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Abstract

The connection between Clifford analysis and the Weyl functional calculus for a d-tuple of bounded
selfadjoint operators is used to prove a geometric condition due to J. Bazer and D. H. Y. Yen for a point to
be in the support of the Wey! functional calculus for a pair of hermitian matrices. Examples are exhibited
in which the support has gaps.
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1. Introduction

For a d-tuple A = (A, ..., A;z) of noncommuting bounded selfadjoint operators
acting on a Hilbert space H, there is no direct analogue of the spectral theorem for
a single selfadjoint operator T, by which a function f (T) of T can be expressed in
terms of an integral f (T) = fa - f () dE()) with respect to a spectral measure E.
The Weyl functional calculus #) : f +— fw(A) for A is a means of constructing
functions fw(A) of the system A of operators, for suitable smooth functions f defined
on RY. It was proposed by H. Weyl for the pair (P, Q) of unbounded selfadjoint
operators, where P is the momentum operator and Q is the position operator in
quantum mechanics. In the noncommuting case, the operator #, (f ) is not necessarily
expressible as an integral with respect to an operator-valued measure, but #, is an

This work was supported by an ARC Large Grants at UNSW. We thank S. Okada for thoroughly reading
the manuscript and making many helpful criticisms and W. Ricker for useful discussions.
© 2003 Australian Mathematical Society 1446-7887/03 $A2.00 + 0.00

85

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

86 Brian Jefferies and Bernd Straub 2]

operator-valued distribution. If A consists of bounded operators, then #, necessarily
has compact support.

A feature of Weyl’s functional calculus is that #4 maps a polynomial p in d
variables to an operator pw(A) in which symmetrised products in the elements of A
replace the associated monomial components of p.

A similar phenomenon emerges in Clifford analysis. A monogenic function f
defined on R*!, and with values in a finite dimensional Clifford algebra, is a function
satisfying a higher dimensional analogue of the Cauchy-Riemann equations. Every
complex valued analytic function in d real variables has a unique monogenic extension
to an open subset of R?*!. The monogenic extension of polynomials on R? are the
corresponding polynomials in the d-tuple (z,, ..., z,;) of monogenic extensions of
coordinate functions, but with products suitably symmetrised.

The purpose of the present work is to exploit the connection between the Weyl and
Clifford calculi, previously examined in [17, 18], to obtain a geometric expression for
the support of the Weyl functional calculus for two hermitian matrices. Expressed
otherwise, we describe geometrically the ‘joint spectrum’ y (A) of two noncommuting
hermitian matrices A = (A}, A,). In the case that A;, A, do commute, the support
v (A) of the Weyl functional calculus #, for the pair A is actually the support of the
joint spectral measure for A—the finite set of joint eigenvalues of A; and A,. Our
technique uses a generalisation of the Cauchy-Stieltjes transform of a measure on R
from the complex plane to higher dimensions. The analogy is as follows.

Let 1 be a finite Borel measure on the line. The Cauchy-Stieltjes transform [ is
defined for all z € C\ supp u by

1 d
i) = / u(x)_
R

2mi Z—X

The measure u can be recovered from its Cauchy-Stieltjes transform £ by the formula

/d)du: 1ir(1)1+f[;1(x—ia)—ﬁ(x+ie)]¢(x)dx,
R = R

valid for all smooth functions ¢ with compact support.

A similar argument applies to a spectral measure. Suppose that A is a selfadjoint
operator acting in a Hilbert space with a selfadjoint spectral measure P supported on
the spectrum o (A) of A, thatis, A = fa(A) AdP()). Then for every z belonging to the
resolvent set p(A) = C\ o (A), the functional calculus for selfadjoint operators gives

B = 1 /'dP(x) _ 1,(zI—A)"
R

2mi Z—Xx 2mi

in terms of the resolvent (zI — A)~! of A. Moreover,

¢dP = — lim [((x —ie)l —A)" = ((x +ie)] — A)7 '] p(x)dx

2mi e—0*
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for all smooth functions ¢ with compact support (see [11, (iv) page 2168]). The
support o (A) of the spectral measure P is characterised as the complement of the set
of points x € R contained in an open set U in C in which the resolventz > (z1 —A)7!,
z € U\ R, is the restriction to U \ R of a continuous function defined in U. Formulas
like (1) are basic to the spectral theory of differential operators and to the construction
of their spectral measures, for example, by the Weyl-Titchmarsh-Kodaira formula for
Sturm-Liouville differential operators.

In the case that A = (A,...,Ay) isa d-tuple‘ of bounded selfadjoint operators
acting on a Hilbert space H and %) is the Weyl functional calculus associated with
A, the equation

#@ =lim | [Gra(d) — GoraW]$@dr, ¢ € C2RY,
was established in [17, Theorem 6.2]. Here G,,(A), w € R\ ({0} x supp(#4)), is a
higher dimensional analogue of the resolvent family of a single operator. The Cauchy
kernel G,(A) takes values in a Clifford module over the space of bounded linear
operators acting on H. It can be viewed as a higher dimensional Cauchy-Stieltjes
transform of the distribution #, supported in R?. The analogue

fu(A) = f Go(AIn(@)f (@) dp(@)
N

of the Riesz-Dunford formula is also valid for functions f left monogenic in a neigh-
bourhood in R?*! of the support of #, [17, Corollary 5.5].

Then supp(#,) is characterised as the complement of the set on which the function
w — G,(A) is continuous, that is, the ‘spectrum’ supp(#,) of the functional calculus
¥ is precisely the set of singularities of the Cauchy kernel G, (A), just as the spectrum
o (T) of asingle operator T is the set of singularities of the resolvent A > (A1 — T)~!.

Although the Fourier transform % of the operator-valued distribution ¥} is known
explicitly, it does not obviously provide detailed information about the local behaviour
of #,. For example, in the case of a pair A = (A,, A,) of bounded selfadjoint
operators, an application of the Paley-Wiener theorem shows that the convex hull of
supp(#,) coincides with the closure of the numerical range of the bounded linear
operator A + iA; [2, Theorem 5.2]. It is difficult to obtain further information from
bounds involving the Fourier transform % of #,.

A simple geometric condition for points to belong to supp(#,) in the case that
A = (A}, A,) is a pair of hermitian matrices is found in Theorem 6.4 from the plane
wave decomposition for G, (A) [18, Lemma 2.5], as this is adapted to a more detailed
examination of the behaviour of #, around its support.

The argument we use demonstrates why Clifford analysis or, more specifically,
quaternionic analysis is more suited to the problem at hand than the theory of functions
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of several complex variables. The distribution #, is supported in R? and can by
represented as the boundary values of a function, taking its values in a Clifford module
over the space of matrices, and monogenic in R off the plane R?* = {0} x R? c R?
However, if we represent the distribution #, as the boundary values on R? of :
matrix-valued analytic function ® defined in C2, then we find that ® has singularitie:
on certain algebraic curves studied by Kippenhahn [23] in his 1951 investigation intc
the numerical range of matrices; this phenomenon complicates the analysis. The
emergence of singularities in C" in the Cauchy transform of smooth scalar-valuec
functions in R” for n > 1 is noted in [10].

The distribution (x, t) > #;a(x) is actually the fundamental solution of a linea
symmetric hyperbolic system of PDE of a type that arises, for example, in the stud)
of two-dimensional magnetohydrodynamic waves [35]. Part of Theorem 6.4 has beer
obtained by Bazer and Yen [6, 7] by appealing to a plane wave decomposition for #,
from the method of Herglotz and Radon [20], although no connection is made in these
works with Kippenhahn’s characterisation [23] of the numerical range of matrices
Our approach also makes explicit the relationship with the ‘spectral theory’ of a finite
collection of noncommuting operators.

A more general study of the support of the fundamental solution of hyperbolic PDE
with constant coefficients originated with the penetrating work of Petrovsky [27] anc
was advanced by Atiyah, Bott and Gérding [3, 4], see also [34]. The lacunas studiec
in the present work and in [27, 6, 7] are called strong lacunas in the terminology of
[3] and [4]. The fundamental solution of a symmetric hyperbolic system P of PDE
may have lacunas stronger than those of det P [3, page 188]. As in the works [6, 7]
we use the additional features of symmetric hyperbolic systems to obtain results more
directly than those obtained from the general theory of Atiyah, Bott and Garding
[3, 4]. In particular, the formulas of Herglotz-Petrovsky-Leray [3, Theorem 7.16] fo1
the fundamental solution of det P are replaced in the present context by a much simpler
formula of Bazer and Yen for the matrix valued distribution #;,, see Lemma 9.2.

The method of the present work demonstrates that the monogenic functional cal-
culus for noncommuting systems of operators is a useful tool to analyse the support
of distributions in R?. It also makes explicit the connection between earlier work
of Kippenhahn [23] and Murnaghan [25] on the numerical range W(A) of the ma-
trix A = A, + iA; and the support of the Weyl functional calculus #, for a paii
A = (A,, Ay) of hermitian matrices. In particular, lacunas or gaps in the support of
#,—the difference between the convex set W(A) and supp(#,)—are already explicit
in the numerical range of certain (3 x 3) matrices A exhibited in [23], see Figures 1-6.

An outline of Clifford analysis is given in Sections 2-3. The higher-dimensional
analogue of the Riesz-Dunford functional calculus is outlined in Section 4. An
elementary proof of the plane wave decomposition for the Cauchy kernel in R3
suitable for the present purpose is given in Section 5.

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

[5] The support of the Weyl calculus 89

The geometric condition characterising the monogenic spectrum y(A) and the
support of the Weyl functional calculus is introduced in Section 6. The remainder of
the work is devoted to a proof of Theorem 6.4 using spectral theory arguments for
systems of operators.

Our arguments from spectral theory have mainly a functional analytic flavour, but
certain geometric ideas, already evident in the pioneering work of Petrovsky [27], are
needed to implement the analysis. We include a brief discussion of algebraic curves
in Section 7 in an attempt to alleviate the reader’s burden with possibly unfamiliar
ideas already introduced. Some concrete examples of Kippenhahn’s plane algebraic
curves for (3 x 3) matrices are exhibited in Section 8. The proof of Theorem 6.4 is
completed in Section 9.

Finally, in Section 10, we make some suggestions about what extensions to the
arguments advanced may be valid for finite systems A = (A, ..., A,) of matrices, or
bounded linear operators on a Banach space for which the spectrum o ( }7_, A;&;)

of the operator Z}i:l A;§; is a subset of the real numbers for every § € R?.

2. Clifford algebras

Let [ be either the field R of real numbers or the field C of complex numbers. The
Clifford algebra [, over F is a 2¢-dimensional algebra with unit generated by the
standard basis vectors e, e, ..., e; of the vector space F¢*!. Multiplication in Fa
satisfies ej e, + e, = —28;, for 1 < j, k < d, with §;, denoting the Kronecker delta.
The vector ¢, serves as the identity element.

