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Preface

The S-spectrum of a quaternionic linear operator and the S-functional calculus, in-
troduced in 2006, were the starting point to fully understand quaternionic spectral
theory and in particular the spectral theory of vector operators. An early version
of the S-functional calculus for quaternionic operators, for n-tuples of non com-
muting operators and the theory of slice hyperholomorphic functions can be found
in the book [93] published in 2011. Since then, the spectral theory based on the S-
spectrum has grown enormously, thanks to several collaborators. Because of this,
a systematic structure, including the most important results obtained after 2011,
has been needed. The foundations of quaternionic spectral theory based on the
S-spectrum have been the topic of the monograph [57]. Precisely, in [57] we study
the properties on the S-spectrum, the S-functional calculus, the F-functional cal-
culus (which is a monogenic functional calculus based on the S-spectrum), the
quaternionic spectral theorem, the theory of spectral integration in quaternionic
Banach spaces and quaternionic spectral operators.

This book is the natural continuation of [57], but here we consider mainly
unbounded operators and we apply quaternionic spectral theory to fractional dif-
fusion processes. Precisely, we consider the direct formulation of the S-functional
calculus for unbounded operators, and we show that in the quaternionic setting,
the two possible approaches are not fully equivalent, as it is the case for com-
plex operators. Then we introduce the theory of quaternionic groups and semi-
groups, we study some generation results, and we define the quaternionic Phillips
functional calculus for generators of groups of quaternionic operators via the
Laplace-Stieltjes-transform. Under suitable conditions, we show that the quater-
nionic Phillips-functional calculus agrees with the S-functional calculus.

Then we dedicate a substantial part of this book to the quaternionic H°-
functional calculus for sectorial quaternionic operators. This calculus is important
to define fractional powers of quaternionic operators and, as a particular case,
of vector operators like the gradient operator or its generalizations such as non-
constant coefficients first order vector operators. We will also investigate different
methods for the definition of the fractional powers of quaternionic operators like
the Kato approach.

The possibility to define fractional powers of vector operators has impor-
tant applications to fractional diffusion problems. In fact, the fractional powers of

v



vi Preface

suitable non-constant coefficients first order vector operators give the associated
fractional Fourier’s law, this is a non-local law that takes into account global effects
in the heat propagation. Our theory applies not only to the heat diffusion process
but also, for example, to Fick’s law and, more generally, it allows to compute the
fractional powers of vector operators that arise in different fields of science and
technology. For the convenience of the reader, we summarize in Chapter 1 some
of the theoretical aspects and we discuss the applications that will be developed
in this book.

Acknowledgment. It is a pleasure for the authors to thank Daniel Alpay, Jussi
Behrndt, Vladinir Bolotnikov, Paula Cerejeiras, Roman Lavicka, Oscar Gonzélez-
Cervantes, Maria Elena Luna-Elizarraras, Uwe Kahler, D. P. Kimsey, Tao Qian,
Irene Sabadini, Michael Shapiro, Frank Sommen, Vladimir Sou¢ek and Daniele C.
Struppa for fruitful collaborations.
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Chapter 1 ®

Check for
updates

Introduction

In this chapter we summarize the theoretical aspects of the quaternionic spectral
theory that will be developed later in this book and we also show some of the
possible applications of this theory to fractional diffusion processes.

We denote the skew-field of quaternions by H. An element s of H is of the
form s = sg + s1e1 + sges + s3e3, sy € R, £ = 0,1,2,3, where e1, e and e3 are
the generating imaginary units of H, which satisfy e = —1 and ese,, = —exer
for £,k = 1,2,3 and £ # k. The real part sg of the quaternion s is also denoted
by Re(s), while its imaginary part is defined as Im(s) := sie; + sqaea + sges. We
indicate by S the unit sphere of purely imaginary quaternions, i.e.,

S={s=s1e1+ s1e2+ s3e3 : s%+s§+5§:1},

Notice that if j € S, then j2 = —1. For this reason the elements of S are also
called imaginary units. The set S is a 2-dimensional sphere in R* = H. Given
a nonreal quaternion s = Re(s) + Im(s), we have s = u + jov with u = Re(s),
Js = Im(s)/|Im(s)| € S and v = [Im(s)|. We can associate to s the 2-dimensional
sphere

[s] = {so+j|Im(s)|: je€S}={u+jv: jeS} (1.1)

Before we describe the contents of this book, we recall the problem with the defi-
nition of the spectrum of a linear vector operator or, more generally, of a quater-
nionic linear operator. For more details and for the history of quaternionic spectral
theory we refer to the book [57], where we have previously written about the his-
torical development of quaternionic spectral theory and of the related function
theories, which can be found in the introduction and in several notes at the end
of each chapter. We, however, point out that the main difficulties in developing a
mathematically rigorous spectral theory for quaternionic operators was the lack of
correct definitions of spectrum and resolvent for such operators. In fact, consider
for example, a right linear bounded quaternionic operator 7' : X — X acting on a
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2 Chapter 1. Introduction

two-sided quaternionic Banach space X, that is,
T(za+yp)=T(=)a+T(y)B,

for all a, 8 € H and z, y € X. The symbol B(X) denotes the Banach space of all
bounded right linear operators endowed with the natural norm, and we denote by
7T the identity operator. The spectrum of an operator should, in an appropriate
way, generalize the set of its eigenvalues. But since the quaternionic multiplication
is not commutative, even the notion of eigenvalue in this setting is ambiguous.
Indeed, one can either consider left or right eigenvalues, which are determined by
the equations
Tr=sr and Tx = xs,

respectively. In the classical setting, the spectrum o(A) of a complex linear oper-
ator A is defined as the set of all A € C such that the operator of the eigenvalue
equation AZ — A does not have a bounded inverse. If we try to proceed similarly
for the left eigenvalue equation, we obtain the left spectrum o, (T') of T, which is
defined as

or(T):={s€H: sI-—T isnot invertible in B(X)}, (1.2)

where the notation sZ in B(X) means that (sZ)(x) = sz. It is associated with the
left resolvent operator (sZ — T)~1, which is defined on the complement of o7, (T).
However, the operator-valued function s — (sZ — 7))~ is not hyperholomorphic
in H\ o (T) with respect to any known notion of generalized holomorphicity over
the quaternions, which limited its usefulness for developing quaternionic spectral
theory. Furthermore, the left eigenvalues of an operator (or even a matrix) did not
seem to be have any meaningful applications neither in physical applications nor
in the mathematical theory.

The notion of right eigenvalues on the other hand seemed to be the more nat-
ural notion of eigenvalues, since the considered operators were right linear. Even
more, the notion of right eigenvalues had an interpretation in quaternionic quan-
tum mechanics [4] and the spectral theorem for quaternionic matrices is based on
the right eigenvalues [114]. The right eigenvalue equation is, however, not quater-
nionic linear. Indeed, if Tz = xs for some = # 0 and a € H with as # sa, then

T(za) = T(z)a = (zs)a = 2(sa) = (va)(a”'sa) # (va)s. (1.3)

Hence, the operator of the right eigenvalue equation x +— Tz — xs is not linear
and its inverse can consequently not be used to define a meaningful notion of
quaternionic resolvent. We define the right spectrum og(T') of T therefore as the
set of right eigenvalues

or(T):={s€eH: Tz =uzs,for somez e X\ {0}}.

Even though the set of right eigenvalues was meaningful both in applications and
in the mathematical theory on finite dimensional spaces, it was not clear how to
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generalize it to a proper notion of spectrum of a right linear operator nor with
which resolvent operator this spectrum should be associated. Furthermore, right
eigenvalues have two problematic properties that are immediately understood from
(1.3). First of all, the set of eigenvectors associated with an individual eigenvalue
does not constitute a quaternionic linear space. If x is a right eigenvector of T
associated with s, then za is a right eigenvector of T associated with a~'sa instead
of s. The second problem is that right eigenvalues do not appear individually but
in terms of equivalence classes of the form

[s] ={a"'sa: acH\{0}}. (1.4)

This set agrees with the symmetry class of s defined in (1.1). Hence, the right
spectrum og(T) of T is axially symmetric.

The solution of these problems came in 2006, when 1. Sabadini and one of the
authors, introduced the S-spectrum and the S-functional calculus for quaternionic
linear operators starting from considerations on slice hyperholomorphic functions,
see the introduction of the book [57]. This notion is not intuitive because the
S-spectrum of T is defined for those quaternions s such that the second order
operator T2 — 2Re(s)T + |s|?Z is not invertible, where Re(s) is the real part of
the quaternion s and |s|? is its squared norm. There exists also a commutative
version of the S-spectrum and it is very useful in applications. We will denote
by BC(X) the subclass of B(X) that consists of those quaternionic operators T
that can be written as T = Ty + e111 + exTs + e3T3 where the operators Ty,
¢ = 0,1,2,3, commute mutually, and we set T = Ty — e; Ty — exTy — e3Ts. In
this case the S-spectrum has an equivalent definition that takes into account the
commutativity of Ty, for £ = 0,1, 2, 3. In the literature the commutative definition
of the S-spectrum is often called the F-spectrum because it is used for the F-
functional calculus, see [57]. Let T' € BC(X), we define the commutative version of
the S-spectrum (or F-spectrum o (7)) of T as those s € H such that the operator
s2T — s(T + T) + TT is not invertible. The S-resolvent set pg(T) is defined as

ps(T) =H\ os(T).

Since this book is the natural continuation of [57] where the quaternionic
spectral theory based on the S-spectrum is systematically studied, we summarize
in two sections the theoretical aspects and the applications that we develop in this
book.

1.1 Theoretical aspects

The notion of S-spectrum turned out to be the correct notion of spectrum for
a quaternionic linear operator T', see also the books [57,93], and it was discov-
ered from considerations on slice hyperholomorphic functions. Moreover, the right
eigenvalues op(T) are equal to the S-eigenvalues of T'. We limit the discussion to
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the case of quaternionic operators but the following definition of S-spectrum can
be adapted to the case of n-tuples of non commuting operators. We define

Q,(T) :=T? — 2Re(s)T + |s|*Z.
If T is a linear quaternionic operator then the S-resolvent set is defined as
ps(T) = {s € H: Q,(T)" € BX)},

where Q. (T)~! is called the pseudo-resolvent operator of T at s, while the S-
spectrum is defined as:

os(T) = H\ ps(T).

Due to the non commutativity of the quaternions, there are two resolvent operators
associated with a quaternionic linear operator T: when T' is bounded, the left S-
resolvent operator is defined as

S8, T) := —Qu(T)"M(T —3I), s¢€ps(T) (1.5)
and the right S-resolvent operator is
Sp (s, T) :== —(T —31)Qs(T)™", s € ps(T). (1.6)

The first main difference with respect to complex operator theory is the fact that
the S-resolvent equation involves both the S-resolvent operators

Se (s, T)S ' (p, T) = [[Sg' (5, T) — S ' (p, T)lp
— 3SR (s, T) = S (0, T))|(P* — 250p + |s*) 71,

for s, p € ps(T) with s ¢ [p]. A second major difference is the fact that the
operator that defines the S-spectrum is the pseudo-resolvent operator and not
the S-resolvent operator, but that the pseudo-resolvent operator Q(7T)~! is not
slice hyperholomorphic. Only the S-resolvent operators are operator-valued slice
hyperholomorphic functions.

The S-functional calculus (also called quaternionic functional calculus) is the
quaternionic version of the Riesz-Dunford functional calculus. It is based on the
S-spectrum and on the Cauchy formula of slice hyperholomorphic functions. In
the next chapter we therefore summarize the main facts on slice hyperholomorphic
functions. For more details see [57,93].

If the operator T is bounded, then its S-spectrum og(7") is a non-empty
compact subset of H that is bounded by the norm of T'. We denote by SH(cs(T))
the set of left slice hyperholomorphic functions f : U — H where U is a suitable
bounded open set that contains og(T). Analogously we define SHg(os(T)) for
right slice hyperholomorphic functions. The two formulations of the quaternionic
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functional calculus for left- and right slice hyperholomorphic functions are then
given by

1

A(T) = o S;N(s,T) dsj f(s), fe€SHL(os(T)), (1.7)
T Ja(uncy)
and )
(@) =50 [ g dsy ST, £ € SHAls(TY), (18)
™ Jo(uncy)
where ds; = —dsj, for j € S. The S-functional calculus is well defined since

the integrals depend neither on the open set U with og(T) C U nor on the
imaginary unit j € S. It is important to note that the definition of the quaternionic
functional calculus does not require the linear operator 7' to be written in terms
of components T' = Ty —1—2221 Tyep with bounded linear operators Ty, £ =0, ..., 3,
on a real Banach space. Nor does it require that the components T, commute
mutually as it was the case in earlier developed functional calculi for quaternionic
linear operators that were based on other function theories. If the components Ty
of the operator T = Ty + 22:1 Tyey commute mutually, we set for s € H

Q.s(T) := 5T — 25Ty + TT

and we find that the operator Q. s(7T') is invertible if and only if Q4(T') is invertible
and so the S-resolvent set of T' can also be characterized as

ps(T)={seH: Q. (T)"'eB(X)}. (1.9)

The operator Q. s(T)~! is in this case called the commutative pseudo-resolvent
operator. Moreover, for s € pg(T'), the commutative S-resolvent operators are

Sy (s, T) = (sT = T)Qes(T) " (1.10)
Sp'(s,T) = Qoo (1)} (sT - T). (1.11)

The main topics treated in the next chapters are the possible extensions and gen-
eralizations of the S-functional calculus to unbounded operators while particular
attention is dedicated to sectorial operators.

Direct approach to the S-functional calculus. We develop the S-functional calcu-
lus for closed quaternionic linear operators. The S-functional calculus for closed
operators has already been considered in the books [57,93], where the unbounded
operator and the function were suitably transformed so that the S-functional cal-
culus for bounded operators could be applied. This strategy is standard in the
complex case, but in the quaternionic case it has the disadvantage that it requires
that ps(T)NR # (). Already the most important quaternionic linear operator, the
gradient operator, does not satisfy this condition.

We therefore define the S-functional calculus for closed operators in Chap-
ter 3 directly via a slice hyperholomorphic Cauchy integral formula. If T is a closed
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operator with nonempty S-resolvent set and f is a function that is left slice hyper-
holomorphic on a suitable set U with og(T) C U that contains a neighbourhood
of 0o, then we can use the Cauchy formula

s =fe g [ St )ds 0, acU

2
Formally replacing x by T we define

FT) = f(oo)I—i—% B(UQC)Sgl(s,T) ds; f(s), os(T)CU.

This functional calculus is well-defined and its properties agree with those
of the Riesz-Dunford-functional calculus for closed complex linear operators. We
investigate these properties in detail. In particular, we discuss the product rule
and show that this functional calculus is compatible with intrinsic polynomials of
T although these polynomials do not belong to the class of admissible functions
because they are not slice hyperholomorphic at infinity. Furthermore, we discuss
the relation between the S-functional calculus for left and the S-functional calculus
for right slice hyperholomorphic functions, we prove the spectral mapping theorem
and we show that the functional calculus is capable of generating Riesz-projectors
onto invariant subspaces.

Generation of groups and semigroups and the Phillips functional calculus. If T
is a bounded right linear operator on a quaternionic Banach space X then, for
so sufficiently large, the left S-resolvent operator can be written as the Laplace
transform of et 7,

SL_I(S,T):/ etTe=ts dt,
0

while the right S-resolvent operator can be written as:
(o]
Spl(s,T) = / e et T dt.
0

The above relations hold true also for a class of unbounded linear operators. We
investigate the generation of groups and of semigroups. Moreover, we consider the
following perturbation problem. Suppose that the closed right linear quaternionic
operator 7' is the infinitesimal generator of the semigroup Uy (t). Determine a class
of closed right linear quaternionic operators P such that T+ P is the generator of
a quaternionic semigroup Ur p(t).

In the case the operator T is the generator of a strongly continuous group
of quaternionic linear operators, then one can define a slice hyperholomorphic
functional calculus via the quaternionic Laplace—Stieltjes transform. The so-called
Phillips functional calculus applies to a larger class of functions with respect to the
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S-functional calculus because it does not require slice hyperholomorphicity at in-
finity. If T' is the infinitesimal generator of a strongly continuous group {Ur(t) }+er
with growth bound w > 0, that is,

os(T)C{seH: —w<Re(s)<w} (1.12)

and
ehr(t)]| < Me I, (1.13)

for some constant M > 0, then we consider the subset S(T") of all quaternion-
valued measures on R given by

S(T) := {u € M(R,H) : /Reﬂ“(wﬁ) dlp|(t) < +oo}, (1.14)

where £ > 0 might depend on the measure u. The quaternionic Laplace—Stieltjes
transform

f@%zémww4a C(we) <Re() <wie

is then a right slice hyperholomorphic function and we can define

7y = [ dutyuir(-).

We discuss the quaternionic Laplace—Stieltjes transform and show that this func-
tional calculus is well-defined. We study its algebraic properties and show its com-
patibility with the S-functional calculus defined in Chapter 3. Finally, we conclude
by showing how to invert the operator f(7T') for intrinsic f using an inverting se-
quence of polynomials.

The general version of the H*®-functional calculus. This is the natural functional
calculus for sectorial quaternionic operators and in this book we introduce it in
its full generality. Any quaternion can be written as s = |s|e’s arg(s) with a unique
angle arg(s) € [0,7]. A quaternionic right linear operator is called sectorial if its
S-spectrum is contained in the closure of a symmetric sector around the positive
real axis of the form

Yo={seH: arg(s)€0,w)}
with w € (0,7) and for any ¢ € (w, ) there exists a constant C' > 0 such that
C

- C .
s < 6 s <

~ sl
for all s € H\ X. If f is left slice hyperholomorphic on a sector X, for some
¢ € (w,m) and has polynomial limit 0 both at 0 and at infinity, then we can
choose ¢’ € (w, ) and define f(T) by a Cauchy integral as

1

= S (s, T)ds; f(s). (1.15)
27 a(zw/ﬁ(c]‘)

f(T)
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If f is left slice hyperholomorphic on X, and has finite polynomial limits at 0 and
infinity, then it is of the form

fl@)=fla)+a+@+q 7" (1.16)
with a,b € H and f admissible for (1.15). Since —1 € pg(T), the operator
—S s, T)=(Z+T)"
exists, and we can define for such functions
f(T) == f(T)+Za+ (Z+T) ', (1.17)

where f(T) is intended in the sense of (1.15). We denote the class of functions of
the form (1.16) by £.(X,) and the class of intrinsic functions of the form (1.16)
by £(X,). Finally, the class of admissible functions can be extended even further,
which yields the H°°-functional calculus. A regulariser for a left slice meromorphic
function f on X, is a function e € £(X,) such that ef € £1(X,) and such that
e(T) is injective. If such a regulariser exists for f, then we define

F(T) = e(T) " ef)(T),

where e(T) and (ef)(T) are intended in the sense of (1.17). This operator is not
necessarily bounded, because e(T)~! can be unbounded.

We define this functional calculus precisely and discuss its properties. We
focus in particular on the composition rule and the spectral mapping theorem. As
we will see there are several technical difficulties that have to be overcome when
generalising them from the complex to the quaternionic setting.

Fractional powers of quaternionic linear operators. We first define fractional pow-
ers of sectorial operators with bounded inverse directly by the slice hyperholomor-
phic Cauchy integral formula

1

7%= —
2 T

s %ds; Sp'(s,T),

where T is a path that goes from —ocoe’? to coe™? in the set C; \ (3, U B(0)) for
sufficiently small ¢ > 0, sufficiently large 6 € (0, 7) and arbitrary j € S and avoids
the negative real axis. We then discuss the properties of these fractional powers. In
particular, we prove several integral representations and the semigroup property.
We point out that in the quaternionic setting there exist integral representations

that do not exist in the complex setting, for example when o5(T) C {s € H :
Re(s) > 0} for a € (0,1), we have

1 [t
T == / T (cos (a—ﬂ> T + sin (Oél) TI) (T2 + 7'21')*1 dr.
s 0 2 2
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The inverse of the quadratic operator T2 4727, that appears in the above formula,
comes from the S-resolvent operator and it has no analogue in the complex set-
ting because of noncommutativity. As a second approach, we define the fractional
powers of positive exponent via the H°-functional calculus. In a third approach
we introduce the fractional powers indirectly using an approach of Kato. We first
define for a € (0, 1) the operator-valued function

. +oo
s _
F.(p,T) := @/ t* (p® — 2pt* cos(am) + t2°)
0

LSRN (—t, T) dt,

which corresponds to an integral representation of Sgl (p, T%) of the form (1.15),
in which we let ¢’ tend to m. Then we show that there actually exists a unique
closed operator B, such that F,(p,T) = Si'(s, Bs) and we define T := B,.

1.2 Applications to fractional diffusion processes

One of the most important facts about quaternionic spectral theory is that it
contains, as a particular case, the spectral theory of vector operators like the
gradient operator and its generalizations with non constant coefficients. We explain
in the following the ideas behind the definition of new fractional diffusion operators
that generalize the Fourier law to non-local diffusion processes.

Our strategy for fractional diffusion problems does not apply only to the
Fourier law with constant coefficients, but it works for general non constant co-
efficients Fourier law and it generates the associated non local diffusion operator.
Moreover, we can apply our techniques for bounded domains as well as for un-
bounded domains.

To explain our approach we consider the case of fractional evolution on R3.
We denote by v : R x [0,00) — R the temperature and by ¢ the heat flow. We
set the thermal diffusivity equal to 1 and set © = (x1, 22, 23). The heat equation
is then deduced from the two laws

q(z,t) = —Vou(z,t) (Fourier’s law), (1.18)
Ov(x,t) + divg(x,t) =0 (Conservation of Energy). (1.19)

Replacing the heat flow in the law of conservation of energy using Fourier’s law,
we get the classical heat equation:

ow(z,t) — Av(x,t) =0, (x,t) € R? x (0, 00). (1.20)

The fractional heat equation is an alternative model, that takes non-local interac-
tions into account. It is obtained by replacing the negative Laplacian in the heat
equation by its fractional power so that one obtains the equation

ov(z,t) + (=A)v(x,t) =0, (z,t) € R®x (0,00), a€(0,1), (1.21)
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where the fractional Laplacian is given by

v(z) —v(y)
—A)%(z) = c(a)PV. | —L— L g
(-A)"0ta) = cleypy. [ Ty
and the integral is defined in the sense of the principal value, ¢(a) is a known
constant, and v : R®> — R must belong to a suitable function space.

The fractional powers of the gradient operator. The new approach to fractional
diffusion presented in this book consists in replacing the gradient in (1.18) by its
fractional power before combining it with (1.19) instead of replacing the negative
Laplacian in (1.20) by its fractional power. This is done by interpreting the gradient
as a quaternionic linear operator, which allows us to define its fractional powers
using the techniques presented in this book.

The following two observations are of crucial importance for defining the new
procedure for fractional diffusion processes.

(I) The S-spectrum of the gradient operator V on L?(R3 H) is 05(V) = R. Since
the map s — s® with a € (0, 1) is not defined on (—o0, 0), we have to consider
the projections of the fractional power V® to the subspace associated with
the subset [0, +00) of the S-spectrum of V. Only for these spectral values, the
function s — s® is well defined and slice hyperholomorphic. We denote these
projections by P, (V). Precisely, what we call the fractional power P, (V)
of the gradient, is given by the quaternionic Balakrishnan formula (deduced
from the H°-functional calculus)

1 -1 a—1
P, (Vv = | ST (s, V)dsj s* Vo,
for v : R® — R in D(V). The path of integration is chosen to take into
account just the part of the S-spectrum with Re(og(V)) > 0.

(IT) The above procedure gives a quaternionic operator
Po(V) =2y +e1Z1 + e2Z2 + e3Z3,

where Z;, £ = 0,1, 2, 3, are real operators obtained by the functional calculus.
Finally, we take the vector part P, (V)

Vect(Pa(V)) = 6121 + 62Z2 + €3Z3
of the quaternionic operator P,(V) so that we can apply the divergence
operator.

With the above definitions and the surprising expression for the left S-resolvent

operator
Sy H=jt, V) = (—jt + V) (=2 + A) 7,
N————

=R_,2(—4)
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the fractional powers P, (V) become

@ 1 a—1
Po(V)v = =(—A)2 7'V + 5(=8)7 Vu.

:=ScalP, (V)v :=VecP, (V)v

Now we observe that

1 a
divVecP,(V)v = —5 (—A)2 Ty,

The fractional heat equation for o € (1/2,1)
Ov(t,x) + (—A)*v(t,z) =0
can hence be written as
Opv(t, ) — 2div (VecP3(V)v) =0, [ =2a—1,

so this approach coincided with the classical one for the gradient operator.

The S-spectrum approach to fractional diffusion processes. We say that T repre-
sents a Fourier law with commuting components, when T is a vector operator of
the form

T = €1 ay (.231)(91-1 + €9 a2($2)6w2 + €3 ag(x3)6w3,

where a1, as, az : £ — R are suitable real-valued functions that depend on the
space variables x1, x2, x5, respectively, where (z1,z2,23) € Q and Q C R3. In
this case the real operators as(x¢)0,,, for £ = 1,2, 3, commute among themselves.
Then the S-spectrum of T' can also be determined using the commutative pseudo-
resolvent operator

Qc,s(T) = $2T — 28Ty +TT = a%(ml)agl + a%(xg)agz + a§(x3)8§3 + $°T

because Q. s(T) is invertible if and only if Q4(T) is invertible. The operator
Q. s(T) is a scalar operator if s? is a real number. Since 7' is a vector operator,
we have Ty = 0 and TT does not contain the imaginary units of the quaternions.
Using the non commutative expression of the pseudo-resolvent operator Q. (7)),
we obtain

Qu(T) = —(a1(21)8a,)* — (ag(72),)? — (a3(23)00y)?
— 250(e1 a1 (1), + €2 a2(22)0p, + €3 az(x3)0y,) + |5]°Z.
We observe that, according to what we need to show in the commutative case, we

have two possibilities to determine the S-spectrum: Q. (7)) and Q4(T).

