0. Clearly every C-derivative is an R-
derivative, but the converse is false. If & : L.y — Fg, h’'(x) defines an linear functional
from L into Fy and, since | is a vector space over Fy, there exists an element of L,
denoted by Vh(x), satisfying

Wrs [Re (Vh(o,2h ifFo=R )

(Vh(x), z)4 ifFp=C

We call Vhi(x) the gradient of 4 at x, and recall from our previous discussion that
the vector VA(x) is the same element of IL; regardless of whether [Fy equals C or R.
Lemma 1 tells us that

W' (x)*¢ = ¢Vh(x). &)

Since we make extensive use of R-differentiability for real-valued functions on C,
following [12], we show how to construct the R-derivative in this case. Define the
R-linear transformation ® : R — C by ®(x1, x2) := x| +ixz. The inverse mapping
is ©71(¢) = (Re(¢),Im(¢)). Since Re((¢, O (x1,x2)) = (©7'(0), (x1,x2)) for
all ¢ € C and (x1,x2) e R2, we have ©* = ©~L. Given f : C — R, define
f R > R by f = fo®.If fis differentiable over R in the usual sense
then, by the chain rule, f is R-differentiable with gradient V f({) = &V fe 1),
and this is consistent with the notation in (8). In [10] this is called differentiable in
the real sense. We say that f is twice R-differentiable if f is twice differentiable
over R in the usual sense. In this case, a further application of the chain rule yields

FE+8) = F©) +(VF©),8) + (1/2) (8, V2 F(£)8) + 0(I8]%), where V? £ (¢) :=
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eOVv? f (@~ 12)e 1. Since we only use R-differentiability of functions f : C — R,
we simply say that f is differentiable. We also make use of the following notation:

F/§58) = (VI©).8) and /8.8 =5 VF©8).  (10)

where it follows that f'(¢; 8) = lim; o( f(¢ +18) — f(¢))/t. We say that V2 £(0)
is positive definite if (8, V2f(§)8) > 0forall § # 0. We say f is quadratic if V2 f ()

is constant in ¢, and we say that f is C2 at A if the map A — VZ2f is continuous at
. For example, the function r»(¢) = ¢ |2 /2 used in [2, Sect. 7] and Sect. 7 below is
quadratic with Vry(¢) = ¢ and V2r(¢) being the identity map on C. This notation
clarifies the key hypotheses (3) and (4).

2.3 Variational analysis review

We use the techniques of variational analysis from [14,19,20]. Let (L., C, (-, -)) be
a finite-dimensional inner product space with associated real inner product (-, -) :=
Re (-, -). Let C be a non-empty subset of IL. The rangent cone to C at a point x € C
is

Te(x):={d|3x"}CC, {t,} CR 1y s.t.x"—x, 1, L 0and 17 (x" —x) > d}, (11)

where R} := (0, 00). The tangent cone is a closed subset of I [20, Proposition 6.2].
The regular normal cone to C at a point x € C is

Ne(x) = {z] (z,v) < O0forall v e Te(x)). (12)
Given S C L, the horizon cone of S is
§°:={zeL |[Ix"} C S, {} CRystty, | Oandrx” — z},

where Ry := [0, co). The horizon cone is always a nonempty closed cone. If S is
convex, S is the usual recession cone from convex analysis. Let 4 : L. — R. The
essential domain of h is

dom (h) :={x € L | h(x) < oo}.
The function / is said to be proper if dom () # @. The epigraph of h is given by
epi(h) == {(x, f) e L x R|h(x) < B}.
The subderivative of h is the map dh(x) : L. — R U {—o0} given by

dh(x)(0) = tliglyigfﬁ (h(x +tv) —h(x))/t.
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By [20, Theorem 8.2], the subderivative and the tangent cone to the epigraph are
related by epi(dh(x)) = Tepign)(x, h(x)) YV x € dom (h). The regular subdifferential
of h at x € dom (h) is the set of regular subgradients:

dn(x) == (z|h(y) = h(x) + (z,y — x) +o(lly — x]) VyelL}.

The regular subdifferential is a closed, convex subset of L. By [20, Theorem 8.9],
the regular subdifferential and the regular normal cone to the epigraph are related by
éh(x) ={z|(, -1 € ﬁepi(h)(x, h(x))}. The general (or limiting) subdifferential of
h at x is given by

I{(x", z")} C dom (h) x L, with z¥ € éh(x”)‘v’v,
(xV,z") = (x,z2), and h(x") — h(x)

Bhx) = H ] (13)

and the horizon subdifferential to % at x is given by

’ h(“::[z Bu L0, (%, ") = (x,2), and h(x") = h(x)

I{(x", 2", By)} Cdom (h) x Lx R, withz" eéh(xV)vp,]

The function £ is said to be subdifferentially regular at x if dh(x) = éh(x) and
0%h(x) = éh(x)oo. Subdifferential regularity allows the development of a rich sub-
differential calculus.

If A is differentiable at x, then, by [20, Exercise 8.8],

dh(x) = dh(x) = {Vh(x)} and dh(x)(v) = (VA(x),v).

If & is proper, convex, and Isc, then, by [20, Proposition 8.12], & is subdifferentially
regular at every x € dom (h), in which case

dh(x) (W) = K (x; v) = 1ti£(h(x +1v) — h(x))/t. (14)

Consequently, in this case, the subderivative corresponds to the usual notion of a
directional derivative [20, pp. 257]. This notation is consistent with the usage in (10),
where the function is assumed to be R-differentiable.