A basis of [, is given by vectors eg, indexed by all subsets S of the finite set
{1,...,d}. For each such subset §, the element es is the ordered product of the
vectors e; with j € S, with the understanding that e; = ¢.

The Clifford algebras R, R(;) and Ry are the real, complex numbers and the
quaternions, respectively.

The conjugate €5 of a basis element e is defined so that eges = eses = 1. Denote
the complex conjugate of a number ¢ € F by ¢. Then the operation of conjugation
u > u defined by u = Y  uses for every u = Y _ uses, us € F is an involution
of the Clifford algebra F,. Then uv = vu for all elements u and v of F). An
inner product is defined on [, by the formula (u, v) = [uv]p = ) s Usvs for every
u=7>y usesand v =7 ¢ vses belonging to F). The corresponding norm is written
as|-|.

The Clifford algebra [ 4 has the appealing property that any nonzero vector x €
R4+! has an inverse x ! in the algebra given by x ' = X /|x|%.

The algebraic tensor product X 4, = X ® F(,, of a vector space X over F with [
is a two-sided module. Elements of X ;) may be viewed as finite sums u = ) _ xges

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

90 Brian Jefferies and Bernd Straub [6]

of tensor products of elements xs of X with basis vectors es of F,. Multiplication

in X4 by elements A of the Clifford algebra F is defined by ud = ) xs(esh)

and Au = ) _xs(res). If X is a normed space, then the norm on X is taken to be
1/2

lull = (s Ixsl3) .

Let X be a Banach space and .’ (X) the space of continuous linear operators acting
on X. The space £ (X) 4 and the space £ (X () of all right module homomorphisms
of X 4 are identified by defining the operation of T = ) Tses on u = Y _ uses as
T(u) = Y s ¢ Ts(ug)eses. The norm of T is given by | T|| = (3| TS||_22,(X))1/2
The space £ (X) is identified with the subspace of £ (X) 4 consisting of all elements
Tep, T € £(X). Anelement T of £ (X)) has aninverse S if ST = TS = 1 ¢. If
such an inverse exists, it is written as 7'.

3. Clifford analysis

What is usually called Clifford analysis is the study of functions of finitely many
real variables, which take values in a Clifford algebra, and which satisfy higher
dimensional analogues of the Cauchy-Riemann equations.

A function f : U — F defined in an open subset U of R%*! has a unique

representation f = ) ¢ fses in terms of F-valued functions fs, S € {1, ..., d} in the
sense that f (x) = ) fs(x)esforallx € U. Then f is continuous, differentiable and
so on, in the normed space [, if and only if for all finite subsets S of {1, ..., d}, its

scalar component functions f s have the corresponding property. Let 9; be the operator
of differentiation of a scalar function in the j th coordinate in R%+'—the coordinates
of x € R! are written as x = (xq, X}, ..., x4). For a continuously differentiable
function f : U — [ defined in an open subset U of R™! with f = 3" fses, the
function Df is defined by setting Df =) ¢ Z;.’:O(ijs)ej es and f D is specified by
fD=3 Zf:o(ajfs)esej .

Now suppose that f is an [4-valued, continuously differentiable function defined
in an open subset U of R4*!. Then f is said to be left monogenic in U if Df (x) =0
for all x € U and right monogenic in U if f D(x) = 0 for all x € U. The definition
extends to functions f with values in a Clifford module over F 4.

For each y € R?*!, the function G, : R*'\ {y} — [, defined by

Il y—x
(2) X = Gy(x)=?‘—dm,
for all x # y is both left and right monogenic. Here the volume of the unit d-sphere
in R%*! has been denoted by o, and R*! is identified with a subspace of F. In [9],
the notation E(y — x) = G, (x) for y # x is used. In the present work, we replace x
by a d-tuple A of matrices or operators, so the given notation is more convenient.
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The function (2) plays a special role in Clifford analysis. Suppose that  C R¥*!is
a bounded open set with smooth boundary 92 and exterior unit normal n(w) defined
for all w € 9K2. For any left monogenic function f defined in a neighbourhood U of
Q, the Cauchy integral formula

fx), if xe€8

3 d = _
(3) fm G,()n(w)f (w)du(w) 0. if xeU\D

is valid. Here u is the surface measure of 2. The result is proved in [9, Corollary 9.6].
If g is right monogenic in U then fasz g(wn(w)f (w) du(w) = 019, Corollary 9.3].

4. The monogenic calculus

Suppose that A = (A;,...,A,) is a d-tuple of hermitian operators acting on a
Hilbert space H. For each £ € R?, set (A, £) = Y_0_ A;&;.

The Weyl functional calculus [2, 26, 33] is a means of forming functions fw(A;,
..., Ag)of thed-tuple A = (A4, ..., Ay) of operators. There exists a unique operator
valued distribution #, : f +— fw(A), f € C®(R?), defined over the test function
space C*(RY) of all infinitely differentiable functions, such that the restriction of #}
to & (R9) is given by

4) Half) = (2‘fr)'d/

R

M F(E) dE.

The integral converges as a Bochner integral in .#(H) with the operator norm. The
support supp(#4) of this distribution is contained in the closed ball in R centred at
zero and with radius r = (Ef=1 I|A; ||2)1/2 [33, Theorem 1].

By virtue of the standard techniques of distribution theory, the distribution #, also
applies to any smooth function f : U — [ defined in an open neighbourhood U of
supp(#4) in R%!, by applying #, to each of the components of f restricted to the
open neighbourhood U N R? of supp(#,) in R.

Then the £ (H ) 4)-valued function w +— G,(A) defined by

(5) G.(A) = #4(G,),  forallw e R\ ({0} x supp(#4)),

is called the Cauchy kernel for the d-tuple A. It is the Cauchy-Stieltjes transform of the
operator-valued distribution # in the sense of Clifford analysis [9, Definition 27.6].

By an elementary argument [17, Corollary 5.5], the Cauchy integral formula (3)
ensures that

(6) Half) = f G,(An(w)f (@) du(w)

a2
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for any function f left monogenic in a neighbourhood of the closure of the region 2
in R%*! containing the support supp(#,) of #, in R? = {0} x R,
The monogenic spectrum of A is the subset y (A) of R? off which the function

> G,(A), e R™\ ({0} x y(A))

is a left and right monogenic function. It is proved in [17] that the set y (A) is precisely
the support supp(#,) of the distribution #.

For example, any analytic function f of d real variables defined in an open neigh-
bourhood U of y(A) in R? is the restriction to U of a left monogenic function f
defined in an open subset of R?*! [9, Proposition 14.4]. Then formula (6) defines the
operator f (A) := f~(A) in such a way that for any polynomial p in d real variables, the
operator p (A) is formed from p by replacing terms x;, - - - x;, by symmetric products
in the bounded linear operators A;,, ..., Aj,.

5. The plane wave decomposition of the Cauchy kernel

We now restrict ourselves to the case where d = 2 and A = (A}, A;) is a pair of
hermitian operators in a finite dimensional Hilbert space.

Throughout the following, T denotes the unit circle centred at zero in R? and p is
the arc length measure of T. The inverse in the integrand of the following formula is
understood as an inverse in the Clifford algebra R ;).

The following elementary calculation is a special case of a general formula [32,
page 111], [30, 24] for the plane wave decomposition of the Cauchy kernel in R+!,

LEMMA 5.1. Let y € R? and suppose that y, € R is nonzero. Then

1 _ _
Yo—y 5= /F(<y, 5) —yot) " du(t) yo > 0;

2 iz 1 _
(o + 1y1%) -i;f((y, ) —yot)2du(t)  yo <O.
T

PROOF. Let us calculate

L _ (y,t>+yot>2
(7) /r((y,t) Yot) du(t)_,/v<(y,t)2+y§ dp(r)

for nonzero y € R? and y, € R. Choose coordinates such that (y, t) = |y|cosé.

Then (7) is equal to

(8) do.

/2" ly|? cos?@ — y2 + 2y,y cos? 8
0 (Iy1?cos? 6 + y§)?
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The term involving sin 6 has integral zero, so it does not contribute to the integral (8).

Because
fz” cos2 0 16— T
o (a%cos?@ + b?)? b|(a? + b2)32°
/-Zn 1 40 — ﬂ(az 4 2b2)
o (a?cos?f + b?)? |b]3(a? + b?)3/2’
we have
o cos2 6 27y
o -/0 Peosta + 57 0 = W + 57 B
and
7 _bPeos’d -y 2rlyol
I . D
o (yl*cos?6 + y; )2 (|y|2 +y2)¥2

The plane wave representation of the Cauchy kernel G, (A) given next was proved
in [18] for d-tuples of operators. It is critical for the subsequent calculations. The
inverse in the integrand is taken in the Clifford module £ (C") ).

THEOREM 5.2. Let A = (A, A,) be two (n x n) hermitian matrices. Then for
y € R? and yo # 0O, the Cauchy kernel Gy, y.e,(A) = #a(Gyiye,) admits the repre-
sentation

9) Gyiper(A) = g“ L

/ (y1 = A, 1) = yotI) ™ dpu(0).
PROOF. According to Lemma 5.1, if y; # 0 and x € R? is not equal to y + yqe,
then

gn y
Gyaype, (X) = .

f( —x, 1) — Yos) 2 du(r).

The function x F> G4y, (x)is C® forx € R*\ {y + yoeo}, soif yo # O, then we have

Gyapoes(A) = #a(Gyiyer) = Sg” Y s ( / ((y — Yot)" 2du(r>)
Si“? f Pally — - 1) — yo) 2 dp ()
b4

- Sg“y"/« = A, 1) — yorD) 2 du(o).

The first of the equalities above is the definition (5) of G,,,..,(A). The second
follows from Lemma 5.1. The continuous linear operator #, can be passed from
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outside the integral to inside the integral by appealing to a property of Bochner
integrals (see [17]).

The last equality can be seen from the equality #Z,(p({-, &))) = p((A, §)), valid
for any polynomial p on C and any £ € R?. An appeal to Runge’s theorem and
continuity shows that p can be replaced by any complex function f which is analytic
on the compact subset (supp(#4), &) of R. In particular, for each t € T, yy # 0
and y € R?, the Ry -valued function f, : x — ((y — x, ) — yot)72, x € R? may be
expressed as f,(x) = ®((x, 1)), x € R?, with

®(2) = ((y, 1) — 2+ yo) ({3, 1) = 2> + ).

The function @ is analytic at all points z € C for which ({y, t) — z)* + y¢ # 0, s0 it
is analytic in the open strip |3Iz| < |yo| containing (supp(#4),t) C R foreacht € T.
Hence,

Ha(f) = Ha(@((-,0) = ((yI — A, 1) = yot )™
foreveryt € T. O

For all w € R? with |w| sufficiently large, G,(x) has an expansion in terms of
monogenic polynomials in x € R3. Replacing the monogenic polynomials with
symmetrised products of the operators A; and A,, we obtain G,(A) = #4(G,) for
all w outside a sufficiently large ball in R* [17, Equation (5)], (18, Equation (5)]. This
is the analogue of the Neumann series for (Al — A)™', |A| > ||A||, in the case that A
is a single operator A. The right hand side of (9) has the same representation for all
w outside a sufficiently large ball in R3.