Now we explicitly describe the procedure of the S-spectrum approach to
fractional diffusion processes. Suppose that @ C R? is a suitable bounded or
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unbounded domain and let X be a two-sided Banach space. We consider the initial-
boundary value problem for non-homogeneous materials. We denote by T the
heat flow ¢(z, d,) and we restrict ourselves to the case of homogeneous boundary
conditions (for 7 > 0):

T(x) = a1(x1)0z, €1 + a2(x2)0r,e2 + a3(x3)0r €3, = = (x1,22,23) € Q,

O(x,t) + divI(z)v(z,t) =0, (z,¢) € Qx(0,7],

’U(Sc,O):f(CC), x € Q,

v(z,t) =0, x€dQ, tel0,r].
Our general procedure consists of the following steps:

(S1) We study the invertibility of the operator
Qe,s(T) == $°T — 25Ty + TT = aij(x1)92, + a5(x2)02, + a3(23)02, + s°Z,

where T = —T, to get the S-resolvent operator. Precisely, let F: Q — H be
a given function with a suitable regularity and denote by X :  — H the
unknown function of the boundary value problem:

(a%(ml)ail + a%(xg)aiz + a%(xg)ﬁiS + 32I)X(x) = F(x), x€Q,
X(z)=0, xe€df.

We study under which conditions on the coefficients a1, as, az : R® — R
the above equation has a unique solution. We can similarly use the non
commutative version of the pseudo-resolvent operator Q4 (7). In the case we
deal with an operator T" with non-commuting components, then we have to
consider Q,(T), only.

(S2) From (S1) we get that s € H \ {0} with Re(s) = 0 belongs to ps(T’), so
we obtain the unique pesudo-resolvent operator Q. 4(7) ! and we define the
S-resolvent operator

S8, T) = (sT —T)Qe,s(T) ™"
Then we prove that, for every s € H\ {0} with Re(s) = 0, the S-resolvent
operators satisfy the estimates
©
[s]

©

1S (s, T < s

and HSgl(s,T)H

IN

(1.22)

with a constant © > 0 that does not depend on s.
(S3) Using the Balakrishnan, formula we define P, (T') as:

1

Pa(T)'U = %

/ s tds; Sl (s, T)Tw, for a € (0,1),
—jR

and v € D(T). Analogously, one can use the definition of P,(T) related to
the left S-resolvent operator.
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(S4) After we define the fractional powers P,(T') of the vector operator T, we
consider its vector part Vec(P,(T)) and we obtain the fractional evolution
equation:

O (t, ) — div(Vec(Pu (T)v)(t, z) = 0.

As an application of our theory we get Theorems 10.3.1 and 10.3.2 that we sum-
marize in the following result.

Let Q be a bounded domain in R? with sufficiently smooth boundary. Let T =
e1a1(21)0z, + e2a2(x2)0s, + e3a3(x3)0r, and assume that the coefficients a; :
Q = R, for £ =1,2,3, belong to C1(Q,R) and a,(z) > m in Q for some m > 0.
Moreover, assume that

VCa

;Ielsfz |lae(ze)?| — ||6Mag(xg)2||oo >0, (=123,

2
and
L Lisizcaez o
2 2 oY a )
where Cq is the Poincaré constant of Q and
’ 1 1
P(x) := er0yz,ap(xy) and C,:= sup = - .
(@)= 2 eudualee) S Tar(ed)] Wl agn Jan(@d)
(=1,2,3 £=1,2,3

Then any s € H\ {0} with Re(s) = 0 belongs to ps(T') and the S-resolvents satisfy
the estimate

°
|s]

©

-1

and |’S§1(S,T)|| < if Re(s) =0, (1.23)

with a constant © > 0 that does not depend on s. Moreover, for a € (0,1), and
for any v € D(T), the integral

1

P,(Tv:=—
=g |

s tds; Sy (s, T)Tw

converges absolutely in L*(£), H).

The above result in particular holds for v real-valued.
This approach has several advantages:

(I) It modifies the Fourier law but keeps the law of conservation of energy.

(IT) It is applicable to a large class of operators that includes the gradient but
also operators with non-constant coefficients.

(III) Fractional powers of the operator T' provide a more realistic model for non-
homogeneous materials.

(IV) The fact that we keep the evolution equation in divergence form allows an
immediate definition of the weak solution of the fractional evolution problem.
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1.3 On quaternionic spectral theories

For the convenience of the reader, we recall in this section some considerations
that were already discussed in [57] in order to put the spectral theory on the
S-spectrum into perspective. The quaternionic spectral theories arise from the
Fueter—Sce—Qian mapping theorem that has been widely treated in [57].

In classical complex operator theory, the Cauchy formula of holomorphic
functions is a fundamental tool for defining functions of operators. Moreover, the
Cauchy—Riemann operator factorizes the Laplace operator, so holomorphic func-
tions also play a crucial role in harmonic analysis and in boundary value prob-
lems. In higher dimensions, for quaternion-valued functions or more in general
for Clifford-algebra-valued functions, there appear two different notions of hyper-
holomorphicity. The first one is called slice hyperholomorphicity and the second
one is known under different names, depending on the dimension of the algebra and
the range of the functions: Cauchy—Fueter regularity for quaternion-valued func-
tions and monogenicity for Clifford algebra-valued functions. The Fueter—Sce—Qian
mapping theorem reveals a fundamental relation between the different notions of
hyperholomorphicity and it can be illustrated by the following two maps

Fy:Hol(Q) » N{U) and Fo: NU)— AM(U).

The map F; transforms holomorphic functions in Hol(€2), where €2 is a suitable
open set  in C, into intrinsic slice hyperholomorphic functions in N'(U) defined on
the open set U in H. Applying the second transformation F3 to intrinsic slice hy-
perholomorphic functions, we get axially Fueter regular (resp. axially monogenic)
functions. Roughly speaking the map F} is defined as follows:

1. We consider a holomorphic function f(z) that depends on a complex variable
z = u+ w in an open set of the upper complex halfplane. (In order to
distinguish the imaginary unit of C from the quaternionic imaginary units,
we denote it by ¢). We write

f(Z) = fo(U,’U) + Lfl(u? U)a

where fp and f; are R-valued functions that satisfy the Cauchy—Riemann
system.

2. For suitable quaternions g, we replace the complex imaginary unit ¢ in f(z) =
fo(u,v) + ¢f1(u,v) by the quaternionic imaginary unit &25;};\ and we set

u = Re(q) = ¢o and v = |Im(q)|. We then define

Im(q)
[Tm(q)|

The function f(g) turns out to be slice hyperholomorphic by construction.

f(q) = folqo, [Im(q)]) + f1(qo, Tm(q)]).
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When considering quaternion-valued functions, the map F5 is the Laplace oper-
ator, i.e., F» = A. When we work with Clifford algebra-valued functions, then
= Agﬁfll)/ 2, where n is the number of generating units of the Clifford algebra
and A, 4, is the Laplace operator in dimension n+ 1. The Fueter—Sce—Qian map-
ping theorem can be adapted to the more general case in which N'(U) is replaced by
slice hyperholomorphic functions and the axially regular (or axially monogenic)
functions AM(U) are replaced by monogenic functions. The generalization of
holomorphicity to quaternion- or Clifford algebra-valued functions produces two
different notions of hyper-holomorphicity that are useful for different purposes.
Precisely, we have that:

(I) The Cauchy formula of slice hyperholomorphic functions leads to the defini-
tion of the S-spectrum and the S-functional calculus for quaternionic linear
operators. Moreover, the spectral theorem for quaternionic linear operators
is based on the S-spectrum. The aim of this book and of the monograph [57]
is to give a systematic treatment of this theory and of its applications.

(IT) The Cauchy formula associated with Cauchy—Fueter regularity (resp. mono-
genicity) leads to the notion of monogenic spectrum and produces the
Cauchy—Fueter functional calculus for quaternion-valued functions and the
monogenic functional calculus for Clifford algebra-valued functions. This the-
ory has applications in harmonic analysis in higher dimensions and in bound-
ary value problems. For an overview on the monogenic functional calculus and
its applications see [171] and for applications to boundary values problems
see [163] and the references contained in those books.

In this book and in the monograph [57] we treat the quaternionic spectral
theory on the S-spectrum so, very often, we will refer to it as quaternionic spectral
theory because no confusion arises with respect to the monogenic spectral theory.



Chapter 2 ®

Check for
updates

Preliminary results

This chapter contains two main topics: the theory of slice hyperholomorphic func-
tions and the S-functional calculus for bounded quaternionic operators. We limit
ourselves to recalling the results we need in this book. For the proofs of the main
theorems, we refer the reader to [57], which currently contains the completest
version of quaternionic spectral theory.

2.1 Slice hyperholomorphic functions

There are three possible ways to define slice hyperholomorphic functions, using
the definition in [141], using the global operator of slice hyperholomorphic func-
tions introduced in [62] or using the definition that comes from Fueter—Sce—-Qian
mapping theorem. This last definition is the most appropriate for operator theory
so in this chapter we summarize the properties of slice hyperholomorphic func-
tions that we will use in the sequel. The proofs can be found in Chapter 2 of the
monograph [57].

We denote by H the algebra of quaternions. An element ¢ of H is of the form

QZQO+(]1€1+Q2€2+Q3€3, qeeRa €207172737

where e1, es and eg are the generating imaginary units of H. They satisfy the
relations
e =es=ci=-1 (2.1)

and
€169 = —€9€1 = €3, €9€3 = —e36y = €1, €36] = —€1€3 = €9. (2.2)

The real part, the imaginary part and the modulus of a quaternion ¢ = ¢qg +
q1e1 + gaea + gqzes are defined as Re(q) = qo, Im(q) = qre1 + qaea + gzez and
lq|? = ¢2 + ¢ + ¢3 + ¢3. The conjugate of the quaternion ¢ is

q = Re(q) — Im(q) = qo — q1e1 — qze2 — qzes
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and it satisfies
lal* = 97 = qa.
The inverse of any nonzero element ¢ is hence given by

—1 q
=5
lq|?

We denote by S the unit sphere of purely imaginary quaternions, i.e.,

S:{q:(J1€1+(]262—|—qSeg;q%+q§+q§:1}.

Notice that if j € S, then j2 = —1. For this reason the elements of S are also called
imaginary units. The set S is a 2-dimensional sphere in R* 2 H. Given a nonreal
quaternion ¢ = go+1Im(q), we have ¢ = u+jv with u = Re(q), v = |Im(q)| and j =
Im(q)//Im(q)| € S. (We will sometimes use the notation j, = j = Im(q)/|Im(q)]
when it is necessary to stress the relation between j and ¢.) We can associate to
q the 2-dimensional sphere

[q] ={e0+jlm(q)[: jeSt={utjv: jeS}

This sphere is centered at the real point gy = Re(q) and has radius |Im(g)|. Fur-
thermore, a quaternion ¢ belongs to [g] if and only if there exists h € H\ {0} such
that § = h~1gh.
If j € S, then the set
Cij={u+jv: u,velR}

is an isomorphic copy of the complex numbers. If moreover ¢ € S with 7 L 4, then
j, 1 and k := ji is a generating basis of Hl, i.e., this basis also satisfies the relations
(2.1) and (2.2). Hence, any quaternion ¢ € H can be written as

q=21+ 200 =21 +1%
with unique z1, 22 € C; and so
H= Cj + i(Cj and H = (Cj + (Cji. (2.3)

Moreover, we observe that

H=]JC;.

JES
Finally, we introduce the notation H := H U {oo}.
Definition 2.1.1. Let U C H.
(i) We say that U is azially symmetric if [q] C U for any ¢ € U.

(i) We say that U is a slice domain if UNR # () and if U N C; is a domain in
C; for any j € S.
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Definition 2.1.2 (Slice hyperholomorphic functions). Let U C H be an axially
symmetric open set and let U = {(u,v) € R? : u+Sv C U}. A function f: U — H
is called left slice function, if it is of the form

f(@) = folu,v) + jfi(u,v), forg=u+jvelU

with two functions fy, f1 : Y — H that satisfy the compatibility condition

fO(u7 _U) = fo(uv U)? h (uv _U) =-fi (uv U)' (24)

If in addition fy and f; satisfy the Cauchy-Riemann equations

(,%fo(u,v) — (%fl(u,v) =0, (2.5)
%fo(u, v) + %fl(u, v) =0, (2.6)

then f is called left slice hyperholomorphic. A function f : U — H is called right
slice function if it is of the form

F(@) = fo(u,v) + fi(u,v)j, forg=u+jvel

with two functions fo, f1 : U — H that satisfy (2.4). If in addition fo and f; satisfy
the Cauchy—Riemann equations, then f is called right slice hyperholomorphic.

If f is a left (or right) slice function such that fy and f; are real-valued, then
f is called intrinsic.

We denote the sets of left and right slice hyperholomorphic functions on U
by SHL(U) and SHE(U), respectively. The set of intrinsic slice hyperholomorphic
functions on U will be denoted by N (U).

Remark 2.1.1. Any quaternion ¢ can be represented as an element of a complex
plane C; using at least two different imaginary units j € S. We have ¢ = u + jv =
u+(—7)(—v) and —j also belongs to S. If ¢ is real, then we can use any imaginary
unit j € S to consider ¢ as an element of C;. The compatibility condition (2.4)
assures that the choice of this imaginary unit is irrelevant. In particular, it forces
f1(u,v) to equal 0 if v = 0, that is, if ¢ € R.

The multiplication and the composition with intrinsic functions preserve slice
hyperholomorphicity. This is not true for arbitrary slice hyperholomorphic func-
tions.

Theorem 2.1.3. With the notation above we have the properties:

(i) If f e N(U) and g € SHL(U), then fg € SHL(U). If f € SHr(U) and
g€ NU), then fg € SHr(U).

(ii) If g e N(U) and f € SHL(g(U)), then fog € SHL(U). If g € N(U) and
f€SHRr(g(U)), then foge SHr(U).
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Lemma 2.1.4. Let U C H be axially symmetric and let f be a left (or right) slice
function on U. The following statements are equivalent.

(i) The function f is intrinsic.

(ii) We have f(UNC;) C C; for any j € S.

(i) We have f(q) = f(q) for allq € U.

If we restrict a slice hyperholomorphic function to one of the complex planes
C;, then we obtain a function that is holomorphic in the usual sense.

Lemma 2.1.5 (The Splitting Lemma). Let U C H be an azially symmetric open
set and let j,i € S with i L j. If f € SHL(U), then the restriction f; = flunc,
satisfies

3 (i) +ige () =0 27)

forall z =u+jv e UNC;. Hence
[i(z) = Fi(z) + Fa(2)i

with holomorphic functions F1,F» : UNC; — C;.
If f € SHR(U), then the restriction f; = flunc, satisfies

1/0 0 .
() + pess(a)3) =0 28)
for all z =u+ jv € UNC;. Hence,
[i(z) = Fi(z) + iF5(z)

with holomorphic functions F1,F» : UNC; — C;.

The splitting lemma states that the restriction of any left slice hyperholomor-
phic function to a complex plane C; is left holomorphic, i.e., it is a holomorphic
function with values in the left vector space H = C; + C;i over C;. The restriction
of a right slice hyperholomorphic function to a complex plane C; is right holo-
morphic, i.e., it is a holomorphic function with values in the right vector space
H = C; +iC; over C;.

Theorem 2.1.6 (Identity Principle). Let U C H be an azially symmetric slice
domain, let f,g : U — H be left (or right) slice hyperholomorphic functions and
set Z ={qe€U: flqg) = g(q)}. If there exists j € S such that Z N C; has an
accumulation point in U N C;, then f = g.

The most important property of slice functions (and in particular of slice
hyperholomorphic functions) is the Structure Formula, which is often also called
Representation Formula.
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Theorem 2.1.7 (The Structure (or Representation) Formula). Let U C H be azially
symmetric and let i € S. A function f: U — H is a left slice function on U if and
only if for any ¢ = u+ jv € U we have

1 1.7,
1@ = 5[1@) + £)] + 551 1) - 1(2)] (2.9)
with z = u + . A function f: U — H is a right slice function on U if and only
if for any ¢ = u + jv € U we have

1

f@ =5[@+ 1] +3[1@) - 1)) is (2.10)

DO =

with z = u + 1v.

Remark 2.1.2. Tt is sometimes useful to rewrite (2.9) as

Fl@) = 50— i)f() + 50 +i)f )

and (2.10) as

F@) = FG)1 = i)5 + FEA+i).

The representation formula can be written in a different form that shows
that f(s) is determined by the values of f at two arbitrary points in the sphere
[s], not necessarily by a point and its conjugate.

Corollary 2.1.8. Let U C H be azially symmetric, let [s] = u+ Sv C U and let i,
j and k be three different imaginary units in S. If f is a left slice function on U,
then

flutjv)= (i —k)"Hi+4i(k—49)7") flu+iv)

+((k—0)""k+j(k—49)7") flu+kv). (2.11)
Similarly, if f is a right slice function on U, then
i) = f(u+iv) (i(i — k)™t —i)7Yy
flu+jv) = flu+iv) (i(i — k)~ + (k= 1) 7)) 2.12)

+ f(u+ ko) (k(k—4)~" + (k—14) ')

As a consequence of the Structure Formula, every holomorphic function that
is defined on a suitable open set in C; has a slice hyperholomorphic extension.

Lemma 2.1.9. Let O C C; be an open set which is symmetric with respect to the
real azis. We call the set [O] = J,cpl2] the azially symmetric hull of O.

(i) Any function f : O — H has a unique extension extr(f) to a left slice
function on [O] and a unique extension extr(f) to a right slice function on

[0].
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(ii) If f : O — H is left holomorphic, i.e., it satisfies (2.7), then exty(f) is left
slice hyperholomorphic.

(iil) If f is right holomorphic, i.c., it satisfies (2.8), then extgr(f) is right slice
hyperholomorphic.

Sometimes in the following we will use the notation f; instead of f|ync, for
the restriction f to UNC; without mentioning it explicitly because it is clear from
the context. Slice hyperholomorphic functions admit a special kind of derivative,
that yields again a slice hyperholomorphic function.

Definition 2.1.10. Let f : U C H — H and let ¢ = uw + jv € U. If ¢ is not real,
then we say that f admits left slice derivative in ¢ if
dsf(g):=lim _(p—q) " (f;(p) - f; () (2.13)
p—q, peC;
exists and is finite. If ¢ is real, then we say that f admits left slice derivative in ¢
if (2.13) exists for any j € S.

Similarly, we say that f admits right slice derivative at a nonreal point ¢ =
u+jveUif

Osf(a) = _lim_ (f;(p) = fi(@)p—a)~" (2.14)

p—q, pEC;

exists and is finite, and we say that f admits right slice derivative at a real point
g € U if (2.14) exists and is finite, for any j € S.

Observe that dsf(q) is uniquely defined and independent of the choice of
J € S even if ¢ is real. If f admits slice derivative, then f; is C;-complex left (resp.
right) differentiable and we find

9f(0) = Ji(0) = 5o 1i() = oL fla), a=utje. (215

Proposition 2.1.11. Let U C H be an azially symmetric open set and let f : U — H
be a real differentiable function.

(i) If f is left (or right) slice hyperholomorphic, it admits left (resp. right) slice
derivative and Os f is again left (resp. right) slice hyperholomorphic on U.

(il) If f is a left (or right) slice function that admits a left (resp. right) slice
derivative, then f is a left (resp. right) slice hyperholomorphic.

(iil) If U is a slice domain, then any function that admits left (resp. right) slice
derivative is left (resp. right) slice hyperholomorphic.

Important examples of slice hyperholomorphic functions are power series in
the quaternionic variable: power series of the form Z;:B q"a, with a, € H are
left slice hyperholomorphic and power series of the form ZZ:& anq™ are right slice
hyperholomorphic. Such a power series is intrinsic if and only if the coefficients a,
are real.

Conversely, any slice hyperholomorphic function can be expanded into a
power series, at any real point, due to the splitting lemma.
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Theorem 2.1.12. Suppose that a € R and r > 0. Let B,.(a) ={q e H: |g—a| <T}.
If f €e SHL(Br(a)), then

@)=Y (a—a)'.05" (@), Va=utjueBila)  (216)
If on the other hand f € SHR(Br(a)), then
X1
Z; (0s™f(a)) (g —a)", VYq=u+jv e By(a).

Example 2.1.13. The exponential function is defined by its power series expansion

+
8

exp(q) :=e? := q", qe€H.

n

I
S|

Since the power series expansion has real coefficients, the exponential function is
both left and right slice hyperholomorphic and even intrinsic. If p and ¢ commute,
then it satisfies the usual identity exp(p + q) = exp(p) exp(q). This is, however,
not true for arbitrary p and gq.

Example 2.1.14. Any ¢ = u + jv € H\ {0} can be written as ¢ = |g| exp(j#) with
a unique angle 6 € [0, 7). We define the argument of ¢ as

arg(q) := 6 = arccos(u/|q|).

Observe that, arg(q) is well defined even though j is not unique if g real: if ¢ > 0
then g = |¢q| exp(j0) for any j € S and hence arg(q) = 0 is independent of the choice
of j € Sand if ¢ < 0 then ¢ = |¢q|exp(jm) for any j € S and hence arg(q) = 7 is
independent of the choice of j € S, too.

The logarithm of a quaternion ¢ = u + jv € H\ (—00, 0] is defined as

log(q) := In(lq|) + j arg(q). (2.17)

It is an intrinsic slice hyperholomorphic function on H \ (—oo, 0] and satisfies
eoel@ — ¢ for g € H,

and
loge? =¢q, for q=wu+jv e H with |Im(q)] =v < 7.

Contrary to the complex setting it is not possible to choose different intrinsic
hyperholomorphic branches of the logarithm.
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Remark 2.1.3. Observe that there exist other definitions of the quaternionic log-
arithm in the literature. In [162], the logarithm of a quaternion is for instance
defined as

||

In|z| + j, (arccos £+ 2k7r> , lz| #0or |z =0, 29 >0,
logy, jx :=
In |x| + e, lz| =0, 7o <0,

where k € Z and ey is one of the generating units of H. This logarithm is, however,
not continuous (and therefore, in particular, not slice hyperholomorphic) on the
real line, unless £ = 0. But for £k = 0 this definition of the logarithm coincides
with the one given above. Even more, the identity principle implies that (2.17)
defines the maximal slice hyperholomorphic extension of the natural logarithm on
(0, +00) to a subset of the quaternions.

Example 2.1.15. For a € R, we define the fractional power ¢% of a quaternion
g=u+jv e H\ (—00,0] as

g = ¢o1o8a _ polin g+ ara()) (2.18)

The function g — ¢® is an intrinsic slice hyperholomorphic function on its domain
H \ (—o0,0] by Theorem 2.1.3 and Lemma 2.1.4 as it is the composition of two
intrinsic slice hyperholomorphic functions. However, if we try to define fractional
powers of non-real components by the formula (2.18), then we do not obtain a slice
hyperholomorphic function: the composition of two such functions is only intrinsic
if the inner function is slice hyperholomorphic and this is not the case for « ¢ R.

As pointed out above, the product of two slice hyperholomorphic functions
is not slice hyperholomorphic unless the factor on the appropriate side is intrinsic.
However, there exists a regularised product that preserves slice hyperholomorphic-

ity.
Definition 2.1.16. For f = fo+ jfi,9 = go +jg1 € SHL(U), we define their left
slice hyperholomorphic product as

[ x5 9= (fogo — f191) + j(fogr + f190)-

For f = fo+ f1j,9 = g0 + 15 € SHRr(U), we define their right slice hyperholo-
morphic product as

[ *r g = (fogo — frg1) + (fogr + f190)3-

The slice hyperholomorphic product is associative and distributive, but it
is in general not commutative. If f is intrinsic, then f *; g coincides with the
pointwise product fg and

frrg=fg=g=Lf. (2.19)
Similarly, if ¢ is intrinsic, then f *g g coincides with the pointwise product fg and

f*r9g=fg=gx*r [ (2.20)
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Example 2.1.17. If f(q) = 30 ¢"a, and g(q) = 320 ¢"b,, are two left slice
hyperholomorphic power series, then their slice hyperholomorphic product equals
the usual product of formal power series with coeflicients in a non-commutative
ring

+oo
(Z qnan> *L (Z qnb > f*Lg Zq Zakbn k- (221)
n=0

Similarly, we have for right slice hyperholomorphic power series that
+oo +0o +oo n
<Z anq"> *R (Z bnq”> =3 (Z by k) . (2.22)
n=0 n=0 n=0

Definition 2.1.18. We define for f = fo+jf1 € SHL(U) its slice hyperholomorphic
conjugate f¢ = fo+ jfi and its symmetrisation f* = fx*; f¢ = f¢*, f. Similarly,
we define for f = fo + f1j € SHr(U) its slice hyperholomorphic conjugate as
f¢ = fo+ fij and its symmetrisation as f* = f g f¢ = f°*p f.

The symmetrisation of a left slice hyperholomorphic function f = fo+jf; is
explicitly given by o
2= 1fol> = |f1]* + j2Re (fo 1) -
Hence, it is an intrinsic function. It is f*(¢) = 0 if and only if f(§) = 0 for some
q € [q]. Furthermore, if ¢ = u + jv, one has

) = folu,v) +jfi(u,v) = fo(u,v) + fi(u,v)(—j) = f(@) (2.23)
and an easy computation shows that
Fxrg(a) = fla)g (fla) " af(a)), if f(g) #0. (2.24)
For f(g) # 0, one has
Fa) = f@)f° (fl9)""af ()
~ 1@ (@ af@) = /@ Tl "2l (@).

Similar computations hold true in the right slice hyperholomorphic case. Finally,
if f is intrinsic, then f¢(q) = f(q) and f*(q) = f(¢q)?. Some consequences of the
above definitions are collected in the following corollary.

(2.25)

Corollary 2.1.19. The following statements hold true.

(i) For f € SHL(U) with f # 0, its slice hyperholomorphic inverse f~*L which
satisfies f~*L xp f = f*p f7*L =1, is given by

ff*L _ (fs)fl . fc _ (fs)flfc
and it is defined on U \ [Zy], where Z; = {s € U : f(s) = 0}.
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(ii) For f € SHRr(U) with f #£ 0, its slice hyperholomorphic inverse f~*£ which
satisfies f~*R xp f = f*xp f~*R =1, is given by
f—*R _ fc *R (fs)—l _ fc(fS)—l
and it is defined on U \ [Zf], where Z; = {s € U : f(s) = 0}.
(iii) If f e N(U) with f #0, then f~*t = f~*r = f~1,

We observe that the modulus |f~*£| is in a certain sense comparable to 1/|f].