3 Polynomials

The focus of study in [2,10, 13] is polynomial root functions, a special class of which
is polynomial root max functions (2). The goal is to apply the variational results for f
in [2,9,10,13] to f when f is convexly generated. These functions depend on what will
be called the active factor [see Sect. 3.2 and (47)]. In the discussion of the application
of the polynomial results to the characteristic polynomial, the integer 7 € N is used
to denote either the degree of the active factor of the characteristic polynomial (the
nonderogatory case, Sect. 5) or the degree of the characteristic polynomial itself (the
derogatory case, Sect. 6).
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3.1 Factorization spaces and their inner products on el [13]

Let < denote the lexicographical order on C, where, for z; := xs + iyy, x5, ys € R,
s = 1,2, we have z; < z» if and only if either x; < x3 or (x; = x3 and y; < y;). Let
M" C P be the affine set of monic polynomials of degree n with M := {1}. Given
p e M", write

m
po=1Tew i (15)
j=1
where ):1, e, im are the distinct roots of p, 0rder~ed lexicographically with multi-
plicities ny, .. ., ny,, and the monomials €y € P" are defined by
ey (M) = (A —1r0)', for¢=0,...,7, andall &9 € C. (16)

Note that, for each fixed Ao € C, the monomials (16) form a basis for the linear space
IP". The factorization space S for p is given by

Sp:=C x Pl pr-l o prm
where the component indexing for elements of S; starts at zero so that the jth com-

ponent is an element of P ~!. The spaces P and S 5 are related through the mapping
F;:S; — P" given by

m
F3(q0.91.42. - qm) = (1+q0) [ e, 5+ a)- (17)

Jj=1
We have F;(0) = H;'?:l Cniiy) = p, and, since the factoTS in (15) are relatively
prime, there exist neighborhoods U of 0in S5 and V of p in P" such that F3|y : U —

V is a diffeomorphism (over C) [13, Lemma 1.4]. The C-derivative F [/3 0):S; — P"
is invertible and given by

m
F[’;(O)(a)o, Wi, W2, ..., W) = w0 P + erwj, where rj 1= ﬁ/e(nj,ij)' (18)
j=1

For each ¢ € C, define the scalar Taylor maps T ;) : P" — C by
T @) = q®P o)/k!, fork=0,1,2,...,7, (19)
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where ¢(© is the £th derivative of ¢g. Each mapping T(k,%o) takes a polynomial to its
kth Taylor coefficient at Ao. Note that the mapping 7k (¢, 1) := T(,»)(¢) is continuous
in g and A [13]. Define the C-linear isomorphism 7 : S; — C"*! by

T ) = [0, (T _y 5y @15 - T iy WD), s (T _y 3 W)y T 5, Um D]

= 10 (11s o i) s (s = )1 (20)
where
nj
u = (o, U1, U2, ..., Upy) €Sj, uj := Zﬂjse(n,._s’jl.), and po, pjs € C,
= . :
(21)

foralls € {1,2,...nj}and j € {1,2,...m}.
By Lemma 2, 7 induces an inner product on S; by setting

(u, w>°Sﬁ = (T5), Ty(w)fipr . forallu, w € S, (22)

where u is given in (21),

w = (wg, W1, W2, ..., Wy), Wwith
nj

wj = wjse 5, forjell,....m} and (23)
s=1

wo, wjs € C fors efl,...,n;},je{l,...,m}.

Moreover, again by Lemma 2,
T* — Tfl
P p

with respect to the inner products (-, '>CSI; and (-, -)fcﬁ -
We are now ready to construct an inner product on P" relative to p. Recall that
FI; (0) : Sp — P" given in (18) is a C-linear isomorphism. So for every z, v € P",

there exists u, w € Sj, having representations (21) and (23), such that
7= Flg(O)u and v = F[g(O)w. (24)

¢ __ _ on P" based on the inner

By Lemma 2, F 1’3 (0)~! induces an inner product (-, -) ®i 5

product (-, -)§ by setting
P
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c o ’ -1 / -1\ _ c
(2 Ve 5, = (FHO "2, Fj0) ”>s = (uw, w),
= <(M09ula u29 ML) um)’ (a)Os wls w29 ML) wm))éﬁ (25)
m nj

= fowo + Z Z Hjs@jss (26)

j=1s=1

where z and v are given in (24), and ¥ and w are given in (21) and (23), respectively.
With respect to these inner products, (25) (or Lemma 2) gives

(F50)* = F50)~". (27)

3.2 Active roots and active indices

Let p € P and denote by Z, := {A1,..., Ay} the distinct roots of p, ordered
lexicographically. The set of active roots of f at p is given by

Ar(p) ={rj € E, | fFj) =1£(p)}. (28)

If A; € E,\A¢(p), then f(X;) < f(p), and we say that A; is inactive. The set of
active indices of f at p is given by

Te(p):={je{l,....m} |1j € A (p)}.

3.3 The subdifferential and subderivative for polynomial root max functions

Again assume that f : C — R is proper, convex, and lsc. As discussed at the end of
Sect. 2.3, f is subdifferentially regular and so (14) holds.

Theorem 1 [2, Proposition 5.5, Theorem 5.3 and Theorem 6.2] Let p € Pl Nndom )
have decomposition (15). Assume that f satisfies either (3) or (4) at A

0f Gj) # 10} V j € T (). (29)
Given j € Ty(p), define
Q(1j) := —cone (3f (A)*) + i(rspan (3f (2 ))*)) C C,
where 3f (. ;)? := {g*|g € f (x;)} and, for S C C,
cone (S) :={t¢lt e Ry, ¢ € S}.
For %; € A¢(p) at which (3) holds, define

D(nj, %;):=101(0, (VRN <V, V2 fG)GVFR)))c/nj} CC.
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Next, set
v 5 il
Dj = conv ({0} x j)z(ll“(nj,)»j)) c ¢t

where, for j & Te(p), '(nj, 1;) := {0} C C" and, for j € Ty(p),

F(nj,ij) — (—3f():\j)/nj) X D(Ifj,):j) X,(_::j72 l:f(3) holds at ):»j, o
(=of(Aj)/nj) x Q(rj) x C"i if (4) holds at X;
Then
D;o = {0} x j):(l F(nj,;,j)oo with F(nj,ij)ooz{O} X Q(X]) X (C”j_l7
and, with respect to the inner product -, ’)(Pﬁ’ 5 given in (26),
of(p) = F5(0) 0 T, (Dp) and IH(P)™ = F5(0) 0T, (DY),  (30)

where F }’7 (0) and T are given in (18) and (20), respectively.