6. The monogenic spectrum

Let A = (A, A,) be a pair of hermitian matrices. Where convenient, we shall
represent the (n x n) matrix associated with A as A = A + iA, in order to avoid
hats and tildes. In the same spirit, C is identified with R? and R? is identified with the
subspace {0} x R? of R®. We adopt the convention that a point w € R? is written as
y + yoeo for y € R? and y, € R. For a d-tuple B = (B,, ..., B;) of (n x n) matrices
and £ € C?, the notation (B, £) is used to denote the matrix Z}’zl Bj&;.

We are concerned with the compact set y (A) C R? of points at which the Cauchy
kermel w — G, (A) has a discontinuity as w € R* approaches the subspace {0} x R?
of R? from above (wy — 07) and below (wy — 07).

To this end, we examine the integral (9) more closely. Let y = (y;, y;) € R%. We
interpret B(y) = y/ — A as the pair (B, (y), B2(y)) of matrices with B; (y) = y; I — A;
forj = 1, 2. Then, appealing to the identity > = —1 fort € T C R, with respect to
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multiplication in the Clifford algebra, for y; # O the integrand of (9) can be written
down explicitly as

(10) (B), 1) = yot )72 = ((B(y), 1) + yot D*((B(Y), )2 + y2I)~>
= ((B(y), 1) — yo D({(B(»), 1)* + 1) 2
+ 2y0t(B(y), 1) ((B(»), )* + y2I) .

The points ¢t € T, where (B(y), t) is not invertible, will dominate the integral (9)
as yo — 0% and yo — 07, respectively. This suggests to investigate the zeros of

det(B(y), t) = det(B;(y)t + B2(y)%).

Now suppose that t = (1, ;) = (cos 8, sinf) for —w < 6 < m and let z = €. Then
h=(+z"/2and t, = (z — z7')/2i, so that

det(B(y), ) = (22) " det(B1(»)(z* + 1) — iB,(»)(z* — 1))
= (22) 7" det((B1(y) — iB2(y))z* + (B1(y) + i B2(y)))
= (2z) 7" det(B\(y) — iB2(y))
x det(z*I + (B\(y) — iB,() ™ (B1(y) + iB2(y)))

if Bi(y) — iB,(y) is invertible.

Fix y € R?and let T = B,(y) + iB2(y). Then in the case that T and hence, T*, is
invertible, the set of points ¢ € T where det(B(y), t) = 0 is in two-to-one correspon-
dence with [0(-—(T“)’1 T)] N T: if ¢ is an element of the set [a (—(TH! T)] NT,
then the corresponding ¢ € T is £¢1/2.

For t € T, the equation det(B(y), ) = det(yl — A,t) = 0 has a geometric
interpretation. Let t* € T be orthogonal to ¢ in R2. Then the line

(11) Ly, ={y+rt*|xeR]}

passes through y € R? and has the property that (x, t) € o ((A, 1)) forall x € Ly,

As we will see later, the number of such lines that exist for a point y and for
all points in a neighbourhood of y, is decisive for whether the point y belongs to
supp(#4). We introduce the following definition to isolate those points y € R? for
which this is the maximum number possible.

DEFINITION 6.1. Let A be a (n x n) matrix and let R(A) be the set of all points
A € p(A) such that in some neighbourhood U C p(A) of A in C,

(12) o((GI-AMT"¢GI-A)CT

foreach ¢ € U.
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The set R(A) is necessarily an open set. If the matrices A; and A, commute, that is,
if A = A; +1iA, is anormal matrix, then the set R(A) is readily described. In this case
(&I — A"~ I — A) is a unitary matrix for all & € p(A), so that R(A) = p(A).

Condition (12) may be restated by saying that R(A) is the set of all A € C such that
in some neighbourhood U of A in C, every solution z € C of the equation

(13) det (1 —A)Y'z+ I —A)=0

with ¢ € U satisfies |z| = 1.

If £ € 0(A), then z = O is a solution of (13)—such points are excluded. Note that.
in the notation above, this covers the case where B,(y) — i B,(y) is not invertible. For
y € p(A), we have

det (yI — A)*z+ (yI — A)) =det(y] — A)det (zI + ((yI — A)")™'(y1 — 4)).

Hence det ((yI —-A)'z+ (I - A)) is a polynomial of degree n in z and there are
n solutions z € C of (13) counting multiplicity. To each z € T, there corresponds
a line L, i~ in R%. If all the solutions z € C satisfy |z| = 1, that is, if y € R(A).
then this says that the number of lines L, ,, ¢ € T, passing through y € R* = C, is
the maximum possible. In particular, counting multiplicity, the maximum number of
lines L, ,, t € T, that can possibly pass through y is n.

The following simple condition guarantees that a point y € R? belongs to R(A).
Let W(A) denote the numerical range {(Av,v) | v € C*, ||v|| = 1} of the (n x n)
matrix A = A, + iA,. '

PROPOSITION 6.2. Let A be a (n x n) matrix. Then C\ W(A) C R(A). Conse-
quently, C\ R(A) is a nonempty compact subset of the numerical range W(A) of the
matrix A.

PROOF. Firstly, 0 (A) € W(A), so if A € C lies outside W(A) then A € p(A).
Moreover, for every z € C, the inclusion

o((AM —A)'z+ (Al — A)) € W(UAI — A)'z+4+ (A — A))

holds. Hence, for any complex number z for which 0 € o (A — A)*z + (A] — A)).
there exists v € C" with |v] = 1 such that (Al — A)*zv, v) + (Al — A)v,v) = 0.
Here (-, -) is the inner product of C". Because A — (Au, u) # 0 for all u € C" with
|u| = 1, the complex number

_A — (Av, v)
A —TAv,0)

has modulus one. Consequently, A € R(A). C
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REMARK 6.3. The same proof works with the analogous definition of R(A) if A is
a bounded linear operator on a Hilbert space. If A is normal, then R(A) = p(A) and
¥, is the spectral measure of A supported on o (A).

Our aim is to prove the following result strengthening Proposition 6.2 and providing
a geometric characterisation of the support supp(#4) of the Weyl functional calculus
and for the monogenic spectrum y (A) of a pair of hermitian matrices.

THEOREM 6.4. Let A = (A4, A;) be apair of hermitian matricesand A = A,+iA,.
Then the equalities supp(#4) = y(A) = R? \ R(A) hold.

The equality supp(#4) = y(A) is proved in [17] for any d-tuple A of bounded
selfadjoint operators, so this work is concerned with the second equality for hermitian
matrices A, A,—the geometric characterisation of y (A).

The spectrum o (A) of the matrix A = A, + iA, is clearly contained in the
numerical range W(A) = co (supp(#,4)) of A. The following immediate consequence
of Theorem 6.4 and the fact that R(A) C p(A) strengthens this observation.

COROLLARY 6.5. Let A = (A,, A,) be a pair of hermitian matrices and A =
A + iA;. Then o(A) C supp(#,).

A bounded linear operator on a Hilbert space is called normal if it commutes with
its adjoint. The following consequence of Theorem 6.4 characterises the situation in
which the inclusion in Corollary 6.5 is an equality.

COROLLARY 6.6. Let A = (A, A;) be a pair of hermitian matrices. Set A =
Ay + iA;. The following conditions are equivalent:

(1) A is a normal matrix.

(i1) supp(#4) has empty interior.
(i) o (((A —A))"' A —A)) C Tforall A € p(A).
(iv) o(A) = supp(#,).

PROOF. If A is a normal matrix, then the distribution #, is associated with the
spectral measure of A supported by the finite set of joint eigenvalues of A, so the
implication (i) = (ii) is immediate. The definition of the set R(A) and Theorem 6.4
shows that (iv) follows from (iii). The implication (iv) = (i) is proved in [12, 29], so
it remains to establish (i1) = (1i1).

Suppose that the negation of (iii) holds and that A € p(A) has an eigenvalue of the
matrix (A —A)*)~!'(AI — A) lying outside the unit circle T. Then the same holds in a
neighbourhood of A because the unordered n-tuple of eigenvalues of the matrix valued
function A > ((AI — A)*)~'(AI — A) depends continuously on the parameter A [22,
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Theorem I1.5.1]. Hence, C \ R(A) has nonempty interior. According to Theorem 6.4,
supp(#,) has nonempty interior. O

7. The numerical range of matrices

Let A = (A, A,) be a pair of (n X n) hermitian matrices. Set A = A; + iA;. An
application of the Paley-Wiener Theorem yields that the convex hull of the support
supp(#,) of the associated Weyl distribution #,, coincides with the numerical range
W(A) = {{Ax,x) | x € €, ||x|| = 1} of the matrix A. For more precise information
on the location of supp(#,) within the numerical range of A, we need to have a closer
look at the fine structure of W(A).

Of particular interest are certain plane algebraic curves associated with A that were
first investigated by R. Kippenhahn in 1952. We briefly recall the concepts involved.

Let F = R or C. For 0 < k < 3, the Grassmannian G F, defined as the set of
all k-dimensional F-subspaces of 3, is a compact analytic F-manifold of dimension
k(3—k). Ithas a natural topology, induced by the differential structure of the manifold,
which is determined, for example, by the metric & on Gs ;F with

h(U, V) = sup inf |lu—v| forall U, Ve Gs,F.

veV,vl=1 ue U, |ul=1

The projective plane PG(F?) over F is given by PG(F*) = | J,.,.; G34F. The 1-
and 2-dimensional subspaces of F? are usually called the points and lines in PG(F3),
respectively.

By a common abuse of notation we introduce homogeneous coordinates for the
points in PG(F?) as (u; : uy : u3) = F(u,, uy, u3). The coordinates of a vector in F>
are expressed with respect to the standard basis for .

A polarity of PG(F?) is a bijection on PG(F®) which reverses the inclusion of
subspaces and the square of which equals the identity mapping. The standard polarity
m is characterised by u™ = {v € P? | Z?:: u;jv; = 0} for all u € GsF, which gives
u™ € Gj,F. Using the polarity 7, we can also introduce homogeneous coordinates
for the lines in PG(F?) by setting [v; : v; : v3] = (v : vy : v3)™.

A nonempty subset C of G, F is called a plane F-algebraic curve if it is the zero
locus of a homogeneous 3-variate polynomial over F. The defining polynomial of C
is not uniquely determined: if f defines the curve, then so does, for example, f* for
any k > 1. However, every curve C has a defining polynomial of minimal degree
which is unique up to a constant factor. A curve is said to be irreducible if it has
an irreducible defining polynomial. Since a polynomial ring over a field is a unique
factorisation domain, each algebraic curve C is the union of finitely many irreducible
curves. If Cy, ..., C; are the irreducible components of C with irreducible defining
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polynomials f, ..., fi, then f = f; --- f; is a defining polynomial of C of minimal
degree. We call f a minimal polynomial of C. Note that an irreducible real algebraic
curve is not necessarily connected.

