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Abstract

Regarding quaternions as normal matrices, we first characterize the
2 X 2 matrix-valued functions, defined on subsets of quaternions, whose
values are quaternions. Then we investigate the regularity of quaternionic-
valued functions, defined by the analytic functional calculus. Construc-
tions of analytic functional calculi for real linear operators, in particular
for quaternionic linear ones, are finally discussed, using a Riesz-Dunford-
Gelfand type kernel in one variable, or a Martinelly type kernel in two
variables.
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1 Introduction

Introduced in science by W. R. Hamilton as early as 1843, the quaternions form
a unital non commutative division algebra, with numerous applications in math-
ematics and physics. In mathematics, the celebrated Frobenius theorem, proved
in 1877, placed the algebra of quaternions among the only three finite dimen-
sional division algebras over the real numbers, which is a remarkable feature
shared with the real and complex fields.

Concerning physics, one can find a first suggestion of a quaternion quantum
mechanics in a footnote of a paper by G. Birkhoff and J. von Neumann (see
[1]), as mentioned in [6]. The work [6] itself presents a quaternionic quantum
mechanics, using various entities assuming quaternionic values. The existence of
serious physical hypotheses incited several mathematicians to develop a branch
of analysis in the framework of quaternions.

One of the most important investigation in the quaternionic context has been
to find a convenient manner to express the ”analyticity “ of functions depending



on quaternions. Among the pioneer contributions in this direction one should
mention the works [I5] and [7].

More recently, a concept of slice regularity for functions of one quaternionic
variable has been introduced in [§], leading to a large development sythesized
in [4] (which contains a large list of references), whose impact is still actual (see
@, [3], etc.).

Unlike in [8], the basic idea of the present paper is to define the regularity
of a quaternionic-valued function via the analytic functional calculus acting on
quaternions. We have chosen to consider the algebra of quaternions not as an
abstract object but as a real subalgebra of the complex algebra of 2 x 2 matri-
ces with complex entries. This (classical) representation has been already used
by the present author in [22] 23], and appears in many other works. Among
the advantages of this representation is that we may view the quaternions as
linear operators actually on complex spaces, commuting with the complex num-
bers. Another one is to regard each quaternion as a normal operator, having
a spectrum which can be used to define various compatible functional calculi,
including the analytic one. A suggestive parallel is the study of the abstract
C*-algebras as subalgebras of bounded operators on some Hilbert spaces.

One of the main results of this work is Theorem [l| giving a characteriza-
tion of those matrix-valued functions, defined on some open sets in the complex
plane, producing quaternions when applied, by functional calculus, to quater-
nions having spectra in their domain of definition. Such a function, temporarily
called skew conjugate symmetric, corresponds to the more known concept of
stem function (a notion going back to [7]), transposed in our framework (see
Remarks [4] and [f)).

Roughly speaking, and unlike in [§], a ”quaternionic regular function® can
and will be obtained by a pointwise application of the analytic functional cal-
culus with stem functions on a conjugate symmetric open set U in the complex
plane, to quaternions whose spectra are in U, via the matrix version of Cauchy’s
formula , with no need of slice derivatives. In this way, we obtain a whole
class of 7regular functions® (in fact, quaternionic Cauchy transforms of stem
functions), having some unexpected multiplicative properties (see Theorem .
In addition, we can and will recapture, as an illustration, with our methods and
in our terms, several properties of slice regular functions (see Lemma Remark
etc.), presented for example in [4].

The discussion concerning the "regularity “ of the quaternionic-valued func-
tions is ended with a comaparison between our concept of regularity with that
of slice regularity (Theorem @, showing that these concepts are equivalent on
open sets called in this work spectrally saturated, which happen to be axially
symmetric sets, introduced in [4] (see Proposition [2)).

One of the necessities of the quantum mechanics is the existence of a conve-
nient operator theory in the context of quaternions, in particular an appropriate
definition of the spectrum. Because the direct extension of the classical defi-
nition of the spectrum has been considered not to be satisfactory, a different
definition, using the squares of operators, has been introduced in [4] (see also
[3]). We adapt this definition to our framework (see Definition [3), showing



that, nevertheless, the symetrization of the classical definition of the spectrum
is still usable. In fact, we consider a spectrum for real operators on real Banach
spaces, and construct an analytic functional calculus for them (see Theorem
and Proposition [5). Unlike in [4] or [3], our functional calculus is based on
a Riesz- Dunford-Gelfand formula, defined in a commututative context, rather
than the non-commutative Cauchy type formula, used by previous authors. This
analytic functional calculus holds for a class of analytic operator valued func-
tions, whose definition extends that of stem functions (see Remark [20)), and it
applies, in particular, to some quaternionic linear operators (Corollary @

2 Hamilton’s Algebra

We start this discussion with some well known facts. Abstract Hamilton’s al-
gebra Hy is the four-dimensional R-algebra with unit 1, generated by {j, k, 1},
where j, k, 1 satisfy

jk=-kj=Lkl=-lk=j lj=—jl=k, jj=kk=1=—1.

In this work, Hamiltonn’s algebra (or algebra of quaternions) will be identified
with an R-subalgebra of My of 2 x 2 matrices with complex entries. Specifically,
using a well-known idea, one considers the following 2 x 2-matrices with complex
entries

10 i 0 0 1 0
lon) = (o ) e (Ba) e (0)

with i2 = —1. Because we have
JF=K*=L1L*=-1,

JK=L=-KJ,KL=J=-LK,LIJ=K = -JL,

the assignment
Hy 3 zg + z1j + 22k + 231 — gl + 21J + 2. K + 23L € M (1)

is an injective unital R-algebra morphism, which is also an isometry. For this
reason, from now on, the algebra of quaternions, denoted by H, is defined as
the R-subalgebra of the algebra My, generated by the matrices I, J, K and L.
Although this identification is not canonical, the realization of Hy as a matrix
algebra H offers more freedom when acting with its elements, as we shall see in
the sequel. In particular, the quaternions in this paper commute with complex
scalars because they are, in fact, matricial quaternions.
We shall often use the notation

o= (7 )



for every z = (21, 22) € C?, and noticing that
Q(z) = Rz1 1+ ST + Rz K + Sz0L,

and I = Q((1,0)), J = Q((3,0)), K = Q((0,1)), L = Q((0,4)), we obtain that
the map C? > z — Q(z) € H is R-linear and bijective. In other words, the set
C? can be identified, as an R-vector space, with the algebra H. For technical
reasons, we often represent a fixed element of H under the form Q(z), for some
z € C? uniquely determined, via the assignment (1).

Regarding the elements of Ml as linear maps acting on the space C2, endowed
with the natural scalar product (z, w) = 21w + 22w and the associated norm
|2||? = |21]2 + |22|2, 2 = (21, 22), w = (w1, w2) € C?, we see that the algebra H
also has a natural involution, given by Q(z) — Q(z)*, z € C?, where z = (21, 22),

* 21 —Z2 *
e = (2 ) -ew),
with z* = (21, —22). (In fact, the map C? 3 z +— z* € C? is itself an R-linear
involution of C2.) In particular, J* = —J, K* = - K, L* = —L.

It is easily seen that Q(z)Q(z)* = Q(z)*Q(z) = ||z|*I for all z € C?, and
so Q(z) is a normal matrix for each z € C2. Moreover, ||Q(z)| = ||z| for all
z € C2?, that is, the map C? > z — Q(z) € H is an isometry. In addition,
Q(z)™! = ||z||72Q(z)* for all z € C%\ {0}, so every nonnull element of H is
invertible.

Let us clarify the position of the R-subalgebra H into the C-algebra M.

Remark 1 On the algebra My we define what we will call a skew complex

conjugation, setting
~ a —a
a~=( " )
—as aq

a= ( @ a2 ) € M.
az Qa4
The map a — a™ is conjugate homogeneous and additive, in particular R-linear,
multiplicative, unital, (a™~)~ = a, and (a*)~ = (a™)*. In addition, a = a™ if
and only if a is a quaternion.
Being a kx-automorphism R-linear, the map a — a™ must be an isometry.

Because My, is finite dimensional, we can give a direct easy argument of this
assertion, as follows. Because

for every

ata — a1 + |as]*  @yaz + azaq
azar +aqaz |agf® +las* )’
~VE o~ |z + |as?  —a1ag — azay
a™)'a~ = - ~
( ) < —Q2a1 — Q403 |a1\2 + |a3\2 ’
we derive the equality det(AI — (a™)*a™) = det(AI — a*a), for all A € C, so
the matrices a*a, (a™)*a™ have the same spectrum. Because the norms of



the positive (a™)*a™, a*a equal the greatest joint eigenvalue, we should have
[a~]? = [I(a™)*a™|| = [la*al| = [la]/*.

Note also that
a+a™ + a—a”™
a= i
2 21

with a + a™, i(a —a™~) € H. In other words, My = H + ¢H. We also have
HNH = {0}. Indeed, if ¢ = ir with ¢,r € H, we have ¢~ = ¢ = (ir)~ = —ir =
—q, whence ¢ = 0, showing that the decomposition My = H + ¢+H is a direct
sum.

A map similar to the skew complex conjugation is defined, under the name
of reflexion, in C*-algebras (see [I3], Definition 2.6.). Nevertheless, a reflexion
is an anti-automorphism, by definition.

,aEMg,

3 A Spectral Approach to H-Valued Functions

As before, the space C? is endowed with its natural scalar product (x, %), and
norm || * ||. We also have the R-linear the map C? > z +— Q(z) € H, which is a
bijective isometry. In other words, giving a quaternion ¢ € H, there is a unique
point z, € C? such that ¢ = Q(z,). Moreover, the algebra H will be regarded
as an R-subalgebra of the C-algebra Ms. In this way, the elements of H will be
regarded as linear operators on the Hilbert space C2, so every element Q(z) is
a normal operator on the Hilbert space C2.

Occasionally, we use the notation Rg = Rz and ||q|| = ||Q(2)] if ¢ = Q(2z)
and z = (21, 22).

Let us mention that for every complex space Banach X, and each Banach
space operator T on X, in this text the symbol o(T") will designate the spectrum
of T', and the symbol p(T) will be resolvent set of T'. Other similar symbols will
be later introduced and explained.