If f satisfies (3) for all i j € Ag(p), then £ is subdifferentially regular at p and
(30) gives the general and horizon subdifferentials, respectively, for £ at p.

Theorem 2 [2, Theorem 3.3] Let f and p satlsfy the hypotheses of Theorem 1. Let

v = F/ 0)(wo, wi, ..., wy), where w; = ZS 19j5€0;—s.3)) € ]P’"'_lfor all j €
{1,. m} withwjs € C, fors e {1,...,n;}. vasansﬁes
0= (g, /—wpn)c forall j € Te(p) and g € 3f (hj),and (1)
0=uwjs foralls € {3,...,nj}and j € I¢(p), (32)
then

df(p)(v) = H%ax ((f' s —wj1) +xj)
where, for j € Zg(p),

i "Gy /=wj2, J—@2))/n; if 3) holds at }j,
7o if (4) holds at 1j;

otherwise, df (p)(v) = +o0. In addition, df (p) is proper; Isc, and sublinear.

4 The derivative of the nonderogatory factor

We now recall Arnold form [1] and its application in [6] for describing the local
variational behavior of the Jordan form.
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4.1 Arnold form

Let
E =01, (33)

be a subset of the distinct eigenvalues of X e C"*". The Jordan structure of X relative
to these eigenvalues is given by

J:=PXP'=Diag (B, J1..... Ju). where J;:=Diag(J\".....J"") (34)

and J;k) is an m j; x m j; Jordan block

k N .
J;):z)\jlmjk+Njk, k=1,....q;, j=1,...,m, (35)

where N € C™ik*™jk is the nilpotent matrix given by ones on the superdiagonal
and zeros elsewhere, and I, ;, € Cmikxmjk ig the identity matrix. With this notation,

q; is the geometric multiplicity of the eigenvalue A j- The algebraic multiplicity of i j
isnj = ZZ’: 1 M jk. The size of the largest Jordan block for an eigenvalue is

mj = k:r?ax mjg. (36)

Setnn = Zm_l nj and ng := n — ii. The matrix B € C"0*™ (possibly of size 0)
corresponds to the eigenvalues not included in Z. The eigenvalue e j is nonderoga-
tory if g; = 1 (equivalently m; = n ;). The matrix X is nonderogatory if all of its
eigenvalues are nonderogatory.

Theorem 3 (Arnold Form) [6, Theorems 2.2, 2.7] Suppose that all eigenvalues in
Z are nonderogatory. We suppress the index k since qj = 1. Then there exists a
neighborhood 2 of X € C™" and smooth maps P:Q2 — CY" B:Q2 — (Croxmo
and, for j € {1,...,m}ands € {0,1,...,n; — 1}, A : 2 — C such that

m
P(X)XP(X)~' =Diag (B(X).0.....0)+ > J;j(X) e C"",
j=1
Ajs(i) =0, N =O,l,...,nj - l,
P(X)=P, B(X)=B, and
P(X)XP(X)™" = Diag (B(X), J1, ..., Jn),

where

nj—1

Ti(X) = 5jdj0+ Jji+ D hjs(X) T,
s=0

Jjs :=Diag (0, ...,0, Nj,O,...,O), and
Jjo :=Diag(0,...,0,lnj,0,...,0),
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with Njf and Inj in the 5»]' diagonal block [see (34)]. Finally, the functions A s are
uniquely defined on $2, though the maps P and B are not unique.

Remark 1 Theorem 3 illustrates a fundamental difference between the symmetric and
nonsymmetric cases. In the symmetric case, the matrices are unitarily diagonalizable
so there are no nilpotent matrices N; and the mappings A j; reduce to the eigenvalue
mapping A ;. In this case, a seminal result due to Lewis [17, Theorem 6] shows that
the variational properties depend on the eigenvalues. On the other hand, in the non-
symmetric case they depend on the entire family of functions A j.

Lemma 3 [6, Lemma 2.12]. Assume the hypotheses of Theorem 3. Then the gra-
dients [see (8)] of the functions Aj; : C"™" — C are given by Vi (X) =

(nj — s)_lﬁ*J]’.“sP_*, and
Wy XN =¢(nj—s) ' PXI P Ve eC

with respect to the inner product (-, '>EC"X" [see (9)].

4.2 The derivative of the nonderogatory characteristic factors

The local factorization of X on §2 described in Theorem 3 can be used to describe
a local factorization of the characteristic polynomial det (A/ — X) near X. The fol-
lowing technical lemma allows us to represent the coefficients of the factors of the
characteristic polynomial in terms of the functions A j; in Theorem 3.

Lemma 4 Let J € C"*" be a Jordan matrix having ones on the superdiagonal and

zeros elsewhere, & € C, and A = (Mg, ..., Ay—1) € C". Consider the matrix
A0 1 0 ... 0
n—-l1 A Ao 1 ... 0
Ely—J =D MUY = &I, - ) .
=0 : : : o1
An—1 An—2 Ap—3 ... Ao
Then
n—1 n—1
det(l,—J =D A (JH) =£"= D (n — )1E" " +o(2) (37)
s=0 s=0

where JO :=I,,.

Proof First consider matrices of the form

ag -1 0 ... 0
aq agn -1 ... 0
A= | @2 a ao ... 0 € Csxs,
: : o —1
ds—1 ds—2 ds—3 ... Ao
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fors =1,...,n, where ag,a,...,a5_1 € Csothatfors =1,...,n — 1, Ay is the
lower right (or upper left) s x s block of As41. Note that det(A,) equals

an—1 + ap— det(Ay) + ay—3 det(Az) + - - - + ay det(A,—2) + ap det(A,—1). (38)

To see this, expand the determinant on the first column of A, and observe that when
the sth row and first column is deleted from A, the resulting (n — 1) x (n — 1) matrix
is lower block triangular with only two diagonal blocks, where the upper diagonal
block is an (s — 1) x (s — 1) lower triangular matrix with —1 in every diagonal entry
and the lower diagonal (n — s) x (n — s) block equals A, _;.