Let f be a minimal polynomial of the algebraic curve C = {u € G5 F | f (v) = 0}.
A point u € C is called singular or a singularity of C if (of /ou;)(u) = O for
J = 1,2,3. Observe that C has at most finitely many singular points. These are
the singular points of the irreducible components of C together with the points of
intersection of any two of these components. A nonsingular point u € C is called a
simple point of C. The curve C is the topological closure of its simple points. Also,
to every simple point u € C, there exists a neighbourhood of u in which C admits a
smooth parametrization.

Let C be an irreducible plane algebraic curve with minimal polynomial f . At each
simple point u € C, we have a unique tangent line to C which is given by

3 3 |
I.C = [ai(u) : —-f—-(u) : i(u)].
U

3u2 3u3

If C is not a projective line or a point, then it is well-known that the set {(Z,C)" | u €
C simple} is contained in a unique irreducible algebraic curve C*, the so-called dual
curve of C. In fact, since an algebraic curve has at most finitely many singularities,
the dual curve is the topological closure of the set {(Z7,C)" | u € C simple}. We have
C* = C. If C is a projective line, then {(Z,C)" | u € C} consists of a single point
u in PG(F?). In this case, we set C* = {u} and define C** to be the image under 7 of
the set of all lines in PG([F®) which pass through u. This again yields C** = C. The
dual curve of a general plane algebraic curve C is the union of the dual curves of its
irreducible components. In particular, C and C* have the same number of irreducible
components.

In general, it is difficult to derive an explicit equation for the dual curve C* from
the given equation of a curve C. However, from the above we obtain the following
criterion for a point in PG(F?) to belong to C*.

LEMMA 7.1. Let (x; : x5 : 1) € Gs\F. If there exists a smooth local parametriza-
tion& — (c(&) : s&) : u(&)) of C, for & in an open set U C F, and a point z € U
such that x,¢(z) + x25(2) + n(z) = 0 and x,(2) + x25'(2) + W' (z) = 0, then the
point (x; : x, : 1) belongs to C*.

PROOF. The two points (c(z) : s(z) : u(z)) and (d(z) : s'(z) : n'(z)) span the
tangent line J¢(;):syu(ey) C to C at (c(z) : s(z) : n(z)). The equations

x1¢(z) +x25(2) + u(z) =0 and x,(z) +x25'(2) + 1'(z) =0
imply that (x; : x; : 1) = (cwysyu@ C)"- Hence (x; : x; : 1) belongs to the dual
curve C* of C. O
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The details and further information on complex algebraic curves can be found, for
example, in [31]. The literature for the real case is somewhat less easy to access. As
a general reference to the theory of real algebraic geometry, see [8].

Let A = A, + iA; € Z(C"). Following Kippenhahn [23], we define the complex
algebraic curve Cc(A) in the complex projective plane PG(C?) by setting its dual
curve to be

Dc(A) = {(c:d : pn) € G3,C | det(cA, + dA, + ul) =0} .

In [23], Kippenhahn showed that the real part Cr(A) of the curve Cc(A) = Dc(A)*
is contained in the affine subplane F = {(a; : a3 : 1) | (a1, a;) € R?} of PG(R?) and,
identifying F with R? in the canonical way, that the convex hull co(Cg(A)) of Cx(A)
is precisely the numerical range of A.

The curve Cr(A) considered as a real algebraic curve in PG(R?) is the dual curve
of the real part of Dc(A) given by

Dg(A) = {(c:d: p) € G3 1R | det(cA; +dA, + nl) =0},

Every point u € Dr(A) has a representation (cos @ : sinf : ) for some 6 € [0, )
and 1 € R. As uis azeroof det(cA; +dA,+ i), it follows that —u is an eigenvalue
of the operator &7 () = cos0A; + sinfA,.

Note that the points in Dg(A) are in one-to-one correspondence with the lines L, ,
in R? defined in (11), satisfying (x, t) € o((A, t)) forallx € L,,. For u = (cos@ :
sinf : u) € Dg(A), take t = (cos8,sinf) € T and y € R? such that (y, t) = —p.
Then u” is the two dimensional subspace |J{(x; : x, : 1) | (x1,x;) € L,,} of R?,
that is, L,, x {1} is the line in which the plane ¥™ normal to u in R? cuts the plane
{x; =1}

With the following result due to Rellich [28], [22, Theorem 6.1, page 120], we
obtain local parametrizations of the curve Dg(A). Let S(C") = {x € C" | |x|] = 1} be
the unit sphere in C".

LEMMA 7.2 (see [28, Satz 1]). Let the map & : R — £ (C") be given by o/ (6) =
cosOA; + sinBA, for 8 € R. Let 6, € R and pqy be an eigenvalue with multiplicity r
of the operator &/ (6y). Then there exists a neighborhood U of 6y and regular analytic
functions uj : U — Randx; : U— S(C") with1 <j < r, such that u;(6y) = po,
& (0)x; (@) = pn;(0)x;(0) and (x;(6), x,(0)) = b foreveryd € Uand1 < j,k <r.

Given a point uy = (cos by : sinbp : —uo) € Dgr(A), any of the maps 8 +— (cos6 :
sin@ : —u(@)) with 6 in the neighbourhood U of 6, as given by Lemma 7.2, is then
a smooth local parametrization of a component of Dg(A) in a neighbourhood of uy.
With Lemma 7.1, this yields immediately a complete characterisation of the curve
Cr(A).
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LEMMA 7.3. A point (x1 : x2 : 1) € G5, belongs to the curve Cg(A) if and only if
there exists a point uy = (cos 6y : sin6y : — o) € Dg(A), and a local parametrization
0 — (cos8 :sin@ : —u(6)) of a component of Dg(A) in a neighbourhood U of uy
such thatxl cos By + x,8in 8y — w(6y) = 0 and —x, sin Gy + X,C086) — M’(Q()) = 0.
Then

(14) (x1, x2) = p(6p){(cos by, siny) + w'(6p) (— sin by, cos Gy).

The line L, , associated with uj, as described above, is therefore tangential to the
image of Cg(A) in R? at (x;, x;) except in the case that ©(8) = a; cos @ + a, sin6 in
a neighbourhood U of 6. Then the set {(cos8 : sin@ : w(8))* | 8 € U} corresponds
to a family of lines passing through the point (x;, x;) = (a;, a3).

LEMMA 7.4. With the exception of a finite set of points in Cg(A), if (x; : x3: 1) €
G;.F belongs to Cr(A), and ug = (cos 6 : sinby : W) is one of the corresponding
points in Dp(A) and 8 — (cos@ :sinf : —u(0)), 6 € U, is one of the corresponding
local parametrizations of a component of Dg(A) in a neighbourhood of ug as given
by Lemma 7.3, then the equation

(15) (x; —tsinBy)cos@ + (x3 + tcosBp)sind — u(0) =0

has two real solutions 6 € U for either small positive t or small negative t and none
in U for t of the opposite sign.

PROOF. By Lemma 7.3, the image of the curve Cg (A) in R? has the local parametri-
zation (x;(0), x,(0)) = u(8)(cos b, sinf)+ ' (8)(—sin b, cos 8) with@ € U. Hence,
its signed curvature at (x,, x;) is given by |w(g) + 1" (¢o)|~! (see, for example, [7,
formula (3.9)]). Soif w(¢o) + p”(¢) # 0, then the image of Cg(A) in R? is a smooth
curve with nonzero curvature in a neighbourhood of (x,, x;). Hence, there are two
tangents with points of tangency in U on one side of the curve and none on the other
for |¢| > O small enough. The solutions 6 € U of (15) correspond to the directions of
the normals to the tangents.

The points of Cg(A) that we have to exclude correspond to the ones at which the
image of Cr(A) in R? has infinite curvature. Unless p + p” vanishes identically,
there exist at most finitely many solutions 6 of w(8) + n”(6) = 0 in any compact
interval. If (x; : x, : 1) € Cr(A) is a point for which the analytic function p + p”
vanishes in a neighbourhood U of 8, in C, there exists (a;, az) € R? such that
w(@) = a; cos 8 + a, sin 6 for all 8 € U. However, inspection of (14) shows that then
x = (x1,x2) = (ay, ay) is a point of Cz(A) through which the family of lines L, ,,
t € T, passes. In particular, x belongs to the finite set 0 (A,) x o0(A3). O
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Local coordinates. Define the function s : C\ {0} - C? by
1 1
(16) s(z) = (E(Z + 1/2), Z(Z — l/z)) , for z € C\ {0}

From now on, we drop the subscript R from the Kippenhahn curves Cg(A) and denote
them by C(A). Furthermore, we identify (y; : y» : 1) € Cg(A) withy = (y;, ¥2) €
R2, so that C(A) is a subset of R2.

According to the discussion preceding Definition 6.1 we have the following alter-

native formulation of the set R(A).

PROPOSITION 7.5. Let A = (A, A;) be a pair of (n x n) hermitian matrices. Then
R(A) is the set of all A € R? for which there exists a neighbourhood U of ) in R?,
with the property that for each x € U, every solution z € C\ {0} of the equation

det({x] — A,s5(2))) =0

satisfies |z] = 1.

Let y € R? and suppose that £ € C \ {0} is a point at which
(17) det((y! — A,5(5))) =0.

If y € R(A), then { necessarily belongs to T, and the set Z, of all such ¢ € T is finite.
Suppose that £ € T. Then s(¢) € T and the matrix (A, s(¢)) is hermitian. By a
result of Rellich [22, Theorem I1.6.1], there exists a neighbourhood V; of ¢ in C\ {0},

a positive integer m < n, analytic £ (C")-valued projections P,(z), ..., P,(z) with
Z;';l P; (z) = I and analytic functions w,(z), ..., un(z) defined for z € V; such that
foreachj =1, ..., m, the equation

det(u; ()] — (A, s(2))) =0, zeV,

holds, (y, s()) — #1(¢) =0 and

(A,5@) =Y w@PFG), zeW.

j=1
Here P; (z) is the projection onto an eigenspace for the eigenvalue u; (z) of (A, s(z)).
SetA;,(2) = (y,5()) —nu;j(@)forj =1,...,mand z € V;. Then

(18) I = A s@) =) X,@QP@), z€V.

j=1
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It turns out that the functions u; and projections P;, j =1, ..., m, can be analyti-
cally continued along any arc that avoids a certain finite exceptional set of points [5,
Theorem 3.3.12]. Therefore, formula (18) may also be valid in a neighbourhood V;
of points £ € C \ {0} not on the unit circle T.

It can happen that two of the eigenvalues A; ,(z) and A, ,(z) of {yI — A, 5(z))
are equal at a particular complex number z. In particular, there may exist an integer
1 <k <msuchthati;,(§) =0forallj =1, ..., k. According to the interpretation
preceding Definition 6.1 and the definition of C(A), if £ € T, then there exist k
coincident tangent lines from y to C(A) with normal £.