We start with an elementary result:

Lemma 1 Let z = (21, 22) € C? be fived. The spectrum o(Q(z)) = {s+(z)} of
the normal operator Q(z) is given by

s4(z) = Rz1 £ i/ (S21)2 + |22)%, 2 = (21, 22) e C2. (2)

We have sy (z) = s_(z), and the points s+ (z),s_(z) are distinct if and only if
Q(z) ¢ RI. Moreover:
(a) if z2 # 0, the elements

1

= 20, 84(2) — 21 C% z=(z1,20)€C? (3
\/|22‘2+ \S:t(Z) 721\2( i( ) )6 ( )6 ( )

vi(z)

are eigenvectors corresponding to the eigenvalues {sy(z)} respectively, and they
form an orthonormal basis of the Hilbert space C2;



(b) if 22 = 0 but Sz # 0, we have o(Q(z)) = {s+(z)}, with s (z) =
z1,8—(2) = z1, and vy (z) = (1,0), v_(z) = (0, 1) are eigenvectors corresponding
the eigenvalues z1, z1, respectively;

(c) if 22 =0 and z = (x,0) with ¢ € R, we have 0(Q(z)) = {z}, with
s(z) = s_(z) = z, and v4(z) = (1,0), v_(z) = (0,1) are eigenvectors corre-
sponding to the eigenvalue x.

Proof. The spectrum o(Q(z)) of Q(z) is given by the roots of the equation
52— 2521 + |21]? + |22 =0, (4)

leading to the equality (2).

(a) Let z = (21,22) € C? be with 25 # 0, so Q(z) ¢ RIL. In this case,
clearly |22]? + |s+(z) — 21|% > 0. The vectors (22,54 (2z) — 21), (22,5_(2z) — 21)
are orthogonal eigenvectors of Q(z) in C2, corresponding to the eigenvalues
v4(z),v_(z), via equation (). Hence {v,(z),v_(z)} is an orthonormal basis of
C?, with the stated properties.

The assertions (b), (c) are easily obtained and left to the reader. We only
note that zo = 0 implies, in fact, s+ (z) = Rz1 £z |, leading to the eigenvectors
(Rz1 +4S821,0) and (0, Rz — #|Sz1]), corresponding to the eigenvalues z1, Z1,
respectively. For the sake of simplicity, we take s;(z) = 21, s_(z) = z;, and
replace the eigenvectors from above by (1,0) and (0, 1), respectively, with no
loss of generality.

Example 1 Let S = {s = 21J + 22K + 23L; 21,22, 23 € R, 2% + 23 + 23 = 1},
that is, the unit sphere of purely imaginary quaternions. As noticed in in [4]
(and easily seen), every quaternion ¢ € H\ R can be written as ¢ = 2I + ys, for
some § € S, where z,y are real numbers, which are unique when y > 0. Let us
prove that for every ¢ = 21+ ys, x,y € R, we have o(q) = {z + iy}.

The quaternion § € S can be written as a matrix under the form

5 — ial as + ’iag
T\ —ag +iag —iay ’

where ay,az, a3 are real numbers with a? + a3 + a3 = 1. Hence,

[ A—z—dary —(ag+iaz)y
M= y5_< (az —ia3z)y A—z+iary )

The detrminant of the matrix from above is equal to A2 — 2z + 22 + y?, via
the equality a? + |ag + ia3|? = 1, whose roots are equal to z =+ iy.
Note that the spectrum of ¢ does not depend on s.

Definition 1 For a fixed point z = (21,22) € C2, let {s+(z)} be the spectrum
of the operator Q(z), given by Lemma The eigenvectors {v4(z)} of Q(z)
corresponding to the eigenvalues {sy(z)} respectively, again given by Lemma
will be called the canonical eigenvectors of Q(z).

For an arbitrary quaternion ¢, we define its spectrum o(q) as the set equal to
0(Q(z)) = {s+(z)}, where z = (21, z2) € C? is the unique point with ¢ = Q(z).
We also use the notation s+ (q) = s+(z) and v4(q) = v+(2).



Lemma 2 Let z = (z1,22) € C?, and let v4(z) = (v41(2),v+2(z)) € C? be the
canonical eigenvectors of Q(z). Then we have

a2 = [vi2(2)]?, [v-2(2)]* = [via(2),

(%)

Vo1 (2)775(2) + vir (2)753(2) = 0

Proof. We set vy := vy (z) and vy = (va1,v42) € C2 If 20 = 0, we have
Vi1 =v_9=1,v_1 =v49 =0, so relations (x) are trivial.

Assume zo # 0. Because |sy — 21| = |s— — z1]|, and relation (4) is equivalent
to
(s+£ —21)(s+ — 21) + 22> = 0,
we have [s_ — z1|?|s — 21|> = |22|*. Therefore
2 |22|? |4+ — 21| 2
V_1 = = = (V49| .
ol S e AP T P T - ap

A similar argument shows that

2 2
2 | 22| |s— — 2| 2
1% 1 = = = ]/_2 .
S Bl PR Pt Dl P e PR
We also have
(s — 71) za(s4 = Z2)[s4 —z[>

V_1V_9 = = =
U T P e — P [Pzl + s — 2

_ ZQ(S, —21)
|22]? + [s4 — 21[?

= —Vi1lVyo2,

via equation . Consequently, equalities (%) hold true.

Remark We note that equalities (%) do not follow, in general, from the orthog-
onality of vy (z) and v_(z).

Remark 2 Given a complex number ¢, we can determine all quaternions g with
o(q) = {¢,¢}. Assuming, with no loss of generality, that 3¢ > 0, we look for
the points z = (21, 22) € C satisfying the equation

¢ =s4(2) = Rz +0V/(S21)? + |22,
so ( = s5_(z) = Rzy — i\/(S21)2 + [22]2. Setting u = 29 as a parameter, we

obtain Rz; = R¢, and (J21)? = ($¢)? — |ul?, provided |u|? < (3¢)2. The
solutions are given by the set

{2 = (RC+iv/(SQ) — [ulPw) € €2, Ju] < 3¢,



so we have, for every such a z, 0(Q(z)) = {¢,(}, via Lemma In particular, if
z = (RC +i/(3¢)? — |ul?,u) for some u € C with 0 # |u| < I¢, we must have

( b (—%1‘5)2_ . R¢ —i (gé)2 = |uf? ) ( (3¢~ (gC)2 — [uf?) )

- c( (3¢ — /BT ) ’

which is an explicit form, modulo a multiplicative constant, of the equation
Q(z)vy(z) = s4(z)vy(z), with s (z) = . In fact,

vi(z) = (23¢(3¢ — V(302 — [ul?) ™ (u, (3¢ ~ V(S¢)? ~ [ul?).
If I¢ < 0, we apply the previous discussion to (.

Remark 3 (1) A subset U C C is said to be conjugate symmetric if ¢ € U if
and only if € U.
For an arbitrary conjugate symmetric subset U C C we put

Un={q€H;o(q) CU}.
Note that, for every ¢ € U and u € C with |u] < |S(], setting
q¢ (u) = RC £ i/(3)? — [ul%,u) € C2, Jul < |3¢],

we have
Ui = {QaE (W) ¢ € U, w e C, ul < |S¢]},

via Remark 2

If U C C is open and conjugate symmetric, the set Uy is also open via the
upper semi-continuity of the spectrum (see [5], Lemma VIIL.6.3.).

(2) A subset A C H is said to be spectrally saturated if whenever o(r) = o(q)
for some r € H and ¢ € A, we also have r € A.

For an arbitrary A C H, we put 6(A) = { € C;3g € A: ( € o(q)}. As
above, we also put Sy = {q € H;o(q) C S} for an arbitrary subset S C C.

(3) A subset A C H is spectrally saturated if and only if there exists a
conjugate symmetric subset S C C such that A = Sy. In this case, S = G(A).

Indeed, if S C C is conjugate symmetric and A = Sy, then clearly A is
spectrally saturated. Conversely, if A is spectrally saturated, then A = &G(A)y,
because we always have A C &(A)y, and fixing r € S(A)y, we can find ¢ € A
with o(q) = o(r), so r € A. Finally, if 6(A)g = Sy for some conjugate
symmetric S C H, we must have S = G(A).

(4) If Q C H is an open spectraly saturated set, then &(Q2) C C is open.
Indeed, we have an injective R-linear map &(Q2) > ¢ — Q((¢,0)) € Q, and
the subset {Q((¢,0));¢ € 6(Q2)} is open in the vector space {Q(((,0));¢ € C}.
Hence the subset U C C is open if and only if Uy is open, via an assertion in
(1), from above.



An important particular case is when U = D,. := {¢ € C;|{| < r}, for some
r > 0. Because the norm of the normal operator induced by ¢ on C2 is equal to
its spectral radius, we must have Uy = {q € H; ||¢|| < r}.

(5) We finally note that, for a given conjugate symmetric subset U C C, the
set Uy is precisely the circularization of U, via Proposition [2] so it is azially
symmetric (see [9], Section 1.1 and [4], Definition 4.3.1). Nevertheless, we con-
tinue to call such a set spectrally saturated, a name which better reflects our
spectral approach.

Remark 4 Let U C C be conjugate symmetric, and let F' : U +— My. We write

o f11(Q) f12(0)
”O‘<ﬁm>hwo>”€“

with fr, : U — C, m,n € {1,2}, and set

oo f2(Q) —fa1()
o= < —f12(¢)  f11(0) )’ el

In other words, F~({) = (F(¢))™~ for all ¢ € U, where 7~ ¢ designates the skew
complex conjugation (see Remark .

We temporarily say that F' is skew conjugate symmetricif F({) = F~((), ¢
U. Clearly, the function F' is skew conjugate symmetric if and only if f11({)

€

f22(¢) and f12(¢) = — f21(C), implying f22(¢) = f11(¢) and fa1(¢) = — f12(¢) for

all ( € U. In fact, the function F' is skew conjugate symmetric if and only if F'

has the form O RO
ro=( Y fg ) cev

for some functions fi, fo : U — C.

()

Remark 5 It is interesting to compare the stem functions (see for instance [9],
Section 1.1), with the skew symmetric conjugate functions. To transpose this
discussion in our context, let us remark that the tensor product H @g C may
be identified with My = H + ¢H, which is a direct sum, via the isomorphism
induced by the decomposition

a+a~ a—a”

a= , a € Moy,
5 Ty 2

with a + a™, i(a — a™) € H (see Remark . The corresponding conjugation
of My is in this case a = b + ic — a = b — ic, where b,c € H are uniquely
determined by a given a € M.

With this identification, a stem function is a map F': U + M, where U C C
is conjugate symmetric, with the property F'({) = F(() for all ¢ € U. Explicitly,
if

| fi(©)  f2(Q) ~_ fa(Q)  —1f3(Q)
”O(hm ﬁ@)’F@ (.mo G )CEM




then F(¢) = F1(¢) +iF»(¢), with Fy(¢) = F1(¢) and Fy(¢) = —F»(C), where

<f1(§)+f4(0 f2<o—f3<<>> CeU
fs o

and

In addition,

e

Q)+ f1(0) = f1(O) + £4(0), 2(0) = F(C) = f2(C) — f3(Q),

F1(Q) = Fa(Q) = =f1(Q) + f1(C), f2(Q) + F3(Q) = = f2(C) — fal
Consequently, f1(¢) = f4( (), and fo(¢) = —f3( (), and so

«
RO RO
PO = ( ﬁm,mo)CEU

showing that every stem function is skew symmetric conjugate, via .
Conversely, when F' is given by , so it is skew symmetric conjugate, we

have
AN (S I 1(9)
o= 5 fg ) cev

Setting F1(C) = (1/2)(F(C) + F~(C)) and Fy(¢) = (1/20)(F(¢) — F™(C)), which
are clearly H-valued functions, and F'(¢) = F1({)+iF>((), a direct computation
shows that F(¢) = Fi(¢) — iF((), showing that F is a stem function. Some
easy details are left to the reader.