Since f* is intrinsic, we have | ()| = |f*(@)] for any g € [q]- As f(q)af(a)~" € ld].
we find, for f(q) # 0 because of (2.25), that

2@ = |f* (fl@af(@)™)]

= |7 (t@af0 ™) F @)
=/ (f@af@ )] @
Therefore we have, because of (2.23), that
|f @) = [0 1f(a)]
1 _
RIS

1
T F@af(@)7 Y

and so

—*L — L wi T a -1
|f(g)] = @) th ¢ = f(q)3f(q)~" € [q]. (2.26)

An analogous estimate holds for the slice hyperholomorphic inverse of a right slice
hyperholomorphic function.

Slice hyperholomorphic functions satisfy a version of Cauchy’s integral theo-
rem and a Cauchy formula with a slice hyperholomorphic integral kernel. However,
left and right slice hyperholomorphic functions satisfy Cauchy formulas with dif-
ferent kernels. This is contrary to the case of Fueter regular functions, where both
left and right Fueter regular functions satisfy a Cauchy formula with the same
kernel.

Theorem 2.1.20 (Cauchy’s integral theorem). Let U C H be open, let j € S and
let f e SHL(U) and g € SHr(U). Moreover, let D; C UNC; be an open and
bounded subset of the complex plane C; with D; C UNC; such that 0D; is a finite
union of piecewise continuously differentiable Jordan curves. Then

/ o(s)ds; f(s) = 0,
oD

J

where ds; = ds(—j).
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In order to determine the left and right slice hyperholomorphic Cauchy ker-
nels, we start from an analogy with the classical complex case. We consider the
series expansion of the complex Cauchy kernel and determine its closed form under
the assumption that s and ¢ are quaternions that do not commute.

Theorem 2.1.21. Let q,s € H with |q| < |s|. Then,

+oo
> q"s T = —(¢® = 2Re(s)g + Is|*) (g —3) (2:27)
n=0

and N
D sl = —(q—3)(¢” — 2Re(s)q + |s]*) " (2.28)
n=0

Definition 2.1.22 (Slice hyperholomorphic Cauchy kernels). We define the left slice
hyperholomorphic Cauchy kernel as

Sp'(s,q) == —(¢> = 2Re(s)q + |s[*) "' (¢ =3), q ¢ [s]
and the right slice hyperholomorphic Cauchy kernel as

Sp'(s,q) == —(¢—35)(¢* —2Re(s)q + [s|*) ™", q¢[s].

The left and right slice hyperholomorphic Cauchy kernels are proper gener-
alizations of the classical Cauchy kernel.

Lemma 2.1.23. If s and g commute, then the left and the right slice hyperholomor-
phic Cauchy kernel reduce to the complex Cauchy kernel, i.e.,

SpMsq)=(s—q)' =Sg'(s.q) if sq=gs.

Remark 2.1.4. The left and right slice hyperholomorphic Cauchy kernels are the
left and right slice hyperholomorphic inverses of the function ¢ — s — ¢, which is
another analogy to the classical case.

As the next proposition shows, the slice hyperholomorphic Cauchy kernels
S;'(s,q) and Sy'(s,q) can be written in two different ways, which justifies Defi-
nition 2.1.25.

Proposition 2.1.24. If ¢, s € H with q & [s], then

—(q* —2qRe(s) + |s[*) (g —5) = (s — @)(s* — 2Re(q)s + [¢[) ™" (2:29)
and

(s* = 2Re(q)s +[g[*) "' (s = @) = —(¢ — 5)(¢* = 2Re(s)g + [s[) ™" (2.30)

Definition 2.1.25. Let ¢, s € H with ¢ ¢ [s].
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e We say that S} '(s,q) is written in the form T if

Sz (s:q) = —(¢* = 2Re(s)q + [s|*) "' (¢ — 9).
e We say that S} !(s,q) is written in the form IT if

Sp'(s.q) = (5 — @)(s” — 2Re(q)s + |¢*) "
e We say that S;'(s,q) is written in the form I if

Sa'(5,0) = —(¢ - 5)(¢* — 2Re(s)g + [s|*) ",
e We say that Sj'(s,q) is written in the form II if

Sr'(s,0) = (5> — 2Re(q)s + [a|*) "' (s — @).

Corollary 2.1.26. For q,s € H with s ¢ [q], we have

Sp(s,9) = =Sz (a,9)-

It is essential for the theory that the left and right slice hyperholomorphic
Cauchy kernels are slice hyperholomorphic in both variables. This is what the next
lemma shows.

Lemma 2.1.27. Let q,s € H with q & [s]. The left slice hyperholomorphic Cauchy
kernel SL_l(s,q) 1s left slice hyperholomorphic in q and right slice hyperholomor-
phic in s. The right slice hyperholomorphic Cauchy kernel Sgl(s,q) is left slice
hyperholomorphic in s and right slice hyperholomorphic in q.

As pointed out in Remark 2.1.4, the left and the right Cauchy kernel are the
slice hyperholomorphic inverses of the mapping ¢ — s—g¢q. In analogy with the clas-
sical case, their slice derivatives are multiples of the n-th slice hyperholomorphic
inverses of this function.

Definition 2.1.28. For s,q € H with s ¢ [¢] and n € N, we define

55" (50) = (s = @) = (g - 2oy + 12 Y () a)'s
k=0

—n —%RN n\_p— -n
S 5) = (s = @) = 3 ()5 H )~ 2Rels)a + )
k=0
Lemma 2.1.29. For s,q € H with s ¢ [q] and n € N, the slice derivatives in the
variable q of the right and left slice hyperholomorphic Cauchy kernels are
9s"S; M (s,q) = (—=1)"n! 57 "V (s, q)

and )
0s™Sy" (s,q) = (—1)"n! S5 " (s, q).
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The domains of integration that appear in the slice hyperholomorphic Cauchy
formulas as well as in the S-functional calculus are slice Cauchy domains. Before we
state the Cauchy formulas, we recall some properties of the slice Cauchy domains,
the proofs of which can be found in [130].

Definition 2.1.30 (Slice Cauchy domain). An axially symmetric open set U C H
is called a slice Cauchy domain, if U N C; is a Cauchy domain in C; for any
j € S. More precisely, U is a slice Cauchy domain if, for any j € S, the boundary
O(UNC,) of UNC, is the union of a finite number of non-intersecting piecewise
continuously differentiable Jordan curves in C;.

Remark 2.1.5. Any slice Cauchy domain has only finitely many components (i.e.,
maximal connected subsets). Moreover, at most one of them is unbounded and if
there exists an unbounded component, then it contains a neighborhood of co in H.

Theorem 2.1.31. Let C be a closed and let O be an open axially symmetric subset
of H such that C C O and such that 0O is nonempty and bounded. Then there
exists a slice Cauchy domain U such that C C U and U C O. If O is unbounded,
then U can be chosen to be unbounded, too.

The boundary of a slice Cauchy domain in a complex plane C; is of course
symmetric with respect to the real axis. Hence, it can be fully described by the
part that lies in the closed upper half plane

(Cj' ={z0+jz1: 20 €R, 21 >0}

We specify this idea in the following statements.
Definition 2.1.32. For a path v : [0, 1] — C;, we define the paths (—v)(t) := y(1—1)
and (t) := ().
Lemma 2.1.33. Let v be a Jordan curve in C; whose image is symmetric with
respect to the real axis. Then vy = vy N (Cj consists of a single curve and v =
Y4 Uy— with v— == —77.

Let now U be a slice Cauchy domain and consider any j € S. The boundary
O(UNC,) of U in C; consists of a finite union of piecewise continuously differ-
entiable Jordan curves and is symmetric with respect to the real axis. Hence,

whenever a curve v belongs to 9(U NC;), the curve —7 belongs to (U N C;) too.
We can therefore decompose O(U N C;) as follows:

o First define vy 1,...,74,, as those Jordan curves that belong to (U N C;)
and lie entirely in the open upper complex halfplane (C;r.

The curves =¥y 1,..., =Y+, are then exactly those Jordan curves that
belong to (U N C;) and lie entirely in the lower complex halfplane C; .

o In a second step, consider the curves Yq41,...,7yn that belong to (U N C;)
and take values both in (C;r and (Cj_. Define y4 o for { =x+1,..., N as the

part of 7, that lies in (Cj and - ¢ = =74 ¢ as the part of 7 that lies in C},
cf. Lemma 2.1.33.
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Overall, we obtain the following decomposition of (U N C;):

aUNCy) = U Y0 U =710
1<(<N

Definition 2.1.34. We call the set {71 4,...,vn+} the part of (U NC;) that lies
in (Cj'.
Finally, we are now able to formulate the Cauchy formulas for slice hyper-

holomorphic functions. These formulas are also the starting point for the definition
of the S-functional calculus.

Theorem 2.1.35 (The Cauchy formulas). Let U C H be a bounded slice Cauchy
domain, let j € S and set ds; = ds(—j). If f is a (left) slice hyperholomorphic
function on a set that contains U, then

1

= — S (s,q)ds; f(s), for any q € U. (2.31)
21 Jawnc;)

f(q)

If f is a right slice hyperholomorphic function on a set that contains U, then

1

= — f(s)ds; Sg'(s,q), for any q € U. (2.32)
27 Jawnc,)

f(q)

These integrals depend neither on U nor on the imaginary unit j € S.

Theorem 2.1.36 (Cauchy formulas on unbounded slice Cauchy domains). Let U C
H be an unbounded slice Cauchy domain and let j € S and set ds; = ds(—j). If
fe€SHLWU) and f(oo) := lim|g|,o0 f(q) exists, then

1

S =0t g [ S ads 1) foramyg e

If f € SHR(U) and f(c0) :=lim |00 f(q) exists, then

1

O =00+ o= [ f(s)ds; Syl (s.a), for anyq € U.
T Jawnc,)

Finally, just as holomorphic functions, slice hyperholomorphic functions can
be approximated by rational functions.

Definition 2.1.37. A function r is called left rational if it is of the form r(q) =
P(q)7'Q(g) with polynomials P € N'(H) and Q € SH(H).

A function r is called right rational if it is of the form 7(q) = Q(q)P(q)~*
with polynomials P € N(H) and Q € SHr(H).

Finally, a function r is called intrinsic rational if it is of the form r(q) =
P(q)'Q(q) with two polynomials P,Q € N (H).
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Remark 2.1.6. The requirement that P is intrinsic is necessary because the func-
tion P! is otherwise not slice hyperholomorphic. This is, however, not a seri-
ous restriction since any rational left slice hyperholomorphic function as f(g) =
P(q)~*F %1, Q(p) with left slice hyperholomorphic (but not necessarily intrinsic)
polynomials can be represented in the above form f(q) = ﬁ(q)_lé(q) with an in-
trinsic polynomial P and a left slice hyperholomorphic polynomial Q. (Precisely,
we have P = P and Q = P¢x. Q, cf. Corollary 2.1.19.) An analogous result holds

for the right slice hyperholomorphic case.

Corollary 2.1.38. Let f € SH(U), let j,i € S with i L j and write f; = Fy + Fyi
with holomorphic components Fy,Fy : UNC; — C; according to Lemma 2.1.5.
Then f is left rational if and only if F and F» are rational functions on C;.

Similarly, if f € SHr(U) and we write f; = Fi + iFy with holomorphic
components Fy and Fy according to Lemma 2.1.5, then f is right rational if and
only if Fy, Fy are rational functions on C;.

Theorem 2.1.39 (Runge’s Theorem). Let K C H be an axially symmetric compact
set and let A be an azially symmetric set such that ANC # 0 for any connected
component C' of (HU {oo}) \ K.

If f is left slice hyperholomorphic on an azially symmetric open set U with
K C U, then, for any € > 0, there exists a left rational function r whose poles lie
in A such that

sup{|f(¢) —=7(q)] : g€ K} <e. (2.33)

Similarly, if f is right slice hyperholomorphic on an axially symmetric open
set U with K C U, then, for any € > 0, there exists a right rational function r
whose poles lie in A such that (2.33) holds.

Finally, if f € N(U) for some axially symmetric open set U with K C U,
then, for any € > 0, there exists a real rational function r whose poles lie in A
such that (2.33) holds.

2.2 The S-functional calculus for bounded operators

This section is a preliminary to the arguments dealt with in this book. As pointed
out in the introduction, the fundamental difficulty in developing a mathemat-
ically rigorous theory of quaternionic linear operators was the identification of
suitable notions of quaternionic spectrum and of quaternionic resolvent operators.
These problems were solved with the introduction of the S-spectrum and the .S-
resolvent operators. We summarize these concepts and we define the quaternionic
S-functional calculus for bounded operators, for the proofs see [57].

Let us start with a precise definition of the various structures of quaternionic
vector, Banach and Hilbert spaces.

Definition 2.2.1. A quaternionic right vector space is an additive group (X, +)
endowed with a quaternionic scalar multiplication from the right such that for all



32 Chapter 2. Preliminary results

z,y € X and all a,b € H
(x+vy)a=za+ya, z(a+b)=za+zb, ylab)= (ya)b, yl=1y. (2.34)

A quaternionic left vector space is an additive group (X, +) endowed with a quater-
nionic scalar multiplication from the left such that for all x,y € X and all a,b € H

a(z+y)=ax+ay, (a+by=ay+by, (ab)y=a(by), ly=y. (2.35)

Finally, a two-sided quaternionic vector space is an additive group (X, +) endowed
with a quaternionic scalar multiplication from the right and a quaternionic scalar
multiplication from the left that satisfy (2.34) (resp. (2.35)) such that in addition
ay = ya for all y € X and all a € R.

Remark 2.2.1. Starting from a real vector space Xg, we can easily construct a
two-sided quaternionic vector space by setting

3
Xp @H = {Zye@)eei yeGXR}7
=0

where we denote ey = 1 for neatness. Together with the componentwise addition
Xr @ H forms an additive group. It is a two-sided quaternionic vector space, if we
endow it with the right and left scalar multiplications

3 3
ay= " (aw) @ (ere) and ya= 3 (ary.) ® (ence)
£,k=0 £,k=0

for a = Z?:o agep € H and y = Zi:o Y ® €x € Xgp ® H. Usually one omits the
. . 3
symbol ® and simply writes y = >, yeee.
Any two-sided quaternionic vector space is essentially of this form. Indeed,

we can set
Xg={yeX: ay=uya, Yaec H} (2.36)

and find that X is isomorphic to Xg ® H. If we set Re(y) := %Zg’:o egyey, then
Re(y) € Xg and y = Z?:o Re(egy)ep.

Remark 2.2.2. A quaternionic right or left vector space also carries the structure
of a real vector space: if we simply restrict the quaternionic scalar multiplication
to R, then we obtain a real vector space. Similarly, if we choose some 7 € S and
identify C; with the field of complex numbers, then X also carries the structure
of a complex vector space over C;. Again we obtain this structure by restricting
the quaternionic scalar multiplication to C;.

If we consider a two-sided quaternionic vector space, then the left and the
right scalar multiplication coincide for real numbers so that we can restrict them
to R in order to obtain again a real vector space. This is, however, not true for the
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multiplication with scalars in one complex plane C;. In general, zy # yz for z € C;
and y € X. Hence, we can only restrict either the left or the right multiplication
to C; in order to consider X as a complex vector space over C;, but not both
simultaneously.

Definition 2.2.2. A norm on a right, left or two-sided quaternionic vector space X
is a norm in the sense of real vector spaces (cf. Remark 2.2.2) that is compatible
with the quaternionic right, left (resp. two-sided) scalar multiplication. Precisely,
this means that [|ya| = |ly[lla| (or [layl| = |allly[| (vesp. [lay| = lalllyl = llyall))
for all a € H and all y € X. A quaternionic right, left or two-sided Banach space
is a quaternionic right, left or two-sided vector space that is endowed with a norm
| - || and complete with respect to the topology induced by this norm.

Remark 2.2.3. Similar to Remark 2.2.2; we obtain a real Banach space if we restrict
the left or right scalar multiplication on a quaternionic Banach space to R and
we obtain a complex Banach space over C; if we restrict the left or right scalar
multiplication to C; for some j € S.

Definition 2.2.3. A quaternionic right Hilbert space H is a quaternionic right vector
space equipped with a scalar product (-,-) : H x H — H so that for all vectors
z,y,w € H and all scalars a € H

(i) (z,z) >0,
(i) (z,ya +w) = (z,y)a+ (z,w),

(iii) (z,y) = (y, 2),
and so that H is complete with respect to the norm |ly|| = 1/(y, y).
Remark 2.2.4. In order to be consistent with our notation, we shall also assume

the scalar product of a complex Hilbert space to be sesquilinear in the first and
linear in the second variable.

Remark 2.2.5. The fundamental concepts that appear in complex Hilbert spaces
such as orthogonality, orthonormal bases, etc. can be defined in a similar way in
the quaternionic setting and fundamental results such as the Riesz representation
theorem hold also in this noncommutative setting.

Notation 2.2.4. Since we are working with different number systems and vector
space structures, we introduce for a set of vectors B := (by)sca the quaternionic
right-linear span of B

spanyB := {Zbﬂe : xyeH, ICA ﬁnite}
lel

and the Cj;-linear span of B

spaanB = {Zbﬂg c ozmeC,IcA ﬁnite} .
lel
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Definition 2.2.5. A mapping T : Xp — Wg between two quaternionic right Banach
spaces Xp and Wpg is called right linear if T(xa + y) = T(x)a + T(y) for all
r,y € Xg and a € H. It is bounded if ||T'| := sup,=; [Tyl is finite. We denote
the set of all bounded right linear operators T : Xp — Xg by B(XRg).

Remark 2.2.6. We consider right linear operators by convention. One can also
consider left linear operators, which leads to an equivalent theory.

Remark 2.2.7. The set B(Xg) of all bounded right linear operators on a quater-
nionic right Banach space Xg is a real Banach space with the pointwise addition
(T+U)(y) :=T(y) + U(y) and the multiplication (T'a)(y) := T'(ya) with scalars
a € R. However, if we define (Ta)(y) := T(ya) for a € H\ R, then we do not
obtain a quaternionic right linear operator as

(Ta)(y)b =T(y)ab # T(yba) = T(yb)a = (Ta)(yb)

if a, b € H do not belong to the same complex plane. Hence, T'a ¢ B(Xg) for a ¢ R
and so B(Xg) is not a quaternionic linear space.

The space B(X) of all bounded right linear operators on a two-sided quater-
nionic Banach space X is on the other hand again a two-sided quaternionic Banach
space with the scalar multiplications

(@T)(y) = a(T(y)) and (Ta)(y) = T(ay). (2.37)

For this reason, the theory of quaternionic linear operators is usually developed on
two-sided quaternionic Banach spaces and we also work on two-sided spaces in this
book. An exception is the article [131], which discusses the minimal structure that
is necessary to develop quaternionic operator theory and shows that the essential
results can also be obtained on one-sided spaces.

If T is a bounded operator on a two-sided quaternionic Banach space X =
Xr ® H, then we can write T as

3
T=To+» T (2.38)
=1

with R-linear components Ty € B(Xg) for £ = 0,...,3. If we set ¢g = 1 for
neatness, then T acts as

3 3
Ty = Z Toyeepe, fory= Zyﬁeﬁ e X =XgpQ®H.
£,k=0 k=0

We thus have
B(X)=B(Xg) ® H.

Definition 2.2.6. Let X be a two-sided quaternionic Banach space. We denote the
set of all operators T' = Ty + 23:1 Tye, € B(X) with commuting components by
BC(X). Furthermore, we call a bounded operator T a scalar operator if it is of the
form T = To, that is if Tl = T2 = T3 =0.
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We now want to introduce suitable notions of spectrum and resolvent op-
erator for quaternionic operators. In the classical setting, the spectrum o(A) of
a complex operator A is the set of complex numbers A, for which the resolvent
operator Ry(A) = (AT — A)~! does not exist as a bounded operator. The resolvent
on the other hand formally corresponds to the Cauchy kernel (A — z)~1, in which
the scalar variable z is formally replaced by the operator A. This relation is funda-
mental for the definition of the Riesz—Dunford functional calculus for holomorphic
functions.

In order to extend the concepts of spectrum and resolvent operator in the
quaternionic setting, we consider the series expansions (2.27) and (2.28) of the
slice hyperholomorphic Cauchy kernels, that is the series

—+oo —+oo
E :qns—n—l and § :S—n—lqn
n=0 n=0

and we give the following definition.
Definition 2.2.7. Let T' € B(X) and s € H. We call the series

“+o0 +oo
Z T"s™ ™1 and Z s~
n=0 n=0

the left and right Cauchy kernel operator series, respectively.

Lemma 2.2.8. Let T € B(X). For ||T|| < |s| the left and the right Cauchy kernel
operator series converge in the operator norm.

Our goal is now to determine the closed form of the Cauchy kernel operator
series. We collect in the following theorem some important results.

Theorem 2.2.9. Let T € B(X) and let s € H with | T|| < |s|. Then the following
results hold.

(i) We have

“+o0 n
(T% — 2Re(s)T + |s?T) " = S 1Y 5 htsmnth-1, (2.39)
n=0 k=0

(ii) The left Cauchy kernel series equals

+oo
> T = —(T% = 2Re(s)T + |s|*Z) (T — 52).
n=0

(iii) The right Cauchy kernel series equals

+oo
> 5T = (T~ ST)(T% — 2Re(s)T + |5T) .

n=0
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The previous result motivates the following definition.

Definition 2.2.10. Let T' € B(X). For s € H, we set
Q,(T) :=T? — 2Re(s)T + |s|*Z.
We define the S-resolvent set pg(T) of T as
ps(T):={seH: Q4 T) is invertible in B(X)}
and we define the S-spectrum og(T) of T as

os(T) = H\ ps(T).

For s € ps(T), the operator Q,(T)~* € B(X) is called the pseudo-resolvent oper-
ator of T at s.

As the following results show, the S-spectrum has a structure that is compat-
ible with the structure of slice hyperholomorphic functions and with the symmetry
of the set of right eigenvalues of T'. Moreover, it generalizes the set of right eigen-
values just as the classical spectrum generalizes the set of eigenvalues of a complex
linear operator and has analogous properties.

Theorem 2.2.11. Let T € B(X).
(i) The sets ps(T) and os(T) are azially symmetric.

(ii) The S-spectrum os(T) of T is a nonempty, compact set contained in the

closed ball Bjp(0).

(i) Let T € B(X). Then ker Q4(T) # {0} if and only if s is a right eigenvalue
of T. In particular, any right eigenvalue belongs to os(T).

On the S-resolvent set we can now define the slice hyperholomorphic re-
solvents. As in the complex case, they correspond to the slice hyperholomorphic
Cauchy kernel, in which we formally replace the scalar variable ¢ by the operator
T. Since we distinguish between left and right slice hyperholomorphicity, two dif-
ferent resolvent operators are associated with an operator T in the quaternionic
setting.

Definition 2.2.12. Let T € B(X). For s € ps(T), we define the left S-resolvent
operator as

S;1(5.T) = —Qu(T) /(T —5T),
and the right S-resolvent operator as

Sp'(s,T) = —(T —3T)Q4(T)~*.

To develop the slice hyperholomorphic functional calculus it is necessary that
the S-resolvents are slice hyperholomorphic in the scalar variable s. We observe
that the left resolvent operator (sZ—T)~? is not slice hyperholomorphic nor Fueter
regular.
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Lemma 2.2.13. Let T € B(X).

(i) The left S-resolvent S;*(s,T) is a B(X)-valued right slice hyperholomorphic
function of the variable s on pg(T).

ii) The right S-resolvent S7'(s,T) is a B(X)-valued left slice hyperholomorphic
g R Y
function of the variable s on pg(T).

The S-resolvent operators in general do not commute with 7. However, they
satisfy the following relations, that are useful for compensating this fact.

Theorem 2.2.14. Let T € B(X) and let s € ps(T). The left S-resolvent operator
satisfies the left S-resolvent equation

S; (s, T)s —TS; (s, T) =1 (2.40)
and the right S-resolvent operator satisfies the right S-resolvent equation

sSz'(s,T) = Sg' (s, T)T = T. (2.41)

The left and the right S-resolvent equations cannot be considered the gener-
alizations of the classical resolvent equation

RA(A) = Ru(A) = (1~ VRA(A)R,(4), for Apep(d),  (242)

where R)(A) = (AL — A)~! is the resolvent operator of A at A € p(A). This
equation provides the possibility to write the product Rx(A)R,(A) in terms of
the difference Ry(A) — R,(A). This is not the case for the left and the right
S-resolvent equations. The proper generalization of (2.42), which preserves this
property, is the S-resolvent equation that we show in the following theorem. It
is remarkable that this equation involves both the left and the right S-resolvent
operators while a generalization of (2.42), that includes just one of them, has never
been found.

Theorem 2.2.15 (The S-resolvent equation). Let T € B(X) and let s,q € ps(T)
with q ¢ [s]. Then the equation

Slgl(S’T)Sgl(n T) = [(SEI(S»T) - SZI(%T)) q
—5(Sz'(s,7) = S; (a0, T))] (¢° = 2Re(s)g + [s[*) ™" (2.43)

holds true. Equivalently, it can also be written as

Sp'(s,T)S; M (q,T) = (s* — 2Re(q)s + |q|*)
[(SgNq,T) = S (s, 7)) 7 — s (S ' (q,T) — Sz (s,7))] . (2.44)

We can now define the S-functional calculus for a bounded quaternionic
linear operator T on a two-sided quaternionic Banach space X. The S-functional
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calculus is the quaternionic version of the Riesz—Dunford functional calculus for
complex linear operators. We consider a function f that is slice hyperholomorphic
on og(7T') and we use the slice hyperholomorphic Cauchy formula. In order to
define f(T'), we formally replace the scalar variable ¢ by the operator T', in the
Cauchy kernels Szl(s,q) (resp. S;il(s, q)). We thus obtain the corresponding S-
resolvent operators S; ' (s, T) (resp. Si'(s,T)). The main references in which the
formulations and the properties of S-functional calculus for quaternionic operators
has been studied are [11,82,83].