To establish the lemma, we need to find det(A,) withag = & — Ag and a; = —Ag
fors=1,...,.n—1.Forn=1,A; = (§ — Ay). Forn = 2,

det[(s — o) -1

— 2 2
= (5—10)}_(5_)”0) — A =87 —=2%§ — A1 +0(R).

Suppose (37) holds for s = 1, ..., n — 1. This together with (38) implies

det(An) = — A1 — An2(E — X0) — Ay—3(E2 = 2h0E — A1) — -~
(n—2)—1

—METT = D (n=2) —nENTIT
s=0
(n—1—1

+E—2)E T = D (=D =)0E"TDTTH 4o,

s=0
Collecting like powers of & establishes the result:

(n—1)—1
det(Ap) =&" = 208" = D ((n—1) —s)rE" !
s=0
n—1
_ stén—s—l + 0(}\')
s=1
= £" 2" = (n— Dagg" !
(n—1)—1
— > —rETT) = hi + o),
s=1

(n—1)—1

=& =" = [ D —9rETT ) = hut + 00,
s=1
n—1
=& =D (= 9)xE" T o).
s=0

O

@ Springer



J. V. Burke, J. Eaton

Lemma 5 Assume the hypotheses of Theorem 3. Let j € {1, ..., m} and define g; :
2 — Pylpy

8/(X) =@, (J;(X)) = ¢, 7, (39)
where @, ; and €, 7 are defined in (5) and (16), respectively, and

n/-—l

Ti(X) =Rl + T+ D hjs (XU (40)
s=0
Then
nj—l
gi(X)= =D (nj=)hjs(X)e(, oy 5+ 000X, hj;—n (X))
s=0
41)

Moreover, g ()~( ) = 0, and, with respect to the inner products

nj—1

c
C —— - ~
(- ')[,1]-71,1]-1 = Z <T(n,-—s—1,;\j)(‘)’ T(nj—s—l,xj)(')>(c
s=0

on P~ and (-, Vo on CP,

nj—1

@GOO) == PUIRP T r, 5 “42)
s=0

where the mapping T ) is defined in (19). In particular, (g;. (X)* is injective.

Proof Let j € {1,...,m} and g; be as given in (39). Combining Theorem 3 with
Lemma 4 where & := (A — )N\j), J=Jj and n := n; gives (41). Since 1 ;3(X) =0
fors =0,1,...,n; — 1, we have g;(X) = 0 and

nj—1

§X0) == D (nj =) 5,450,
s=0

Let M € C"™*" and set h := Z:’;Ol Cke(, k1,7 € P"i~!. Then
AVETaNY ; ¢
() Ep M)

C

=(ngOm)
< gj( ) [nj—1,2;]
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C

nj—l nj—l
__<che(n_,vk1,i_,-)’ 2 =9,y 15,)% X0 M>
k=0

s=0 nj—1,%;]
nj—1 .
=— Z <cs, (nj — S))‘/js(X)M>(C
njfl
== > (e o —om)
s=0
nj—1
=— Z <(nj - s)_lP*J}ksP_*cs, (n; s)M>(CnX” (by Lemma 3)

nj—1 ¢
- Z<P JLP cS,M>
(Cn><n

C

nj—1
Dk 7% p—x%
=< =D PP, h,M> :
s=0 (Cnxn

which proves (42). Moreover, the matrices {ﬁ * J;.‘S P Y " 01 are linearly independent
on C"™*" (over C or R) and T(n/—s—l,i,)(h) =O0foralls =0,...,n; — 1 only if
h = 0. Hence (g;()?))*h = 0 only if & = 0, implying (g;.(f())* is injective. O

We now combine the functions g; into a single function G : C x £2 — S 5> where
p € P is the polynomial in (15) with & := {X{, ..., A»} as in (33):

G, X) = (& g1(X), ..., gm(X)). (43)

Note that the mapping G depends on X, is C-linear (the identity on C) in its first
component, and satisfies

G(0,X) = (0,0,...,0) = 0. (44)

Theorem 4 (Nonderogatory Characteristic Factor Derivatives) Let the hypotheses of
Theorem 3 hold. Let G : {¢ : |¢]| < 1} x £2 — Sj be as in (43).
Let R : C"t1 — C x C"*" be the C-linear transformation given by

m nj—l
RW) = vy, = > D> v, P*IAP ™|, (45)
j=1 s=0
for allv .= (Uo, Vigy + o+ » Ul(n171)9 vy U0y e vy vm(nmfl)) € Cﬁ+1. Then
(G'¢. X)*=RoT; (46)
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with respect to the inner products (-, ~)‘Sﬁ [see 22)] and (¢, X), (w, Y))* := (L, w)fc—i-

(X, Y)fc,,x,, on C x C"™", where Tj is defined in (20). In addition, (G'(¢, X)* is
injective.
Proof The representation (46) follows immediately from Lemma 5. Injectivity follows

from the linear independence of the matrices J; € CY*" fors =0,...,n j— 1land
j =1,...,m,and the fact that ’Z}, is a C-linear isomorphism. O

5 Matrices: chain rule for the nonderogatory case
Let us now suppose that the elgenvalues in &2 [see (33)] are the active roots [see (28)]
of the characteristic polynomial @, (X). We call Z the set of active eigenvalues of f

at X, denoted by Af(X ). The corresponding active indices are denoted by If(X ). In
(15), p is called the active factor of the characteristic polynomial

D, (X) = D (J(X) P (B(X)) = p By (B(X)), (47)

where
J(X) := Diag (Ji(X), ..., In (X)),
with f] defined in (40). If all active eigenvalues are nonderogatory, we have
f(X) = (fo FjoG)(, X)

for all X near X and [¢| < 1. By (44), F3(G(0, X)) = F5(0) = p. The regular and
general subdifferentials of f near X can be obtained by computing the corresponding
objects for the mapping f o F5 o G. The diagram in (6) illustrates the relationship
between the mappings f, F 5> G,and f, defined in (2), (17), (43), and (1), respectively.