As the term ”stem function® is currently used in literature, from now on
we shall designate a skew symmetric function as a stem function. Nevertheless,
we shall use the definition of the skew symmetric function rather than that
equivalent of stem function, which is more appropriate to our framework.

Finally, note that a stem function is not necessarily H-valued. Using the
notation from above, the stem function F is H-valued if and only if f;({) = f1(¢)

and fo(¢) = —fo(¢) for all ( € U.

Remark 6 With the notation from Definition [1, and because for each z €
C? the operator Q(z) is normal on the Hilbert space C2, we have a direct
sum decomposition C? = N, (z) & N_(z), where Ni(z) = {w € C*;Q(z)w =
s+(z)w}. The projections E4(z) of C% onto Ni(z) are given by Ei(z)w =
(w,vy(z))va(z), w e C2

For every function f : 0(Q(z)) — C we may define the operator

FQz)w = f(s4(2))(w,vi(2))v+(2) + f(s-(2)){w,v_(2))v-(2), (6)

where w € C? is arbitrary, with a slight but traditional abuse of notation.

Y|
—

10



We note that formula @ is a particular case of the functional calculus given
by the spectral theorem for compact normal operators (see for instance [I0],
Section VIIL.2, or [II], Chapter 3).

In particular, for f(¢) = (A= ()7, ¢ € 0(Q(2))), A # ¢, we have

AL -Q(2) ™" = (A —51(2) ' Ex(2) + (A = 5-(2) T E_(2), A ¢ 0(Q(2)),

a formula to be later used.

More generally, for a fixed z = (z1,22) € C? and a function F : 0(Q(z)) —
M, we may define the operator (in fact a matrix with respect to the canonical
basis of C2?) by the formula

F(Q(z))w = F(sy(2)){w, v (2))vy(2) + F(s—(2))(w,v—(2))v—(2), (7)

where w € C? is arbitrary, as an extension of @ Using the notation from
Definition |1} formula @ can be also written as

F(q)w = F(s4(q))(W, v4(q))v1(q) + F(s—(q))(w,v_(q))v—(q), w € C?,

for each F : o(q) — Ms. In addition, if ¢ = @Q(z), one can use the notation
Ni(q) = Ni(z) and E+(q) = F+(z). In fact, if U C C is conjugate symmetric,
the formula from above leads to a function F': Uy — My (keeping, as usual, the
same notation). Finally, when ¢ = sI, s € R, then F(¢) = F(s)I, via Lemma

[Kc).

Theorem 1 Let U C C be a conjugate symmetric subset, and let F': U — M.
The matriz F(q) is a quaternion for all ¢ € Uy if and only if F is a stem
Sfunction.

Proof We fix a point ( € U. As { € U, we may assume, with no loss of
generality, that ¢ > 0.

Case 1 We assume that ¢ > 0, and choose a quaternion ¢ € Uy with
o(q) = {¢,}. Writing ¢ = Q(z) with z = (21, 22) € C2, because S¢ > 0, we
may assume 2 # 0, via Remark [2| Let v (z) be the canonical eigenvectors of

Q(z), given by Definition I} We also have s;(z) = (, s_(z) = (.
We show first that F'(Q(z)) € H if and only if

Fs4(2))vs(2) = F™(s_(2))4 (2). (8)

Let us look for the matrix form of F/(Q(z)). To simplify the computation, we
sc;c s+ = 84(z), Fx = F(q+(2)),v+(z) = (v+1,v+2), and fix a w = (wy,ws) €
C=.

Note that

[ V4 vl v w;
W1V + Wal =
(w1751 + we +2)( Vio ) ( Tves  vasl? w )

11



2 —_

_ [ v V42| —Vi1702 wy
wW1V_1 + wolV_2 = i

( )< V_9o ) ( —Vi1V42 |I/+1‘2 wao ’
via Lemma

Setting

iy b ) ( fn fi )
F = b F_ = — — )
" ( fh I fa fa
formulas and @ lead to
v fis > ( vl vars )
F zZ)) = T +
Q@) ( f2+1 fﬁg Uiiviz  |vgef?
( i Jfiz ) ( [Vyal? —V+1? >
fa fa EZSLZE I AN
Note that
viil? vare \T (0 el —ravs
Viivis  |vief —Trvee v )7
Therefore, the matrix F(Q(z)) is a quaternion if and only if
(( o fh )_ ( i Sz )N> ( vy l? V+1VT-22 )
[ fh for fa Tiivye gl

is a quaternion, via the properties of the skew complex conjugation. Equiva-
lently, F'(Q(z)) is a quaternion if and only if the matrix

( (i = F)lval® + (fi + fa)7rivee (i — f)vemee + (fiy + fa)lvsel? )
(f + v+ (fh — fr)Trivee  (for + fro)V5ivee + (foh — f11)[V42]?

is a quaternion, that is,
(i = falvaa P + (i = fa)lvsel® + (fia = fro = 31 + fo)7rivs2 = 0
(10)

(fiz + faD)lvsr |2 + (i + fon) lvaal? + (fih — fio + foh — fax)vr 73z = 0.

Let us make condition more explicit. To have a notation even simpler,
we set x := fl — fom, ¥ =fn - foh w = fis + for,v = fia + fo- We also put
a:=1vq1, b:=v49, c:=ab. Equations become

la*z + |b]2y + c(u —v) = 0, |a|®v + |b]*u+ c(z —y) = 0.
Equivalently,

(5= ) ()

12



As we have

lal> 2\ 1 c |2
c — ) TP+ pP) e —la? )

we deduce that

T\ _ 1 —lal*[b]* — [p]* 0 u
y ) cllal®+[b]?) 0 lal?[b]* + |al* v )’

whence
T = —éu = gv
=—cu Y=
Because
. 29 b sy(z) — 2
ViIzel? + 151 (z) — 21 VIzel? + 154 (z) — 21
we obtain @
e zZ1 — S+ \2Z -
f1+1 - fzz = T+(f1+2 +f21)7
- 7T 22 T
fii— fah = m(fu + fh)-
Therefore,
fliza 4+ [h(s4(2) — 21) = fp22 — f51(54(2) — 21),
[z + [ (s (2) — 21) = = filhza + f11 (54 (2) — 21),
and so

( i I ) < % ) (2 a ( 22 )
fhIh s+(z) — 21 ~fn o si(z) =2 )’
which is (8, modulo a multiplicative constant. In other words, F(Q(z)) € H if

and only if holds.
Next we apply Remark [2] Because ¢ > 0, we define

2o = (RC +1v/(30)? = Jul?,u) € C,

for some v € C with 0 # |u] < S¢. Let also v, (z,) be the corresponding
canonical eigenvector of Q(z,). Because si(z,) = ¢ = s4(z), the previous
argument shows that F'(Q(z,)) is a quaternion if and only if F({)v4(z.) =

F~(¢)v4+(zy). Now, there are pairs uq, ug such that v4 (2, ), V4 (2Zy,) are linearly
independent. For instance, if 0 < u; = —ug < $(¢), the vectors

(u1,1(SC = /(€)% — ud)), (u2,i(SC =1/ (SC)* — u3))

13



are linearly independent. Indeed, if not, we would have

implying u; = 0, which is not possible. Having two linearly independent vectors
Vi (Zy,)s Vi (Zy,), with the hypothesis F(Q(zy,)), F(Q(24,)) € H we deduce
that the equality F(¢) = F~({) holds.

If S¢ < 0, a similar argument shows that F(¢) = F~(() (see also Remark
. In particular, if F(Q(z)) € H for Q(z) € Uy, the equality F(¢) = F~({) is
true for all ¢ € U with J¢ # 0.

Case 2 We assume that ¢ € UNR, and put x = (. When z = (z,0) with
x € R, we have Q(z)) = «I and so F(Q(z)) = F(z)I. In this case, it is obvious
that F'(z)I is a quaternion if and only if F(z) = F™~(z).

Consequently, if F(q) € H for all ¢ € Uy, the function F is a stem one.

Final Case To finish the proof, we have to show that if F is a stem function,
we must have F(q) € H for all ¢ € Uy.

Fixing a point ¢ = Q(z) with z = (21, 22), assuming 2o # 0, if ( = s4(2),
condition cleraly holds, so F(q) € H.

Next assume that zo = 0 but Sz # 0. In this case, using the notation from
Definition [I} we have s (q) = 21,5_(q) = z1,v4(q) = (1,0),v—(¢q) = (0,1), and
with F as in formula (5]), formula (7) leads to

F(q)w = F(z1)(w, vy (q))vy (q) + F~ (Z1)(w,v_(q))v—(q) =
(s 2e) (0 )+ (58 5 ) (e )-
(A 2 ()

for all w = (w1, ws) € C2, which shows that F(q) is a quaternion.
Finally, if z5 = 0 and {21 = 0 the assertion is given by Case 2, from above.

Remark 7 There is a parallel treatment of Case 1 from the previous proof,
leading to a similar statement. We first introduce the function

o for fa2 .
G.—(_fll _f12>.U0—>M2,

whose entries are given by the original function

_( fu fiz ).
F= ( Jor fao ) U= M.

Then we prove that

G(s—(2)v_(2) = G (54 (2))v_(2). (11)

14



To infer , we use conditions , written as

(fiy = Faa)lv—2 + (fiy = f)lv-1? = (fiy = fiz = for + fo1)7=1v—2 = 0.
(12)

(fra + foD)lvoal® + (Fi + o)l = (A = fru + £ = fap)va72 = 0.
As in the proof of Case 1, we obtain the equality

D)) Ch ) i) o
—foh 5-(z) — 21 -fn /e s—(z)—z )’
which is relation , modulo a multiplicative factor. Using, as above, Re-
mark |2) we deduce the equality G(s_(z)) = G~ (s4(z)), which is equivalent to

Fs_(2) = F~(s4(2)).

We have, in fact, an equivalent formulation of Theorem [I} asserting that
F(q) € H for all ¢ € Uy if and only if G(¢) = G™~(() for all ¢ € U, that is, if
and only if G is a stem function.

Corollary 1 Let U C C be a conjugate symmetric subset, and let f : U — C.

We have f(q) € H for all g € Uy if and only if f({) = f(C) for all( € U.

Proof. We apply Theorem [1| to the function F' = fI : U — M,. This

function is a stem one if and only if f({) = f(¢) for all ( € U.