LEMMA 7.6. Letx € R?, let¢ € C\{0} be a complex number and V; an open neigh-
bourhood of ¢ in C for which (18) is an analytic parametrization in V; with X, ,(§) = 0
and A} . (§) # 0. Then there exists a unique C*-function ¢ : U, — C defined in a
neighbourhood U, of (0,x) in R® such that ¢ (0,x) = & and X, ,(¢ (&, y)) = iE for
all (£,y) € U,.

Moreover, for y fixed, the function £ — ¢ (&, y), (§,y) € U, is one-to-one and
Ay @ (&, y)) is nonzero for all (§,y) € Ur. If§ € T, then ¢(0,y) € T for all
0,y) € L.

PROOF. Let U C R*be the set U = V; x R? and let & : U — R* be defined by

®(z,y) = (A1,(2), y) = ({y, s(@)) — m1(2), ¥)

for all (z, y) € U. Here we identify C with R? on the right hand side of the equation.
The derivative (£, x) of the function ® on the open subset U of R*, as a function of
four real variables, is nonsingular at (£, x) € U because

det(®'(¢, x)) = A @)I* #0.

By the inverse function theorem, there exists an open neighbourhood W of (0, x)
in R*, an open neighbourhood U’ of (£, x) in R* and a diffeomorphism f : W — U’
such that ® o f (a, y) = («, y) for all (¢, y) € W. In particular, ¢’ is nonsingular
on U

Then ¢(&,y) € C is defined on the set U, of all (£, y;, y;) € R? such that
0,&,y1,y2) € W, by f(0,§,y1,52) = (9§, y),y), so that &, ,(¢(§,y)) = i§.
Because f is a diffeomorphism, the function (€, y) — ¢(&, y) is C* on U,. Fur-
thermore, (¢ (£, y),y) € U, so 1A (@&, y))I* = det(P'(p(£, ), ¥)) # O for all

&, y) e U,.
Now suppose that £ € T. There exists an open neighbourhood N, of £ in T on
which X, , is defined. Let ¥ : N, x R? — R? be defined by

W(s,y) = (1,0, y) =y, 1) — (1), y)
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for all (¢, y) € N; x R2. Then ¥ (¢, x) = (0, x) and the derivative
W'(Z,x): Ten(T x R?) — R®

of W at (¢, x) € TxR?isnonsingular. Here Ty ,,(T x R?) is the tangent space of T x R?
at (£, x). As above, there exists a diffeomorphism g from an open neighbourhood of
(0, x) in R? onto an open neighbourhood of (f, x) is T x R? such that ¥ o g = Id.
Because ¥ = @ | N, x R?, we must have g(a, y) = f (o, 0, y). Hence

#(0,),y)=£0,0,y) e T x R,

proving that ¢ (0, y) € T. O

If ®: V, x C* — C is defined by ®(z, 1) = (ZLI n;s;i(z) — pi(2), n) for all
z € V; and n € C?, then a similar argument to that above, but replacing ® by ® and
appealing to the inverse function theorem for analytic functions of several variables,
shows that ¢ is actually the restriction to U, of a function analytic in an open subset
of C3.

According to a rephrasing of Lemma 7.3 in terms of our local coordinates, the
Kippenhahn curves C(A) for a matrix A are characterised by the following proposition.

PROPOSITION 7.7. The Kippenhahn curves C(A) consist of all points y € R® for
which there exists a point & belonging to the unit circle T and a neighbourhood V; of
& in € such that there exists an analytic parametrization (18) on V, for which

(19) Ay(@) =21,) =0

Of course, in any such parametrization (18), we are at liberty to choose the indices
Jj = 1,..., m for the analytic functions 4;, : V; — C. In particular, for any
y € C(A), we can choose a neighbourhood V; of ¢ in C and indices for which (19)
holds forj = 1.

COROLLARY 7.8. Let x € R?\ C(A), let & € C\ {0} be a complex number and
V; a neighbourhood of ¢ in C for which (18} is a parametrization with A, ,(§) = 0.
Then there exists a unique C*®-function ¢ : U, — C defined in a neighbourhood
U, of (0,x) in R? such that such that ¢(0,x) = ¢ and A, (¢ (&, y)) = i§ for all
§,y) € U.

Moreover, for y fixed, the function &£ +— ¢(&,y), (§,y) € U, is one-to-one and
M, &, y) isnonzero forall (§,y) € U. If§ €T, thenz(0, y) € T forall (0, y) € Ui.

PROOF. By Proposition 7.7, A} ,(¢) # 0, so Lemma 7.6 is applicable. 1
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The following result describes the relation between the set R(A) and the Kippen-
hahn curves C(A).

COROLLARY 7.9. dR(A) € C(A) C R(A)".

PROOF. Let x € R(A). All solutions ¢ of det({x, £)}I — (A, ¢)) = Osatisfy || = 1
because the set-valued function y — o(((yI — AY)'(yI — A)), y € p(A), is
continuous in the metric of unordered n-tuples [22, Theorem I1.5.1] and by definition,
o(((yI — AWyl - A)) Cc Tforall y € R(A).

For any such ¢ € T, there exists an analytic parametrization (18) such that
A (&) = 0. Suppose ML) # 0. Then by Lemma 7.6, for all y in an open
neighbourhood of x, we can find ¢(0, y) € T such that A,,(¢(0,y)) = 0 and
X, @0, ) #0.

It follows that if A , () # 0 holds for the parametrizations of all solutions ¢, then
there is a neighbourhood U of x such that for every y € U, all nonzero complex
solutions z of det({y, s(z)}I — (A, s(z)})) = O satisfy |z| = 1. This means that
x € R(A).

Therefore, for every element x of dR(A) = I_{m \ R(A), there must exist a
solution ¢ and an analytic parametrization (18) such that A, ,(§) =0and A} (&) = 0.
Proposition 7.7 yields that x € C(A).

To establish the inclusion C(A) € R(A)¢, suppose that x € C(A). By Lemma 7.4,
except possibly for a finite subset J of C(A), there exists a neighbourhood U of x
in R? in which not every solution z € C of det((yl — A, s(2))) = O fory € U,
belongs to T. More precisely, for y on one side of C(A), there exist at least two
solutions belonging to T—two unit normal vectors to the local tangents to C(A)
passing through y—and for y on the other side of C(A), two solutions that do not
belong to T. Moreover, if x € J, then either x is isolated, or any neighbourhood of x
contains a point y € C(A) \ J to which the conclusion above applies. In either case,
x € R(A)". G

By coﬁsidcring the direct sum of suitable matrices, the inclusions of Corollary 7.9

can be made to be proper inclusions.
We informally state alternative characterisations of the Kippenhahn curves C(A):

e The real part of the curve Dc(A)* dual to Dc(A) = {(c : d : p) € G3,C |
det(cA, + dA, + ul) = 0}, identifying (@;, a;) € R?* with (o, 1z : 1) € G3,C.

e The real algebraic curve dual to Dg(A) = {(c¢ : d : p) € G;,R | det(cA; +
dA; + ul) = 0}, identifying (¢, a;) € R* with (a; : @, : 1) € G5 R.

e All points y € R? for which there exists { € T and a neighbourhood V;
of ¢ in C such that there exists an analytic parametrization (18) on V; for which
My) = )L’Ly(é') = 0 {Proposition 7.7].
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e The envelope of all lines L, ; given by (11) foreach y € R? and s € T such
that (y, s) € o ({A, s)).

e The singular values of the numerical range map n4 associated with the matrix A
(see [14] and [21]), with the possible exception of “double tangents” {21, Theorem 3.5].

8. Examples

The Weyl functional calculus #, for a pair A = (A, A;) of (2 x 2) hermitian
matrices can be calculated explicitly. The support y (A) of #, is either the numerical
range W(A) of the matrix A = A, 4+ iA,, an elliptical plane region with nonempty
interior in the case that A;, A, do not commute with each other, or y(A) consists
of a single point ¢ € R? if A = o, or otherwise, two distinct joint eigenvalues
01,0, € R% Calculations of this nature follow from [2] and are given explicitly
in [19].

The case of a pair A of noncommuting (3 x 3) hermitian matrices reveals greater
geometric structure. If A has a joint eigenvalue o € R2, then y(A) consists of o
together with the support of the Weyl functional calculus associated with the pair of
reduced (2 x 2) matrices, possibly consisting of the point o together with a disjoint
elliptical region.

In the following diagrams, Figures 1-6, we plot the lines in R? corresponding to
points (¢ : d : A) € Dr(A) after the fashion described in Section 7. The displayed
lines are tangent to the algebraic curves C(A) or pass through the isolated points
belonging to C(A). Such an isolated point exists in Figure 1, although it is not a
joint eigenvalue—the two matrices written under Figure 1 have no nontrivial common
invariant subspace. The numerical range W(A) of A and the support y(A) of the
Weyl functional calculus are equal to the elliptical region—a convex set. This is also
an example where dy (A) = dR(A) is a proper subset of C(A), see Corollary 7.9.

There is a joint eigenvalue (1, 0) in Figure 2 and an ellipse corresponding to the
pair of reduced (2 x 2) matrices. The numerical range W(A) of A = A, + iA; is the
convex hull of the point (1, 0) and the ellipse. The support y (A) of the Weyl functional
calculus is the union of the elliptical region and the isolated point (1, 0). The convex
hull of y (A) coincides with W(A), as required by the Paley-Wiener Theorem.

Figures 3-6 display the Kippenhahn curves C(A) associated with various pertur-
bations of the matrices A, A; in Figure 2. The boundary of the lightly shaded regions
with single lines passing through them are the algebraic curves C(A). The convex
hull of C(A) is the numerical range W(A) of A +iA,. Theorem 6.4 says that, in each
diagram, the lightly shaded region is actually the support y (A) of the Weyl functional
calculus ¥, for A.

By way of comparison with the general theory of [3, 4], the support of the funda-

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

[23] The support of the Weyl calculus 107

0 1/2 0 10 0
A={l12 o 112],{0o 0 o
0 1/2 0 0 0 —1

FIGURE 1.

NNV AN T T

1 0 0 0 0 0

A=[lo -1 o },{o 0 1

0 0 -3/2/ \o 10
FIGURE 2.

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

RN

RRE
AR
R
A

T

NN AT RRR R '
gt (LT A
R _ R
e ATt 4 r
ML , : T
LA . Cata H .
——“—."u“____,____i.__u. L | | _7 Y ’_._ .__-,"_._“":-——
. AL I . r_ oy .
\ TN ;i_ }_: ,..,,__._,___._ [1M
o ,,.

i

|

L
4

L 2]
2
3
&
L
by
=}
]
g
m
= | .,._,{,.,\_,
il


https://doi.org/10.1017/S1446788700003499

[25] The support of the Weyl calculus

"4

/.