We apply a nonsmooth chain rule to the representation f o F5 o G to obtain a formula
for the subdifferential of f.

Theorem 5 (Nonsmooth Chain Rulel [20, Theorem 10.6] Suppose h(x) := g(H (x))
for a proper, Isc function g : R™ — R and a smooth mapping H : R" — R™. Then,
at any point ¥ € dom (h) = H~!(dom (g)),
dh(¥) D H'(F)*dg(H (¥)).
If
(y€d@g(H{) and (H'(Z)'y=0) =y =0,

then

In(X) C (H'(¥))*9g(H (¥)) and 9*h(X) C (H'(X)*d™g(H (X))
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If, in addition, g is regular at H (X), then h is regular at X,
dn(X) = (H'(X))*dg(H (%)) and 9*h(X) = (H'(X))*d*g(H (X)).

Theorem 6 (Chain Rule for ) Let f : C — R be proper, convex, Isc and let § be as
in (1). Suppose that X € C"™" is such that the notation of Sect. 4 holds, f satisfies
either (3) or (4) at Xj foreach j € {1,...,m}, and ®, ()?) has active factor p given
by (15) and satisfying (29). If):j is nonderogatory for all j € {1, ..., m}, then

IfX) D {Y eC™ | (0,Y) € R(Dp)},

where D and R are as defined in Theorem I and (45), respectively. If f satisfies (3)
at ij forall j € {1, ..., m}, then | is subdifferentially regular at X with

f(X) ={Y eC™" | (0,Y) € R(Dp)}, and
9%°5(X) = {Y e C™ [(0,Y) € R(fo)} :

where Dg" is as defined in Theorem 1.

Proof We prove only the second statement since the proof of the first statement is
similar. Define H : {¢ : |[¢| < 1} x 2 — P" by H := Fj o G so that, in particular,
H(0, X) = F3(G(0, X)) = F5(0) = p. By Theorem 4, the adjoint of the derivative
of H at (0, X) is given by

(H'(Z, X)* = (G'(¢, X)) o (F5(G(¢, X))
= RoTj;0 (Fy(G(E, X)) by (46).

Therefore,

(H'(0, X))* = R o Tj o (F5(0)* by (44)

/1 (48)
= RoT;0 (F0)~" by @7

Since 75, R and FI; (0) are injective, so is (H'(0, i))*.
Define § : {¢:]¢] <1} x 2 — Rby
f(C.X):=(Eo ). X) Y. X)e{t:]¢l <1} x L,
so that
) =0, X)=f(¢. X\)=(F o H)(£, X) Y (. X)e{¢ ¢l <1} x 2. (49)

@ Springer



J. V. Burke, J. Eaton

Take g :=fand h := fin Theorem 5. Then by Theorems 1 and 5, fis subdifferentially
regular at (¢, X) and

d7(¢, X) = 9f(0, X) by (49)
= (H'(0, X))*af (H (0, X))
= RoTj 0 (F5(0)"'of(H (0, X)) by (48)
= RoT;0 (Fj(0) ' F}(0) o TI;I(D,;) by (30)
= R(Dj).

Similarly, 8°°f(g“, X) = R(DX). By (49), f(;, X) is constant on {¢ :1¢] < 1} s0 [20,
Corollary 10.11] on partial suﬁdifferentiation tells us that the first component of every
element of 9f(0, X) is zero. Hence, the final result also follows from [20, Corollary
10.11]. O

Remark 2 This result recovers the subdifferential regularity of the spectral abscissa
[12, Theorem 8.1] and the formula for its subdifferential in [12, Theorem 7.2] in the
case of nonderogatory active eigenvalues.

Corollary 1 (Explicit Subdifferential Representation) Assume the hypotheses of The-
orem 6 with (3) holding. Then Y € 3f(X) if and only if there exists U; € C"/>*" for
je{l,..., m} such that

P~*Y P = Diag (Opgxng> Ut - - - » Un),

where U is lower triangular Toeplitz with diagonal entries — i j1, subdiagonal entries
—j2, and parameters y; > 0 satisfying Z?’:l vi=1

wi1=vi(VfG)/nj) and (—pjn, VAN <i/n) f GjsiVER), IV FG)).

6 Matrices: the general case

In Sect. 5, we use the Arnold form (see Theorem 3) to simultaneously derive a repre-
sentation for the subdifferential and establish the subdifferential regularity of convexly
generated spectral max functions at matrices with nonderogatory active eigenvalues.
In this section, we extend techniques developed in [12, Theorem 7.2] for the spectral
abscissa to derive a representation for the regular subdifferential of spectral max func-
tions even when some active eigenvalues are derogatory. We do not derive formulas
for the general (limiting) subdifferential [see (13)]. Formulas in the derogatory case
are, for the most part, unknown even for the spectral abscissa.!

' Grundel and Overton derive the general subdifferential in the simplest derogatory, defective case when
n = 3 for the spectral abscissa in [15]. The nondefective (or semisimple) case is treated in [12, Theorem
8.3].
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6.1 Review of results from [12]

Define A : C"*" — C" to be the mapping that takes a matrix X to its vector of eigen-
values, repeated according to algebraic multiplicity and ordered lexicographically (see
Sect. 3.1). Any function of the form ¢ := ho A, whereh : C" — R is invariant under
permutations of its arguments, is a spectral function (see Sect. 1).

Now assume that the set & = {):1, R Xm} in (33) is the complete set of dis-
tinct eigenvalues of X e " with algebraic multiplicities n1, ..., n, (so that
n = Z'}’Zl n;) and geometric multiplicities g1, ..., g». We use the Jordan form
notation described in (34) and (35), where the matrix B is no longer present. Recall
the following results from [12].