Before we define the S-functional calculus, we show that the procedure de-
scribed above is actually meaningful. In particular, it must be consistent with
functions of T" that we can define explicitly, that is with polynomials of 7'

Theorem 2.2.16. Let T € B(X), let U be a bounded slice Cauchy domain that
contains os(T), let j € S and set ds; = ds(—j). For any left slice hyperholomorphic
polynomial P(q) = Y_,_, q‘ar with a; € H, we set P(T) =>,_, T a;. Then

1

P(T) = o

/ S (s, T)ds; P(s). (2.45)
G(UO(CJ-)

Similarly, we set P(T) =>",_, aT* for any right slice hyperholomorphic polyno-
mial P(q) = >,_, aeg® with a;, € H. Then

1

P(T) = —
@) 27 Jawncy)

P(s)ds; Sg*(s,T). (2.46)

In particular, the operators in (2.45) and (2.46) coincide for any intrinsic polyno-
mial P(q) = >y, ¢‘ar with real coefficients a; € R.

The S-functional calculus applies to functions that are slice hyperholomor-
phic on the S-spectrum of T'. We introduce the following notation for this class of
functions.

Definition 2.2.17. Let T' € B(X). We denote by SHy(0s(T)), SHr(os(T)) and
N (os(T)) the sets of all left, right and intrinsic slice hyperholomorphic functions
f with 0g(T) C D(f), where D(f) is the domain of the function f.

Remark 2.2.8. If f € SHy(og(T)) or f € SHr(os(T)), then the set D(f) is
an axially symmetric open set that contains the compact axially symmetric set
0s(T). By Theorem 2.1.31 there exists a bounded slice Cauchy domain U such
that og(T) C U and U C D(f).

Definition 2.2.18 (S-functional calculus). Let T € B(X). For any f € SHy(os(T)),

we define
— 1 -1 .
f(1) = o /ZS(Uij)SL (s,T)ds;j f(s), (2.47)
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where j is an arbitrary imaginary unit in S, ds; = ds(—j) and U is an arbitrary
slice Cauchy domain U as in Remark 2.2.8. For any f € SHr(os(T)), we define

1 _
@)= [ e, T8 6.7, (2.48)

where j is again an arbitrary imaginary unit in S, ds; = ds(—j) and U is an
arbitrary slice Cauchy domain as in Remark 2.2.8.

Theorem 2.2.16 shows that the S-functional calculus is meaningful because it

is consistent with polynomials of T'. As the next crucial result shows, it is moreover
well-defined.

Theorem 2.2.19. Let T € B(X). For any f € SH(0s(T)), the integral in (2.47)
that defines the operator f(T) is independent of the choice of the slice Cauchy
domain U and of the imaginary unit j € S. Similarly, for any f € SHr(os(T)),
the integral in (2.48) that defines the operator f(T') is also independent of the
choice of U and j € S.

Theorem 2.2.19 shows that the S-functional calculus is well defined for any
left or right slice hyperholomorphic function and Theorem 2.2.16 shows that it is
consistent with slice hyperholomorphic polynomials. Even more, it is compatible
with any rational slice hyperholomorphic function and with limits of uniformly
convergent sequences of functions.

Lemma 2.2.20. Let T € B(X). If P is an intrinsic polynomial such that P~! €
N(os(T)), then P~Y(T) = P(T)~t. Moreover, if r(q) = P(q)"1Q(q) is an intrin-
sic rational function and P~ € N(og(T)), then (2.47) and (2.48) give the same
operator r(T) = P(T)~Q(T).

Theorem 2.2.21. Let T € B(X). Let f,, f€eSH(os(T)) orlet fn, f€SHR(os(T))
for n € N. If there exists a bounded slice Cauchy domain U with o5(T) C U such
that f,, — f uniformly on U, then f,(T) converges to f(T) in the norm topology
of B(X).

Lemma 2.2.20 implies in particular that the S-functional calculus for left
slice hyperholomorphic functions and the S-functional calculus for right slice hy-
perholomorphic functions are consistent for intrinsic rational functions. Since, by
Theorem 2.1.39, any intrinsic slice hyperholomorphic function can be uniformly
approximated by intrinsic rational functions, Theorem 2.2.21 implies that both
versions of the S-functional calculus are consistent for arbitrary intrinsic slice hy-
perholomorphic functions.

Theorem 2.2.22. Let T € B(X). If f € N(os(T)), then both versions of S-
functional calculus give the same operator f(T'). Precisely, we have

1

27 Jowney)

1

f(T) S;(s,T)ds; f(s) = 27T/6(Umc-) f(s)ds; Sg'(s, T).
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Remark 2.2.9. We point out that Theorem 2.2.22 is in general not true for arbitrary
intrinsic slice hyperholomorphic functions, cf. Example 3.7.9 and the discussion in
Section 3.8.

An immediate consequence of Definition 2.2.18 is that the S-functional cal-
culus for left slice hyperholomorphic functions is quaternionic right linear and that
the S-functional calculus for right slice hyperholomorphic functions is quaternionic
left linear.

Lemma 2.2.23. Let T € B(X).
(i) If f,g € SHL(0s(T)) and a € H, then

(f+9)(T) = f(T)+9(T) and (fa)(T) = f(T)a.

(ii) If f,g € SHR(0os(T)) and a € H, then

(f+9)(T) = f(T)+9(T) and (af)(T) = af(T).

Since the product of two slice hyperholomorphic functions is not necessarily
slice hyperholomorphic, we cannot expect to obtain a product rule for arbitrary
slice hyperholomorphic functions. However, if f € N(os(T)) and g € SH1(0s(T))
then fg € SHp(os(T)) and if f € SHr(0s(T)) and g € N(os(T) then fg €
SHr(os(T)). In order to show that the S-functional calculus is at least in these
cases compatible with the multiplication of functions, we have used the following
lemma.

Lemma 2.2.24. Let B € B(X). For any q,s € H with q ¢ [s], we have
(5B — Ba)(a? — 2Re(s)q + [s?) " = (5% — 2Re(q)s + |al*) " (sB — Ba). (2.49)

If, moreover, f is an intrinsic slice hyperholomorphic function and U is a bounded
slice Cauchy domain with U C D(f), then

1 _ _
= f(s)ds; (3B — Bq)(q* — 2Re(s)q + |s|*) ™" = Bf(q),
2 Jawnce;)

for any g € U and any j € S.
From the above lemma and some computations we get the product rule.

Theorem 2.2.25 (Product rule). Let T € B(X) and let f € N(os(T)) and g €
SHr(os(T)) orlet f € SHR(0s(T)) and g € N(os(T)). Then

(fo)(T) = F(T)g(T).

An immediate consequence is the following corollary.
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Corollary 2.2.26. Let T € B(X) and let f € N(os(T)). If f~1 € N(os(T)), then
f(T) is invertible and f(T)~' = f~Y(T).

Finally, the S-functional calculus has the capability to define the quaternionic
Riesz projectors and allows in turn to identify invariant subspaces of T' that are
associated with sets of spectral values.

Theorem 2.2.27 (Riesz’s projectors). Let T € B(X) and assume that os(T) =
o1 Uoa with
dist(o1,02) > 0.

We choose an open axially symmetric set O with o1 C O and O Noy = O and
define Xo,(8) =1 for s € O and x4,(s) =0 for s ¢ O. Then x5, € N(0s(T)) and

1
P, i=xs(T)= —/ S; (s, T)ds;
27 Jaonc;)

15 a continuous projection that commutes with T. Hence, Py, X is a right linear
subspace of X that is invariant under T'.

Similar to the product rule, the spectral mapping theorem does not hold
for arbitrary slice hyperholomorphic functions. This is not surprising: it is clear
that it can only hold true for slice hyperholomorphic functions that preserve the
fundamental geometry of the S-spectrum, namely its axially symmetry. Again,
the class of intrinsic slice hyperholomorphic functions stands out here; in fact this
class of functions maps axially symmetric sets to axially symmetric sets.

Theorem 2.2.28 (The Spectral Mapping Theorem). Let T € B(X) and let [ €
N(os(T)). Then

os(f(T)) = flos(T)) ={f(s): s €os(T)}

The Spectral Mapping Theorem allows us to generalize the Gelfand formula
for the spectral radius to quaternionic linear operators.

Definition 2.2.29. Let T' € B(X). Then the S-spectral radius of T" is defined to be

the nonnegative real number
rs(T) :=sup{|s| : se€os(T)}.
Theorem 2.2.30. For T € B(X), we have

rs(T) = lim |77,

n——+oo

Finally, the Spectral Mapping Theorem also allows us to generalize the com-
position rule.
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Theorem 2.2.31 (Composition rule). Let T € B(X) and let f € N(os(T)). If
g € SHL(os(f(T)), then go f € SHL(0s(T)) and if g € SHr(f(os(T))), then
go f e SHr(os(T)). In both cases,
g(f(T)) = (g o /)(T).
We recall Theorem 4.7 in [83], or also see Theorem 4.14.14 in [93].

Theorem 2.2.32 (Perturbation of the S-functional calculus). Let T,Z € B(X),
fe€SHL(os(T)) and lete > 0. Then there exists 6 > 0 such that, for || Z—=T| < 4,
we have f € SHi(0s(Z))and

1£(2) = (D)l <&,

where
1

= — S7Y(s,T) ds; f(s)
2r /a(Um(C]) L ( ) J

and U C H is a Cauchy domain, ds; = ds/j for j € S.

F(T)

2.3 Bounded operators with commuting components

If the components of T' commute, then the S-spectrum can be characterized by
a different operator, which is often easier to handle in the applications. The S-
resolvent operators, in this case, can be expressed in a form that corresponds to
replacing the scalar variable ¢ by the operator T in the slice hyperholomorphic
Cauchy kernels when they are written in form II, see Proposition 2.1.24.

We recall that any two-sided quaternionic vector space X is essentially of the
form X = Xi ® H, where X is the real vector space consisting of those vectors
that commute with all quaternions. If z = Z?:o zyep with xp € X, where we set
eo = 1 for neatness, then we can write any operator 7' € B(X) as T = ZZ’:O Teey
with components Ty € B(Xg), where this operator acts as

Ty = <ZT[6@> <Z xﬁeﬁ> = Z Ty(zy)epes.
=0 k=0

£,k=0

We find B(X) = B(Xgr) ® H and hence we call any operator in B(Xg) a scalar
operator on X. Furthermore, we denote the space of all T' = Z?:o Tve, € B(X)
with mutually commuting components T, € B(Xg),/ = 0,...,3, by BC(X), cf.
Definition 2.2.6.

Definition 2.3.1. For T'=Tj + Z§=1 Tyer € BC(X), we set

3

T = TO — ZTzeg.
{=1
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The following statement shows that for an operator T' € BC(X) the analogues
of the scalar identities s +3 = 2Re(s) and s5 = 3s = |s|? hold true. This motivates
the idea that we can write the S-resolvent operators, for such operators, also by
formally replacing ¢ by T in the slice hyperholomorphic Cauchy kernels, when
they are written in form II.

Lemma 2.3.2. Let T =Ty + Zg’zl Treo € BC(X). Then 2Ty =T +T and TT =
T = Zj:o TEQ :

Lemma 2.3.3. If T =Ty + ZZ’:I Tyep € BC(X), then the following statements are
equivalent.

(i) The operator T is invertible.
(ii) The operator T is invertible.
(iii) The operator TT is invertible.

In this case we have
T =T1' and T '=(TT)'T. (2.50)

Definition 2.3.4. Let T" = T + 22:1 Tye; € BC(X). For s € H, we define the
operator
Q. s(T) := 8T — 25Ty + TT.

Theorem 2.3.5. Let T = Ty + 22:1 Teey € BC(X). Then Q. s(T) is invertible if
and only if Q(T)~1 is invertible and so

ps(T)={seH: Q.,(T) " eB(X)}. (2.51)
Moreover, for s € ps(T), we have

218 T) = (5T =T)Qes(T) 7, (2.52)

ST (s
Spl(8,T) = Qe s(T) (s —T). (2.53)
Definition 2.3.6 (SC-resolvent operators). Let T € BC(X). For s € ps(T), we
define the left and right SC-resolvent operators of T as

S, 1(s,T) =(sT —T)Qes(T)™"

Sok(5,T) =Qe (1) (sZ — T).

So for T € BC(X) we have the equivalent definitions of the S-functional
calculus for operators with commuting components. For f € SHp(os(T)), we
have )

B % 8(U0(CJ)

f(T) Sep(s.T)ds; f(s)
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and for f € SHr(os(T)) we have
1

27 Jawney)

F(T) f(s)ds; S_ (s, T),

for any imaginary unit 7 € S and any bounded slice Cauchy domain U with
0s(T) C U and U C D(f).

The S-functional calculus for operators with commuting components defined
by the above integrals, that involve the SC-resolvents, is often also referred to
as the SC-functional calculus. Similarly, the S-spectrum is sometimes called F-
spectrum, when it is characterized by the operator Q. s(T")~!, because it was used
in the definition of the F-functional calculus.
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Check for
updates

The direct approach to the
S-functional calculus

The S-functional calculus can also be defined for unbounded operators T': D(T') C
X — X, where X is a two-sided quaternionic Banach space X. In the papers
[69,101] this calculus was defined using suitable transformations in order to reduce
the problem to the case of bounded operators. The direct approach has been
studied in the more recent paper [130] and it turned out that the two approaches,
contrary to the complex setting, are not totally equivalent. In fact, in using the
direct approach one can remove the assumption that the S-resolvent set contains
a real point.

Definition 3.0.1. Let X be a two-sided quaternionic Banach space. A right linear
operator T : D(T) C X — X defined on a right-linear subspace D(T") of X is
called closed if its graph is closed in X & X. We denote the set of closed right
linear operators T': D(T) C X — X by K(X).

Remark 3.0.1. The notion of a closed right linear operator can also be considered
on a right Banach space and does not necessarily require the existence of a left
multiplication on X. However, for the reasons explained in Remark 2.2.7, one
usually works on two-sided Banach spaces.

When we deal with closed operators, we have to pay attention to the domains
on which they are defined. The powers of T are defined inductively as T° = 7
with D(T%) = D(Z) = X and T v = T(T™) for v € D(T") := {v € D(T) :
T™ € D(T)}. Polynomials of T with real coefficients are then defined as usual:
if P(s) = Y,_,aes® with a; € R, then P(T)v = >,_,a/T* for v € D(T™).
However, if the coefficients are not real, then we have to distinguish two cases: for
a right slice hyperholomorphic polynomial P(s) = >_,_ ass® with a, € H, we can
again set P(T)v = Y, _,a;T* for v € D(T™). For a left slice hyperholomorphic
polynomial P(s) = > ,_, stay with a; € H it is, however, not always possible
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to set P(T)v = > y_,T™aev for v € D(T"). Indeed, since T' is right linear, the
domain of D(T*) is a right-linear but not necessarily a left-linear subspace of X.
Hence, it might happen that a,v ¢ D(T*) even though v € D(T™), so setting
P(T)v =3",_,T"asv is not meaningful.

3.1 Properties of the S-spectrum of a closed operator

For T € K(X), we define
Q,(T) :=T? — 2Re(s)T + |s|*Z, for s € H,
and the operator Q4(T) is defined on D(T?).
Definition 3.1.1. Let T € K(X). We define the S-resolvent set of T as

ps(T):={seH: Q,T) " eB(X)}
and the S-spectrum of T as
os(T) = H\ ps(T).

For s € pg(T), the operator Q(T)~! is called the pseudo-resolvent of T' at s.
Furthermore, we define the extended S-spectrum ogx (T") as

os(T) if T is bounded,

T):=
osx(T) {US(T) U{oo} if T is unbounded.

Before we study the properties of the S-spectrum of a closed operator, we
need to investigate the differentiability properties of its pseudo-resolvent in detail.
The correct tool for studying these properties is a series expansion of Q4 (7)1,
which was found in [52]. An heuristic approach for finding this expansion consists
in considering the equation

Qu(T) ™ = Qu(T) ™! = Qu(T)™H(Qy(T) — Qs(1))Qy(T) (3.1)
and writing it as
Qu(T) ™ = Qu(T) ™1 + Qu(T)7H(Qy(T) — Qs(T) Qq(T) ™.

Recursive application of this equation then yields the series expansion proved in the
following, where we consider closed axially symmetric neighbourhoods, described
by the function dg(s, q) = max {2|so — qol, ||¢|*> — |s|?|}, which naturally rise from
the series expansion of the pseudo-resolvent operator.

Theorem 3.1.2. Let T € K(X) and q € ps(T) and let s € H. If the series

+oo
T(5) = 3 (Qq(T) — Qu(T))" Qq(T)~ "+ (3.2)

n=0
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converges absolutely in B(X), then s € ps(T) and it equals the pseudo-resolvent
Q. (1)t of T at s.

The series converges in particular uniformly on any of the closed axially
symmetric neighbourhoods

C.(q)={seH: ds(s,q) <e}

of q with
ds (s, q) = max {2[so — qol, [|a* — |s*[}

and
1

ST, + QD)1

Proof. Let us first consider the question of the convergence of the series. The sets
C.(q) are obviously axially symmetric: if s; belongs to the sphere [s] associated
to s, then sy = Re(s) = Re(s;) and |[s|> = |s;|%. Thus, ds(s;j,q) = ds(s,¢) and in
turn s € C.(q) if and only if s; € C.(q). Moreover, since the map s — dg(s,q)
is continuous, the sets U.(q) := {s € H : dg(s,q) < €} are open in H. Since
U.(¢q) C C.(q), the sets C. are actually neighbourhoods of ¢. In order to simplify
the notation, we set

Ag,8) == Qq(T) — Qu(T) = 2(so — q0)T + (laI* — [s]*)T.

Since Q,(T)~! maps X to D(T?) and A(g, s) commutes with Q,(7)~! on D(T?),
we have for any s € C.(q),

> At sraymy-e)|
n=0
- f |80 9)241))" @)

<Z||Aq, $)Qa(1) " | Qa(T) 7| -

We further have

|A(g, 5)Qq(T) || < 2Is0 — a0l | TQu(T) || + [al? — [51?] || Qa(T) 7Y
<ds(s,q) (|TQq(T) M| + || (1))
S e (|7Qy(T) | + [|Qu(D)7H|) =t o

If now £ < 1/ (|| TQq(T) | + || Qq(T) |

5 A e @] < o, 3 o7 < o0
n=0 n=0

)7 then 0 < p < 1 and thus,
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and the series converges uniformly in B(X) on C.(q).
Now assume that the series (3.2) converges and observe that Qs(T'), Q4(T)
and Q,(T)~! commute on D(T?). Hence, we have for y € D(T?) that

+oo
T)y = Z Alg,s)" Qqg(T) "D Q(T)y
- Z A Q7 ~(n+1) [_A(Q7 S) + Qq(T)} Yy

:_ZA% n+1Q ) n+1)

+ Z Ag,8)"Qq(T) "y = y.
n=0

On the other hand,

N
YN = Z A(g,8)" Qq(T) ™y = Qu(T)™ >~ Alg,8)"Qq(T) ™"y
n=0
belongs to D(T?) for any y € X and we have
QS(T)yN = (_A( + Qq ZA (L (n—i—l)y

n=0

N
Z n+IQ ) (n+1)y+ ZA(q,s)”Qq(T)*”y
—A(g,

)N+1Q( ) (n+1)y+y.

Now observe that
A(g.5) = 2(s0 — qo)T + (|laf* — |s]*)Z

is defined on D(T') and maps D(T?) to D(T). Hence, A(g, s)>Qq(T)~! belongs to
B(X) and for N >1

|-G,y 40y

= ||-Alg, )N O (T) "V A(q, 5)?Qq(T yH

— — N 0
< A )Y Q1) Mg, Q1) o] 50

because the series (3.2) converges in the norm of B(X) by assumption. Thus,
Q:(Tyn — y and Yy — Yoo := J(s)y as N — oo. Since Q4(T) is closed, we
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obtain that
J(s)y € D(Qs(T)) =D(T?) and Q(T)IT(s)y =y-
Hence, J(s) = Qs(T)~! and in turn s € pg(T). O

Lemma 3.1.3. Let T € K(X). The functions s — Qs(T)™! and s — TQs(T)~!
which are defined on ps(T) and take values in B(X), are continuous.

Proof. Let q € ps(T). Then Q,(T)~! can be represented by the series (3.2), which
converges uniformly on a neighborhood of ¢q. Hence, we have

i (T Zl&ﬂ (s0 = q)T+ (laf* = |s*) )" Qq(7) ="

:Qq( ) ’

because each term in the sum is a polynomial in sg and s; (since s = sg + js; for
j € S) with coefficients in B(X) and thus, continuous. Indeed

((s0 = a0)T + (laf? = 15*) )" Qu(T) ="+

Z( ) (50 — q0)* (laf> = [s[2)" ™  T*Qy(T)~ ™+

k=0

and the coefficients T%Q,(T)~ ("1 belong to B(X) because Q,(T)~ "+ maps
X to D(T?™*V) and k < 2(n + 1). The function s — TQ,(T)~! is continuous
because the identity (3.1) implies

lim [ TQu (7)™ = TQ,(T) |
= lim || TQu 1 (T) H(Qu(T) = Quin(T)Qu(T) 7'

The operator Q4(7T)~! maps X to D(T?) and so
(Qs(T) = Quyn(T))Qs(T) ™" = (2hoT + (s> — |s + AI*)T) Qs (T) ™

maps Xto D(T). Since T and Q1 (T)~! commute on D(T) we thus have

lim HTQs-‘rh(T)_l - TQS(T)_lH

h—0

= lim \|Qs+h<T)*1 (2hoT? + (|5 = |s + h*) T) Qu(T) 7|

: -1 2 -1
<t | Quen (7)) i 200 [T20.() |

+%i1)1%HQS+h 1y| lim (]s[* - \s+h|)HTQS(T)_1H:O. O
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Lemma 3.1.4. Let T € K(X) and s € ps(T). The pseudo-resolvent Q(T)~" is
continuously real differentiable with

0

@QS(T)*1 = (2T — 2501)Qs(T)™* and iQs(T)f1 = —251Q,(T) "
0

881
Proof. Let us first compute the partial derivative of Q4(T')~! with respect to the
real part sg. Applying equation (3.1), we have

0

1
-1 _ . 4
Do Q.(T) lim

R>h—0 h

(QS+}L(T)71 - QS(T)_l)

- R%i}{go %Qs+h(T)_l (Qs(T) = Qs (T)) Qs(T)

o 1 B B 1
- R%lhni>0 Qs+h (T) (2T 2507 h/I) Qs (T) )

where limgsy, 0 f(h) denotes the limit of a function f as h tends to 0 in R. Since
the composition and the multiplication with scalars are continuous operations on
B(X), we further have

o) _ : 1 _ _
6)—SOQS(T) = Rélhnlo Quin(T) 1R$1}{g0 ((2T — 2507)Qs(T) ™" — hQ(T) ™)
= Q,(T) 12T — 250T)Qs(T)~*

= (QT — 2801) Qs (T)iza

where the last equation holds true because Q4(7)~! maps X to D(T?) C D(T) and
T and Q4(T)~! commute on D(T). Observe that B%OQS (T)~! is even continuous
because it is the sum and product of continuous functions by Lemma 3.1.3.

If we write s = sg + jss1, then we can argue in a similar way to show that
the derivative of Q4(T)~! with respect to sy is

0 -1 _ 7 1 ) -1 _ -1
8781QS (1)~ = Rél}fgo n (Q5+h]s (T) Qs(T) )
. 1 _ _
= Jim =Qui (1)1 (Qu(T) = Qugny. (T)) Qu(T) ™!
= pim Qoinj, (1)~ (=251 — h) Qu(T) "
= dim Qe (1)) lim (~251Q,(1)"" ~ hQ,(T) ™)
= —25,Q,(T)2.

Again this derivative is continuous as it is the product of two continuous functions
by Lemma 3.1.3.

Finally, we easily obtain that Q¢(7") ! is continuously real differentiable from
the fact that Q,(T)~! is continuously differentiable in the variables sy and s;. If we
write s in terms of its four real coordinates as s = &y + Z?:l &rep, then the partial
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derivative with respect to &, corresponds to the partial derivative with respect to
sp and thus, exists and is continuous. The partial derivative with respect to & for
1 < /¢ < 3 on the other hand exists and is continuous for s; # 0 because Q; (T)_1
can be considered as the composition of the continuously differentiable functions

s> 851 =&+ &+ and 51 — Qg s, (T) 71 with fixed j € S. We find

0

7QS<T)_1 = _251 QS(T)_2ESO = _2§€QS(T)_2'
&

&

For s; = 0 (that is for s € R), we can simply choose j = e; and then the partial
derivative with respect to &, agrees with the partial derivative with respect to s;.
In particular, we see that also the partial derivatives with respect to the real
coordinates &, ..., &3 are continuous. 0

Lemma 3.1.5. Let T € K(X) and s € ps(T). The function s — TQ(T)™! is
continuously real differentiable with

aiTQs(T)—1 = (2T% — 250T)Q.(T) 2
S0
and 9
a—TQS(T)*1 = —25TQ,(T)2.
S1

Proof. If limgsp—0 f(h) denotes again the limit of a function f as h tends to 0 in
R, then we obtain from (3.1) that

A TOUT) T = i 3 (TQun (1) = TQL(T) )
= lim 2T (1) (Qy(T) ~ Quen(T)) Qu(T) !
= plim %TQerh(T)_l (2hT — 2hsoT — h*T) Q4 (T) "
= Réi}lbrgo Quin(T)™1 (2T% — 25T — hT) Q4(T) ",

because (2hT — 2hsoZ — h*T) Q,(T)~! maps X to D(T) and T and Q44 (T) ™"
commute on D(T'). Since the composition and the multiplication with scalars are
continuous operations on the space B(X) and since the pseudo-resolvent is con-
tinuous by Lemma 3.1.3, we get

) _ _ 1 _ _
8—50TQS(T) 1— Glim Qoin(T) 1R%1hrgo((2T2 —250T) Qy(T) ™" — RTQ,(T) ™)

— Q.(T)" (27 — 250T) Q,(T) "
= (20T — 2T%)Q.(T) ™.