Corollary 2 Let U C C be an open conjugate symmetric subset, and let F :

U — H. Then we have F(q) € H for all g € Uy if and only if F(¢) = F(C) for
all¢ e U.

Proof. The property F : U — H implies that I~ = F. Therefore, F is a

stem function if and only if F({) = F(¢) for all € U.

Remark 8 Let U C C be a conjugate symmetric set, and let F' : U — My be
a stem function. The formula

Flg)w = F(s+ (@)W, v+ ())v1(q) + F(s- () (w,v-(q))v—(a),

where ¢ € Uy and w € C? are arbitrary, is an ”extension® of the function F
to Um, in a sense to be specified. Note that we have an embedding U > ( —
gc = Q((¢,0)) € H, which is the restriction of an R-linear map isometry. In
fact, writing ¢ = x + iy, with x,y € R unique, we have

_ z+y 0 B
q<—< 0 x_iy>—x1+yJ,

allowing us to identify the set U with the set

Uy :={q;;¢CeU}={al+yJ;x+iyec U} C H.

15



Because F' is a stem function, we must have

RO RO
F(C)_(fz(f) fl(@)’“U’

given by formula (5)).
~ Aswehave o(qc) = {¢, (Y}, it follows from Lemmathat s+(qe) = ¢ s—(q¢) =
¢, vi(ge) = (1,0), v—(g¢) = (0,1), and hence, as in the proof of Theorem |l

F(qg)( u > _F(g)<“61 >+F(5)< - >_

(55 26 (m)
for all (wy,ws) € C2, so

(hQ B©
rao=( iy g ) cev

Let F,(UMsy) = {F : U + May; F(¢) = F~(¢), ¢ € U}, which is an R-
algebra of My-valued functions on U, consisting of all stem functions on U.
Let also F(U,H) = {G : U — H}, which an R-algebra of H-valued functions
on U. Setting x(¢) = g¢, ¢ € U, we have an injective unital morphism of R-
algebras given by Fs(U,M3) 3 F' — Forx € F(UH). Therefore, the map
Uy 5 q — F(q) € H given by , which extends the map gc — F(q¢), may
be also regarded as an ”extension® of F € F4(U,Ms) (modulo the map x).
Note also that the function Uy > ¢ — F(q) € H is uniquely determined by the
function U > ¢ — F(¢) € My, when the latter is a stem function.

In particular, if f € Fs(U) := {g: U ~ C; g(¢) = 9(¢), ¢ € U}, then

reeo = (5 75 ) —ews.o. cev

4 Analytic Functional Calculus for Quaternions

Regarding, as before, the quaternions as normal operators, we now investigate
some consequences of their analytic functional calculus, in the classical sense
(see [B], Section VII.3, for details). The frequent use of various versions of the
Cauchy formula is simplified by adopting the following definition. Let U C C
be open. An open subset A C U will be called a Cauchy domain (in U) if
A C A C U and the boundary A of A consists of a finite family of closed
curves, piecewise smooth, positively oriented. Note that a Cauchy domain is
bounded but not necessarily connected.

16



Lemma 3 Let U C C be a conjugate symmetric open set and let F : U — My
be an analytic function. For every q € Uy we set

Fulg) = - /F FO(CT - ) e, (14)

T 2mi

where T is the boundary of a Cauchy domain in U containing the spectrum o(q).
Then we have Fy(q) € H for all ¢ € Uy if and only if F is a stem function.

Proof. We first assume that ¢ ¢ RI. If o(q) = {sy,s_} with sy = s1(q), the
points sy, s_ are distinct and not real, by Lemma We fix an r > 0 sufficiently
small such that, setting Dy := {¢ € U;|( — s+| < r}, we have Dy C U and
D, ND_ ={. Then

Fol) = 5z [ FOGI-0) e+ o [ FQ(CT- o) e

271 ry T_

where I'y is the boundary of Dy. We may write F/(¢) = >_,~,(¢ — s4)" A4y, with
¢ € Dy, A € My for all k > 0, as a uniformly convergent series. Similarly,
F(¢) =Y 45o(¢ —s_)*By, with ¢ € D_, By, € M, for all k > 0, as a uniformly
convergent series.

Note that

;M/F+ FOEI—q) td¢=>" (Ak;”'/m(c_ o0 )F(CT = q)—ldc> B,

E>0
because the integral

L sora—ota

271 r.

is equal to B, 1= - fF+ (¢I—q)~td¢ when k = 0, which is the projection of C2

2me
onto the space Ny := {v;qv = s v}, and it is equal to 0 when k > 1, because
(I-q)"'Ey = (¢ —sy) 'Ey (see Remark @
Similarly

o [ FO@-0 =3

k>0

(Bkzlm. /F (c—s>’“<<I—q)‘1d<> = ByE_

because, as above, the integral

L - sHcT - g e

211 r_

is equal to F_ := ;L frf(gI —q)~'d¢ when k = 0, which is the projection of

27i
C? onto the space N_ := {v;qv = s_v}, and it is equal to 0 when k > 1, since

17



(I—q)'E_ = (¢ —s_)"'E_. Note also that E,w = (w,v,(q))v,(q), and
E_w = (w,v_(q))v_(q), all w € C%. Consequently,

Fu(q) = F(s4)Ey + F(s-)E_,

and the right hand side of this equality coincides with formula .
Assume now that o(q) = {s}, where s :== sy =s_ € R. Wefixanr > 0
such that D :={¢ € U;|¢ — s| <r} C U. Then we have

Fia(g) = ~— /F F(C)(CI— q)~tdc,

2me
where T is the boundary of D. We write F({) = >_,~,(¢ — s)¥ Ay, with ¢ € D,
Ay, € M, for all k > 0, as a uniformly convergent series. Note also that

37 [ FO@- 0= Y (g (-9 ca-0)7c) = 4,

k>0

because the integral
1 k —1
— - I- d
57 F(C s)"((T—q)” d¢

is equal to I when k = 0, and equal to 0 when k > 1, since ((I—¢)~! = ((—s)7'L
Consequently, Fir(q) = Ao = F(s)I.

In both situations, the matrix Fy(q) is equal to the right hand side of formula
(7). Therefore, we must have Fy(q) € H if and only if F(s;) = F~(s_), via
Theorem [I] In other words, Fiz(q) € H for all ¢ € Uy if and only if F : U — My
is a stem function.

Remark 9 It follows from the proof of the previous lemma that the element
Fia(q), given by formula (14)), coincides with the element F(q) given by (7).
Nevertheless, we keep the notation Fiz(q) whenever we want to emphasize that

it is defined via .

Corollary 3 Let U C C be a conjugate symmetric open set and let f : U +— C
be an analytic function. For every q € Uy we set

fula) = 3= [ FO@ =) (15)

where T is the boundary of a Cauchy domain in U containing the spectrum o(q).
Then we have fu(q) € H if and only if f(s1+(q)) = f(s—(q)) for all ¢ € Up.

Proof. The assertion is a direct consequence of Lemma [3] applied to the the
function fI.

Remark 10 Let U C C be open and conjugate symmetric. As already seen,
for every point ¢ € U the quaternion Q((¢,0)) is an element of Uy because its
spectrum equals the set {¢,(}. According to Corollary l an analytic function

18



f: U~ C has the property fu(q) € H for all ¢ € Uy if and only if f({) = f({)
for all ¢ € U. This shows, in particular, that the set Os(U), consisting of all
analytic functions f : U +— C with the property f({) = f(¢) for all ¢ € U, is
compatible with the analytic functional calculus of the quaternions. Clearly,
O;(U) is a unital R-subalgebra of the C-algebra O(U) of all analytic functions
inU.

More generally, if F € O(U,My), where O(U,My) is the C-algebra of all M-
valued analytic functions in U, we have the property Fu(q) € H for all ¢ € Uy
if and only if F is a stem function, by Lemma [3] In this case, we have

RO RO
FlQy= ( SNGINAG ) et

by formula .

Let us denote by Os(U,Ms) the set of all analytic stem functions F €
O(U,Mz), so Os(U,M3y) C Fy(U,My), where the latter is introduced in Remark
B

Note that if f; € O4(U) and f2 € iO5(U), we have

_ [ A f2(0)
F(¢) = ( RO A0 > € O,(U,M,).

The converse is not true, in general. For instance, if f({) =(+¢on U =C,

we have f({) =¢—1i,s0 f ¢ O4(U) but

F(Q) = ( <gi Cﬂi ) € O5(U, My).

It is easily seen that O4(U,My) is a unital R-subalgebra of the C-algebra
O(U,My), and it is also an O4(U)-module.

Finally, if A C C is an open disk centered at 0, each function F' € O4(A, M)
can be represented as a convergent series F(¢) = >, apC®, ¢ € A, with
a, € H for all £ > 0.

Definition 2 Let Q@ C H be a spectrally saturated open set, and let U =
S(2) C C (which is also open by Remark [3(4)). Then we put

R(Q) = {fu: f € Os(U)},

and
R(Q,H) = {FH,F c OS(U,MQ)}

In fact, these are R-linear spaces, having some important properties:

Theorem 2 Let Q C H be a spectrally saturated open set, and let U = &(Q) C
C. The space R(Q) is a unital commutative R-algebra, the space R(,H) is a
right R(Q)-module, and the map

O,(U,M,) 3 F — Fy € R(Q,H)
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is a right module isomorphism. Moreover, for every polynomial P(C)
S sanC", ¢ € C, with a, € H for all n = 0,1,...,m, we have Py(q)
S ang™ € H for all g € H.

Proof. The R-linearity of the maps
O(UMy) > Fr Fyg € R(OH), O5(U) > f = fu € R(Q),

is clear. As the second one is also multiplicative follows from the multiplicativiry
of the analytic functional calculus at any point ¢ € H.

In fact, we have a more general property, specifically (F f)u(q) = Fu(q) fu(q)
for all F € O4(U,Ms), f € O4(U), and g € Q. This follows from the equalities,

1
"o

(F)e(a) /F FIOF(Q)(CT— q)\dc =

2mi

(557 [ F0@=0ac) (5 [ o =a)dn) = Fe(a)futo)

obtained as in the classical case (see [B], Section VIIL.3), which holds because
f is C-valued and commutes with the quaternions in My. Here I', Iy are the
boundaries of two Cauchy domains A, Ag respectively, such that A D Ag, and
Ay contains o(q).
Note that, in particular, for every polynomial P(¢) = Y " ; a,(™ with a,, €
H for all n =0,1,...,m, we have Pu(q) = Y, anq" € H for all ¢ € H.
Another stated property is the injectivity of the map

0,(U,My) > F — Fig € R(Q,H)

Indeed, if the function Fy is null, the function U > { — Fu(gc) € H is null too,
so F € O4(U, M) should be null as well (see Remark [g).