Theorem 7 [12, Theorems 4.1 and 4.2] Let X be as given above and let  be a
spectral function. If Y is a subgradient or horizon subgradient of ¥ at X, then

W := P *YP* (50)
satisfies
W = Diag (Wi, ..., Wy), (51
where
(11 (1gj)
W; W
W; = : : . (52)
w'aih w915
i i
with W;”) arectangularm j. xm js lower triangular Toeplitz matrixforr =1, ..., q;,

s=1,...,q;,j=1,...,m. B
If Y is further assumed to be a regular subgradient of ¥ at X, then
W; = Diag W'V, .. w9, (53)
where W](kk) is anm ji x m i lower triangluar Toeplitz matrix with diagonal 61 and
subdiagonals 05, s =2, ..., mj, k=1,...,q;, j=1,...,m, andzzjzlmjk =
nj.
Remark 3 By lower triangular Toeplitz, we mean that the value of the k, £ entry of

W;”) depends only on the difference k — £ (is constant along the diagonals), and is
zeroif k < £ ormj, —k > mjs; — £ (is zero above the main diagonal, drawn from
either the top left or bottom right of the block).

Observe that @, [see (5)] is smooth since each coefficient is a polynomial in the
entries of X. The next result provides an expression for one-sided C-derivatives of @,
with respect to a given direction.
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Lemma 6 [12, Lemma 7.1] Let X € C™" and Z € C™" pe given, and assume X
has Jordan form (34). Define p € M" by

m
p=ou(X) =[]eq, 5,
j=1

where @, and ey 3, are defined in (5) and (16), respectively. Set

V:=PzpP! (54)

and let Vjj be the nj x nj diagonal block of V corresponding to block Jj of the matrix
J defined in (34). Then the action of the C-derivative @),(X) is

m m mj
;= £—1
Py(X)Z = — Z H e, ie) (z r (NU] ij) e(”j—[j‘j)) (53)
j=1 \ k=Lk#; =1

forall Z e C"*", where Njj) := Diag (Nj1, ..., Njq;) with Nj defined in (35).

Theorem 8 Suppose | is as in (1), where

V f is continuous at &j with V f(A;) # 0V j € Z;(X). (56)
Define
01 /Vf(hi), jeTIuX
o) = ]1/ f( j) ].e f(~) (57)
' 0, J ¢ Ly(X),
where 61 is given in (53), andsetg =01y ee s Oly ey Omsensomll € C", where

each o is repeated n j times. Let X have Jordan form (34), set
n
A=ty e ROy i=1on Dy =1),

and assume that Y is a regular subgradient for § at X. Then'Y satisfies (52) and (53),
and we have the following:

(a) [12, Theorem 6.1] Forall j € {1, ..., m},
JELX) = W;=0, (58)
where W; is given in (53).
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(b) [12, Theorem 5.2, Equations 6.5, 6.6] We have o € A" with o =01ifj ¢
I¢(X). In particular, this implies that

0; >0 and Z njoj = 1. 59)
JEL;(X)

(c) [12, "l:heorem 5.3] Ii in addition, the second R-derivative of f is continuous at
each Aj for j € 13(X), then

©j2, (VLGN = —ojnj whenevermj > 2, (60)
where o is given in (57), 02 is given in (53), m  is given in (36), and
nj = f"G iV f (). IV f())). @y
6.2 The regular subdifferential and its recession cone

The main result of Sect. 6 now follows.

Theorem 9 (RegulaL subdifferential formula) Let X have Jordan form (34) with the

distinct eigenvalues = having geometric multiplicities 4y, . . ., gm. Suppose [ satisfies
(3) ateach Aj for j € I]c(X) and (56) holds. Then Y € 0§(X) if and only if Y satisfies
(50)—(53) and (58)—(60).

Proof We follow the pattern of proof established in [12, Theorem 7.2] for the spectral
abscissa. Let Y € éf(X). By Theorems 7 and 8, Y satisfies (50)—(53) and (58)—(60),
respectively.

Next suppose that Y € C"*" satisfies conditions (50)—(53) and (58)—(60). We prove
that Y is a regular subgradient, that is,

(Y, Z)onsn < df(X)(Z), forall Z e C"™". (62)
By applying the chain rule (see Theorem 5), we obtain
df(X)(Z) = d(f 0 D,)(X)(Z) = df (D, (X)) (@, (X)Z), (63)

where the action cD,’l(f( )Z is given in (55) and f is defined in (2). Set p := 45,,()~( ) in
(63) to obtain

df(X)(2) = df (p)(®}(X)Z). (64)
By (50)—(53) and (58),
(¥, Z)gen = (W, Vigmn = D D Re@etr (N[ Vi),
JeZj(X) t=1
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where V is defined in (54). Set wj¢ 1= —tr (N;' Vjj) for £ =1,...,m;, j € T(X).
Then

(W, Vigean = D D Re@je(—wje).

jEIf ()N() =1

If either (31) or (32) in Theorem 2 fails for some j € If()? ), then the subderivative
df(p) (@, (X)Z) is infinite, in which case (62) is trivially satisfied. If (31) and (32) in
Theorem 2 hold for all j € Z;(X), then

¥, Zygma= 3 (Re@ji(=0j)+Re@(-02),
JeLy(X)
=2z ROV I o) —Re@ ) by (DL
=2 ez, ORI OD (o)) —Re@wp) by (59),
=Z}.€If()~() 0jf'(Aj; —wj1)—Re (02 02) by (14),

where the second term in each line does not appear if m; = 1 [see (36)]. Recall that
forall j € Z5(X), wj, satisfies (31), which, since f satisfies (3) at A j» 18 equivalent to

wjy = tj(Vf()zj))2 for some t; > 0 (66)
by [10, Lemma 4]. Therefore,

Oj2, f' A
Re(éj_-za)jg) > —tjojn; by (66), which implies
—Re@jpwj2) <tjo; f"(hjii f/(A)),if'(x;)), by (61), which implies

—Re(@jp0p) <0 f"Oj; /=02, /—0)2). (67)

Plugging (67) into (65) yields

v

—0ojn;j by (60), which implies

\

(Y, Z)cnxn= Zjdf@)(o,-f’(ij; —wj1) — Re@0)2))
=2z @i Crimop) +oi 10 =wpn,/=wp)
=2z i G o) + G = o) /n;
< max {(/'Gjs —opn) + 1" Gs y=ap, /=o)/n;] by (59)
= df (p)(P;,(X)Z).

where the last equality holds by Theorem 2. Combining this with (64) gives (62). O

@ Springer



Variational analysis of convexly generated spectral max...