Favd
v WA IR I TN
R PP IR TIRT

;
;
;
5
N
L= va

 §
PO Xy
b §

-15
-

o
ake
bl

-
-

. 4

-

&

Vi

{

A
Y
i

FIGURE 6.

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

110 Brian Jefferies and Bernd Straub [26]

mental solution E (x, t) of the hyperbolic differential operator

d ad 4 d
det([a'i‘A] 3_x]+ 2'3?2)
at ¢ = 1 is the numerical range W(A) [4, Theorem 7.7]. The triangular regions inside
W(A) in Figures 2-6 correspond to Petrovsky lacunas {3, Example 10.6], so E(x, 1)
is a homogeneous polynomial of degree n — 3 = O there, that is, a nonzero constant
function. Because the matrix valued distribution #, can be expressed in terms of
derivatives of E, it vanishes in these regions.

A further illustration for a pair of (7 x 7) hermitian matrices associated with the
linearised Lundquist equations of magnetogasdynamics 18 given in [7, Figures 1a-b].
The numerical ranges of certain matrices are displayed in a fashion similar to that
above in [13, Figures 1-9, pages 139-147]. Unfortunately, the interior structure of
the numerical range is omitted from these diagrams.

9. Proof of Theorem 6.4

We first show that R(A) € y(A)°. Let x € R(A). We must find an open
neighbourhood U of (0, x) in R? such that the function

(€, ¥) > Gyren(A),  (€,y) € U\ ({0} x R?)

is the restriction to U \ ({0} x R?) of a continuous function defined in U. Then by
Painlevé’s Theorem [9, Theorem 10.6], G,(A) is monogenic in a neighbourhood of
(0, x), because G,(A) is monogenic above and below {0} x R2. Hence x € y(A)“.

We start by examining the plane wave decomposition (9). Let y € R® and set
B(y) = yI — A. First, we convert the integral (9) to a contour integral

(20) f((B(y), s) —esI)2du(s) = —if((B(y), s(z)) — es(z)1) 27" dz
T T

for the function s : C\ {0} — C? defined by (16). The integral (20) may be evaluated
using Cauchy’s Residue Theorem by finding the residues of the function

(21) 2 ((B(y), z5(2)) — ezs(z))*z™"

in the open unit disk D = {z € C | |z| < 1}. The formula (10) holds forany s € T
and € # 0. We split the integral (20) accordingly into its scalar part belonging to the
linear subspace {Tey | T € £ (C")} of Z(C") and its vector part belonging to the
linear subspace {Tie; + They | Ty, T, € ZL(C")} of £ (L")q. There is no component
belonging to the linear subspace {Teye; | T € Z(C")} of ZL(C") ).
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We make a few observations. If the limit of the scalar part
22) ~i (B 5 = EDBO). 1 + DT de
T

of the integral (20) exists in £ (C") and is nonzero as € — 0, then by formula (9), the
Cauchy kernel G, (A) has a jump discontinuity at y € R? as € — 0. In this case
y € ¥(A). The formula

#h@ = 1 [ (Grria®) = Gy WDV dy, ¢ € CT@),
£E— az
mentioned in the proof of {17, Theorem 6.2] shows that the jump
y = El_ifgl[Gy-i-eeo(A) - Gy—eeo(A)]a

where it exists, is the Schwartz kernel of the matrix valued distribution #,. The vector
part

ile|

— [ s(B(y), )(BO), s)* + €’ 1)’z dz
4 T

(23)

of the integral (20) depends only on |e| for € # 0, so the vector part of
Gy+seo(A) - Gy—eeo(A)

is zero for all & > 0, in accordance with the fact that the distribution #, takes its
values in the subspace Z(C") of Z(C")y,.

The strategy used to prove that x € y(A)¢ is to show that the matrix-valued integral
(22) converges to zero as € — 0+, whereas the integral (23) converges in £ (C"),
uniformly for all y € R? in a neighbourhood of x.

We first examine the residues of the matrix-valued integrand

(24) 2> ((B(y), $(2))* — D ((BY), s@)* + €17z

of (22). Note that if y belongs to an open neighbourhood of x in R(A) C p(A), thenthe
point z = 0 is a removable singularity, for B|(y) + iB2(y) = ()1 +iy)I — (A +iA;)
is invertible and we may write ((B(y), s(2)}? — €21)({B(y), s(2))*> + €*1)72z7! as

(B(y), z5(2))? — 2z ) ((B(y), zs(2))* + ze* ) 2z,

where ((B(y), zs(2))* — ze21)((B(¥), z5(2))* + z6*1)™* — 4(B\(y) + iB2(y)) " as
z— 0.
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LEMMA 9.1. Let € > 0. If z 7 0 is a solution of det((B(y), s(z)) + iel) =0, then
7~ satisfies det((B(y), s(z~')) — iel) = 0. In particular, if ¢ is the function defined
in Corollary 7.8, then ¢(—¢, y) = ¢ (e, y)~\.

PROOF. The identity (B(y), s(z™")) = (B(y), s(z))* holds because A, and A, are
hermitian matrices, so

det((B(y), s(Z™")) — iel) = det ({B(y), s(z))* — iel)
= det ((B(y), s(2)) + iel).

LetA;,: V; > Cand ¢ : U, — C be the functions defined in Corollary 7.8. Then
z = A,(Z71), z € V; is analytic and equal to A,, on V; N T where A, has real
values. By analytic continuation, it follows that A;,(z') = A,,(z) forall z € V.
According to the definition of ¢ we have A, . (¢ (e, y)™') = A1 (¢ (¢, y)) = —i€ and
X1 x(¢(—€, y)) = —ie. The uniqueness of ¢ ensures that ¢(—e, y) = ¢ (e, y)~' for
all (e, y) € U, ;

Hence, solutions z € C\ {0} of
det ((B(y), s(2))* + €*1) = det ((B(»), s(z)) + iel) det (B(y), s(z)) — iel) =0

either satisfy z € T (if € = 0) or come in pairs z = £ and z = £, one inside the open
unit disk D and the other outside the closed unit disk D.

The following representation was obtained in [7, Equation (4.4a)] using a plane
wave decomposition different to the one used here.

LEMMA 9.2. Suppose that x € R*\ c(A) does not belong to the Kippenhahn
curves C(A). Then there exists an open neighbourhood U of x in R* disjoint from C(A)
and two contours, Iy (x) surrounding D and "y (x) contained in D, both anticlockwise
oriented, such that (B(y), s(z)) is invertible in L (C") for all z € T (x) U2 (x) and
y € U, and the limit

lim f (BO), 5(2))* — DB, s@)) + 122" dz

=0+ Jy
1 ,
(25a) = - lim (B(y), s(2))* — €2 1((B(y), s(2))* + €2 1) 77" dz
2650 )+ (x) :
1
(25b) = —/ (vI — A, s(z)) %z dz,
[x)+Tax)

exists and the convergence is uniform forall y € U.

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

[29] The support of the Weyl calculus 113

PROOF. Suppose that ¢ € D satisfies
(26) det({(xI — A, s())) =0.

If € T, then we know that an analytic parametrization (18) exists in an open
neighbourhood V; of ¢ in C for which A, .(¢) = 0. By assumption, x € R? \ C(A),
so Corollary 7.8 implies that there exists a smooth function y — ¢ (0, y) defined in a
neighbourhood U of x in R? disjoint from C(A), such that ¢(0,x) =¢,¢(0,y) € T
and A,,(¢(0,y)) =0forally e U.

Furthermore, the solution ¢ (£, y) of A, ,(¢ (£, ¥)) = i is a smooth function for
(£, y) in a neighbourhood of (0, x) in R®. Hence, given any contours I";(x) and ", (x)
satisfying the conditions above, there exists an open neighbourhood V of (0, x) € R?
such that ¢ (%€, y) lies in the region between the contours I';(x) and I"';(x) for all
(xe€,y) € V. According to Corollary 7.8, the complex numbers ¢ (z¢, y) are distinct
and both converge to ¢ (0, y) as € — 0+.

On the other hand, X, = {z € D | det({(x! — A, s(z))) = 0} is a finite subset
(& )}‘zl of the open unit disk D. We claim that there exists an open neighbourhood
W of (0, x) and disjoint closed disks D; C D centred at §; € X, such that for every
(&, y) € W, all solutions z of the equation

27 det ((yI — A, s(z)) +i§1)=0

lie in the union U%_, D; of the disjoint closed disks.

This would again follow from Corollary 7.8 if we knew that an analytic parametriza-
tion (18) exists in an open neighbourhood V; of ¢ € X,. We have already noted that,
except for a finite set of points, such an analytic parametrization is possible [5, Theo-
rem 3.3.12]. More simply, setting B(y) = yI — A, (27) can be written as

det({(yI — A, s(z)) + i)
= (2z) " det({B(y), 2zs(z)) + i2z€1)
= (2z) " det(B(y) — i Ba(y)) det (* A1
— (Bi(y) — iB; () '(Bi(y) + iB(¥)) + i2zE (B (y) — i B2 () 7")
= (2z) " det(B,(y) — iB2(y)) det [(z] + iE(B\(y) — iB(y))™')*
— (B1(Y) — iB,(3)) "' (Bi(y) + iB:2(¥)) + E2(Bi(y) — i B2 (y)) Y]
=0,

provided that y € p(A). By assumption x € p(A), so the equation is valid for all y
in a neighbourhood of x and the solutions z of (27) can be expressed in terms of the
eigenvalues of an (n x n) matrix depending continuously on (£, y). The unordered
n-tuple of eigenvalues of this matrix valued function depends continuously on the
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parameters (£, y) [22, Theorem I1.5.1] facilitating the construction of the required
disjoint closed disks D;,j = 1,..., k.

According to Lemma 9.1, poles of the function (24) come in pairs (z,7~') lying
either inside the open unit disk D or outside the closed unit disk D for all y in a
neighbourhood of x. Now choose the inner contour I';(x) to surround every closed
disk D;, and choose Ty (x) to lie between T and points 7', z € U*_, D;, outside D.
Next choose the intersection of all open neighbourhoods V of (0, x) corresponding to
the finitely many solutions { € T of (26) and take the intersection V' of this open set
with the open set W corresponding to the finitely many solutions¢; € D,j =1,...,k
of (27).

Then for every (€, y) € V’, the contour integral

f (B(y). 5(2))* — 1)(B(y), 5(2))* + €21) 22" dz
Fi(y+T0

is 2mi times the sum of the residues of the integrand at the distinct poles ¢ (te, y)
and 47 i times the sum of the residues at poles near solutions & € D of (26), because
both contours 'y (x) and I, (x) surround these. The possibility of a pole at zero in the
case that y € 0(A) 1s excluded.

The function

(€, y) > f (B(y), s(2))* — €D((B(y), s(2))* + €’ )z dz
D)+

is continuous on V', so equality (25b) is immediate. To prove equality (25a), we need
to look separately at those poles ¢ of (24) satisfying (26) lying inside the open disk D

and those lying on T.
The sum of the residues of the function (24) belonging to Uj":l D, C D isequal to

[ (B s@) = EDWBO. @) + D dz
LI Jry00
for all (e, y) € V', so this is uniformly continuous in (¢, y) € V.