Corollary 4 Let Q C H be a spectrally saturated open set, and let U = &(2) C
C. The map
Os(U) > fr fu € R(V)
s a unital R-algebra isomorphism. Moreover,
(a) for every polynomial p(¢) = > i anC™ with a, real for alln = 0,1,...,m,
we have pu(q) = > 1" ang™ € H for all g € Q;
(b) if f € Os(U) has no zero in U, we have (fu(q)) ™' = f5 ' (q) for all g € Q.

The assertions are direct consequences of the previous proof.

Corollary 5 Let r > 0 and let U D {¢ € C;|¢| < r} be a conjugate symmetric
open set. Then for every F € Os(U,Ms) one has

FM()
Falq) =) ———=4" llal <,
n>0 ’

where the series is absolutely convergent.
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Proof. Indeed, as we have ((I—¢q)~' =3 . ¢ " 'q", where the series is
uniformly convergent on {(;|¢| = r} for each fixed ¢ with ||q|| < r, we infer that

Felo) = 5 [ PO tac

L FQ, ) s FR0)

S (o [ E9c) = F
n>0 I<l=r n>0

Remark 11 For every function F € O,(U, M), the derivatives F(™ also belong
to Os(U,Mz), where U C C is a conjugate symmetric open set. To check this

assertion, we note first that if f € O(U), setting f*(¢) := f(C) for all ¢ € U, we
can easily see that f* € O(U) and (f*)'(¢) = f/(¢), for all ¢ € U.

Because
_ Q) f2¢)
FlO = ( 50 fl*(é“))’CeU’

(RO RO
F© ( ~(5)(© (fi‘)’(C))’CEU’

we have

showing that F' € O,(U, My).
Now fixing F' € O4(U,M;), we may define its extended derivatives with
respect to the quaternionic variable via the formula

@) = 5 [ FOO@— 0 e, (16)

for the boundary I of a Cauchy domain A C U, n > 0 an arbitrary integer, and
o(q) C A.

In particular, if F' € O4(A,Mz), with A a disk centered at zero, and so we
have a representation as a convergent series F'(¢) =, <, ar( k with coefficients
in H, then gives the equality Fjj(q) = Y >, kaxg"~1, which looks like a
(formal) derivative of the function Fu(q) = > ;<o axg".

Remark 12 Let U C C be an arbitrary open set and let F' € O(U,My) be an
arbitrary analytic function. Let also Ag, A be open discs in U with boundaries
Iy, T respectively, such that Ag C Ag C A C A C U. We recall that

nlr(I")

IF(ON < G poyet s

sup ||F(9)||7 C € AO; n 2 07
oer

where r(T') is the radius of T, and d(T",Tg) = inf{]|0 — 6|;0 € T,0y € Ty}. Of
course, these are Cauchy’s derivative inequalities, with explicit constants, which
will be used in the sequel.
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Lemma 4 (1) Let Dy, Aoy, Ay be disks in a conjugate symmetric open subset
U C C, such that

D+CD+CAO+CAO+CA+CA+C{€€(C;(\}C>O}.
Let also F € O4(U,My). Then we have the estimates

- 2nlr(Toy) >
F <
I < (g

sup [[F(C)]l, n =0,
¢ely

for all ¢ € Uy with s1(q) € Dy, where Coy,Toy, T are the boundaries of
Dy, Aoy, AL, respectively.

(2) Let D,Ag,A be disks in a conjugate symmetric open subset U C C,
UNR#0, such that the centers of D, Ag, A belong to R, and

DcDcAyCAsCcACACU.

Let also F' € O4(U,Mg). Then we have the estimates

!T(Fo)
F(q << n sup ||F(O)]l, n >0,
|| H ( )H - d(F,Fo)n+1d(Fo,C) cer || (C)H =
for all ¢ € Uy with o(q) C D, where C,Ty,T" are the boundaries of D, Ag, A,
respectively.

Proof. (1) First of all, for each subset A, C {¢ € C;3¢ > 0}, we put
A_={GCe AL}

Secondly, for every q € H with o(q) C D U D_ the eigenvalues s+ (q) of the
normal operator ¢ on C? are distinct and we have a direct sum decomposition
C? = C2 @ C2, where C3 = {z € C%qz = s1(¢)z}. Let also E1(q) be
the orthogonal projection of C? onto Ci. Therefore, ||((I — q) " E+(q)| =
|¢ — s+(q)|~!, whenever ¢ ¢ o(q) (see also Remark @

Next, using Cauchy’s inequalities, we obtain

L / FO(C)(CT - ) B (q)de
Lot

: <
211

n!r(Toy) ) -1
——————— | sup ||F(Q)|| sup | —si(q <
(d(F+,F0+)”+1 cer. IFI CEF0+‘ +(@)l

n!r(Toy) )
sup || £ ,
<d(F+7Ib+)"+1d(F0+7Cb+) CGgl” @l

because supeer,, [ — s:(q)]7! < d(Toy,Cot)~t when s, (s) € Doy, where
Co+,To4, 1 are the boundaries of Dy, Aoy, AL, respectively.
Similarly,

L / FO O - g) " E_(g)dc
I'o_

. <
21
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Tl!’l"(ro_) .
(d(F,I‘O)nﬁle(FO’ CO)> ;&Ii ||F(C)||7

where Co_,T'o_,I'_ are the boundaries of D Ag_, A_, respectively.
Because of symmetric conjugation, and the properties of F', we may set

M := sup ||[F(Q)] = sup [F(QI, r:=7rTot+) =r(To-),
cery cer_

d:= d(F+, F0+) = d(F,,FO,), do = d(Fo+7 Co+) = d(F0,7 OO,),

and as we have,

F(q) = = / FO(0)(C - ) By (q)dC+

— [ F"(O)(CT—q) " E_(q)dC,

we infer that ol M
(n) rn!
IF @ < o

which are the desired estimates.
(2) The proof is similar to that of part (1). In fact, following the lines of the
previous proof, we have

I @1 < (gt ) 2 1P,

because ||(¢I - q)||~! < d(Ty,Co)~! when o(q) C Do.

Proposition 1 Let U C C be a conjugate symmetric open set containing 0,
and let F € O4(U,My). Then there exists an open disk V. C U of center 0 such
that Q((X,0)) € Vi for all X €V and

£ (q)
F()=> -2 NEK Vi
( ) n>0 n! ( q) , 4 € VH,
where the series is absolutely convergent in M.

Proof. We choose the disks D, Ag, A as in Lemma 2). In addition, we
assume that all of them are centered at 0.
According to Lemma [42), we deduce that

(n) 1/n
F
lim sup (”H(q)”> < d(T,To) ™t < o0,

whenever o(q) C D. Therefore, the formal series

(n)
=3 T or gy
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is absolutely convergent if ||A\I — ¢|| < 6, where 6 = d(T",T).

Because this estimate does not depend on the radius of D, say p, which shall
determine p such that V =D C Ay.

We assume that 0 < 2p < 6. If A € V, then A € V, so Q((),0)) € Vig. Next,
if ¢ € Vg, as both s1(q) € V, we must have |A — s1(q)| < 2p < 0, 1mp1y1ng
AL =gl <.

Note that

= g ([ 0@ o ac) 1o -

2 2m/ (21/ (f))nﬂd9> (I —q) AL — g)"d¢ =

n>0

! —n—1 1
o [ FO) (55 [ S0-0 0= 010 dC)dG

0n>0

Because ||\ —q|| < 6 < |0 — (| for all € T and ¢ € Ty, the following series is
convergent, and

OO TN =g = ((0-C—NI+q)"

n>0

Hence

o [ 00T AL g €T )i = (0~ )L

0 n>0

which implies the equality G(\) = F(A).

Remark 13 (1) Let U C C be a conjugate symmetric open set and let F €
Os(U,Ms) be arbitrary. We can easily describe the zeros of Fy. Indeed, as we
have Fu(q) = F(s+(q))v+(q) + F(s—(q))v—(q), we have Fy(q) = 0 if and only
if F(sx(q)) = 0. Therefore, setting Z(F) := {\ € U; F(\) = 0}, and, similarly,
Z(Fp) = {q € Un; Fu(q) = 0}, we must have
Z(Fy) = {q € Un;o(q) C Z(F)}.

In particular, if U is connected and Z(F') has an accumulation point in U, then
Fy =0.

(2) Let us observe that if F' € O,(U, M3) has the property that Fi(x+yJ) =

0 for all z+ 4y € U, then F = 0, and so Fg = 0. Indeed, with the notation from
Remark [8] because we have

fi(©)  f2(Q) Q) ()
RO AO >F @) = ( RO A

the assertion is clear.

F(C)—( >,<€U7

24



Remark 14 Theorem [2| and its consequences suggest a definition for H-valued
"analytic functions“ as elements of the set R(Q,H), where Q is a spectrally
saturated open subset of H. Because the expression ”analytic function* is quite
improper in this context, the elements of R(€2, H) will be called Q-regular func-
tions on 2. In fact, the functions from R (2, H) may be also regarded as Cauchy
transforms of the (stem) functions from Os(U,My), with U = &(2).

We recall that there exists a large literature dedicated to a concept of ”slice
regularity ¢, which is a form of holomorphy in the context of quaternions (see for
instance [4] and works quoted within). Till the end of this section we shall try
to clarify the connection between these concepts, showing that they coincide on
spectrally saturated open sets.

For M,-valued functions defined on subsets of H, the concept of slice regu-
larity (see [4]) is defined as follows.

Let S be the unit sphere of purely imaginary quaternions (see Example .
Let also 2 € H be an open set, and let F' : 2 — M be a differentiable function.
In the spirit of [4], we say that F' is (right) slice reqular in €2 if for all s € S,

O F (21 + ys) = 1

5 (8 +R58> F(zx+ys) =0,

Or oy
on the set N (RI 4+ Rs), where R, is the right multiplication of the elements
of M2 by S.

Note that, unlike in [8], we use the right slice regularity rather than the left
one because of our regard to H as an algebra of operators on C2.

Of course, we are mainly interested by slice regularity of H-valued functions,
but the concept is valid for My-valued functions and plays an important role in
our discussion.

Example 2 (1) The convergent series of the form Y, -, arg®, on a set {q €
H; |lg|| < r}, with ar € H for all & > 0, are H-valued slice regular on their
domain of definition. In fact, if actually ai € My, such functions are Mly-valued
right slice regular on their domain of definition.

(2) The matrix Cauchy kernel on the open set 2 C H, defined by

Q3¢ ((I-¢q) " €M,

is slice regular on @ C H, whenever ¢ ¢ &(Q). Indeed, for ¢ = = + ys €
QN (RI + Rs), we can write

(=) =)™ = ((C— )~ ys) >,

R 2 (¢~ o)1= ys) ™t = (¢ — )T — ys) s ((¢ — )T — ys) s =

oy
—((¢ — )T —ys) 72,

because (I, s and ((¢ — z)I — ys)~! commute in My. Therefore,

0s((CX—q)™") = 0s(((¢ —a)I—ys)~") = 0.
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Lemma 5 Let Q@ C H be a spectrally saturated open set. Then every function
F € R(Q,H) is right slice regular on .