Remark 4 Theorem 9 establishes the formula for the regular subdifferential of § at
a matrix with any number of derogatory or nonderogatory active eigenvalues. The
theorem recovers the formula for the regular subdifferential in the case where all
active eigenvalues are nonderogatory (see Corollary 1). In Sect. 7, it is shown that
although Theorem 9 does not directly apply to the spectral radius, it can still be used
to derive its regular subdifferential.

Theorem 10 (Recession cone of the regular subdifferential) Assume the hypotheses
of Theorgm 9. Then Y € 9f(X)*° if and only if Y satisfies (50)—(53), (58), and, for
J € Ly(X), the diagonal entries 0 in (53) satisfy
0j1 =0, (68)
and, if in addition m; > 2 [see (36)], the subdiagonal entries 0 in (53) satisfy
(02, (VF())c = 0. (69)
Proof First suppose ¥ € 8]‘(X)°° Since 8f(X) is convex, Z +tY € 8f(X) for all
Z e 8f(X )andz > 0by the definition of recession cone. By Theorem 7, both P~ *Z P*
and P~*(Z +tY)P* satisfy (50)—(53) forall Z € Bf(X) and ¢t > 0. In particular, both
P~*ZP*and P~*(Z + tY) P* are block diagonal matrices, with each block a lower
triangular Toeplitz matrix where the blocks corresponding to the same eigenvalue
have the same diagonal entries. Therefore, P~*Y P P* has the block structure specified
in (50)—(53). By’ Theorem 8, Y also satisfies (58).

For Z € 9f(X), denote the diagonal entries of the jth block of P~*Z P* by z il
By Theorem 8, Z + tY satisfies (59) for all # > 0, that is,

> njp +10,)/V G =1

jeLj(X)
and (z 1 —i—t@ll)/Vf(X )>O0forall j € If()?) and ¢t > 0. Therefore, 61 = 0 for all

Jj € If(X) provmg (68). If, in addition, m; > 2 [see (36)], denote the subdiagonal
entries of P~*Z P* by z;j2. By Theorem 8, Z + tY satisfies (60), that is,

((zj2 +10j2), (VFG) e = —(zj1 + 10,00 /V f(A))
forall j € Z;(X) and ¢ > 0. Since 8;1 = 0, this becomes
(zj2, (VLG e + 1052, (VG e = —zjinj/V f(h))
forall # > 0 and Z € 9(X). Since, by (60),
(zj2. (VL)) e = —2jin /V f (L))

forall j € Z;(X) with m; > 2, (69) follows.

@ Springer



J. V. Burke, J. Eaton

Now suppose Y € C"*" satisfies (50)—(53), (58), (68), and, for j € If(}?) with
mj > 2,(69). Then for any t > O and Z € EA)f(i), the matrix Z + tY satisfies the

conditions of Theorem 9, which implies that Z + tY € (’;f()? ), proving the reverse
inclusion. O

6.3 Nonderogatory active eigenvalues are necessary for regularity

Theorem 6 shows that nonderogatory active eigenvalues are sufficient for the subdif-
ferential regularity of f. We now show this condition is also necessary.

Lemma 7 In (33), let & be the complete set of distinct eigenvalues of X eC" X:‘, and
suppose f satisfies (56). If A j is derogatory for some j € Is(X), then 3f(X) 2 9§(X).

Proof We follow the method of proof in [12, Theorem 8.2] for the spectral abscissa.
Let j € Z5(X) be such that A ; is derogatory. Then the geometric multiplicity of ; is
at least 2. Since f is differentiable at 1 ;, A; € int (dom (f)). This together with the
fact that V f (ij) # 0 implies ):j is not a local maximizer of f. Therefore, there exists
AV — & with f(A") > f(%;).Set B* := A" — % and define X" := P~ (J + B E)P
where P and J are defined in (34), and the entries of E are one in the m ;| diago-
nal positions corresponding to the Jordan sub-block J;l) with all other entries zero.
Clearly XV — X. The only active eigenvalue of X" is A", with multiplicity m j, and
J + B"E is the Jordan form of X", up to re-ordering of the Jordan blocks. By The-
orem 9, 9f(X") includes the matrix (V f(A")/m ;1) P*EP~* for all v, which implies
(VFf(hj)/mj)P*EP~* € 3§(X). However, (V f(%;)/m 1) P*EP~* ¢ 3f(X) since
Vf (X j)/m jl)ﬁ*E P~* does not satisfy the conditions in Theorem 9 because the
diagonal entries of W; are O for blocks m j2 to m j, i but are nonzero for block m ;.

Therefore, 9f(X) 2 3f(X). O

The following result follows as an immediate consequence of Theorem 6 and the
preceding lemma.

Theorem 11 Let f : C — R be proper; convex, lsc, and let § be the associated
spectral max function as in (1). Suppose that X € C"*" and f satisfies (3) at all active
eigenvalues of X. Then f is subdifferentially regular at X if and only if the active
eigenvalues of X are nonderogatory.