This function is continuous because we can write it as the product of functions
that are continuous by Lemma 3.1.3.
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The derivative with respect to s; can be computed using similar arguments

via
ATQUT) ™ = lim & (T Q. (1) —TQL(T) )
=l 2T (1) (Qu(T) ~ Qe (7)) Qu(T)
=l STQ, 1, (1) (~2hsy — %) Qu(T)

_ 1 ) -1 1. B 1 .
= _lim Qs (T) pim (—25:TQ,(T) hTQ,(T)™ 1)

= —25TQ,(T) 2.

Also this derivative is continuous because

%TQS(T)’l =251 (TQ(T)™") Qu(T) ™"

is the product of functions that are continuous by Lemma 3.1.3.

Finally, we see as in the proof of Lemma 3.1.4 that TQ,(T) ! is continuously
differentiable in the four real coordinates by considering it as the composition of
the two continuously real differentiable functions s — (sg,s1) and (sg,s1) —
TQstjs, (T)~* choosing js appropriately if s € R. |

Let us return now to studying the S-spectrum of T'. As we show in the next
theorem, it has properties that are analogue to the properties of the usual spectrum
of a complex linear operator.

Theorem 3.1.6. Let T € K(X).

(i) The S-spectrum os(T) of T is axially symmetric. It contains the set of right
eigenvalues or(T) of T and if X has finite dimension, then it equals og(T).

(ii) The S-spectrum og(T) is a closed subset of H and the extended S-spectrum
osx(T) is a closed and compact subset of Hy := H U {o0}.

(iil) If T is bounded, then og(T) is nonempty and bounded by the norm of T.
Proof. We have ¢ € [s] if and only if Re(q) = Re(s) and |g| = |s|. In this case

Q(T) = T? — 2Re(s)T + [s|*Z = T? — 2Re(q) + |¢|*Z = Q,(T)

and s € pg(T) if and only if g € ps(T). Hence, ps(T) and o5(T') are both axially
symmetric. Furthermore,

Q:(T)v =T(Tv —vs) — (Tv — vs)s. (3.3)

If s € or(T), then there exists a right eigenvector v € X \ {0} associated with s,
that is Tv — vs = 0, and hence Q4(T)v = 0 because of (3.3). Therefore Q4 (T)v is
not invertible and so s € og(T).
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If furthermore X is finite-dimensional, then Q4(T') is invertible if and only
if ker Q4(T) # {0}. Hence, if s € og(T), then there exists v € X \ {0} with
Qs(T)v = 0. If Tv = vs, then we already see that s € or(T'). Otherwise, we see
from (3.3) that v := Tv — vs # 0 is a right eigenvector of T associated with 3. If
s =u+ jv with j € S, we can choose ¢ € S with ¢ L j. Then ji = —ij and in turn
51 = 15 so that

T(wi) = T(#)i = (35)i = (vi)s.
Hence, ¥ is a right eigenvector of T associated with s and so s € og(T"). Thus, (i)
holds true.

If s € ps(T), then Theorem 3.1.2 shows that there exists an axially symmetric
neighborhood of s that also belongs to ps(T'). Hence, ps(T') is an open subset of
H and os(T) = H\ ps(T) is in turn a closed subset of H. If 05(T) is bounded in
H, then it is also closed in H... Hence, if T' is bounded, then osx (T') = o5(T) is
closed in Hy,. Similarly, if T' is unbounded and og(T) is bounded, then ogx (T) =
0s(T) U {0} is the union of two closed subsets of H,, and hence bounded itself.
Finally, if 0g(7T) is unbounded, then 7" must be unbounded and we find that
osx(T) is closed as

0sx(T) = 0s(T) U {0} = GS(T)H‘X’.

Hence, (ii) holds true. Finally, (iii) is part of the statement of Theorem 2.2.11. O
Definition 3.1.7. Let T € K(X).
(i) We call s € R an S-eigenvalue of T' if (T' — sZ)x = 0 for some z € X \ {0}.

(ii) Let s € H\ R. We call [s] an eigensphere of T if Q4 (T)z = 0 for some
x € X \ {0}.

In both cases, the respective vector x is called an S-eigenvector associated with
the S-eigenvalue s (resp. the eigensphere [s]).

The next theorem clarifies the relation between the S-spectrum and the clas-
sical spectrum known from the theory of complex linear operators. The quater-
nionic Banach space X also carries, for any j € S, the structure of a Banach space
over the complex field C;. We only have to restrict the multiplication of vectors
with quaternionic scalars from the right to the complex plane C; and obtain a
complex Banach space over C;. We denote this C;-complex Banach space by Xj.
(Observe that C;-complex multiples of the identity Zx, on X act as (AZx;)y = yA
for A € C; and y € X;.) Any quaternionic right linear operator 7 on X is then
also a Cj-linear operator on X ;. We denote the resolvent set and the spectrum of
T as a complex linear operator on X; by pc,(T") and oc, (T').

Theorem 3.1.8. Let T' € K(X) and choose j € S. The spectrum oc,(T) of T

considered as a closed complex linear operator on X; equals o5(T) N C;, i.e.,

oc (T) = os(T)NC. (3.4)

J
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For any X in the resolvent set pc,(T) of T as a complex linear operator on Xj,

the C;-linear resolvent of T is given by R\(T) = (A x, —T) Qx(T)7', i.e.,

RA(T)y := QA(T) " 'yA = TQA(T) 'y (3.5)

For any i € S with j L i, we, moreover, have

Ry(T)y = —[RA(T)(yi)]i- (3.6)
Finally, if s =u+1v € pg(T), we can set s; = u+ jv and find
QuT) = Ry, (T)Rs(T). (37)

Proof. Let A € psg(T)NC;. The resolvent (AZx, —T')~" of T' as a Cj-linear operator
on X is then given by (3.5). Indeed, since T" and Q(7")~! commute, we have for
y € D(T) that

RA(T)(Mx, —T)y
= (\Ix, - T)Qx(T) " (yA — Ty)
= (\Ix )(QA( )"ryA = TONT) " 1y)

(T ) "WAX = TONT) " 'yX = TONT) 'yA + T2Q5(T) 1y
(IAPZx, — 20T + T?)OA(T) 'y = v.

Similarly, for y € X, we have

(MZx, —T)RA(T)y

= (\Ix, = T) (QA(T)"'yA = TN(T) " y)

= QA(T) 'y = TOAT) " 'yA = TONT) 'y + T?QA(T) 'y

= (IMNPZx, —2MT + )5 (T) 'y = v.
Since Qx(T)~! maps X; to D(T?) C D(T), we find that the operator Ry(T) =
(MZx, —T)Qa(T)~" is bounded and so A belongs to the resolvent set pc, (7)) of
T considered as a Cj-linear operator on X;. Hence, ps(T) N C; C pc,(T) and in

turn oc, (T') C 05(T) N C;. Together with the axial symmetry of the S-spectrum,
this further implies

oc,(T)Uoc,(T) C (os(T)NC;j) U (os(T) NC;j) = os(T) NCy, (3.8)

where A ={z:z € A}.
If X and A both belong to pc, (T), then [A\] C ps(T') because
(/\IXj 7T)(XIX — )y
= WA = (Ty)A = T(yA) + T?y
= (T? = 20T + M)y



3.2. The S-resolvent of a closed operator 55

and hence Qx(T)™" = R\(T)Rx(T) € B(X). Thus, ps(T)NC; D pc,(T) N pc, (T)
and in turn
Us(T) ﬂ(Cj C U@j(T)UJCj(T). (3.9)

The two relations (3.8) and (3.9) yield together

os(T) NC; = oc, (T) Uoc, (T). (3.10)

What remains to show is that pc,(T) and oc,(T") are symmetric with respect to
the real axis, which then implies

os(T)NC; = oc,(T)Uoc,(T) = oc,(T). (3.11)
Let A € pc, (T') and choose i € S with j L i. We show that Ry(T') equals the
mapping Ay := — [Rx(T)(yi)]i. As i = i) and i\ = Xi, we have for y € D(T)
that
()\IX — =A (y)\ Ty)

T)y
— [RA(T) ((yA)i — (Ty)i)] d
= [RA(T)((yi)A — T(yl))]
— [BA(T)(MIx, — T)(yi)] i = —yii = y.

Similarly, for arbitrary y € X; = X, we have
(Xx, —T) Ay = (Ay) X — T (4y)

= [RA(T)(yi)] i + T ([RA(T) (yi)] )
— [RA(T)(yi)A — T(R)\( )(yi))] i
=~ [(\Ix, = T)BA(T)(yi)] i = —yii = y.
Hence, if A € pc, (T), then Ry(T) = — [RA\(T)(yi)] 4 such that in particular A €
pc,; (T). Consequently pc; (T) and in turn also oc, (7') are symmetric with respect
to the real axis such that (3.11) holds true. O

Remark 3.1.1. The relations (3.10) and (3.7) had been observed in [159]. Also
the relation Ry(T)Rx(T) = Qx(T)~*, which is a consequence of (3.5), was un-
derstood in that paper. The complete statement, in particular the fact that for a
quaternionic linear operator 7" always oc,(T) = oc,(T) due to (3.6), was finally
established in [131]. For unitary operators, this symmetry was already understood
in [196], but the correct notion of spectrum for quaternionic operators had not yet
been developed so it was impossible to see the full picture.

3.2 The S-resolvent of a closed operator

For closed operators, the definition of the S-resolvent operators needs a little
modification. If we define the left S-resolvent operator as in the case of bounded
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operators, we obtain
S (s, T)w := —Qy(T) (T — 3T)a, (3.12)

which is only defined for € D(T') and not on all of X. However, for x € D(T),
we have Q,(T) Tz = TQ,(T) 'z and so we can commute T and Q4(T)~ ! in
order to obtain an operator that is defined on all of X.

Definition 3.2.1 (The S-resolvent operators of a closed operator). Let T' € K(X).
For s € ps(T'), we define the left S-resolvent operator of T' at s as

Sy H(s, T)w = Qy(T) 52 — TQ4(T) 'w, forallz € X, (3.13)
and the right S-resolvent operator of T" at s as
Spl(s,T)x := —(T — I5)Qs(T) 'x, forallz € X. (3.14)

Remark 3.2.1. For s € ps(T), the operator Q4(T)~! maps X to D(T?). Hence,
TQ4(T)~ ! is a bounded operator and so S} ' (s, T) and Sy' (s, T') are bounded, too.
The converse, however, is not necessarily true. As the next example shows, there
might exist points s € H that belong to o5(T') even though S;*(s,T) or S5'(s,T)
are bounded operators. In order to determine the S-spectrum of an operator 1" one
therefore always has to work with the operator Q,(T)~! even though, as we will
see later on, the S-resolvent S;'(s,T') and Sy (s,T) and not the pseudo-resolvent
Q.(T)~! appear in the S-functional calculus.

If a sphere [s] = u + Sv belongs to og(T), then the S-resolvents can be
bounded at most at one point in [s]. We will prove in the following that the right
S-resolvent is left slice hyperholomorphic in s. If Sgl(sk, T) with s, = u+ kv and
Sp'(si,T) with s; = u+4v are bounded, then (2.11) in Corollary 2.1.8 implies for
any s; = u+ jv with j € S\ {7, k} that

1Sz (5. D) < [G—k)Thi+ 5k — )7 [|SR" (s, T
+ (k=) e+ 5k — ) ||SR (s, T < +oo.

Hence, if S* (s, T) is bounded at two points in [s], then it is bounded at any s € [s].
The estimates that we will show in Lemma 3.2.8 imply then that [s] C ps(T). For
the left S-resolvent, we can argue similarly.

Example 3.2.2. Let ¢*(H) be the quaternionic Hilbert space of all square-summable
sequences in H and let ¢ € S. On this space, we consider the operator

(H) —  2(H)

T . n—1-
(an)nen + (Tm")neN'

This operator is obviously bounded with ||T|| = 1 and if e,, = (dp,m)m,en, Where
On,m = Lif m=nand é, n =0if m # n, then Te,, = en"T_li. Hence, we conclude
from Theorem 3.1.6 that

os(T) > U”;1§=SUU"_1S. (3.15)

n
neN neN




3.2. The S-resolvent of a closed operator 57

Straightforward computations show, that we even have equality in (3.15) since
Q4(T)~" is bounded for any s ¢ SUJ,,cy 1S,
Let us now consider the point —j, which obviously belongs to og(T"). The

pseudo-resolvent of T at —j applied to (a,)nen € ¢2(H) is

’I’L2
Qi) a)uen = (P + D) Masduen = (o)

As expected, this is an unbounded operator on ¢?(IH), because 22‘; — 4o00. The
left S-resolvent at —i on the other hand is

8778 T) @) = Q)T = Tannen = 5 )

and this is a bounded operator because
i

157 (=, T)|| = sup
neN

< +o00.

2n —1

Hence, S;'(—i,T) is bounded even though —i ¢ pg(T).

A second difference between the left and the right S-resolvent operators is
that the right S-resolvent equation only holds true on D(T).

Theorem 3.2.3 (The S-resolvent equations). Let T € K(X). For s € pg(T), the
left S-resolvent operator satisfies the identity

S;N(s, T)sx —TS; (s, T)x =, forallz € X. (3.16)

Moreover, the right S-resolvent operator satisfies the identity
sSp (s, T)x — Sz (s, T)Tx ==, for all x € D(T). (3.17)

Proof. We have for « € D(T) that

3SR (s, T)x — Si' (s, T)Tx

= —s(T —7I5)Q4(T) o + (T — I3)Q,(T) Tz

= (=8T +|5]*7)Q.(T) *x + (T? —3T7)Q.(T) 'z

= (T? = 2Re(s)T + |s[*T) Q4(T) 'z = .
Similar computations show (3.16). O

Remark 3.2.2. We can extend (3.17) to an equation that holds on the entire space
X, similarly to how we could extend (3.12) to a bounded operator on the entire
space X. This equation is

55§1(5’T)I +(T? —=3T)Q4(T) 'z ==, forallz € X.
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Theorem 3.2.4 (S-resolvent equation). Let T € K(X). If s,q € ps(T) with s ¢ [q],
then
Sr'(s,T)S; (¢, T) = [[Sk' (5,T) = S; (¢, T)lg
~ 587 (s, T) - ST (0, T)]] (62 — 2Re(s)g + [sI) L. (3.18)
Proof. As in the case of bounded operators, the S-resolvent equation is deduced
from the left and the right S-resolvent equation. However, we have to pay attention
to being consistent with the domains of definition of every operator that appears
in the following. We show that, for every x € X, one has
Sz (s,T)S; (4, T)(¢* — 2s0q + |s|*)z
— 1S5 (5,T) — ST (@, Tz — 555 (5, T) — ST (@, Tz (3.19)
We then obtain (3.18) by replacing by (¢* — 2s9q + |s|?) ~'a. For w € X, the left
S-resolvent equation (3.16) implies
Spl(s,T)S; (¢, T)qw = Sg* (s, T)T'S; (¢, T)w + Sg* (s, T)w.
The pseudo-resolvent Qs(T")~! maps X onto D(T?). Therefore the left S-resolvent
operator S; (s, T) = Q4(T) " '5—TQ,(T)~* maps X to D(T) and so S; (¢, T)w €
D(T). The right S-resolvent equation (3.17) yields
Sp'(5,T)S, (0, T)qu
=58z (5,7)8; (¢, T)w — Sp ' (¢, T)w + Sg' (s, T)w.
If we apply this identity with w = qz we get
Sg'(s,T)S; (¢, T)(¢* — 2s0q + [s[*)z
= Sp'(s,1)5, 1 (0. T)¢*e — 25085 (5, T) S (g, T)gw
+ 1Sz (s, 7)S; (g, T
= 555" (5,7)S, (¢, T)gx — S; ' (¢, gz + Si* (s, T)gx
— 25055 (5,T)S; (4, T)gz + [s*Sg" (5, T)Sp (g, T)a.

(3.20)

Applying identity (3.20) again with w = x gives
Si'(s,T)S; (g, T)(¢* = 2s0q + |s[*)x
= s*Sp'(5,7)S; " (¢, T)x — sS; (¢, T)x + sSz" (s, T)x
- S; g, T)gz + Sk (s, T)qx
— 250885 (8, T7)S; (g, T)x + 2505, ' (¢, T)x — 28053 (5, T
152851 (5, T)ST (0, T)e
= (s* — 2505+ |s|*) Sz (5, 7)S; (¢, T)x
— (280 — 8)[SR' (s, )z — S; (¢, T)a]
TS5 (s.T) - 87 (¢, Tlaz.



3.2. The S-resolvent of a closed operator 59

The identity 2sg = s + 3 implies s? — 2595 + |5/ = 0 and 259 — s = 5 and hence
we obtain the desired equation (3.19). O

We want to show now the slice hyperholomorphicity of the S-resolvent opera-
tors of a closed quaternionic operator. The fact that they are differentiable follows
from the series expansion of the pseudo-resolvent that was found in Theorem 3.1.2.

Lemma 3.2.5. Let T € K(X) and s € ps(T). The left and the right S-resolvents of
T are continuously real differentiable.

Proof. The S-resolvents are sums of functions that are continuously real differen-
tiable by Lemma 3.1.4 and Lemma 3.1.5 and hence continuously real differentiable
themselves. O

Theorem 3.2.6. Let T € K(X). The left S-resolvent Sy ' (s,T) is right slice hyper-
holomorphic and the right S-resolvent Sgl(s,T) is left slice hyperholomorphic in
the variable s.

Proof. We consider only the case of the left S-resolvent, the other one works with
analogous arguments. We have

S; (s, T) = a(s0,81) + sB(s0, 51)
with
a(sg, 1) = QS(T)*lsO —TQ.(T) and B(sp,51)= fQS(T)*lsl.

Obviously a and § satisfy the compatibility condition (2.4) and hence SL_l(s,T)
is a right slice function in s.
Applying Lemma 3.1.4 and Lemma 3.1.5, we have

0 4.0 4
75y QD)5 = 5 -TQu(T)

= (2T — 2502)Qs(T) 5+ Qs(T) " — (217 — 250T) Q4(T) 2
= (2T — 2507) Qs (T) *5 + (—T% + |s|’T) Q4(T) 2.

a —1 o
87305[’ (S,T) =

Since sg and |s|? are real, they commute with Q4(7T")~2. If we apply the identities
259 = s+ 5 and |s|? = 53, we obtain

%S;l(s, T)=-T?Q,(T) % +2TQ,(T) %5 — Q,(T) 5%
0

For the partial derivative with respect to s;, we obtain

O oy O o D .
—15L (s,T) = a—&QS(T) 3 851TQS(T)
= _281 QS(T)_QE_ QS(T)_ljs + 251TQ5(T)_2

= —2519,(T) %5 — (T? — 250T + |5|*T) Qs (T) " 2j, + 251 TQ,(T) 2.
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We can again commute 2sg, 251 and |s|? with Q.(T)~! because they are real. By
exploiting the identities 259 = s +3, —2s1 = (s —3)js and |s|?> = s3, we obtain the
formula

a% S; (5, T) = (~T2Qu(T) 2 + 20'0,(T) %5 — Q.(T) (1)) j..

So the function s +— Sgl(s, T) is right slice hyperholomorphic as

1/0 ., a ., N

In Section 8.3 we will need the fact that the S-resolvent set is the maximal
domain of slice hyperholomorphicity of the S-resolvent operators such that they
do not have a slice hyperholomorphic continuation. In the complex case this is
guaranteed by the well-known estimate

| R(z, A) (3.21)

|2 Sstoa)y

where R(z, A) denotes the resolvent operator and o(A) the spectrum of the com-
plex linear operator A. This estimate assures that ||R(z, A)|| — +oo as z ap-
proaches o(A) and in turn that the resolvent does not have any holomorphic
continuation to a larger domain, see [177,191].

In the quaternionic setting, an estimate similar to (3.21) cannot hold true.
We can for example consider the operator 7' = A\Z on a two-sided Banach space
X for some A = Ag + jxA1 with Ay > 0. Its S-spectrum og(T') coincides with the
sphere [\] associated with A and its left S-resolvent is

S (s, T) = (A2 — 250X\ + [s]*) 715 — V)T
If s € C;,, then A and s commute so that the left S-resolvent reduces to
S s, T) = (s—MN"'T

with ||SL:1(5,T)|| = 1/|s — A|l. If s tends to X in C;,, then dist(s,o5(T)) — 0

because A € og(T'). But at the same time

a0

ISE (5, D) = 1/Ix = X[ = 1/(2\1) < +o0.

Nevertheless, although (3.21) does not have a pointwise counterpart in the
quaternionic setting, we can show that the norms of the S-resolvents explode near
the S-spectrum. As it happens often in quaternionic operator theory, this requires
that we work with spectral spheres of associated quaternions instead of single
spectral values.
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Lemma 3.2.7. Let T € K(X) and s € ps(T). Then

1

1Qs(T) M+ 1TQs(T) | = Is(s.05(T)

(3.22)

where

ds(s,05(T)) = inf ds(s,q)
qcos(T)

and dg(s,x) is defined as in Lemma 3.1.2.

Proof. Set Cy = ||Qs(T) "+ |ITQs(T) Y. If ds(s,q) < 1/Cs, then z € ps(T) by
Lemma 3.1.2. Thus, dg(s, q) > 1/C; for any q € og(T). If we take the infimum over
all ¢ € og(T), this inequality still holds true and we obtain dg(s,os(T)) > 1/Cs,
which is equivalent to (3.22). O

Lemma 3.2.8. Let T € K(X) and s € ps(T). Then

V2[Q:(T) 1 < ||SL (s, D) + |55 1 (5, 7))

and in turn

1Qs(T)~1 < V2 sup ||S (s, T)]|-

s;€[s]
Analogous estimates hold for the right S-resolvent operator.

Proof. Observe that Q4(T)~! = Qz(T)~! for s € ps(T). Because of 25y = s + 3,
we have
S (s, T)S; (s, T) + S; M (s, T)S; (5, T)
= (Qs(I) "5 =TQu(T) ") (Qs(T) 's —TQs(T) ")
+ (D)5 = TQ(T) ™) (Qs(T)'s = TQ(T) )
= (Qu(I) "5 =TQu(T) ") 2(s0Z — T) Qs(T) ™"

and similarly
S NE, TS (s, T) + S5, T)S. (5, 7)
= (Qs(T)'s = TQ(T) ") 2(s0Z — T) Qs(T) .
Therefore
S (s, T)S; (s, T) + S; M (s, T)S; (5, T)
+ S5 TS, (s, T) + S (5. T)S, (5, T)

= (Qs(I) "5 =TQu(T) ") 2(s0Z — T) Qs(T) ™"
+(Qs(T) s —TQu(T) 1) 2 (50T — T) Qs(T) "
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=2(s0L —T) Qs(T)"'2(s50Z — T) Qs(T) ™"
= 4(T? — 250T + s37) Qs (T) 2 = 4Q4(T) ! — 457Q,(T) 2,
which can be rewritten as

4Q,(T) 1t = S; (s, 1)S; (5, T) + S; (s, T)S; M (5,T)
+SME, TS (s, T) + S 6, T)SL (5, T) + 4s3Q4(T) 2

Thus, we can estimate

4]l Q.(m) |
=[Sz s D[Sz . D)+ |1SL (s D 1S . D]
+sED S s D + (1S G D ISL G 1))
+4[s1Q.(T) 77
= (157 D + 1S5 D)) + (251 Qo (1) 1251 Q6(T) Y| . (3:23)

Finally observe that
2Q,(T) 's1js = TQu(T) ™" = Qu(T) ™ (s0 — jss1)
— (TQs(T)™" = Qu(T) H(s0 + jss1)) = S (s, T) = S ' (5.T)
and hence
[251Qu (T) M| = [[2Q(T)  suis|| < [|527 (5. T + |2 B, )| -
Combining this estimate with (3.23), we finally obtain
2@ < (S s D[ + |52 G D)’

and hence the statement for the left S-resolvent operator. The estimates for the
right S-resolvent operator can be shown with similar computations. |

From the above results we get:

Lemma 3.2.9. Let T € K(X). If (Sn)nen is a bounded sequence in ps(T) with

lim dist(s,,o5(T)) =0,

n—o0

then

lim SUP S (s, T)|| = +00 and  lim sup Sz (s,T)|| = +oc.

n—)oose n—00 s€
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Proof. First of all observe that dist(s,,os(T")) — 0 if and only if ds(sp,05(T)) —
0 because og(T) is axially symmetric. Indeed, for any n € N, there exits x,, €
05(T) such that

|$rn — n| < dist(sn,05(T)) + 1/n.

If dist(sp,0s(T)) — 0, then |s, — z,| — 0 and hence |s,, 0 — Zp,0] — 0. Since the
sequence s,, is bounded, the sequence z,, is bounded too and we also have

“Sn|2 - |xn|2| < snll5n — Tal + [sn — 20 ||Zn] — 0
and in turn

0 < ds(sn,05(T)) < ds(sp,x,) = max {|an0 — Tnol, ||3n|2 - |xn\2|} — 0.

If on the other hand dg(s,,os(T)) tends to zero, then there exists a sequence
(Zn)nen in 0g(T) such that

ds(8p,xy) < dg(sn,05(T)) +1/n

and in turn dg(sy,,z,) — 0. Since og(T) is axially symmetric and d(sp, zp, ;) =
d(sp,xy) for any z,, ; € [z,], we can, moreover, assume that j,, = js,. Then

0 S |3n70 - xn,0| S dS(Snw'I;n) — 0.

Since s, and in turn also x, are bounded, this implies [s2 , — 22 )| — 0, from
which we deduce that also |s? ; — 22 ;| — 0 because

0< ’3721,0 - fgz,o + 5%,1 - 5U1211| = ||3n‘2 - |$n|2| < ds(sn,xn) = 0.

Since s,,1 > 0 and x,,,; > 0, we conclude that s, 1 — z,1 — 0 and, since js = j,,
also

0 < dist(sn, 05(T)) < |sn — Zal = /(5.0 — 20.0)2 + (501 — 201)2 = 0.