Proof. We fix a function F' € R(,H), and let U = S(2). We use the
representation

1

Fy(q) = i

[FO@t-a7d e ol c A,

r

where T is boundary of a Cauchy domain A C A C U. Because we have
Os((CT=q)™") = 3s(((¢ = 2)T —ys)™") = 0

for ¢ =z +ys € QN (RI+ Rs) as in Exercise 22), we infer that

3u(Fix(q)) = = / F(Ou((CT — ) )dc =0,

T 2mi
which implies the assertion.

Lemma 6 Let U C C be a conjugate symmetric open set, let Uy = {x1 +yJ €
H;z 4+ iy € U,z,y € R}, and let f : Uy — H be such that 0y f(zI + yJ) = 0.

Then there are two functions g, h : Uy — Cy such that d3g = 0, dyh = 0 in Uy,
and f = g+ Lh, where Cy = {214+ yJ € H;z + iy € U, z,y € R}.

Proof. We proceed as in Lemma 4.1.7 in [4]. We write f = foI + f1J +
foK + f3L, where fy, f1, f2, f3 are R-valued functions. Then

205 f (21 +yJ) = (88:5 +RJ§y) flal+yJ) =

dfo  Ofi af1 | 0fo 0fs Ofs 0fs  Ofa B
(G = ) (v ) o (50 - 5 )i (5 + 52 )9)

205(fol + f1J) + 2L(95(fs1 + foJ) = 0.
Therefore, we may take g = foI + f1J and h = f3I + foJ.

As mentioned in Remark 5), a fixed conjugate symmetric open set U C C
can be associated with an axially symmetric set (see Definition 4.3.1 and Lemma
4.3.8 from [4]), given by the formula

U:={zl+ys;z+iyc U, secS},
which is the circularization of U (as in [9], Section 1.1).

Proposition 2 For every conjugate symmetric open set U C C we have the
equality Uy = U.
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Proof. 1f ¢ € Uy, we can write ¢ = Q(z"(u)) or ¢ = Q(z~ (u)), where
zt(u) = (v £iy/y? — [ul?,u) € C2, and = + iy € U, for some complex number
u with |u| < |y|, by Remark [3] As we have

Q(z*(v)) = oI £ /92 — [u]2T + w K + usL,

with u = w1 + ius, ui,us € R, and for y # 0, we have

sio=y £V — |[u]2T + w K + upL) €S,

it follows that ¢ € U.

When y =0, then z € U C U.

Conversely, let ¢ € U, so ¢ = 21 + ys for some s € S, and z + iy € U. Of
course, 5§ = a1J + asK + asL; a1, a2,a3 € R, a% + a% + a§ =1.

To have q € Uy, we must solve the equation, ¢ = Q((z1 +i/y3 — |u|?,u), for
some x1 +iy; € U, and |u|? < y?, whose spectrum is {x; & iy;}. On the other
hand, according to Example |1} the spectrum of ¢ is the set {z & iy}. Hence,
we have the necessary conditions x1 = x and y; = t+y. Note that we must
have u = asy + taszy, and a1y = +|a1y|, which leads to a solution of the given
equation for a suitable choice from {+y}. Consequently, ¢ € Ug.

Lemma 7 Let U C H be a conjugate symmetric open set, and let @3 : Uy — H
be such that 03Py = 0. Then there exists a function ® € R(Uy, H) with &5 =
D|U;.

Proof. According to Lgmma@, we can write &5 = Fy + LGy, with Fy, Gy :
Uy — Cyj, and 05F3 =0, 935Gy = 0 in Uz. Note that we can write

B T+ 1y 0 )

PR s 0
J =5 0 : 0 .
2 0 2 ~ Yoy

and

Because 93 Fy = 0, showing that the function Fy is analytic in Uy, we have
a local convergent series representation of this function under the form

Fy(al+yd) =Y Ap((x — z0) + (y — yo)I)*
k>0

in a neighborhood of each fixed point xg + yoJ € Uy, where A, € Cy for all
k > 0. Using this local representation written in a matricial form, we derive the
existence of an analytic function fy € O(U) such that

fa(z +1iy) 0

Fy(zI+yJ) = ( 0 m

)7 xz+yJ e Us.
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Similarly,

+1 0
Gi(aI+yJ) = < QJ(IO iy) m >, z+yJ e Uy,

with g5 € O(U). If

_( 3 0 _(93(¢) 0
Flo= ( 0 f1(Q) ) G0 = ( 0 gs(¢)

we have F7G € OS(UvMZ)a and FH(QC) = fJ(xI + y‘])v GH(QC) = gJ(xI + y‘])a
with ( = x + iy, via Remark Moreover, F + LG € Os(U,M,), so setting
®(q) = Fu(q) + LGu(q) for all ¢ € Uy, we have ® € R(Uy, H) via Theorem

),CGU»

Theorem 3 Let 2 C H be a spectrally saturated open set, and let ® : Q — H.
The following conditions are equivalent:

(1) @ is a slice reqular function;

(i) ® € R(Q,H), that is, ® is Q-regular.

Proof. If ® € R(, H), then @ is slice regular, by Lemma [5] so (ii) = (i).

Conversely, let ® be slice regular in €. Then we have dy®3 = 0, where
Oy = ®|Uz. It follows from Lemma [7| that there exists U € R(Uy, H) with
Uy = &5. This implies that ® = ¥, because both &, ¥ are uniquely determined
by @3, Uj, respectively, the former by (the right side version of) Lemma 4.3.8
inf4], and the latter by Remark [I3{2). Consequently, we also have (i) = (ii).

Remark 15 An important integral formula extending Cauchy’s formula to an-
alytic functions in several variables is Martinelli’s formula. Its first version ap-
pears in [I4], and it was later independently obtained in [2]. With our notation
and framework, it can be stated in the following way.

Let D C C? be a bounded domain with piecewise-smooth boundary dD, and
lat f: D+ C be a function analytic in D and continuous on D. Then

fw)= [ [f(z)M(z,w)

oD
for all w € C2, where
M(z,w) = ﬁllQ(Z) — Q)| 72((z21 — w1)dz2 — (%2 — W2)dz1) A dz,

with dz := dz; A dzs.
In the last section we present a version of this formula, valid for commuting
pairs of real operators.
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5 Quaternionic Spectrum of Real Operators

For a real or complex Banach space V, we denote by B()) the algebra of all
bounded R-( respectively C-)linear operators on V. If necessary, the identity on
VY will be denoted by I,,. Nevertheless, a multiple of the identity AL, will be
often identified with the scalar A, when no confusion is possible.

Inspired by Definition 4.8.1 from [4] (see also [3]; in fact, a similar idea goes
back to Kaplansky, see [12]), we give the folowing.

Definition 3 Let X be a real Banach space. For a given operator T € B(X),
the set

pu(T) :=={Q(z) € Hyz = (21, 22), (T? — (21 + 21)T + |21 ]* + |22|*) ™" € B(X)}

is said to be the quaternionic resolvent (or simply the Q-resolvent) of T.
The complement oy (T) = H\ pg(T) is called the quaternionic spectrum (or
simply the Q-spectrum) of T

We note that if ¢ = Q(z), with z = (21, 22) € C, setting fg = Rz, we have
T? — (21 + 20)T + |21 * + [22]* = T? = 2Rq T + | g||?,

and the right hand side is precisely the expression used in Definition 4.8.1 from
[4]. Note also that Definition [3[ applies to the class of R-linear operators, which
is larger that the class of H-linear operators.

Remark 16 Looking at Definition [3] we observe that if {s4 (z)} are the eigen-
valuse of Q(z), we have Q(z) € pp(T') if and only if the operator

T? — (54(2) + 5_(2))T + s (2)s_(2)

is invertible. Since this property depends only on the eigenvalues of Q(z), it
follows that Q(w) € pu(T) whenever for Q(z) € pu(T) we have o(Q(w)) =
o(Q(z)), because this equality is equivalent to z; + z; = w; + w; and |21]? +
|22|> = |w1]? + |wa|?. In particular, Q(z) € pu(T) if and only if Q(z*) € pu(T),
where z* = (Z1, —22) if z = (21, 22) (see the second section), and Q(z) € oy (T)
implies that Q((s+(z),0)) € ou(T). In fact both sets pg(T)and oy(T) are
spectrally saturated in H (see Remark [3(2)).

The complex spectrum of operator T' € B(X) on the real Banach space X is
given by

oe(T) == {A € G Q((\0)) € ou(T)}.

Because the Q-spectrum of T' is spectrally saturated, we have oy(T) =
oc(T)g. We also have A € o¢(T) if and only if A € o¢(T). In addition A €
pc(T) := C\ oc(T) if and only if the operator T? — 2RAT + |A|? is invertible.

Let X be a real Banach space, and let T € B(X). We denote by A the
complexification of X, written as Az = X @ X, or simply as X + ¢X. The
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operator T' can be extended to A¢ via the formula T (z + iy) = Tx + Ty for

all x,y € X. It is clear that T is a bounded C-linear operator. Let T([(:Z) be the
2 x 2 diagonal operator with T¢ on the diagonal, acting on A2 := X¢ & Xc. As
for every z € C? the matrix Q(z) also acts on X2, we may state the following.

Lemma 8 A quaternion Q(z) is in the set py(T) if and only if the operators
TéZ) - Q(z) and TéQ) — Q(z*) are invertible in B(X(QC).

Proof. The assertion follows via the equalities

Te — =1 —2Z9 Te — Z1 22 .
) Te — z1 —Z9 Te — =1 o

Tc — Z1 29 Tc — =1 —Z29 -
—Z Tc — =1 Zo Te—z )
( (Te — 21)(Te — 21) + |22 0 )
0 |22|2+(T(C_21)(Tc—2:1) ’

Consequently, the operators T([(:Z) —-Q(z), T(éQ) —Q(z*) are invertible in B(X?)
if and only if the operator

(Te — 21)(Te = 21) + |2|* = T¢ = (21 + 20)Te + |21 * + |22[?
is invertible in B(X¢). Because we have
T¢ — (21 + 20)Tc + |21 * + |22* = (T% = (21 + 20T + |21 * + 2],

the operators Tg) - Q(z), Té2) — Q(z*) are invertible in B(X?) if and only if
the operator T? — (21 + 21)T + |21|? + |22/? is invertible in B(X).