Now we need to show that the sum of the residues of the function (24) over all the
poles ¢ (+e¢, y) converges uniformly in y as € — 0+ to twice the sum of the residues
of z — (B(y), s(z))~2z~! over all the poles ¢ (0, y). According to Lemma 9.1, one of
the poles ¢ (Le, v) lies in D and the other is outside D, so then equality (25a) will be
established.

The set Z, of all solutions & € T of (26), 1s finite for each y in a neighbourhood of
x, so it suffices to prove that each residue of (24) at ¢ (*e, y) converges uniformly to
the residue of z — (B(y), s(z))°z"" at ¢ (0, y).

For every solution{ € Z,, there exists a neighbourhood V; in C such that V, N(Z,\
{¢}) = O and the parametrization (18) holds. Then, writing A; for the eigenvalues
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Ajy(2) of {(yI — A, 5(z2)) in (18), the equality
“ Aj (2)* — €2

@8) (BO). s@) = DB, @ + N7 = ) b B @)
J

j=1

holds for all z € V.

By assumption, the eigenvalue functions A; have at most one zero, z = ¢, in V;. We
may suppose that for some integer k, 1 <k <m,wehave ,;({) =:--- = A () =0
and A; (¢) # O forj > k. The terms in the sum (28) corresponding to the latter are

analytic in the open set V;.
By Corollary 7.8, there exists a neighbourhood U, of (0, x) in R? such that for

all j with 1 < j <k, ¢;(e,y) = A;l(ie) defines a C*™-function on U, satisfying
A} (¢; (€, y)) # O for all (¢,y) € U,. In particular, the set of all y € R? such that
(¢, y) € U, for some £ € R, is disjoint from C(A). Then for € > 0, we have

N@P e o )

Res ((M s @i
1 d [ 3@ —é )]

A (@ (e, y))? [dz ((Aj (z) + i)’z /@ 9 (.3

_ A @ie, ) i (@ (e, ¥))
A (@i (e, )¢ (e, y)

Here we have written (A; (z)> + €%)? = (A;(z) + i€)*(A; (z) — i€)* and noted that

2
)\.j(Z) lj(¢).l(€’y))) (z--¢j(€,y))2

. I 2:
(@) — o) ( z—¢j(€, )

gives rise to a pole of order two at ¢; (¢, y). Now

d A\ —¢€? Ay Fie)— (A —€h) mic) A — i€
— =X = 2ie\, ————
dz (A + i€)? / (A, + i€)® T\ +ie)d

is zero at @; (€, y). According to Corollary 7.8, the function (€, y) > A} (¢; (€, y)) is
C* and nonzero in a neighbourhood of (0, x). It follows that the matrix

M@P-e )
™ Q) T Pi(2);¢; (e, y)
B 1 [i P, (z)] _ A (@i le,y) Pi (¢ (€, ¥))
Sy Ldr T Juen 2N @6, 2))ei(e,y)

(29) Res (

converges uniformly for all y in a neighbourhood of x as € — 0*.

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

116 Brian Jefferies and Bernd Straub [32]

The residue at-each of the poles ¢; (£¢, y) contributes to the integral over I'; (x) +
I"',(x), so in the limit, we obtain twice the sum of the residues of the matrix-valued
function z > (B(y), s(z))"2z! at poles ¢ € T and inside T. We have proved the

required formula. O

The next lemma establishes that the scalar component of w — G, (A) is continuous
in a neighbourhood of x € R(A) in R>.

LEMMA 9.3. For every x € R(A) the matrix valued function
y = Gy+£eo(A) - Gy—eeo(A)’ y € RZ,
converges to zero as € — 0+, uniformly for all y in a neighbourhood of x.

PROOF. By Corollary 7.8, x € C(A)‘ and R(A) C p(A), so the representation of
Lemma 9.2 is valid. But there are no poles interior to T or exterior to T. Hence, the
integral over T",(x) is zero and we can deform I";(x) to co. It follows that integral
(25b) 1s zero. O

The following argument treats the residues of the integrand
(30) z > s(2)(B(y), s(2))(B(y), s(2))> + )7z~

of the contour integral (23), the vector part of the Cauchy kernel.

Letx € R2\(C(A)Uo(A)). As in the proof of Lemma 9.2, there exists an open set
V; C D about each solution € D of det({x7 — A, s(z))) = 0 and a neighbourhood
W of (0, x) in R?, such that for every (&, y) € W, all solutions z of the equation
det({y! — A, 5(2)) — i£I) = 0 belong to U, V,. Moreover, the closures of the open
sets V; are pairwise disjoint.

The sum R, (¢, y) of the residues of the function (30) at poles in V; is a continuous
function of (e, y), because it can be represented as a contour integral of the continuous
function (30) over a contour inside the open unit disk D surrounding V;. Then

61_1’1316 R.(e,y)=0

uniformly for y in a neighbourhood of x.

Now let £ € T be a solution of det({x/ — A, s(z)}})) = 0. Suppose that j, 1 <
J < m, is an index for which X;(¢) = 0 and ¢ (e, y) = A;'(i€) lies in D for all
0 < € < 4, otherwise, replace ie by —ie. Such a solution exists by Corollary 7.8
and the assumption that x € R? \ C(A). Furthermore, (¢, y) — ¢(€, y)is C* in a
neighbourhood of (0, x) and |A] (¢ (€, ¥))| is bounded below.

https://doi.org/10.1017/51446788700003499 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700003499

[33] The support of the Weyl calculus 117

LEMMA 9.4. Letx € R?*\ C(A) and suppose that ¢ (¢, y) is apole of (30) belonging
to the open unit disk D, as defined above. Then

(S(z)(B(y), s ((B(y), s(z))* + €2I)7?
€ Res
z

s (e, y))

converges as € — 0+, uniformly for all y in a neighbourhood of x.

PROOF. As in the proof of Lemma 9.2, it suffices to prove that

S@ON@ L )
€ Res ((A.J (2)2 T 62)22 Pj (Z)a ¢(€v y)

converges as € — 0+ uniformly for y in a neighbourhood of x.
By assumption, ¢ (€, y) = )Lj"(ie) lies in the open unit disk D forall 0 < € < 8.

Then
s(2)x; (2) N )
€ Res ((A,. e i)
€ d 5(2)A; (@) )]
= | = P,
A (@ (e, y))? [dz ((lj(z)—i-ie)zz @) o(e.y)
X/ (@€, y))s(@ (e, y)) P (p(€, ¥))
4N (9 (€, )Y o (e, y) '
Note that
i )"j =\ (A.j + IG) — ZAJ Y A.j — ie
dz (A +ie)? 7 (A +ie) Ty +ie)

1s zero at ¢ (e, y). On the other hand,

eri(@(e, y)) d (s(z) )] i[d (s(z) )]
L (7Y p e
(A (@(e, ¥)) + i€)? [dz z 1@ $(e.y) 4ldz \ z /@ b,

and the other terms in the residue formula converge uniformly for y in a neighbourhood
of x as € —» 0+. O

Consequently, forevery x € R(A), the matrix-valued integral (22) converges to zero
as € — 0, whereas the integral (23) converges in .2’ (C") uniformly in a neighbourhood
of x. The Cauchy kernel w — G, (A) is therefore continuous in a neighbourhood of
(0, x) in R3, proving that x € y(A)".

To complete the proof of Theorem 6.4, it still remains to prove that x € y(A)
for all x € R* \ R(A). We essentially follow the somewhat abbreviated proof of [7,
Theorem 4.3] after noting that Condition II of [7, Theorem 4.3] is superfluous by
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appealing to our Lemma 7.1. As mentioned in [7, page 316], the proof is based on a
closely related argument of Petrovsky [27, page 348].

Let A(A) be the set of all x € R?\ C(A) such that lim, 0+ [Gy4ee (A) — Gy_sp (A)]
converges uniformly to zero for all y in an open neighbourhood of x disjoint from
C(A). Then A(A) is an open subset of R? containing y (A)‘, because for every
x € y(A), the Cauchy kernel w— G, (A) is continuous for every w in a neighbour-
hood of (0, x) in R3.

Suppose that

31) (R*\ (R(A) U C(A))) N A(A) # 0.
We shall obtain a contradiction from the assumption (31), so showing that
R?\ (R(A) U C(4)) S A(A) C y(A).
Because
(32) ((R*\ R(A) U C(A)) NAA)) \ o (A)

is a nonempty open set, there exists a nonempty open subset U of the set (32) such
that lim, 0+ [Gy4ee,(A) — Gy_¢r, (A)] converges uniformly to zero forall y € U.

Now U is disjoint from R(A) and o(A). If for every x € U, every pole of the
function

(33) 2 (xI — A, s()”!

lieson T, then U C R(A). By Lemma 9.1, poles z ¢ T of (33) come in pairs z € D
and7 ' € f)-c, so there must exist x € U such that (33) has a pole inside D. Moreover,
by the argument of Lemma 9.2, the set {y € R? | a (((yI — A)*)"'(yI —A) N D # B}
is an open subset of R?, so for every y belonging to some neighbourhood of x, the
function z — (yI — A, s(z)) " has poles inside D. By shrinking U if necessary, we

suppose that U has this property.
Then the calculation of the residues in Lemmas 9.2 and 9.4 is still valid because U

is disjoint from both o (A) and C(A). By Lemma 9.2, the limit

limf((yl — A, ) =2yl — A, $) + 2D duls)
T

e—0
i
= __f (yl — A, s(2)) 227" dz
2 Ti)+Taw)

is a matrix-valued real analytic function for all y in a neighbourhood U, of x contained
in /—a constant times the function

y > El_i’lg)l[c_vﬁ'Ee‘()(A) - Gy—seu(A)]’ y € UX‘
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By assumption, U, C A(A), so forall y € U,, we have

(34) f (yI — A, s(2))%z7'dz=0.
Ci(x)+4T2{x)

The point z = 0 is a removable singularity of the integrand in equation (34) because
y € U, C p(A).

Up until this point, we have worked locally with solutions z = ¢ (y) of the equation
det({yI — A, 5(z2))) = 0 for ¢(y) belonging to a neighbourhood of T.

Now let us consider all solutions z = ¢(y) € C of the simultaneous equations

(35) det(ul — (A, s(2))) =0,
(36) m—(y,s(@))=0,
fory € R

For z # 0, equation (35) is equivalent todet(zu I — (A, zs(z))) = 0 and the function
(¢, z) — det(zu — (A, zs(2)}) is a polynomial in two variables. Equation (35)
therefore determines an algebraic function zg(z) of z [1, Chapter 8, Definition 2].
Except for a finite set ¥ of points in C, each function element (i, 2) of i can be
continued along any arc not passing through one of the exceptional points belonging
to X [1, page 294]. It follows from Rellich’s Theorem and equation (18) that ¥ is
disjoint from T.