Now assume that s, € ps(T) with dist(s,,os(T")) — 0. By the above con-
siderations and (3.22), we have

1Qs, (1) M + 1 TQs, (1) = +o0. (3.24)

We show now that every subsequence (s, )ren has a subsequence (snkj )jen such
that '

lim  sup ||S; (s, T)| = +o0, (3.25)
Jj—+oo se[snkj]
which implies limy, 1o Sup¢js, | 1S; (s, T)|| = +oo. We consider an arbitrary

subsequence (8y, Jken Of (Sp)nen. If this subsequence has a subsequence (Sns, )jen
such that [|Qs, (T)[ — +oo, then Lemma 3.2.8 implies (3.25). Otherwise,
J

1Q., (D)7 <C
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for some constant C' > 0 and we deduce from (3.24) that |T'Q,, (7)Y — +oc.
Observe that

1 1 .4, _
TQS"IC (T)_l = _§SL1(8nk7T) - §SL1(5nk7T) + Snk’OQs”k (T) 17

from which we obtain the estimate

700, 07 = sup 187 o DI+ bswwol [, ()7

S€[sn,,

< sup IS (sn, 7| + CM

5€[sn, ]

with M = sup,,¢y |sn| < +00. Since the left-hand side tends to infinity as k — 400,
we obtain that also
sup ||Szl(snk,T)H — 400
s€ S"k]
and thus, the statement holds true. The case of the right S-resolvent can be shown
with analogous arguments. g

Definition 3.2.10 (Slice hyperholomorphic continuation). Let f be a left (or right)
slice hyperholomorphic function defined on an axially symmetric open set U. A
left (or right) slice hyperholomorphic function g defined on an axially symmetric
open set U’ with U C U’ is called a slice hyperholomorphic continuation of f if
f(s) =g(s) for all s € U. It is called nontrivial if V' = U’ \ U cannot be separated
from U, i.e. if U’ # U UV for some open set V with VNU = ().

Theorem 3.2.11. Let T € K(X). There does not exist any nontrivial slice hyper-
holomorphic continuation of the left or of the right S-resolvent operators.

Proof. Assume that there exists a nontrivial continuation f of S;'(s,T) to an
axially symmetric open set U with pg(T) C U. Then there exists a point s €
UNo(ps(T)) and a sequence s, € ps(T) with lim,, 1 s, = s such that

tim (|57 s T = T [7(s0)ll = ()] < +o0.

n—-+oo

Moreover, s,, — 5§ as n — +o00 and in turn

tim |55 s D) = tim (70l = 176)] < +oo.

n—-+oo

From the representation formula (2.1.7) we then deduce

lim sup ||SL_1(5,T)H < lim ||SL_1(sn,T)H + ||SL_1(§,T)H < +00.

n—-+oo se[s"] n—-+oo
On the other hand the sequence s,, is bounded and

dist(sp, 05(T)) < |sp — s| = 0.
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Lemma 3.2.9 therefore implies

lim sup HS S T)H = 400,

n—-+oo 6

which is a contradiction. Thus, the analytic continuation (f,U) cannot exist. For
the right S-resolvent, we argue analogously. O

One could suspect that it might be possible to improve the above results by
finding an estimate of the form (3.21) for the pseudo-resolvent Q,(T)~! instead
of the S-resolvents. This is, however, not possible as the following example shows.

Example 3.2.12. We consider for p € [1,+00) the space ¢P(N) of p-summable
sequences with quaternionic entries. Any sequence (A, )nen with A, € H obviously
defines a right linear, densely defined and closed operator on ¢?(N) via T(y) =
(AnVn)nen for y = (v )nen € £P(N). If (An ) nen is unbounded, then T is unbounded.
Otherwise, we have

T = sup [An| = [|(An)nenlloo-
neN
Indeed,
1Ty = Z [Anvnl? < [|(An)nenlloo Z [on [P = [|(An)nenlloo [yllp
neN neN
such that ||T|| < [[(A)nenlloo- On the other hand, with e,, = (dn,n)nen where

Om,n is the Kronecker delta,

Al = o/ D PabmnllP = [T(em)| < 1T,
neN

for any m € N such that also ||(A\;)nenlloo < ||T||- The S-spectrum of T is

os(T) = (J ] (3.26)

as one can see easily: any A, is a right eigenvalue of T since T'(e,,) = e, A\, and
hence the relation D in (3.26) holds true by Theorem 3.1.6. If on the other hand
s does not belong to the right hand side of (3.26), then

(55 - lllf dlSt} 87 An - lllf S - A’I’l ()
neN ( [ ]) EN Ixn > )
WlleIe Sj,\n S0 .7/\, S1. As

QS(T)y = (()"ﬂ - ijn )()"ﬂ - %)vn)nEN

and in turn

Qs(T)ily = (()‘n - ijn)il(/\n - K)ilv")nel\l’
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we have ||Qs(T)7 Y| < 1/62 < +oo such that s € pg(T). Thus, the relation C in
(3.26) also holds true.

Now choose a sequence (A\,)nen such that \,1 — 400 as n — +oo and
consider the respective operator T' on ¢P(N). For simplicity, consider for instance
An = jn with j € S. By the above considerations, the sequence sy = j(IN + 1/N)
with N = 2,3,... does then satisfy dist(sy,0s(T)) — 0 as N — +oo and

1
s Til =
19, (070 = 8 ==

1 1

A —snlAv —sN] 0 24 5

(3.27)

Indeed, if n < N, then some simple computations show that the inequality

1 1 1
[An = sn||An — 5N] 7N+%—nn+N+%
1 1
< — = —
2+ 5z A —sn|[Av — 5N

is equivalent to 0 < N2 —n?, which is obviously true. Similarly, in the case n > N,
the inequality

1 B 1 1
A —snl[An =358 n—-N-2En+N++
1 1
< = —
2+ w2 |[Av —snl|Av — 3N

is equivalent to 4 + 1/N? < n? — N2, which holds true since 2 < N < n.
From (3.27), we see that ||Q, (T)~!|| < 2 although dist(sy,os(T)) — 0.
Consequently, the pseudo-resolvent cannot satisfy an estimate analogue to (3.21).

Also controlling the norm of TQ,(T)~! by the norm of Q4(7)~! in order to
improve (3.22) is not possible: if we consider the operator TQg, (T)~! in the above
example, then

n 1
TO, (T) ly = n
s, (T) "y (n—N—]i,j(n—i—N—i—]{,)v) .

and
L 1 N2
TQ,, (I) | > |1TQs, (T)~ =5onv .1 7 TX®
17Qs, (T) | 2 1 TQs,, (T) " (en)]| NI +

shows that | TQ;, (T')~!|| tends to infinity although ||Qs, (T')~!| stays bounded.
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3.3 Closed operators with commuting components

Closed right linear operators cannot always be decomposed into components as it
is the case for bounded operators, cf. (2.38).

However, this is possible if D(T) is a two-sided subspace of X, that is if it is
of the form D(T) = Xy ® H for some subspace Xy of Xg.

If on the other hand Ty, ..., T3 are operators on X, then we can define the
operator

T= To + ZT@&@ with D (m D Tg >
=1

Definition 3.3.1. Let X be a two-sided quaternionic Banach space. We define
KC(X) as the set of all operators T' € K(X) that admit a decomposition of the
form T =Ty + 23:1 Tyep with closed operators Ty € K(Xg) such that

() D(T?) = (V) oo DITATx) = Moo D(TF),

(ii) D(TyT,) = D(T.Ty), for £,k € {0,...,3},
(iii) T, Ty = T, Ty, for all y € D(T?) for ¢,k € {0,...,3}.

Furthermore, we call a closed operator 1" a scalar operator if it is of the form
T =Ty, that is if Ty = Ty, = T3 = 0 or equivalently if T is the extension of a closed
operator on Xg to X.

Remark 3.3.1. A scalar operator T € K(X) commutes with any a € H.

The S-spectrum og(T) of any operator T' € KC(X) can be characterized
in a different way that takes the commutativity of the components into account.
The corresponding characterization for bounded operators has been presented in
Section 2.3.

Definition 3.3.2. Let X be a two-sided quaternionic Banach space. For a closed
operator 1" = Ty + 22:1 Ter € KC(X) with commuting components, we define
T=T-%_, Tre, with D (T) = n}_, D(T;) = D(T).

McIntosh and Pryde showed in [179, Theorem 3.3] that an operator T' € B(X)

with commuting components is invertible if and only if 7T = TT = Ze 0T k;
is invertible. This holds true also for an unbounded operator with commuting
components as the next lemma shows.

Lemma 3.3.3. Let T € KC(X). Then the following statements are equivalent.
(i) The operator T has a bounded inverse.
(ii) The operator T has a bounded inverse.

(iii) The operator TT has a bounded inverse.



68 Chapter 3. The direct approach to the S-functional calculus
Proof. First of all, we observe that, due to D(T) = D (T), we have
D(TT)={ye X :TyeD(T)} =D (T?).

Since D (T?) = ﬂzﬁzo D(T,Ty) = ﬂ?:o D(T}) and

3 3 3 3
TTy = TOQy + Z e/ ToTyy — Z e/ Ty Toy — Z eve . TyTy = ZTZZy
=1 ¢=1 £,r=1 £=0
because epe,, = —eie, and e% = —1for 1 < /¢ k < 3 with £ # k, we thus have

T = 22:0 Tf. In particular, TT is a scalar operator and hence commutes with
any quaternion.

If TT is invertible, then (TT)_1 = (Z?:o Tez)fl commutes with each of
the components T; and it also commutes with the imaginary units e,. Hence, it
commutes with T and so the inverse T~ ' is given by T =T (TT)_1 because

(T(@T) )Ty =TT (TT) 'y, vy e D(T)

and
T(T(1T) ")y = (IT) (IT) 'y=y, WyeX.

Consequently, the invertibility of 77T implies the invertibility of T
If on the other hand 7T is invertible and T-! = Sy + Zi:1 Sken € B(X),
then

3 3
Ilpry =T7'T = (50 + Z SKG,e) (To + ZTzee>
k=1

{=1

3
= SoTyH — Z STy + (SQT3 — 53T2)61
/=1
+ (53T1 — 51T3)62 + (SlTQ — SQTl)(fg7

from which we conclude that

3
Ty = SoTo— Y STy and ST, — STy =0, 1<(<k<3.
=1

Therefore

3 3
ST = (SO - Z SgGg) (TO - ZT@B@)
—1 —1
3
= SoTp — Z SiTy + (S2T5 — SsTh)eq
=1

+ (Sng — Sng)EQ =+ (SlTQ — S2T1)€3 = I|D(T)~
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Similarly, we see that T'S = T also implies TS = Z. Hence, the invertibility of
T implies the invertibility of T and T ' =71 Thus, if T is invertible, we have
(TT)_1 =T 'Tle B(X). Altogether, we find that T is invertible if and only if
TT =TT is invertible. O

Theorem 3.3.4. Let T =T, + Z:Z:l Tyer € KC(X) with dense domain. If we set
Q.s(T) =T — 25Ty + TT,
then
ps(T)={seH: Q. ,(T)"eB(X)} (3.28)
and
Sp'(5,T) = (T = T)Qe.s(T)

3 3.29
Sél( ) Q(‘e ZTKQ('G €. ( )
(=

Proof. Since T' and T commute, we have Q4(T) = Qs(T) and Q. +(T) = Q.5(T).
For y € D(T*) = D (Q..s(T)Q.5(T)), we thus find

Q. s(1)Q..s(T)y = (s*T — 25Ty + TT)(3°T — 28Ty + TT)y
= |s|* Ty — 2s|s|*Toy + s*TTy
— 2[s|*Tosy + 4|s|* T3y — 2sToTTy
+5%TTy — 25TyTTy + (TT)%y
= |s|*Ty — 20|52 Ty — 2s0|s|*Ty + 2Re(s?)TTy
+ 4|s]PT2y — 250T* Ty — 250T72y + T2T2y,
where we used in the last identity that 2so = s + 5, that |s|* = s5, and that
2Toy =Ty +Ty. As
2Re(s?)TTy = 2s2TTy — 252TTy
and
AsP T3y = | (T +T)%y = |sP T + 253TTy + 17Ty + 5T,
we further find
Qes(T)Qe,s(T)y = Is|*(|sI’Z — 2s0T + T?)y
—250T(|s|*T — 250T + T?)y
72 [
+ T (|s]’T — 2s0T + T?)y = Q(T) Qs(T)y.
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By the above arguments, we hence have

Q1) € B(X) (QC,S(T)QC,S(T))_1 € B(X)

= (@M)€ BX) = 0.(1) " € BX)
and hence (3.28) holds true.
If y € D(T?) = D(Q.+(T)) with Q. s(T) € D(T), we have

(5T~ T) Qe x(T)y

= (I —T)(s*T - 25Ty +TT)y

= |s|?sTy — Ts*y — 2|s|*Toy + 2T Tosy + 5T Ty — T°Ty

= |s|?sTy — Ts*y — |s|*Ty — |s|*Ty + T?sy + TTsy +3TTy — T*Ty
= |s|? (sI—T)y—ZSOT(sI—T)y—i-TQ (sI—T)y

= (T? = 2807 +|s’Z) (sT —T)y = Qs(T) (sT —T)y.

For any x € D(T), we can set y = Q. +(T)"*x € D(T?). If we apply the operator
Q«(T)~* to the above identity from the right, we then obtain

S (s, Tz = Qu(T) M(sT —T)x = (sT —T) Qecs(T) '

and a density argument shows that (3.29) holds true for the left S-resolvent oper-
ator. Similar computations show also the identity for the right S-resolvent equa-
tion. O

3.4 The S-functional calculus and its properties

We want to define the S-functional calculus for an arbitrary operator in K(X)
with nonempty S-resolvent set via the slice hyperholomorphic Cauchy integral.
The domain of integration is thereby the boundary of a suitable slice Cauchy
domain U in one of the complex planes C;, for j € S. In order for the S-functional
calculus to be well-defined, we have to show that these integrals are independent
of the choice of the slice Cauchy domain U and of the complex plane C;. We follow
the strategy known from the bounded case.

Theorem 3.4.1. Let T' € K(X) with ps(T) # 0. If f € SHL(os(T) U {oc}), then
there exists an unbounded slice Cauchy domain U with 0g(T) C U and U C D(f).
The integral

1

— S; (s, T)ds; f(s) (3.30)
271 Jownce;)

defines an operator in B(X) and this operator is the same for any choice of the
imaginary unit j € S and for any choice of the slice Cauchy domain U that satisfies

the above conditions.
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Similarly, if f € SHr(os(T) U {o0}), then there erists an unbounded slice
Cauchy domain U such that os(T) C U and U C D(f). Again, the integral

1

— f(s)ds; Sz (s, T
o o, S8 576D

defines an operator in B(X) and this operator is the same for any choice of the
imaginary unit j € S and for any choice of the slice Cauchy domain U that satisfies
the above conditions.

Proof. Let f € SHp(0s(T) U {x}) and ¢ € ps(T). Since ps(T) is open, there
exists a closed ball B.(q) C ps(T) and since pg(T) is axially symmetric we have

{BE(Q)} ={s=so+jss1 €H: (s0—q)°+ (s1—q1)* <e} Cps(T).

The existence of the slice Cauchy domain U follows from Theorem 2.1.31 applied

with C' = og(T) and O = D(f) N (]HI \ Bs(q)).

The boundary of U in C; consists of a finite set of closed piecewise dif-
ferentiable Jordan curves and so it is compact. Hence, (3.30) is the integral of a
bounded integrand over a compact domain. Thus, it converges in B(X) and defines
an operator in B(X).

We now show the independence of the slice Cauchy domain. Consider first
the case of another unbounded slice Cauchy domain U’ such that og(T) C U’ and
U’ C D(f). Let us for the moment furthermore assume that U’ C U. Then the
set W = U \ U’ is a bounded slice Cauchy domain and

AW NC;) =8l NC;) U (— AU’ N cj)),
where —0(U’ N C;) denotes the inversely orientated boundary of U’ in C;. More-

over, the function s »ngl(s,T) is right and the function s — f(s) is left slice
hyperholomorphic on W. Thus, Theorem 2.1.20 implies

1
=5 S (s, T)ds; f(s)
T Jo(wncy)
1 1
= — St S,T)d&fs)——/ S(s, T)ds; f(s).
27 a(UNC;,) L ( ! ( 2 o(U’'NCy) t ( ) ! )

If U’ is not contained in U, then UNU’ is an axially symmetric open set that
contains og(T) such that (U N U’) is nonempty and bounded. Theorem 2.1.31
implies the existence of a third slice Cauchy domain W such that og(7") C W and
W C UnNU'. By the above arguments, the choice of any of them yields the same
operator in (3.30).

Finally, we consider another imaginary unit ¢ € S and choose another un-
bounded slice Cauchy domain W with og(T) C W and W C U. By the above
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arguments and the Cauchy formulae, we have

1 1
o S7V(s, T)ds; f(s) = — S5 T ds.
27 Jowne,) L (s,T)ds;j f(s) o /8(Wmccj) L (s, T)ds; f(s)
1
= S ,T)ds; g1 ' 5) da;
(27r)2 /3(Wn<cj) L (5 ) Sj (f(OO)J’_/{)(Un(Ci) I (q 8) q f(q))

_ ﬁ /{Wﬂc )s;l(s,T) ds; f(o0)

P / / (s,T)ds; Sy (g, 8) dgi f(q).
) awnc;) Jawenc, )

where Fubini’s theorem allows us to exchange the order of integration in the last
equation because we integrate a bounded function over a finite domain. The set
W€ is a bounded slice Cauchy domain and the left S-resolvent is right slice hyper-
holomorphic in s on W¢. Theorem 2.1.20 implies

(271r)2 -/O(Wm(c,) Sgl(s, T)dsj f(o0)
1

_WWAwmff@ﬂMﬂM_a

Since any ¢ € (U N C;) belongs to W€ by our choices of U and W and since
S;l(q, s) = —S}gl(s, q), we deduce from the Cauchy formulae

1
S; (s, T)dsj f
o a(Une;) ( ) J (s)
1 —
a(UNC;) <2 /a(ch v (5 T)ds; SRl(qu)> dq; f(q)
1 q, dg; 0
T o a(UmC) T) F(a).

Definition 3.4.2. Let T' € K(X) with pg(T) # 0. For any f € SH(0s(T)U{o0}),

we define
F(T) = floo)T + — ST\ (s,T) ds; f(s), (3.31)

27 Jawnc;)
and for f € SHr(os(T) U {o0}), we define

F(T) = f(os ﬂ+gamwﬁﬂ%ﬁ s, T), (3.32)

where j € S is arbitrary and U is any slice Cauchy domain as in Theorem 3.4.1.



3.4. The S-functional calculus and its properties 73

Remark 3.4.1. If ps(T)NR # (), then our approach is consistent with the approach
that defines the S-functional calculus of an unbounded operator by suitably trans-
forming both the function and the operator and then applying the S-functional
calculus for bounded operators. Precisely, one chooses o € ps(T) N R and sets
®,(s) = (s —a)”!. Then A := (T — aZ)™' = S;'(a,T) is a bounded oper-
ator and formally corresponds to @, (7). Furthermore, a function f belongs to
SH(os(T) U {o0}) or SHR(os(T) U {c}) if and only if f o ®_,! belongs to
SHi(os(A)) (resp. SHRr(os(A))). One then defines

F(T) = fo@ l(A).

This approach was presented in [57,93]. In the complex setting, it is equivalent
to the direct approach via a Cauchy integral, which was developed above. In the
quaternionic setting it, however, requires that ps(7T) NR # @, which is not always
true.

The S-functional calculus for closed operators is furthermore consistent with
the S-functional calculus for bounded operators. Since we do not require connect-
edness of D(f) in Definition 3.4.2, we might extend f € SH(cs(T)) for bounded
T to a function in SHy (os(T)U{o0}), for instance by setting f(s) = ¢ with ¢ € H
on HN\ B,.(0). We can then use the unbounded slice Cauchy domain (H\ B, (0))UU in
(3.31). Since the left S-resolvent is then right slice hyperholomorphic on H\ B, (0)
and f(s) is left slice hyperholomorphic on this set, we obtain

1

£@) = sz + 5 [ £(s)ds; S74(5.T)
T J—-8(B,(0)NC;)

1
+ — f(s)ds; SL_l(s,T)
2m Jownce,)

! f(s)ds; S;*(s,T)

271 Jawney)

because Theorem 2.1.20 implies that the sum of f(c0)Z and the integral over the
boundary of B,(0) vanishes.

Example 3.4.3. Let T € K(X) with pg(T) # (). Consider the left slice hyperholo-
morphic function f(s) = a for some a € H and choose an arbitrary unbounded
slice Cauchy domain U with o0g(T") C U and an imaginary unit j € S. Then

F(T) = f(o0)T + i/ Sp (s, T)ds; f(s) = aZ, (3.33)
21 Jawnce;)

because f(oo) = a and the integral vanishes by Theorem 2.1.20 as the left S-

resolvent is right slice hyperholomorphic in s on a superset of H \ U and vanishes

at infinity. An analogue argument shows that also f(7T) = Za if f is considered

right slice hyperholomorphic.
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The following algebraic properties of the S-functional calculus follow imme-
diately from the left and right linearity of the integral.

Corollary 3.4.4. Let T € K(X) with ps(T) # 0.
(i) If f,g € SH(0s(T) U {oc}) and a € H, then

(f+9)(T) = f(T)+9(T) and (fa)(T)= f(T)a.
(ii) If f,g € SHRr(os(T) U {oo}) and a € H, then
(f+9)(T) = f(T)+9(T) and (af)(T) = af(T).

Theorem 3.4.1 ensures that the S-functional calculus for left slice hyperholo-
morphic functions and the S-functional calculus for right slice hyperholomorphic
functions are well-defined in the sense that they are independent of the choices
of the imaginary unit j € S and the slice Cauchy domain U. Another important
question is whether they are consistent. We show now that this is the case, if the
function f is intrinsic.

Lemma 3.4.5. Let T € K(X) with ps(T) # 0 and let f € N(os(T) U {o0}).
Furthermore, consider a slice Cauchy domain U such that o5(T) C U and U C
D(f) and some imaginary unit j € S. If v1,...,yn is the part of O(U N C;) that
lies in Cj as in Definition 2.1.34, then

/ f(s) ds; Sg*(s,T)
a(UNC;)

N o1
:; /0 2Re (f(30(0) (=376 7e()) Qa1 dt .
N o
[Z_;/o QRe(f(W(t))(fj) ())TQw(t)( ) hdt

Proof. We have

/ f(s) ds; S5 (s,T)
6(UﬁC)

Z sy Sp (5. 1)+ 3 [ F)dsy S5 (s, T)

N 1
- / FOrON)94(t) (360 = T) @y, (T)

+Z/ Ye( 1*15 ]'Ye(l —t)(ve(1—1t) — T)Qw(l t)(T)il dt.



3.4. The S-functional calculus and its properties 75

Since f(3) = f(s) as f is intrinsic and Q(T)~ = Q4(T) ! for s € ps(T), we get,
after a change of variables in the integrals of the second sum,

/ f(s) ds; S5 (s,T)
a(UNC;)

—Z/fw I (0 = T) Qo (1)

+ Z/ FOre) (=) (ve(t) = T)Qy ) (T) " dt

Theorem 3.4.6. Let T' € K(X) with ps(T) # 0. If f € N(os(T) U {oc0}), then

! S (s, T)ds; f(s) = i/ f(s)ds; Sx'(s,T),
aUNcy)

21 Jawne,) 2m

for any 7 € S and any slice Cauchy domain as in Theorem 3.4.1.

Proof. Fix U and j € S, let 71, ...yn be the part of (U NC;) that lies in C; and
write the integral involving the right S-resolvent as an integral over these paths as
n (3.34). Any operator commutes with real numbers and f(y¢(t)), v,(t) and ~e(t)
commute mutually since they all belong to the same complex plane C;. Hence,

[ s s T)
o(UNCy)

N 1 -
- ; /0 Q1) (T) "2Re (’Ye(t)’yé(t)(fj) f(w(t))) dt

N 1
=3 [ T @) R (O u)
N 1 L
=3 [ (900" = Qoo 50 =) e a

" Z / (TQ5(1) ™" = Qs (1) (1)) 7011 F (o)) dt
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N

= Z/ S (s, T)ds; f(s)+ Z/ S (s, T)ds; f(s)

=1 =177
:/ Sy (s, T)ds; f(s). O
a(Uncy)

Since f(00) = lims 00 f(s) € Ras f(s) € R for s € R if f is intrinsic, we can
rephrase the above result as,

Corollary 3.4.7. Let T € K(X) with ps(T) # 0. The S-functional calculus for
left slice hyperholomorphic functions and the S-functional calculus for right slice
hyperholomorphic functions agree for intrinsic functions: if f € N(ogs(T)U{oo}),
then (3.31) and (3.32) give the same operator.

Remark 3.4.2. For intrinsic functions, slice hyperholomorphic Cauchy integrals of
the form (3.31) and (3.32) are always equivalent. We have shown this only for the
S-functional calculus, but with the same technique one can show this equivalence
also for the H°°-functional calculus or for fractional powers of quaternionic linear
operators. Since the technique for showing this equivalence is the same in any
situation, we will use it without proving it explicitly at every occurrence.

We have shown that the two versions of the S-functional calculus are consis-
tent for intrinsic functions. However, there exist functions that are both left and
right slice hyperholomorphic, but not intrinsic. We want to clarify the relation
between the versions of the S-functional calculus for such functions and we start
by characterising functions of this type.

Recall that a function f on U is called locally constant if every point ¢ € U
has a neighborhood B, C U such that f is constant on U. A locally constant
function f is constant on every connected subset of its domain. Thus, since every
sphere [q] is connected, the function f is constant on every sphere if its domain U
is axially symmetric, i.e., it is of the form f(q) = ¢(u,v) for ¢ = u+ jv, where ¢ is
locally constant on an appropriate subset of R2. Therefore, f can be considered a
left and a right slice function and it is even left and right slice hyperholomorphic
because the partial derivatives of a locally constant function vanish.

Lemma 3.4.8. A function f is both left and right slice hyperholomorphic if and
only if f = c+ f, where c is a locally constant slice function and f is intrinsic
slice hyperholomorphic.