Example 3 One of the simplest possible example is to take X = R and T the
operator Tz = 7z for all x € R, where 7 € R is fixed. We have X = C, and T¢

is given by the same formula, acting on C.
The @-spectrum of T is then the set

{Q(z);z = (21,22) €C,7° = 7(21 4+ 21) + |21]* + |22|* = 0} =

{Q(z);z = (21,22) € C,Rz1 = 7,921 = 22 = 0} = {Q((7,0))}-

Consequently, og(T) = {Q((7,0))}, and oc(T) = {7}.
More examples can be found in [4], Section 4.9, which can be easily adapted
to our context. For instance (see Example 4.9.3 from [4]), if an operator M is

given by the matrix
M = <g 2) a,b € R,

acting on X = R?, we identify X¢ with C2, and Mc is given by the same matrix,
acting on C2. We have Q(z) € ou(M), z = (21, 22), if and only if z is a solution
of at least one of the equations

a® —2Rz1a + |21 2 + |22 = 0; b2 — 2Rz b+ 212 + |2)? = 0.
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Therefore, we should have either Rz; = a, Sz = 20 = 0, or Rz; = b, Sz =
z9 = 0. Hence og(M) = {Q(a,0)),Q(b,0))}. Moreover, oc(M) = {a, b}.

Note that oc(T) = o(T¢), and oc(M) = o(Mc). This is a general property,
proved in Lemma [0

Remark 17 Let again X be a real Banach space, and let A be its complexi-
fication. For every u = x + iy € A¢ with z,y € X we put « = x — iy. In other
words, the map A¢ 2 v +— u € A is a conjugation, also denoted by C'. Hence
C is R-linear and C? is the identity on Ag.

Fixing an operator S € B(Xc), we define the operator S° € B(X¢) to be
equal to CSC. Tt is easily seen that the map B(Xc) > S — S° € B(Ag) is a
unital conjugate-linear automorphism, whose square is the identity on B(AXg).
Because X = {u € A¢;Cu = u}, we have $* = § if and only if S(X) C X. In
particular, X is invariant under S + S°, and if T' € B(X), we have T2 = Tt.

Lemma 9 Let X be a real Banach space, and let T € B(X). We have the
equality oc(T) = o(T¢).

Proof. We first recall that A € o(T¢) if and only if A € o(T¢) (see Remark
16]). Next, if A ¢ o(T¢), then

@ - o= (YT g 0 )

showing that A ¢ oc(T). Hence, oc(T) C o(T¢).

Conversely, if A ¢ o¢(T), so A ¢ ac(T), we have Q((),0)), Q((),0) ¢ ow(T).
Then both (T2 — Q((A,0)))~1, (T — Q((X,0)))~! belong to B(X2). Hence,
as in Lemma 8] the operator

TE = 2RXTc + A = (Tc = N)(Tc = A)
must be invertible, implying that Te — A is invertible, so A ¢ o(T¢).

Remark 18 If X is a real Banach space, and T € B(X), both og(T) and
oc(T) are nonempty compact subset of H, C, respectively. Indeed, if |Q(z)| =
1Q(z*)]| > ||T¢(:2) |I, both operators T((:Q) —Q(z) and TéQ) —Q(z*) are invertible in
B(x é), via a classical argument of perturbation theory (see [5], VIL.6.1). There-
fore, the set og(T') is bounded, because Té2) is bounded. Next, if Q(z), Q(z*) €
pu(T), the operator T2 — (21 + z1)Tc + |21]* + |22|? must be invertible, as in the
proof of Lemma [8 Therefore, there is an € > 0 such that ||Q(w) — Q(z)|| < e,
with w = (w1, w2), implying that the operator T¢ — (wq +w1 )T + |w1]? + |wa|?
is invertible too, by continuity reasons. Hence pg(T') is an open set (via Lemma
B), showing that o (T) is compact. Finally, since oc(T) = o(T¢), and the latter
is compact and nonempty, it follows that oy (7") is also nonempty.
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Remark 19 If X is a real Banach space, and T € B(X), we have the usual
analytic functional calculus for the operator Tt € B(X¢). That is, if U D o(Tt¢)
is an open set in C and F : U — B(X¢) is analytic, we may put

1

F(Te) = 3= | PIOG=To) .

where I is the boundary of a Cauchy domain containing o(7¢) in U. In fact,
because o(T¢) is conjugate symmetric, we may and shall assume that both U
and T' are conjugate symmetric. A natural question is when we have F(T¢)” =
F(Tc), which would imply the invariance of X under F(T¢).

With the conditions of the remark from above we have the following.

Theorem 4 If F : U +— B(Xc) is analytic and F(¢)" = F(() for all ¢ € U,
then F(Tc)" = F(T¢) for all T € B(X).

Proof. As in Remark [19] we have

1 -1
F(Te) = 3= | PIOG=To) .
where both U and I' are conjugate symmetric. We put I'y := I' N CL, where
C4 (resp. C_) equals to {A € C;3A > 0} (resp. {X € C; 3\ < 0}). We write
'y = UL, T4, where I';; are the connected components of I'y.. Similarly, we
write I'_ = U, I';_, where I';_ are the connected components of ', and I';_
is the reflexion of I'; with respect of the real axis.

As T is a finite union of Jordan piecewise smooth closed curves, for each index
j we have a parametrization ¢, : [0,1] — C such that ¢,([0,1]) = I'};. Taking
into account the positive orientation, the function t — —¢;(t) is a parametriza-
tion of I'_;. Setting I'; = T'y; UT'_, we can write

Fy(Te) = % F(C)(¢ —Te) ™ d¢ =
e r;
1
% ; F(¢; (1)) (¢5(t) — Te) ™ ¢ (t)dt
1
o | FEOG® - 7o)

Therefore,

Fj(Te) = —%/0 Fl5(8)) (65 (8) — Te) ' & (D)t
tors [ FGOI 60 - To) 6 i
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According to our assumption on the function F, we obtain F;(Tc) = F;(Tc)”
for all j, and therefore

m m

F(Te) =Y Fj(Te)” =Y Fj(Te) = F(Tc)

Example 4 Let X = R?, so Xc = C2. Let us first observe that

S=( @ 2 ) g (B
as ay4 as ag )’
for all aq,as,as,a4 € C.
Next we consider the operator T' € B(R?) given by the matrix

T:( u v>7
—U U

where u,v € R,v # 0. The extension T¢ of the operator T to C? is given by the
same formula. In fact, Tt is a quaternion, denoted by 7, for simplicity. Note
that

o(t) ={AeC; (N —u)? +v* =0} = {utiv}.

Let U C C be an open set with U D {u £ iv}, and let F : U — My = B(C?)
be analytic. We shall compute explicitly F(7). Assuming v > 0, we have
s+(7) = u+iv, and v4 (1) = (v/2)7'(1,£i). As in the proof of Lemma we
have

() = Fls4. (1) B4 (7) + F(s_ (1) E_(r) =

;F(uﬂ'v)( 1 _IZ >+;F(“—i”)< _11 i )’

(&)

because
1
Ei(n)w = (w,ve(n))ve(r)w = 3

for all w = (wy,wq) € C2.
Therefore,

F(TC):F(u;iv)<; —1i)+F(u2—iv)( 1 i)

) —1

Assume now that F(7¢)” = F(Tc). Then we must have

(F(u+w)_F(u_w)b)< L > _(F(u+iv)b—F(u—z’v))( Lo )
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We also need the equalities

() (1))
(4 ()= (5 ()

With this remark we finally deduce that

(F(u +iv) F(uiv)")( ; ) — 0,

and
(F(u—iv) —F(u—l—z’v)")( _IZ ) _o,

which are necessary conditions for the equality F(T¢)” = F(T¢). As a matter
of fact, this example shows that the condition used in Theorem [ is sufficient
but it might not be necessary.

Remark 20 (1) Let U C C be a conjugate symmetric open set, and let X
be a real Banach space. We denote by O.(U, B(X¢)) the set of all analytic
maps F : U — B(Xc) such that F(¢)* = F(C) for all ¢ € U. When X = R,
we put O (U, B(Xc)) = O.(U). In this case, we have O.(U) = O,(U), and
O.(U,B(X¢)) is a O.(U)-module.

Moreover, O.(U,B(Xc)) is a unital R-algebra, containing all polynomials
P(¢) = > 1t o(Ag)cCF, with A, € B(X).

(2) The injective linear map My > a — M, € B(X), given M,b = ab, b € My
induces an injective linear map of O4(U,My)) into O.(U, B(M,)). Specifically,
given F' € O4(U,Msy)), that is, an analytic stem functions (see Remark , we
have Mp € O.(U,B(M,)), where Mr({)b = F(¢)b for all { € U and b € M.
Indeed, as we have My = H + iH, with the conjugation C : v + v — u —
iv, u,v € H, and writing F(¢) = Fi(¢) + iF3(¢) with Fy, F» H-valued, for
b=u+iv,u,v € H, we have

My oyb = CMp(eyCb = C(Fi(C) + iF(C)) (u — iv) =

C(F1(Qu+ F2(Qv +i(F2(Qu — Fi(Q)v) =
(F1(¢) — iF2(Q)) (u + iv) = Mpg)b,

for every ¢ € U. This remark shows that the space O, (U, M3)) may be regarded
as a subspace of O.(U, B(M,)).

Fixing F' € O.(U, B(X()), we must have F(T¢)* = F(T¢) for all T € B(X).
This allows us to define F(T') = F(1t)|X, because X is invariant under F(7¢).
In addition, we have the following.
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Theorem 5 For every T € B(X), the map
O.(U,B(X)) > F— F(T) € B(X)

is R-linear and has the property (Ff)(T) = F(T)f(T) for oall f € O.(U) and
F € 0.(U,B(X)). Moreover, P(T) =Y} AyT* for any polynomial P(¢) =
Sy AkCP, ¢ € C, with coefficients Ay, € B(X).

Proof. The assertion is a direct consequence of the analytic functional calcu-
lus of the operator T, and Theorem [l We omit the details.

Remark [20| shows that functional calculus given by Theorem [2|is compatible
with that given by Theorem

Definition 4 Let X be a real Banach space. We say that X is a (left) H-module
if there exists a unital R-algebra morphism of H into B(X). In this case, the
elements of H in B(X) may regarded as R-linear operators.

Corollary 6 If X is a H-module, for every polynomial P(C) =>"}", ApCk e
C, with coefficients Ay € H, we have P(T) = >_°  AT".

Example 5 Given a measurable space ({2,Y), and a positive measure p on ¥,
one of the most interesting quaternionic spaces seems to be the space L?(Q, u; H),
consisting of ¥-measurable H-valued functions F, with the property ||F||3 :=
Jo IF (W) |IPdu(w) < oo, F € L*(Q, pu;H). In fact this space admits a H-valued
inner product given by

(F,G)s = / F@)Gw) du(w), F,G € L3, s H),

which induces the norm || x||3. Of course, with respect to this norm, L?(, p; H)
is, in particular, an R-Banach space. It is also a bilateral H-module.

Because My = H + iH, if X = L?(Q, u;H), we may identify the space X¢
with the space L?(Q, u; My), consisting of Y-measurable My-valued functions
F, with the property [, [|F(w)||?du(w), which is the natural extension of the
previous norm.