7 Application to the spectral radius

Let r : C — R be the complex modulus map r(¢) := |¢|. The polynomial
radius r : P* — R and the spectral radius p : C"" — R are given by
r(p) = max{r(x)| p(x) = 0} and p(X) = max{r(}) | det(rA — X) = 0}, respec-
tively. The results of the previous sections do not directly apply to p as (3) is not
satisfied, since, fort € R, r”(A; tA, tA) = 0 for A # 0, and since r’(0) does not exist
(see Sect. 2.2). As in [10], we overcome these hurdles by introducing the function
() = |§|2 /2. Since V2ry(1) is the identity map on C, r; satisfies (3) on all of C.
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Set ,oz(X ) = max{l)»l /2| det(A — X ) = 0}. The strategy 1s to first consider the case

(X ) > 0 using p> and then to directly consider the case ,o(X ) = 0. When ,o(X ) >0,
the relationship between the regular subdifferentials of p and p; is a consequence of
the following result.

Lemma 8 Let X € C"™" pe such that p(X) > 0. Then

Tepiip) (X, 1) = {(V. /i (V. 1) € Tepigon) (X, 117 /2)), and

Nepi(p) (X, 1) = (W, w0 (W, 1) € Nepipo) (X, 11 /2)}.
Proof Recall the definitions of the tangent and regular normal cones given in (11)
and (12), respectively. The elementary proof of the tangent cone equality is identical
to that in [10, Lemma 7] with polynomials replaced by matrices and the root max

function replaced by the spectral max function. The regular normal cone expression
follows by taking polars (12). O

Proofs of the following results can be found in an expanded version of the paper

[3].
Theorem 12 (,o(X) > 0) Let X have Jordan form (34) with p(X) > 0. Then Y €

8,0(X) if and only if Y satisfies (50)—(53), (58), and, for j € 1, (X), the diagonal
entries 01 of W; satisfy

le/XjER, 91‘1/):]'20, and Z nj9j1|)~»j|/5»j=l,
JET,(X)

and, if in additionm; > 2 [see (36)], the subdiagonal entries 0> of W; satisfy
Re (87232) = —60117, /4.

Moreover, Y € ép(i)oo if and only if Y satisfies (50)—(53), 0j1 =0 for all j €
{1,...m}, and, for j € T,(X) withm ; >2, Re(@,—gi?) > 0. Finally, p is subdifferentially

regular at X if and only if all active eigenvalues are nonderogatory.

Remark 5 The proof uses the following formula for the subderivative of the polyno-
mial radius when p € M" and r(p) > 0, which has independent interest:

ar(p@ = max {( fos2| ~Re(Ljo;n) /0sin]

where v = Z] 1 Hk# e(nk P Z L1 @), 53,y provided that w12 € cone (Xz)
andwjs =0fors =3,..., njand j € Z;(p). Otherw1se dr(p)(v) =

When p(f ) =0, X has a single eigenvalue, 0, with algebraic multiplicity n. For
this reason, we suppress the index “;” in (50)—(53).
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Theorem 13 (p(X) = 0) Let X € C"*" be such that p(X) = 0. Then Y € dp(X)
if and only if Y satisfies (50)~(53) and |01| < 1/n, where 0, is the diagonal entry of
P~*Y P*. Moreover, Y € 8,0(X)°° if and only if Y satisfies (50)~(53) and 6; = 0.

Finally, p is subdifferentially regular at X if and only if X is nonderogatory.

7.1 Examples

We consider two 3 x 3 matrices:

1 1 0 1 1 0
A=10 1 0 and B=|0 1 O
0 0 -1 0 0 1

The matrix A has two nonderogatory active eigenvalues, 1 and —1; the matrix B is
derogatory and defective.” By Theorem 12, ¥ € 8p(A) if and only if there exist
011, 012, 921 € C such that

011 0 O
Y=|6p 61 0],
0 0 6y

where Re(612) > A—911 , 011 € [0,00), 621 € (—00,0], and 260;; — 61 = 1. By
Theorem 12, Y € dp(B) if and only if

1 0 0
Y==-I+|60 0
0 0

3 (70)

S OO

where Re(9) > —1/3. Consider the sequence of matrices B” := B + Diag (0, 0, 1/v)
for v € N. The only active eigenvalue of B” is (1 + 1/v), which is nonderogatory. By
Theorem 12, M := Diag (0,0, 1) € ép(B”) for all v, which implies M € dp(B), yet
M ¢ 9 p(B) since it does not satisfy the form given in (70), i.e. the diagonal entries
are not equal.

8 Summary

This paper extends the variational results for the spectral abscissa mapping in [12] to
convexly generated spectral max functions. Two very different methods of analysis
are applied. The first uses the Arnold form (Sect. 4.1) and tools from [6]. A nonsmooth
chain rule is applied to the composition of the characteristic polynomial mapping and
a max root function for polynomials (6). The subdifferential theory for polynomial
max root functions is developed in [2], which in turn builds on the work in [9,10].
The key technical breakthroughs for the first approach appear in Sect. 4.2 culminating

2 The matrix B — I is in the family of matrices considered in [15] for the spectral abscissa.
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in Theorem 4, which describes the variational behavior of the mapping G taking a
matrix to its distinct active monomial factors on the space Sj. This yields our first
main result, Theorem 6, which gives a formula for the subdifferential and establishes
subdifferential regularity when all active eigenvalues are nonderogatory.

The major drawback to Theorem 6 is the requirement that all of the active eigen-
values be nonderogatory. It is this hypothesis that gives access to our polynomial
results through Theorem 4. Our second line of attack avoids the polynomial results by
appealing directly to underlying matrix structures. This approach extends results in
[12] to convexly generated spectral max functions when possible. In Theorem 9, we
characterize the regular subgradients of a convexly generated spectral max function
without assuming nonderogatory active eigenvalues. In addition, Lemma 7 shows that
nonderogatory active eigenvalues are necessary for subdifferential regularity. Com-
bined with our earlier results, we obtain Theorem 11, which shows that subdifferential
regularity occurs if and only if all active eigenvalues are nonderogatory. This neatly
extends the 2001 result of Burke and Overton for the spectral abscissa [12] to the class
of convexly generated spectral max functions satisfying (3).

The results are applied in Sect. 7 to obtain new variational properties for the spectral
radius mapping.
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