Proof. Obviously any function that admits a decomposition of this type is both
left and right slice hyperholomorphic. Assume on the other hand that f is left and
right slice hyperholomorphic such that for ¢ = u + jv

f(@) = fo(u,v) +jfi(u,v)
and

f(Q) = fO(u7v) + fl(uvv)j'
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The compatibility condition (2.4) implies

folu,v) = 5 (f(@) + f(@) = fo(u,v),

l\D\H

from which we deduce jf1(u,v) = f(g;) — fo(u,v) = fi(u,v)j with ¢; = u+ jv for
any j € S. Hence, we have

ifi(u,0)j ™ = fi(u,v).

If we choose j such that fi(u,v) € C;, then j and fi(u,v) commute and we obtain

fi(u,v) = fl(u,v). We further conclude that fi(u,v) commutes with every j € S
because

jfl(u,'U) = f1(u,’l])j = f1(u,1})j.

This implies that fi(u,v) is real.

Since fi takes real values, its partial derivatives - 9 £ (u,v) and 8 ~ f1(u, )
are real-valued too. Thus, since fy and f; satisfy the Cauchy—Riemann equatlons
(2.5), the partial derivatives of fy also take real-values.

Now define fo(u,v) = Re(fo(u, v)) and fi(u,v) = fi(u,v) and set f(q) =
fol(u, V) +]f1(u v) and ¢(q) = f(q) — f(q) = Im(fo(u,v)) for ¢ = u + jv. Obvi-
ously, fo and fi satisfy the compatibility condition (2.4). Moreover, the partial
derivatives of fo and f; coincide with the partial derivatives of f, (resp. f1). For
f1 = fi this is obvious and for fy this follows from

s fatun o) = - Re(fo(u0) = Re (5 folw)) = 22 folur0)

for v € {u,v} since Z fo(u, v) is real-valued by the above arguments. We conclude
that fo and f; satisfy the Cauchy-Riemann equations (2.5) because fp and f;
satisfy them. Therefore, f is a left slice hyperholomorphic function with real-
valued components, thus intrinsic.

It remains to show that ¢ is locally constant. Since ¢(q) = c(u + jv) =
Im(fo(u,v)) depends only on u and v but not on the imaginary unit j, it is con-
stant on every sphere [¢g] C U. Moreover, as the sum of two left slice hyperholo-
morphic functions, it is left slice hyperholomorphic and thus, its restriction ¢; to
any complex plane C; is a H-valued left holomorphic function. But

)= ey =2 - 2 F
Cj(q) - aqocj(q) - aqof(q) aqo

(@) =0, ¢qeUnNC;

and hence c is locally constant on UNC;. If ¢ = u+jv € U, we can therefore find a
neighborhood B; of g in U NC; such that c; is constant on B;. Since c is constant
on every sphere, it is even constant on the axially symmetric hull B = [B;] of Bj,
which is a neighborhood of ¢ in U. O
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Corollary 3.4.9. Let T € K(X) with ps(T) # 0 and let f be both left and right
slice hyperholomorphic on og(T) and at infinity. If D(f) is connected, then (3.31)
and (3.32) give the same operator.

Proof. By applying Lemma 3.4.8 we obtain a decomposition f = ¢ + f of f into
the sum of a locally constant function ¢ and an intrinsic function f. Since D(f)
is connected, ¢ is a constant function. Thus, Corollary 3.4.7 and Example 3.4.3

imply

Jo)T + / f(s) ds; S71(s,T)

1
=c I—i——/ ds; Sp'(s,T)
21 Jawnc;)

+ f(oo)I+ ;ﬁ/@(mc) f(s) ds; sél(s,T)

where U and j € S are chosen as in Definition 3.4.2. O

Remark 3.4.3. As we have shown, the two versions of the S-functional calculus are
consistent for intrinsic slice hyperholomorphic functions and for functions defined
on connected sets. However, in general, this is not true. If D(f) is not connected,
then ¢ is only locally constant, i.e., it is of the form ¢(s) = >, xa,(s)c, with
¢¢ € H, where the A, are disjoint axially symmetric sets. The function xa,(s) is
the characteristic function of Ay, which is obviously intrinsic. The functional calculi
for left and right slice hyperholomorphic functions yield then ¢(T) = >, xa,(T)cs
and ¢(T) = >, cexa,(T), respectively. These two operators coincide only if the
operators xa,(T) commute with the scalars ¢,. As we will see in Section 3.7, the
operators xa, (1) are projections onto invariant subspaces of the operator T'. Since
the operator T is right linear, its invariant subspaces are right subspaces of X.
But if a projection xa,(T") commutes with any scalar, then

ay = axa,(T)y = xa(T)ay € xa,(T)X,

for any y € xa,(T)X and any a € H. Thus, xa,(T)X is also a left-sided and
therefore, even a two-sided subspace of X. In general, this is not true: the in-
variant subspaces obtained from spectral projections are only right-sided. Hence,
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the projections xa,(7) do not necessarily commute with any scalar and it might
happen that

> xa(Tee # Y exa, (1),
¢ 7

i.e., the two functional calculi give different operators for the same function. An
explicit example for this situation is given in Example 3.7.9.

Finally, we show that the S-functional calculus admits, for intrinsic functions,
a representation that only depends on the right linear structure of the space. In
particular, this representation also shows the compatibility of the S-functional
calculus and its classical counterpart form the theory of complex linear operators,
the Riesz—Dunford functional calculus for holomorphic functions.

Definition 3.4.10. Let T € K(X). We define the X-valued function

Ro(Tiy) = Qs(T)'ys —TQu(T) 'y Vy € X, s € ps(T).
Remark 3.4.4. By Theorem 3.1.8, the mapping y — Rs(T;y) coincides with the
resolvent of 1" at s applied to y if T" is considered a C;_-linear operator on X; = X.

Theorem 3.4.11. Let T € K(X) be a closed operator on a two-sided quaternionic
Banach space X with ps(T) # 0 and let f € N(osx(T))). For any j €S and any
unbounded slice Cauchy domain U with o5(T) C U and U C D(F), the operator
f(T) obtained via the S-functional calculus satisfies

(=i + [ RG] wex.  (339)

a(UNC;)

Proof. Let U be a slice Cauchy domain such that og(T) C U and U C D(f). We
then have for any j € S and any y € X that

FT = Focly+ o [ f)ds; S5 (s, (3.36)

If v : [0,1] — (Cj, ¢ =1,...N, is the part of (U N C;) that lies in (Cj as in
Definition 2.1.34, then we have by Lemma 3.4.5 that

/ f(s)ds; S5 (s, Ty
a(UNC;)
N R

=3 [ 2Re (F) i) (1) vt (337)

(=1

N 1
- / 2Re(f(3e(0) (=376 ) Ty 0 (T) "y .
=1
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Since Q1) (T) ™'y and TQ.,,(;)(T) "'y commute with real numbers, we further-
more have

/ f(s)ds; Sg'(s,T)y
a(UNC;)
N -
— ;/0 Q'yz(t) (T)*ly 2Re (f(’ye(t))(fj)')/é(t)’)/g(t)) dt
N o 1
_;/0 TQ,w)(T)~ y2Re(f(W(t))(—J)W(t)> dt

N o

=2 / (210 (1) 97568) = T (1)) F((t))4(8) dt ()
=1
N

- Z/O (Do) (D) y7e(t) = TQy, 0y (T)™1y) F (e (1) g (8) d(—).
(=1

Recalling that f(Z) = f(z) because f is intrinsic, that Qz(T)™! = Q(T)~! for
any s € ps(T) and that (—77)(t) = —v,(1 —t), we thus find

/ £(s)ds; S5 (s, T)y

o(UNC;)
N

=3 [ (1) Mz - TQu(T) ) 1) ()
=1 "¢

Y /7 (Q.(T)~1yz — TQ(T)"Yy) £(2) dt(—)
¢=1Y "
_ / (Q.(T)"yz — TQ(T)Yy) £(2) d=(—J)
a(UNC;)

_ / R.(T;y) f(2) dz(—j).
a(UNCy)

Finally, observe that f(oco) = lims_, f(s) € R because, as an intrinsic function,
f takes only real values on the real line. Since any vector commutes with real
numbers, we can hence rewrite (3.36) as

f(T)y =yf(o0) +/ R.(T;y)f(2) dz(_j). O

a(UNc;) 2

Remark 3.4.5. We point out that (3.35) contains neither the multiplication of vec-
tors with non-real scalars from the left nor the multiplication of any operator with
a non-real scalar. Hence, this expression is independent from the left multiplica-
tion defined on the X, cf. Remark 2.2.7. Instead, it shows that the operator f(T)
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can be expressed in terms of only the right linear structure on the space X if f is
intrinsic.

Remark 3.4.6. Theorem 3.4.11 shows that complex and quaternionic operator the-
ory are consistent. Indeed, we can also obtain f(7') by the following procedure: we
choose j € S and consider the complex numbers as embedded into the quaternions
by identifying them with the plane C; determined by j. The quaternionic Banach
space X is then also a complex Banach space over C; and we denote the space X
considered as a complex Banach space over C; by X;. Any operator T € K(X)
is then also a complex linear operator on X;. We have oc,(T') = 05(T) N C; and
Rs(Tsy) is for s € pc, = ps(T) N C; exactly the resolvent of 7" as a complex
linear operator on Xj, cf. Theorem 3.1.8. If f € N(0s(T)), then f; = fc, is a
holomorphic function on oc,(7T") and the right-hand side of (3.35) is hence the
formula that determines f;(T") in terms of the Riesz-Dunford functional calculus
for T'on X;. (A similar relation also holds for other functional calculi such as the
Phillips functional calculus or the continuous functional calculus.) The converse
is however not true: if f; is an arbitrary holomorphic function on a neighborhood
of oc,(T) in Cj, then f;(T) obtained by the Riesz-Dunford functional calculus
does not coincide with the operator f(7') obtained by applying the S-functional
calculus to f = extz(f;). This is only true if f is an intrinsic function. Indeed,
f;(T) is otherwise only C;-linear, but not necessarily quaternionic linear.

3.5 The product rule and polynomials in 7'

One of the most important properties of the S-functional calculus is the product
rule.

Theorem 3.5.1 (Product Rule). Let T € K(X) with ps(T) # 0. If f € N(os(T)U
{0}) and g € SHL(os(T) U{o0}), then

(fo)(T) = F(T)g(T). (3.38)

Similarly, if f € SHr(os(T)U{oo}) and g € N(os(T) U{o0}), then the product
rule (3.38) also holds true.

Proof. Let f € N(og(og(T) U {oc}) and let g € SHL(os(T) U {oo}). By The-
orem 3.4.1, there exist unbounded slice Cauchy domains U, and U, such that
os(T) C U, and U, C Us and Uy C D(f) ND(g). The subscripts s and p indicate
the respective variable of integration in the following computation. Moreover, we
use the notation [00]; := 9(O N C;) for an axially symmetric set O in order to
obtain compacter formulas.

Recall that the operator f(7T') can, by Theorem 3.4.6, also be represented
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using the right S-resolvent operator and hence

fF(M)g(T) = (f( T+ f(s)ds; Sp' (s, T))

27 Jiou,);

(( )I—|—27r/[ o

For the product of the integrals, the S-resolvent equation gives us that

/ £(s)ds; Si(s,T) / 7 (p, T) dp; g(p)
[0U.];

[aUp]j

/ / s)ds; Sy 21(s, T)S; (p,T)dpjg(p)
oU]; J[oU,

P]]

S (p,T) dp; 9(19)) :

pli

= Lo L S5 ST 6 T 2500 1) )
U] /10Up];
- / $)dsy 85 (0. T)p(0? = 2sop + 15P) ™ oy )
oU,] oU,]
/ / 5)ds;5Sg" (s, T)(p” — 2s0p + |s*) " dp; g(p)
oU,] U]

L S S0 IO 2 o) s g(p)
oU,l,; J1ou,;

For the sake of readability, let us denote these last four integrals by I, ... I4.
If » > 0 is large enough, then H \ Uy is entirely contained in B,.(0). In
particular, W := B, (0)NU, is then a bounded slice Cauchy domain with boundary

(W NC;) = d(U, NC;)Ud(B,(0)NCTy).

From Lemma 2.2.24, we deduce

= [ g6 ST [ b2 i) o)

[aUp]j
= / f(s)ds; Sg' (s, T)/ p(p® — 2s0p + |s|*) " dp; g(p)
[0Us]; [OW];
[ s ST [ = 2 |5 dp 9lo)
UL, 0B, (0)];
= f/ f(s)ds; Sg' (s, T)/ p(p* — 2s0p + |s|°) " dp; g(p),
U], 0B, (0)];

where the last equality follows from the Cauchy integral theorem since, by our
choice of U, and Uy, the function p — p(p® — 2sop + |s|*) 7! is left slice hyperholo-
morphic and the function p — g¢(p) is right slice hyperholomorphic on W. If we
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let r tend to 400 and apply Lebesgue’s theorem in order to exchange limit and
integration, the inner integral tends to 2mg(co) and hence

J— </[3US],- F(s) ds; S (s, T)) g(00).

We also have

f12+I4*/ / s)ds; (357 (p,T) = pS;* (0, T))
U ]J [6UP]J

- (p* — 2s0p + |s|*) " dp; g(p)

and applying Fubini’s theorem allows us to change the order of integration. If we
now set W = B,.(0) N U, with r sufficiently large, we obtain, as before, a bounded
slice Cauchy domain with 8(W NC,) = 0(Us N C;) U I(B,(0) N C;). Applying
Lemma 2.2.24 with B = S;*(p, T), we find

—12+I4:/ / s)ds; (55, (p,T) —pS; ' (p, T)) -
[8U,]; J[ow],

P]]

“Ju

p]j

- (p® = 2sop + |s|*) " dp; g(p)
/ £(s)ds; (357 (p.T) — pS; (p. T)) -
[0B,-(0)];
- (p* — 2s0p + |s|*) " dp; g(p)
=27 / St (p,T)f(p) dp;j 9(p)
[aUp]j

- / / f(s)ds; 3. (p, T)(p* — 2s0p + |s*) "  dp; g(p)
U, 1; J 10B.(0));

s

P]J

/{aB oy TS O TIO ~ 20p 5 s o),

Observe that the third integral tends to zero as r — +o00. For the second one, by
applying Lebesgue’s theorem, we obtain

/ / $)ds; 557 (0, T) (0 — 2s0p + |s12) " dp; g(»)

oU,); J 9B, ( o)

_ / ( f(re’ >rzs;1<p,T><p22rcos<¢>p+r2>1d¢) dp; 9(p)
[6UP]J

g [ SE 0 T)dbgal)

[8Up]j
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Since f is intrinsic, f(p) commutes with dp;, and hence

—L+1,=2n /[8 St (p,T) dp; f(p)g(p)

p]j

— 27 f(0) SN (p,T) dp; g(p).
[aUp]j

Finally, we consider the integral Is. If we set again W = B,.(0) N U, with r
sufficiently large, then

py = / / 5)ds; 355 (5, T) (0 — 250p + |sI°) " dp; g(p)
[U.]; J1owl;
/ / s)ds; 3SR (s, T)(p* — 2s0p + |s|*) " dp; g(p).
[aU OB,.(

By our choice of Uy and U,, the functions p — (p? —2sop+|s|?)~! and p — g(p) are
left (resp. right) slice hyperholomorphic on W. Hence, Cauchy’s integral theorem
implies that the first integral equals zero. Letting r tend to infinity, we can apply
Lebesgue’s theorem in order to exchange limit and integration and we see that

b= [ [ () dsy S TG 2500+ 15 d glp) 0.
ou.); J19B.(0));
Altogether, we obtain

1 B |
G Jo, [ ST 6T [ ST 0T gt

[8Up]j

2

f(s)ds; Sg'(s, T)) g(oo )+1/[ ]Sil(p,T)dpjf(p)g(p)

- f(OO)i/ S.Hp,T) dp; g(p).
GLA

1

SO0 = Fod T+ 15 [ S7 0T, )

f(s)ds; Sp (ST)> g(o0)

1 B |
+ 2 /[aUs]j f(s)ds; Sy (8 T)/ S (p, T)dpj g(p)

[aUp]j

= f(o0)g(00)T + o S; (v, T) dp; f(p)g(p) = (fg)(T). O
i [8Up]j
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If the operator T" is bounded, then slice hyperholomorphic polynomials of T’
belong to the class of functions that are admissible within S-functional calculus.
In the unbounded case, this is not true, but the S-functional calculus is in some
sense still compatible, at least with intrinsic polynomials. For such polynomial
P(s) = Yp_,ars® with a; € R, the operator P(T) is as usual defined as the
operator

P(T)y:=Y_ aT*y, yeD(T").
k=0

Lemma 3.5.2. Let T € K(X) with ps(T) # 0, let f € N(og(T) U {o0}) and let P
be an intrinsic polynomial of degree n € Ny. If y € D(T™), then f(T)y € D(T")
and

F(MP(T)y = P(T)f(T)y.

Proof. We consider first the special case P(s) = s. Let U be an unbounded slice
Cauchy domain with og(T) C U, let j € S and let {v1,...,7,} be the part of
o(UNC;) in (C;r as in Definition 2.1.34. We apply Lemma 3.4.5 and write

[ s S T)

8(UQCJ)
N 1

=37 [ 2Re (F)HOD) Q0 ()
(=1

N .1
_;/0 2Re(f(’YZ(t))(_ﬁ'Yé(t))TQW(t)(T)_1dt.

Observe that Q. ) (T) Ty = TQ,,)(T) 'y for y € D(T) and that T also
commutes with real numbers. By applying Hille’s theorem for the Bochner integral,
Theorem 20 in [110, Chapter II1.6], we can move T in front of the integral and
find

1

27 Jawncy)

=575 [ 2R (F) (3107 0) Qo (D)
(=1

f(s)ds; Sg*(s, )Ty

n 1
- ;Tzlﬂ / 2Re(f(36(0) (=376 ) Ty (T) 'y

1 _
=T f(s)ds; Sz (s.T)y.
T Jawncy)

where the last equation follows again from Lemma 3.4.5. Finally, observe that
f(o0) = lims,o0 f(s) is real since f(s) € R for any s € R because f is intrinsic.
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Hence, we find

() Ty = f(oo)Ty + % e f(s)ds; Sz*(s,T)Ty
= Tf(oo)y + T e S5 S5 (5 Ty =Ty Ty

In particular, this implies f(T)y € D(T).

We show the general statement by induction with respect to the degree n
of the polynomial. If n = 0 then the statement follows immediately from Exam-
ple 3.4.3. Now assume that it is true for n — 1 and consider P(s) = ags™ + P,,—1(s),
where a,, € R and P,,_1(s) is an intrinsic polynomial of degree lower or equal to
n — 1. For y € D(T™) the above argumentation implies then f(T)T" 'y € D(T)
and

HT)P(T)y = f(T)anT"y + f(T)Pu-1(T)y
=a, Tf(T)T" 'y + f(T)P,_1(T)y.

From the induction hypothesis, we further deduce f(T)T" 'y = T"~1f(T)y and
f()Po—1(T)y = P—1(T) f(T)y and hence

FMPT)y =anT"f(T)y + Por(T) f(T)y = P(T) f(T)y.

In particular, we see that f(T)y belongs to D(T™) and we obtain that the state-
ment is true. U

Remark 3.5.1. We only considered intrinsic polynomials in Lemma 3.5.2 because
only multiplying with such functions yields again a slice hyperholomorphic func-
tion. However, even the definition of P(7T') is not straightforward if P does not have
real coefficients. Indeed, if 7" is unbounded and P(s) = Y__, s*a, with ax ¢ R,
then setting P(T)v = Y_;'_, T*axv might not be meaningful for all v € D(T™).
Unless D(T™) is a two-sided subspace of X, it is not clear that azv € D(T*) even
if v e D(T).

As in the complex case, we say that f has a zero of order n at oo if the first
n — 1 coefficients in the Taylor series expansion of s — f(s71) at 0 vanish and the
n-th coefficient does not. Equivalently, f has a zero of order n if lims_, o f($)s" is
bounded and nonzero. We say that f has a zero of infinite order at infinity, if it
vanishes on a neighborhood of co.

Lemma 3.5.3. Let T € K(X) with ps(T) # 0 and assume that f € N (cs(T)U{cc})
has a zero of order n € No U {400} at infinity.

(i) For any intrinsic polynomial P of degree lower than or equal to n, we have
P(M)f(T) = (PF)(T).
(ii) Ify € D(T™) for some m € Ng U {oo}, then f(T)y € D(T™*™).
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Proof. Assume first that f has a zero of order greater than or equal to one at
infinity and consider P(s) = s. Then Pf € N(o5(T) U {o0}) and for y € X

1

(PH(T)y = Jim siey+ 5o [ S7(s.D)ds; sf (o)
T Jaunc;)

with an appropriate slice Cauchy domain U and any imaginary unit j € S. Since
s and ds; commute, we deduce from the left S-resolvent equation that

1 _
37 e, S s
NG,
1 1
= — TS (s, T ds»fsy—k—/ ds; f(s)y
2w Jowne,) - sy Fls)y + o owney) (

Any sufficiently large Ball B,(0) contains OU. The function f(s)y is then right
slice hyperholomorphic on B,.(0) N U and Cauchy’s integral theorem implies

1 1
— ds; f(s)y = lim ——/ ds; f(s)y
2 Jowne,) rotoo 21 Joe oney)
1 27 . .
— Tl je i - 1
m — o /O re!?f(re’?)yde = — lim sf(s)y.

Thus, after applying Hille’s theorem for the Bochner integral, Theorem 20 in [110,
Chapter I11.6], in order to write the operator T in front of the integral, we obtain

1

(PI(T)y =T
T Joa(uncy)

Sp'(s,T) ds; f(s)y = P(T)f(T)y.

In particular, we see that f(T)y € D(T).

We show (i) for monomials by induction and assume that it is true for P(s) =
s"~1if f has a zero of order greater than or equal to n — 1 at infinity. If the order
of f at infinity is even greater than or equal to n, then g(s) = s" ! f(s) has a zero
of order at least 1 at infinity and, from the above argumentation and the induction
hypothesis, we conclude for P(s) = s™

(Pf)(T)y =Tg(T)y =TT" ' f(T)y =T"f(T)y,

which implies also f(T)y € D(T™). For arbitrary intrinsic polynomials the state-
ment finally follows from the linearity of the S-functional calculus.

In order to show (ii) assume first y € D(T™) for m € N. If f has a zero of
order n € N at infinity, then (i) with P(s) = s™ and Lemma 3.5.2 imply

(PA(T)T™y =T f(T)T™y =T"T™ f(T)y = T™ " f(T)y

and hence f(T)y € D(T™*"). Finally, if m = 400 then y € D(T*) and hence
f(T)y € D(T**") for any k € N. Thus, y € D(T>). O
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Corollary 3.5.4. Let T € K(X) with ps(T) # (. For any intrinsic polynomial P,
the operator P(T') is closed.

Proof. We choose s € ps(T) and n € N such that m < 2n, where m is the degree
of P. Then f(p) = P(p)Qs(p)~™ belongs to N(os(T) U {oc}) and has a zero of
order 2n — m at infinity. Applying Lemma 3.5.3, we see that

P(T)y = P(T)Qs(T)"Qs(T) "y = Qs(T)"P(T)Qu(T) "y = Qs(T)" f(T)y

for y € D(T™). Since its inverse is bounded, the operator Qs(T")" is closed and in
turn P(T) is closed as it is the composition of a closed and a bounded operator. [

Corollary 3.5.5. Let T € K(X) with ps(T) # 0. If f € N(os(T) U {o0}) does not
have any zeros on os(T) and a zero of even order n at infinity, then ran(f(T)) =
D(T™) and f(T) is invertible in the sense of closed operators. If ps(T) NR # 0,
this holds true for any order n € N.

Proof. Let p € ps(T) and set k = n/2. The function h(s) = f(s)Qp(s)* with
Q,(s) = s —2pys+|p|? belongs to N (o5(T)U{oc}) and does not have any zeros in
05(T). Furthermore, h(co) = lims_, h(s) is finite and nonzero. Hence, the func-
tion s — h(s)~! belongs to N (os(T) U{oc}) and we deduce from Theorem 3.5.1
that h(T) is invertible in B(X) with h(T)~! = h=}(T). Theorem 3.5.1 moreover
implies f(T) = Q,(T)*h(T). Now observe that h(T) maps X bijectively onto X
and that Q,(7T)~* maps X onto D(T?) = D(T"). Thus ran(f(T)) = D(T™).

Finally, f(T)~! := h™T)Q,(T)* is a closed operator because h is bi-
jective and continuous and Q,(T)* is closed by Corollary 3.5.4. So it satisfies
(D) Lf(T)y =y for y € X and f(T)f(T) 'y =y for y € D(T™). Thus, it is the
inverse of f(T).

In the case there exists a point a € ps(T) N R, similar arguments hold with
P(s) = (s—a)™ instead of Q,(s)*. In particular, this allows us to include functions
with a zero of odd order at infinity too. O

We conclude this section by determining the slice derivatives of the left and
right S-resolvents of T' as an application of the above theorems.

Definition 3.5.6. Let T € B(X) and let s € pg(T). For n > 0, we define
S;"(s, T) = Z(_l)k (Z) TFQ(T) 5"+
k=0

and, similarly, we define

Remark 3.5.2. Since the function Q(¢)~™ is intrinsic, the above definitions are
due to the product rule compatibility with the S-functional calculus, that is,

[S."(s,9)] (T) = S;™(s,T) and [SR"(s,-)] (T) = SE"(s,T).
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Proposition 3.5.7. Let T € B(X) and let s € pg(T). Then
9s™ S (5, T) = (—1)™m! S; (s, T) (3.39)

and
9™ S (5, T) = (—1)™m! Sz " (s, T), (3.40)

for any m > 0.

Proof. Recall that the slice derivative coincides with the partial derivative with
respect to the real part of s. We show only (3.39), since (3.40) follows by analogous
computations.