Next, let © : Q — H be a p-essentially bounded function. We may define on
L?(Q, u; H) the operator TF(w) = O(w)F(w), w € Q, F € L*(Q, p; H), which is
R-linear. Note also that

ITFIE = | ©)F(@)F @) 0w)" dufe) -
[ I0@IPIF@Paute) < [01% | [F@)Pduw),
Q Q

where ||O]|w is the essentiel upper bound of ||©(w)|| on 2, showing that the
operator T is bounded.
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The space L?(€, p; H) has also a right H-module structure induced by the
map H 5 ¢ — R, € B(L*(Q, u; H)), given by (R F)(w) = F(w)g, w € Q. With
respect to this structure, the operator T is right H-linear.

The operator T, that is the natural extension of T to L?(Q, u; M), is given
by the same formula, written for functions F' € L?(£2, u; M).

Let us compute the Q-spectrum of T'. According to Definition 3| we have

pu(T) = {q € H; (T? = 2Rq T + ||q||*) " € B(X)}.

Consequently, ¢ € op(7T) if and only if zero is in the (essential) range of the
function
7(q,w) == O(w)? — 2R O(w) + ||¢||?, w € Q.

In other words, we must have
ou(T) = {q € H; Ve > 0 p({w; [7(q, w)|| < €}) > 0},

and so
oc(T) = {¢ € C;Ve > 0 p({w; [[7(qc,w)| < €}) > 0},

where g¢c = Q((A,0)).

In particular, if P(¢) = Y70, Ry;¢7, we have P(T) = 3} 7" R, T7 €
B(L?(Q, u; H)), where q1, ..., qn € H. Of course, for every open conjugate sym-
metric subset U C C containing o¢(T'), and for every function F' € O.(U, B(X¢)),
we may construct the operator F(T) € B(L*(, u; H)).

Assuming Q a Hausdorff compact space and © continuous, the @-spectrum
of T is given by the set

ou(T) = {q € H; {q,¢"} N ©(Q) # 0},

via Lemma In fact, it is the spectrum o¢(T) which can be used for the
computation of the analytic functional calculus of T. If we write O(w) as
Q((61(w), 02(w)), w € Q, for some continuous functions 61,6, : Q@ — C, we
have the equality

oc(T) ={¢ € C;Fw € Q: ¢* = 2R(01(w))C + |01 (w)]* + [62(w)]* = 0}.

6 Quaternionic Joint Spectrum of Paires

A strong connection between the spectral theory of pairs of commuting opera-
tors in a complex Hilbert space and the algebra of quaternions has been firstly
noticed in [I9]. Other connections will be presented in this section.

Let X be a real Banach space, and let T = (T1,T3) C B(X) be a pair of
commuting operators. The extended pair T¢ = (T1¢, Toc) C B(AL) also consists
of commuting operators. For simplicity, we set

TI(C7 TQ(C7
Te) :=
Q( (C) ( _T2C7 Tl(C7 )

which acts on the complex Banach space AZ.
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Definition 5 Let X be a real Banach space. For a given pair T = (T1,T5) C
B(X) of commuting operators, the set of those Q(z) € H, z = (21, 22) € C?,
such that the operator

T2 + T2 — 2R Ty — 2Rz T + |21)? + |20

is invertible in B(X) is said to be the quaternionic joint resolvent (or simply the
Q-joint resolvent) of T.

The complement oy (T) = H\ pg(T) is called the quaternionic joint spectrum
(or simply the @Q-joint spectrum) of T.

Lemma 10 A quaternion Q(z) (z € C2) is in the set pu(T) if and only if the
operators Q(Tc) — Q(z), Q(Tc) — Q(z*) are invertible in B(XZ).

Proof The assertion follows from the equalities

(Tl(C_Zl TQC—Zz)(Tm—fl —Tzc+2’2>

—Toc+2z Tic—72 Toc—7z Tic—2

Tic—z1 —Toc+ 2 Tic—2z1 Toc— 22
TZ(C — 22 TI(C —Z1 _TQ(C + 22 Tl(C -z

[(Tic — 21)(Tic — Z1) + (Tac — 22)(Toc — 22)]1.

for all (z = (21, 22) € C?).

Consequently, the operators Q(T¢) — Q(z), Q(Tc) — Q(z*) are invertible in
B(Xé) if and only if the operator (Tl(C — Zl)(TMC — 21) + (TQ(C — ZQ)(TQ(C — 22) is
invertible in B(X¢). Because we have

T12(C + TQQ(C — 2§R2,’1T1C — 2§RZQT2(C + |Z1|2 + ‘22|2 =

[T12 + T12 — 2R Ty — 2R20Ts + ‘Zl|2 =+ |22|2](C7

the operators Q(T¢) — Q(z), Q(Tc) — Q(z*) are invertible in B(X2) if and only
if the operator T7 + 17 — 2R21 Ty — 2Rz2Ts + | 21| + |22]? is invertible in B(X).

Lemma [10] shows that the set og(T) is *-invariant, that is ¢ € og(T) if and
only if ¢* € oy (T). Putting

oc2(T) == {z € C*Q(z) € ou(T},
the set o¢2(T) is also #-invariant, that is, z € oc2(T) if and only if z* € o¢2(T)

Remark 21 For the extended pair T¢ = (Ti¢, Toc) C B(Xc) of the commuting
pair T = (T1,T2) C B(X) there is an interesting connexion with the joint
spectral theory of J. L. Taylor (see [I7]; see also [2I]). Namely, if the operator
T + Tg — 2R Tic — 2R20Toc + |21]% + |22/ is invertible, then the point
z = (21, 22) belongs to the joint resolvent of T¢. Indeed, setting

Rj(Tc,2) = (Tjc — 2;)(Tie + T — 2R Tic — 2R2eToc + |21)° + |22?) 77,
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q = Q(z) for j = 1,2, we clearly have
(Thc — z1)R1(Tc, z) + (Tac — 22)R2(Tc,2) =1,

which, according to [I7], implies that z is in the joint resolvent of T¢. A similar
argument shows that, in this case the point z* also belongs to the joint resolvent
of T¢. In addition, if o(T¢) designates the Taylor spectrum of T, we have the
inclusion o(T¢) C ocz(T). In particular, for every complex-valued function f
analytic in a neighborhood of o¢z(T), the operator f(T¢) can be computed via
Taylor’s analytic functional calculus. In fact, we have a Martinelli type formula
for the analytic functional calculus:

Theorem 6 Let X be a real Banach space, let T = (11,T2) C B(X) be a pair
of commuting operators, let U C C2 be an open set, let D C U be a *-invariant

bounded domain containing ocz(T), with piecewise-smooth boundary ¥, and let
f€OU). Then we have

1
f(TC) = o5 / f(Z))L(Z,Tc)_2(21 — Tl(c)dég — (52 — Tg@)dél]dzleQ,
(2mi)? Js
where
L(Z, T((;) = T12C + T22(C —2Rz1Tic — 2RzToc + |211|2 + ‘22|2.

Proof. Theorem II1.9.9 from [21] implies that the map O(U) > f +— f(T¢) €
B(X¢), defined in terms of Taylor’s analytic functional calculus, is unital, linear,
multiplicative, and ordinary complex polynomials in z are transformed into
polynomials in T¢ by simple substitution, where O(U) is the algebra of all
analytic functions in the open set U C C2, provided U D o(T¢).

The only thing to prove is that, when U D o¢2(T), Taylor’s functional
calculus is given by the stated (canonical) formula. In order to do that, we use
an argument from the proof of Theorem IIL.8.1 in [21], to make explicit the
integral IT1(9.2) from [21].

We consider the exterior algebra

A[elv eQaéhé, O(U) ® X(C] = A[el7 62751763] (2 O(U) & XC7

where the indeterminates e, eo are to be associated with the pair T¢, we put
g} =dz;, j = 1,2, and consider the operators § = (21 —Tic) ® €1 + (22 — Toc) ®
e2, 0 = (0/021) ® &1 + (0/0%) ® &, acting naturally on this exterior algebra,
via the calculus with exterior forms.

To simplify the computation, we omit the symbol ®, and the exterior product
will be denoted simply par juxtaposition.

We fix the exterior form 7 = 1y = fyejes for some f € O(U) and y € A,
which clearly satisfy the equation (6 + d)n = 0, and look for a solution @ of the
equation (6 + 0)0 = . We write § = 6y + 6;, where 6, 6; are of degree 0 and
1 in ey, ez, respectively. Then the equation (§ + 0)f = n can be written under
the form 66, =7, 56y = —061, and 06y = 0. Note that

01 = fL(z,Tc) '[(z1 — Tic)yez — (22 — Toc)lyer
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is visibly a solution of the equation d6; = . Further, we have
96, = fL(z,Tc)[(z1 — Tic) (%2 — Tac)yéier — (21 — Tic) (21 — Tic)yaer +

(22 — Toc) (22 — Tac)yéres — (22 — Toc)(Z1 — Tic)yéaes] =
§[fL(z, Tc) (21 — Tic)yéa — fL(z, Te) %(Z2 — Toc)yéi),

so we may define
0o = —fL(z, Tc) (21 — Tac)yée + fL(z, Te) % (22 — Tac)yés.
Formula ITI(8.5) from [2I] shows that

1

f(Te)y = *W/Uﬁ(qﬁﬁo)dzld@ —

ﬁ /z f(2))L(z, T¢)"2[(z1 — Tic)ydzs — (Z2 — Tac)ydz|dz1dzo,

for all y € X, via Stokes’s formula, where ¢ is a smooth function such that
¢ = 0 in a neighborhood of oc2(T), ¢ = 1 on ¥ and the support of 1 — ¢ is
compact.

Remark 22 (1) We may extend the previous functional calculus to B(X)-
valued analytic functions, setting, for such a function F' and with the notation
from above,

1

F(TC):W

/2F'<Z))L(Z7 Tc)_2(21 — Tl(c)d22 — (22 — Tg(c)dgﬂdzleQ.

In particular, if F(z) =, 15 AjrczlzE, with Aj, € B(X), where the series is
convergent in neighborhood of ¢z (T), we may define

F(T) = F(Te)|X = > AuT{T} € B(X).

J,k=0

(2) The connexion of the spectral theory of pairs with the algebra of quater-
nions is even stronger in the case of complex Hilbert spaces. Specifically, if H
is a complex Hilbert space and V = (V1,V5) is a commuting pair of bounded
linear operators on H, a point z = (21, z2) € C? is in the joint resolvent of V if
and only if the operator Q(V) — Q(z) is invertible in H2, where

(see [19] for details). In this case, there is also a Martinelli type formula
which can be used to construct the associated analytic functional calculus (see
[20],[21]). An approach to such a construction in Banach spaces, by using a
so-called splitting joint spectrum, can be found in [I6].
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