Suppose that (u;, 2;) is a function element of u such that ; is disjoint from
2 U{0}. Then& = (5,(¢) : 52(8) : = (£)). & € &;, is a smooth local parametriza-
tion of the algebraic curve C(A)* of Section 7. If y € R? and z € C satisfy (36) for
p = u;j(z),and u;(z) — (y, 5)'(z) = 0, thenby Lemma 7.1, y € C(A). Consequently,
if y ¢ C(A), then any solution zy of (35)—(36) with u = u; (z) has the property that

u;(z0) — (¥, 5)(z0) # 0.

Suppose that y ¢ C(A). By the remark after Lemma 7.6, there exists an open
neighbourhood V, of y in R? and an analytic function w + ¢; (w), w € V,, of two
real variables such that (w, s(¢; (w))) = u; (¢; (w)) for all w € V,. Hence,

det((w, s(¢; (W) — (A, s(¢; (w)))) =0
and for every w € V, the complex number ¢, (w) is a pole of the function
2 (wl — A, s())7".

Now according to (31), we are assuming that poles of function (33) exist inside D.
So there exist a nonzero integer k and 2k functions y —> *¢;(y),j = 1,...,k,
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defined for y € U, that are analytic in two real variables and poles of (33) belonging
to D. We can also assume that they have the property that £¢, (y) ¢ £ U {0} for all
y € U, and that they are constructed, as above, from the algebraic function zu(z).

This is valid, because to any nonzero exceptional point z € I, there corresponds a
unique solution y € R? of (36) satisfying the equations

(37) Y151(2) + y252(2) = uy151(2) — y25:(2) = 1.

Here we use the observation that 5,(z)s2(z) + 5,(z)s2(z) = 0if and only if |z| = 1
and X is disjoint from T. The point z = 0 is associated with points { € o(A) with
yi+iy: = ¢ and lim,_,¢ zu; (z) = & /2, for some function element (1;, 2;) of u with
0€eQ;.

With these preliminary observations out of the way, we will obtain a contradiction
from the assumption that (34) holds in a neighbourhood U, of x.

Let x; € R(A) and suppose that r > y(¢), 0 < ¢ < 1, is a smooth curve in R?2
such that y(0) = x and y (1) = x,. Suppose further that where y crosses a curve
belonging to C(A), it does so nontangentially and avoids all intersections, cusps and
isolated points. This is possible because there are only finitely many such points.
Furthermore, we suppose that ¥ also avoids the image in R? of the exceptional points
¥ and the spectrum o (A) of A. Then in a neighbourhood of any point in y ([0, 1]), the
functions {¢; }}‘zl defined by the algebraic function z . (z) from (35)—(36) in the manner
described above, do not take values in ¥ U {0}. Moreover, we have ¢;(y (1)) € T and
¢ (y0) e U, CDforj =1,...,k Let

io=sup{t>0:¢;,(y(s))e D forevery 0 <s <t and j =1,...,k}.

ThenO < # < 1 and, by continuity, forsomem = 1, ..., k, we must have ¢,,(y (,)) €
T. If ,u;. (Dm (¥ (1)) — {y(8), 5) (@ (¥ (%)) # 0, then by Rellich’s Theorem and
Lemma 7.6, there exists 8 > 0 such that ¢,(y(¢)) € T forall t € (% — 8, ty + 9),
contradicting the definition of #. Hence y (%) € C(A) by Proposition 7.7.

According to our assumption, equation (34), the sum Res(y) of the residues of the
function z > (yI — A, 5(z)) %z ' at +¢; (y) and £¢; (¥)~'.j = 1, ..., k, is zero for
all y € U,. The outer integral about the contour I'| (x) in (34) surrounds iqb_j(y)"
and the integral is calculated from the residues at :taj.(y)" by the Cauchy integral
formula.

For each 0 < ¢ < 1, there exist contours I';(y(¢)} ¢ D and I',(y (1)) C D and
neighbourhoods V,, of y (¢) such that I'; (y (#)) surrounds {¢; (y)'}¥_, and 2 (y (1))
surrounds {¢; (y)]j.‘___1 for all y € V,(,, and the contours do not surround any other
poles of function (33) for any y € V(.

To see that this construction is possible, suppose that ¢, is some other distinct
solution of simultaneous equations (35)—(36) such that = ¢, (y(#)) = ¢:1(y (1)) € D,
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say, for some 0 < ¢ < . Then (y(2), s($)) = we(&) = pu (&) for two eigenvalues
te(z) and g (z) of the matrix (A, s(z)), for all z € C in a neighbourhood of ¢.
Then ¢ must be a branch point of the eigenvalues of the matrix valued function
z = (A, 5(2)), that is, £ € Z. This contradicts our choice of the arc y¥. Hence, all
solutions of simultaneous equations (35)—(36) have distinct values at each point of y.
By continuity, for each 0 < ¢t < # we can choose a neighbourhood V, ) of y(¢) in
which solutions of (35)~(36) have this property and contours I'; (¥ (¢)) and I';(y (2))
with the properties described above.
Then the function

Res(y) = L (yl — A, s(z)) %z " dz
278 Jryan+ o
defined for all y € V() and 0 < ¢t < #, agrees on U, N V, with the sum Res(y) of
residues defined above for y € U,. Clearly, Res(y) is an analytic function of the two
real variables y, so by analytic continuation, Res(y (#)) =0 forall0 < ¢ < f.

The point ¢,(y (%)) € T corresponds to where y crosses the curve C(A) at g
with ¢,,(y (1)) the direction of the unit normal. As mentioned above, y may have
crossed a curve in C(A) earlier, leading to the appearance of poles of the function (33)
additional to {¢; (y)}j.‘___l for y € V,(,, but the chosen contours do not surround these.

Because y avoids all intersections, isolated points and cusps, foreachj =1, ...,k
with j # m, we have ¢; (y (%)) # ¢.(y (%)) and ¢; (¥ (2)) is bounded away from T
forall 0 < ¢ < 1y (the unit normal is unique). Any other poles ¢ (y (%)) of (33) are not
associated with function elements of u at which (19) holds for y = y (). Otherwise,
by Proposition 7.7, y (%) would lie on the intersection of curves belonging to C(A)
with ¢ (¥ (1)) € T, the unit normal to one of the curves.

However, it is impossible that Res(y(¢)) = 0 for all 0 < t < g, because the
residues diverge at ¢, (v (%)) € T, but are uniformly bounded at ¢; (¥ (1)), 0 <t < 1
for j # m. This follows from an asymptotic analysis of (29) as y — y (%) along y.
The asymptotic analysis is facilitated by the fact that 4; and P; are analytic in a
neighbourhood of ¢,,(y (%)) by Rellich’s theorem. Rather than repeat the calculation
here, see [7, Equation (4.24)], and the references there that follow that equation. The
original assumption that Res(y) = O for all y in a neighbourhood U, of x must be
false, so that (31) is false. We have shown the inclusion R?\ (m ucC (A)) C y(A).

If x € RAA*NR(A) = dR(A), then by Corollary 7.9, x is an element of C(A),
so it only remains to treat the case x € C(A). In this case, the asymptotic analysis
mentioned above ensures that we can actually make lim,_, o+ [G 46, (A) — Gy_ee, (A)]
diverge as y — x in some direction in C(A)¢, namely, from the direction into which
the curvature vector points, proving that x € y(A). We have established the inclusion
R*\ R(A) C y(A). O
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10. Further developments

In this section, we consider which of the preceding arguments are applicable to a
more general situation. A plane wave decomposition formula similar to formula (9)
has been obtained for a d-tuple A = (A}, ..., Ay) of bounded linear operators acting
on a Banach space X just under the assumption that the spectrum o ((§, A)) of the
bounded linear operator (£, A) = Z;.":] §;A; is real foreach £ € RY[18, Lemma 2.5].
Actually, the plane wave decomposition is adopted as the definition of the Cauchy
kernel G(,(A) off R in the case that the Weyl calculus does not exist, that is, when
the necessary exponential bounds for the d-tuple A of operators fail. It agrees with the
power series expansion [18, Equation (5)] outside a sufficiently large ball and it agrees
with the Cauchy-Stieltjes transform of the Weyl functional calculus when this exists
[17, Equation (5)]). The same formula will work for a d-tuple A = (A, ..., Ay) of
unbounded linear operators if the closure (§, A) of (£, A} is densely defined and has
real spectrum for each £ € R,

The monogenic spectrum y (A) of the d-tuple A is the set of singularities of the
Cauchy kemel G(,(A), that is to say, y(A) is the complement of the largest set in
R4+! on which w — G, (A) is a monogenic function with values in a Clifford module
£ (X), over the bounded linear operators on the Banach space X .

In the Hilbert space setting with d = 2 and A = (A,, A,) bounded selfadjoint
operators, Definition 6.1 and the proof of Proposition 6.2 still make sense, so that
R(A)¢ is contained in the numerical range W(A) of the bounded linear operator
A = A, + iA,. The convex hull of y(A) is equal to the numerical range W(A).
However, we have no information about the relationship of R(A) and y (A) in the
infinite dimensional setting.

If we assume only that A = (A}, A;) 1s a pair of matrices such that o ({§, A)) is
real for each £ € R?, then we can no longer-appeal to Rellich’s Theorem, crucial to
the proofs of Sections 7 and 9. A pair of simultaneously triangularisable matrices,
each with real spectrumn, falls into this category—such matrices need not be hermitian.
Moreover, the algebraic function zp(z) defined in Section 9 may now have a finite
number of singularities on the unit circle T.

Rather than use the Rellich formula (18), we could attempt to express the matrix

I = A, s(2))

in terms of the resolvent (! — (A, s(2)))™!, u € p({A, s(2)}), of (A, s(z)) for
suitable z € C. The Cauchy kernel G,(A) of A can also be expressed in terms
of resolvent operators (! — (A, s))~! by means of the plane wave decomposition.
This approach has the advantage of being applicable to a d-tuple of linear operators
acting in a Banach space. The preceding analysis applies to pair of matrices satisfying
the spectral condition just mentioned, although singularities of the algebraic function
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Z((z) defined in Section 9 on the unit circle T must now be accounted for. A similar
remark was made in [7, Footnote 1]. The observation that a d-tuple A of matrices
with the property that o ((£, A)) is real for each § € R has a Weyl functional calculus
is proved in [16] by operator-theoretic methods.

Finally, we note that for the triple o = (o, 03, 03) of (2 x 2) Pauli matrices,
the monogenic spectrum y (o) of o is the unit sphere S in R* [2, Theorem 4.1].
Points exterior to S belong to infinitely many tangent planes to S, but points inside
S have none. Nevertheless, the interior of S is a lacuna of y (o) corresponding to
the fundamental solution of Weyl’s equation. The simple equality ¥ (A) = R(A)<,
suitably interpreted, does not go over to higher order systems A = (A;, ..., Ay),
d > 2, without some additional connection between d and the size of the matrices
A Iy oo Ad.
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