We prove the statement by induction. For m = 0, the identity (3.39) is
obvious. We assume that 9s™ 157 (s, T) = (—1)™ " (m — 1)1 S;™(s,T) and we
compute 9s™S; (s, T). We represent S; (s, T) using the S-functional calculus. If
we choose the path of integration (U NC;) in the complex plane C; that contains
s, then S;™(s,p) = (s —p)~™ for any p € (U N C;) so that

2
1
T or a(UNC;)
1
T aUNC;)
= —m S, " (s, T),

—-m 1 — —m
9sS;™(5,T) = B5 / ;M (p.T) dp; S;™ (5, p)
(‘)(UQCJ‘)

—m

_ B
SLl(p,T)dpjaTo(s—p)

S (p, T)dpj (s —p)~ ™

and in turn,

9s™S; (s, T) = 9s (9s™ ' S; (s, T))
= (=)™ Y(m — 1)10sS; (s, T) = (-1)™m! 57"V (s, 7). O

3.6 The spectral mapping theorem

We recall that the extended S-spectrum ogsx (T") equals og(T) if T' is bounded and
it equals og(T") U {oo} if T is unbounded.

Theorem 3.6.1 (Spectral Mapping Theorem). Let T € K(X) with ps(T) # 0. For
any function f € N(os(T) U {oo}), we have os(f(T)) = f(osx(T)).

Proof. Let us first show the relation os(f(T)) D f(osx(T)). For p € 05(T) con-
sider the function

9(s) == (f(s)” = 2Re(f(p)).f(5) — |f (0)|*)(s* — 2Re(p)s + [p[*) ",
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which is defined on D(f) \ [p]. If we set p;, = po + jsp1, then p;, and s commute.
Since f is intrinsic, it maps C; into C; and hence f(p;,) and f(s) commute, too.
Thus
(f(s) = f(.))(f(s) — f(ps.))

(s = pj.)(s = D5.)

and we can extend g to all of D(f) by setting

g(s) =

o(s) = {asf(s) (flp)p™'), selplifp¢R, (3.41)

(8Sf(3))27 s=p, if peR.

Now observe that

(s* = 2Re(p)s + [p[*)g(s) = f(s)* + 2Re(f(p)) f(s) + | (p)?

and that ¢ has a zero of order greater or equal to 2 at infinity. Hence, we can
apply the S-functional calculus to deduce from Lemma 3.5.3, Theorem 3.5.1 and
Example 3.4.3 that

(T? = 2Re(p)T + |pI’T)g(T)y = (f(T)* + 2Re(f (p)) F(T) + | f(0)|T)y.

for any y € X and

g(T)(T? = 2Re(p)T + |pI*T)y = (f(T)* + 2Re(f(p)) f(T) + | f(p)|T)y,

for y € D(T?). If f(p) € ps(T), then

Qs (F(T)) = F(T)* = 2Re(f(0)) F(T) + | f(p)IZ

is invertible and

Qsp) (F(1)) 1 g(T) = g(T) Qs (F(T)) ™

is the inverse of the operator Q,(T) = T? — 2Re(p)T + |p|*Z. Hence, f(p) ¢
os(f(T)) implies p ¢ os(T) and as a consequence p € og(T) implies f(p) € o5(T),
that is f(os(T)) C os(f(T)).

Finally, observe that f(oco) = lim, .o f(p) is real because f is intrinsic and
thus takes real values on the real line. If T" is unbounded and f(co) # f(p) for any
point p € og(T) (otherwise we already have f(o0) € f(os(T)) C os(f(T))), then
the function h(s) = (f(s) — f(c0))? belongs to N(og(T) U {oc}) and has a zero
of even order n at infinity but no zero in og(7"). By Corollary 3.5.5, the range of
h(T) = Qf(oe)(f(T)) is D(T™). Thus, it does not admit a bounded inverse and we
obtain f(oo) € ag(f(T)). Altogether, we have f(osx(T)) C os(f(T)).

In order to show the relation og(f(T)) C f(osx(T)), we first consider a
point ¢ € og(f(T)) such that ¢ # f(c0). We want to show ¢ € f(og(T)) and
assume the converse, i.e., f(s) — ¢ has no zeros on og(7T).
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If ¢ is real, then the function h(s) = f(s) — ¢ is intrinsic, has no zeros on
o5(T) and limg_, h(s) = f(00) — ¢ # 0. Hence, h=1(s) = (f(s) — ¢)~! belongs
to N(og(T) U {oo}). Applying the S-functional calculus, we deduce from The-
orem 3.5.1 that h=1(T) is the inverse of f(T) — ¢Z and hence Q.(f(T))~! =
(h=Y(T))?, which is a contradiction as ¢ € og(f(T)). Thus, ¢ = f(p) for some
p€os(T).

If on the other hand ¢ = ¢y + ic; is not real, then f — c; # 0 for any
¢; = co+jer € [c]. Indeed, f(p) = folu, v)+kfi(u,v) = co+jei for p = u+kv would
imply k = j and fo(u,v) = ¢o and f1(u,v) = ¢ as fo and f; are real-valued because
f is intrinsic. This would in turn imply f(p;) = f(u+iv) = fo(u,v)+if1(u,v) =c¢
for p = u + v, which would contradict our assumption. Therefore, the function

h(s) = (f()* = 2Re(c)f(s) + |c[*) = (f(s) — ¢;.)(£(s) — )

with ¢, = ¢y + jeo for s = u + jv does not have any zeros on og(7T'). Moreover,
since f(o0) is real, we have

h(c0) = (f(00) = ¢)(f(00) =) = [f(00) —c* #0

and hence h=1(s) = (f(s)? — 2Re(c) f(s) + |¢|*)~! belongs to N (os(T) U {o0}).
Applying the S-functional calculus, we deduce again from Theorem 3.5.1 that the
operator h=1(T) is the inverse of Q.(T), which contradicts ¢ € o5(f(T)). Hence,
there must exist some p € og(T) such that ¢ = f(p).

Altogether, we obtain og(f(T)) \ {f(c0)} is contained in f(os(T)).

Finally, let us consider the case that the point ¢ = f(00) belongs to os(f(T)).
If T is unbounded, then co € osx(T") and hence ¢ € f(ogx(T)). If on the other
hand 7' is bounded, then there exists a function g € N (os(T)U{cc}) that coincides
on an axially symmetric neighborhood og(T) with f but satisfies ¢ # g(c0). In this
case f(T) = g(T), as pointed out in Remark 3.4.1, and we can apply the above
argumentation with g instead of f to see that ¢ € g(os(T)) = f(os(T)). O

Theorem 3.6.2. If T € K(X) with o5(T) # 0, then P(og(T)) = os(P(T)) for any
intrinsic polynomial P.

Proof. The arguments are similar to those in the proof of Theorem 3.6.1: in order
to show P(os(T)) C os(P(T)), we consider the polynomial Qp(,)(P(s)), which
is given by Qp(,)(P(s)) = P(s)* — 2Re(P(p))P(s) + |P(p)|? for any p € o5(T).
As p and p are both zeros of Qp,)(P(s)) (resp. as p is a zero of even order of
Qpp)(P(s)) = (P(s) — P(p))? if p is real), there exists an intrinsic polynomial
R(s) such that

() (P(s)) = Qp(s)R(s)-

) =
If P(p) ¢ os(P(T)), then Qp y(P(T)) is invertible and Lemma 3.5.3 and Ex-
ample 3.4.3 imply that Qp(, ( ( )~ 1R( ) is the inverse of Q,(T"), which is a
contradiction because we assumed p € 05(T). Therefore P(p) € o5(P(T)).
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Conversely assume that p ¢ P(og(T)). Then the function
Qy(P(s)) = P(s)* — 2Re(p) P(s) + |p/*

does not take any zero on og(T) and we conclude from Corollary 3.5.5 that
Q,(P(T)) has a bounded inverse. Thus p ¢ og(P(T)) and in turn og(P(T)) C
P(og(T)). O

Theorem 3.6.3 (Composition rule). Let T € K(X) with ps(T) # 0. If f €
N(os(T)U{oo}) and g € SHL(f(osx(T)) or g € SHr(f(osx(T)), then

(g0 F)(T) = g(f(T)).

Proof. Because of Remark 3.4.1, we can assume that f(oo) belongs to f(osx (T)).
We apply Theorem 2.1.31 in order to choose an unbounded slice Cauchy domain U,
such that os(f(T)) = f(osx(T)) C U, and U, C D(g) and a second unbounded
slice Cauchy domain U, such that og(T) C Us and Us C f~Y(U,) N D(f). The
subscripts are chosen in order to indicate the respective variable of integration in
the following computation.

After choosing an imaginary unit j € S, we deduce from Cauchy’s integral
formula, that

(go f)(T) = (go f)(o0)I
_ QL S; (s, T)ds; (g o f)(s)
T Ja(U.ncy)

1 1
- S~1(s,T) ds; 7/ S (p. £(s)) dps o(p) | .
21 Jow.ne,) (5, T) ds, <27r sw.ne;) - (p, f(s)) dp; 9(p)

Changing the order of integration by applying Fubini’s theorem, we obtain
(go f)(T) = (go f)(oo)T
1 1 -1 -1
o Sy (s,T)ds; S (p, f(s)) | dp; 9(p)
T Jo(UsnC;)

21 Joaw,ne;)

1 _
=5 S;Hp, £(T)) dp; g(p)
B(Upﬁ((:j)

1 _
~ 5 S; ' (p, f(o0)) dp; g(p)T
3(Upﬁ(:j)

= 9(f(T)) — g(f(0))Z

and hence (go f)(T) = g(f(T)). O
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3.7 Spectral sets and projections onto invariant
subspaces

As in the complex case, the S-functional calculus allows to associate subspaces of
X that are invariant under 7' to certain subsets of og(T).

Definition 3.7.1 (Spectral set). A subset o of ogx(7T) is called a spectral set if it
is open and closed in ogx (7).

Just as 0g(T) and ogx(T'), every spectral set is axially symmetric: if s € o
then the entire sphere [s] is contained in o. Indeed, the set ¢ N [s] is then a
nonempty, open and closed subset of ogx (T) N [s] = [s]. Since [s] is connected this
implies o N [s] = [s]. Moreover, if o is a spectral set, then ¢/ = ogx(T) \ o is a
spectral set, too.

If o is a spectral set of T, then ¢ and ¢’ can be separated in H,, by axially
symmetric open sets and hence Theorem 2.1.31 implies the existence of two slice
Cauchy domains U, and U, containing o and o', respectively, such that one of
them is unbounded and U N U, = §. We define

(2) 1 ifzeU,,
() =
X 0 ifzel,.

The function x,(z) obviously belongs to N (og(T) U {oo}).

Definition 3.7.2 (Spectral projection). Let T € K(X) with ps(T) # 0 and let
o C og(T) be a spectral set of T. The spectral projection associated with o
is the operator E, := x,(T) obtained by applying the S-functional calculus to
the function y,. Furthermore, we define X, := E,X and T, = T\D(Tg) with
D(T,)=D(T)N X,.

Explicit formulas for the operator E, are for bounded o are given by

1 1
. = — S (s, T)ds; = — ds; S5t (s, T)
2w Jow,ncy) ¢ YUom Jowaney
and for unbounded o
1 1
E, =T+ — Sy N(s,T)ds; =T + — ds; Sg'(s,T),
21 Jaw,nc;) 27 Jaw,nc;)

where the imaginary unit j € S can be chosen arbitrarily.

Corollary 3.7.3. Let T € K(X) such that ps(T) # 0 and let o be a spectral set of
T.

(i) The operator E, is a projection, i.e., E2 = E,.

(ii) Set o' =os5x(T)\ 0. Then E; + E,» =T and E,E, = E,E, = 0.
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Proof. This follows immediately from the algebraic properties of the S-functional
calculus shown in Corollary 3.4.4 and Theorem 3.5.1 as X2 = ¥, and Xo + Xor = 1
and XoXo' = Xo'Xo = 0. 0

The following Lemma 3.7.4 is a special case of [47, Chapter II §1.9, Propo-
sition 14] and Lemma 3.7.5 is an immediate consequence of the fact that any
projection with closed range is continuous.

Lemma 3.7.4. Let A, B, M and N be right linear subspaces of a quaternionic right
vector space X such that AC M and BC M. If A& B=M® N, then A= M
and B= N.

Lemma 3.7.5. Let A, B, M and N be right linear subspaces of a quaternionic
Banach vector space Xgr such that A C M, B C N and such that M, N and
M & N are closed. Then A® B is dense in M & N if and only if A is dense in M
and B is dense in N.

Definition 3.7.6. Let T : D(T) — X. We split the S-spectrum into the three
disjoint sets:

(P) The point S-spectrum of T":

osp(T) = {s € H: ker(Qu(T)) # {0}}.
(R) The residual S-spectrum of T*
o5 (T) = {s € H: ker(Qy(T)) = {0}, 1an(Q,(T)) # X } .
(C) The continuous S-spectrum of T
o5e(T) = {s € H:  ker(Qu(T)) = {0}, ran(Qu(T)) = X, Qu(T)™" ¢ B(X)}.

There are different possible ways to split the S-spectrum. We refer to Section
9.2 in [57] for more details and comments.

Theorem 3.7.7. Let T € K(X) with ps(T) # 0 and let Eq1,Ey € B(X) be projec-
tions such that Ey + Eo =T (and hence E1Ey = E3FE1 = 0). Denote Xy := E¢(X)
and D(Ty) := E¢(D(T)) and assume that T(D(Ty)) C X¢ such that Ty := T'|p(r,)
s a closed operator on the right Banach space X, for £ = 1,2. Then

(i) E/Ty =TEpy fory e D(T),

(ii) D(T?) = E(D(T?)) for £ = 1,2,

(iii) ran(Qs(T)) = ran(Qs(T1)) ® ran(Qs (7)), for any s € H,
)

(iv) 05(T) = 0s(Th) Uog(Te) and
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(v) 05p(T) = 05p(T1) U 05p(T3)-
If moreover o5(T1) Nos(Tz) =0, then
(vi) 05c(T) = 05:.(T1) Uoge(Te) and
(vit) 05 (T) = o5-(T1) Uogr(T2).

Proof. The assertions (i) to (iii) are obvious. Now assume that s € pg(T). Then
ran(Q,(7T)) = X and from (iii) we deduce

X106 Xo =X =ran(Q4(T)) = ran(Q4(T1)) @ ran(Q4(T3)).

As ran(Q4(Ty)) C Xy, Lemma 3.7.4 implies ran(Q,(7y)) = X, and hence
Qu(Ty) = Qu(T) Y x, as Qs(Ty) = QS(T)|D(T22). Indeed, we have

Qu(T) 7' Qu(Ty)y = Qs(T) ' Qu(T)y =y fory € D(TY)
and, since Q,(T) "1y € D(T}) for y € Xy, also
QS(TZ)QS(T)_ly = Qs(T>Qs(T)_1y =Y for RS X€~

Thus, s € ps(T1) N ps(Tz). Conversely, if s € pg(T1) N ps(Tz), then the operator
Qy(T1)"LE; + Q4(Ty) 1 Ey is the inverse of Q4(T) and hence s € pg(T). Alto-
gether, ps(T) = ps(T1) N ps(T2), which is equivalent to og(T) = 05(T1) Uos(Ts)
and hence (iv) holds true.

Obviously, s,(Ty) C osp(T) as any S-eigenvector of T; is also an S-eigen-
vector of T associated with the same eigensphere. Conversely, if y # 0 is an S-
eigenvector of T' associated with the eigensphere [s] = sg + Ss1, then set y, = Epy
and we observe that

0= 9Ty = Qs(Th)y1 + Qs(T2)y2.

As Q4(Ty)ye € X and X; N Xy = {0}, this implies Qs(Ty)ye = 0 for £ =1,2. As
y # 0, at least one of the vectors g, is nonzero and therefore an S-eigenvalue of
T, associated with the eigensphere [s]. Thus [s] C 0g,(T1) U osp(T2) and in turn
osp(T) = 05p(T1) U ogp(T2) so that (v) holds true.

We assume now that og(Ty) N og(Te) = @. Then assertions (iv) and (v)
imply that s € og.(T)Uos,-(T) if and only if s € og.(T¢) Uos,(T;) for either £ =1
or £ = 2. We assume without loss of generality s € og.(T1) U os(T1) and thus
s € ps(Ts). As ran(Qs(T»)) = Xs, we deduce from (iii) and Lemma 3.7.5 that
ran(Qs(T)) is dense in X = X; @ X» if and only if ran(Q,(71)) is dense in X. In
other words, s € 0g.(T") if and only if s € 05.(T1) and in turn s € og,(7T) if and
only if s € gg,(Th). |

Theorem 3.7.8. Let T € K(X) with ps(T) # 0 and let 0 C o5(T') be a spectral set
of T. Then

(i) Es(D(T)) € D(T),
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(Vi) e Nos(T) = o5r(15).

If the spectral set o is bounded, then we further have:
(vit) X, C D(T°) and
(viti) T, is a bounded operator on X,.

Proof. Assertion (i) follows from the definition of F, and Lemma 3.5.2. In order
to prove (ii), we observe that if y € D(T) N X, then E,y = y. Hence, we deduce
from Lemma 3.5.2 that E,Ty = TE,y = Ty, which implies Ty € X, .

If o is bounded, then we can choose U, bounded and hence x, has a zero of
infinite order at infinity. We conclude from Lemma 3.5.3 that y = E,y = x.(T)y €
D(T*) for any y € X, and hence (vii) holds true. In particular, X, C D(T).
Therefore, T, is a bounded operator on X, as it is closed and everywhere defined.

We show now assertion (iii) and consider first a point s € H\ 0. We show
that s belongs to ps(Ty). For an appropriately chosen slice Cauchy domain Uy,
the function f(s) := Qs(p)~'xw, (s) belongs to N (os(T)U{oo}). By Lemma 3.5.3
and Lemma 3.5.2, we have

AT)Qs(T)y = xu, (T)y = Ery, foryeD(T?)NX,

and
QM) f(T)yy =xv,(T)y =E,y=y forye X,.

Hence, Q,(T,) = Q«(T)|x,np(r>) has the inverse f(T)|x, € B(Xy). Thus, we
find s € ps(T,) and in turn o5(7T,) C o0 NH =: 0y. The same arguments applied
to T, with o' = ogx(T') \ o show that 05(T,) C o' NH := o3. But by (iv) in
Theorem 3.7.7, we have

0s(Ty)Uos(Ty) =05(T) =01 U0z

and hence o5(T,) =01 =cNH and 05(Ty) = 02 = ¢/ NH. If ¢ is bounded, then
this is equivalent to (iii) because of (viii). If ¢ is not bounded, then co € ¢ and T
is not bounded on X. However, in this case ¢’ is bounded and hence T, € B(X,).
ButasT =T,E,+T, E,, we conclude that T, is unbounded as T is unbounded.
Hence, oo € o0sx(T,) and (viii) holds true also in this case.

Finally, (iv) to (vi) are direct consequences of (v) to (vii) in Theorem 3.7.7
as we know now that og(7,) and og(T,) are disjoint. O
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Example 3.7.9. We choose a generating basis j, ¢ and k := ji of H and consider the
quaternionic right-linear operator T on X = H? that is defined by its action on the
two right linearly independent right eigenvectors y; = (1,)7 and yo = (i, —k)7,

e G) . <8> and (fk) ~ (:]:) - <—Zk> g

Its matrix representation is
1 /-5 1
T==- ).
2 (1 J)

Since, for operators on finite-dimensional spaces, the S-spectrum coincides with
the set of right-eigenvalues by Theorem 3.1.6, we have 0g(T") = or(T) = {0} US.
Indeed, we have

oy =3 (7 ) -s (T L) re(y )
(-3 +1sP 450 —so—3i
- ( 30+%j —;+|S|2+Soj>
and hence
Qu(T)™" = |s|"2(—1 + 2jso + |s[2) " (—% +1|§|2+j80 ) 3] +2$0 . )7
—3J = S0 —3 +[sl* +Jso

which is defined for any s ¢ {0} US. For any s € pg(T), the left S-resolvent is
therefore given by

~ 1 o
SLl(S,T):§|S| 2(—1+|S|2+2]8()) 1
(152G +25) +5(—1+ 2js0) —|s|2 +3(j + 2s0)
|s|> = 3(j + 2s0) Is|2(j + 25) +5(—1 + 2js0) )~

Since 05(T) N C; = {0,4,—j}, we choose Urgy = By/2(0) and set Us = B2(0) \
By3(0). For s = £e7% € 0U3(0) N C;, we have

Sl (s, T) =2e77% (35 + 4Re (ej“"))f1

_ j+el¥ +2cos(p) 2+ jel¥ +2jcosp
—2—jei? +2jcosp  j+ el +2cosp
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and so
_ 1 -1
E{O} = — SL (S,T) de
27 JooynCy)
1 27 ) ) 1
= — 2e7%¥ (3]' + 4Re (e”’)) .
27T 0

. j+el?+2cos(p) 2+ jel¥ —2jcosp lejgp.(i.)d
—2—jel¥ +2jcosp  j+el¥+2cosp )2 AN g

11—
2\ 1)

A similar computation shows that

1 1 1/1 j

Es o /é’(USmcj)SL (s,T)ds; 5 (—j 1).
Straightforward calculations show that these matrices actually define projections
on H? with E{oy+Es = Z. Moreover, we have Froyy1 = y1 and Esy; = 0 as well as
E{0yy2 = 0 and Egys = y2. Thus, the invariant subspace E{q; X associated with
the spectral set {0} is the right linear span of y;, which consist of all eigenvectors
with respect to the real eigenvalue 0 as T'(y1a) = T(y1)a = 0 for all a € H. The
invariant subspace Egs associated with the spectral set S consists of the right linear
span of yz. For a € H \ {0}, we have T(y2a) = T(y2)a = y2ja = (y2a)(a~tja).
Thus, as a~'ja € S, the subspace Eg consists of all right eigenvectors associ-
ated with eigenvalues in S. (This is true only because the associated subspace is
one-dimensional! Otherwise, the subspace would consist of sums of eigenvectors
associated with possibly different eigenvalues in the sphere S. Such vectors are
in general not right eigenvectors, but they are S-eigenvectors associated with the
eigensphere S.)

Finally, we can construct functions, which are left and right slice hyperholo-
morphic on og(T), but for which the S-functional calculi for left and right slice
hyperholomorphic functions yield different operators: consider the function

f(s) = cixuyy, (8) + caxus (s)

such that ¢; or ¢y does not belong to C;. Choose for instance ¢; =4 and ¢ = 0
for the sake of simplicity. This function is a locally constant slice function on
U = Uyoy U Us and thus left and right slice hyperholomorphic by Lemma 3.4.8.
Then

1 1
— S7Y(s,T)ds;f(s) = —/ S7Ys,T)ds; | i
37 e, SE D) <2W I A C LY

11 —j\. 1(i -k
a2\ 1)'T2\k i)
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but

1 1
- f(s)ds; 7\ (s, T) = i 7/ ds; S7 (s, T
21 Jownc;) (s)ds; Sp( ) 2 9(B1,2(0)NC;) 15r :

11—\ 1[0k
'\ 1) T2\ i)

The reason for why we obtain different operators is that the spectral projections Eg
and Eygy cannot commute with arbitrary scalars because the respective invariant
subspaces are not two-sided. Indeed, —iys = (1,4) = y1, which obviously does not
belong to FsX.

3.8 The special roles of intrinsic functions and the left
multiplication

As we saw in this chapter, the role of intrinsic slice hyperholomorphic functions
stands out in quaternionic operator theory. Important results such as the product
rule, the spectral mapping theorem and the composition rule only hold for these
functions. This is not surprising since, on the level of functions, slice hyperholo-
morphicity is only compatible with multiplication and composition of intrinsic
functions, not of arbitrary slice hyperholomorphic functions. There exists, how-
ever, a deeper, more fundamental reason for this special role of intrinsic functions
that we want to explain in the following.

A functional calculus for an operator 7' is a mathematical method that allows
to define an operator f(7T') such that f(T') generalizes the mapping behavior of T
for each f in a certain class of functions on the spectrum of T' (for instance the
class of holomorphic, continuous, measurable or slice hyperholomorphic functions
on the spectrum of 7T'). This is useful for generating new operators, and it is also
useful for understanding the operator T itself. The way f(7T') changes as f varies
in the corresponding class of functions gives information about 7" and allows to
identify, for instance, eigenspaces, invariant subspaces, or, if T' is a normal operator
on a Hilbert space, even its spectral resolution. This is, however, only possible if
the mapping behavior of T and f(T) are related in a suitable way. Intuitively,
the operator f(T') should be obtained by letting f act on spectral values of T. In
particular, if v € X \ {0} is an eigenvector of T associated with s, i.e.,

Tv = vs, (3.42)
then v should be an eigenvector of f(T) associated with f(s), i.e.,
f(Mv=uvf(s). (3.43)

One of the fundamental peculiarities of operator theory in the quaternionic
setting is the axial symmetry of the set of eigenvalues and the S-spectrum of an
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operator. In particular, if (3.42) holds and h € H \ {0}, then
T(vh) = (Tw)h = vsh = (vh)(h~'sh). (3.44)

Consequently, if (3.42) implies (3.43), then vh is an eigenvector of f(7T') associated
with f(h~1sh), that is

f(T)(vh) = (vh)f(h™tsh). (3.45)
On the other hand, (3.43) implies
F(T)(wh) = (f(T)v)h = vf(s)h = (vh) (K™  f(s)h). (3.46)

Combining (3.45) and (3.46), we find that f must satisfy
f(h~tsh) =h~'f(s)h Vh e H\ {0}. (3.47)

Now assume that s = u + jv € H and choose h = j. Since s and j commute, we
conclude from (3.47) that

if(s)=3f(i™ sg) = ji  f(s)j = f(s)j.

A quaternion commutes with j if and only it belongs to C;. Hence, f(s) € C;
and so f(s) belongs to the same complex plane as s. Let a,8 € R such that
f(s) =a+jp.If § = u+iv € [s] with ¢ € S arbitrary, then there exists h € H\ {0}
such that § = h~!sh. Furthermore, we conclude from

ut+iv=58=h"tsh=u+h"jhv
that i = h~!jh. The identity (3.47) then implies
J(utiv) = £(3) = f(h~ sh) = A f(s)h = o+ (h™Lj)B = a + iB.
Setting fo(u,v) := a € R and f;(u,v) := S € R, we find
flu+iv) = fo(u,v) +ifi(u,v), Vies.

Thus, f is an intrinsic slice function. In the quaternionic setting, any proper
functional calculus must therefore necessarily apply to a class of intrinsic slice
functions—otherwise it does not follow the most fundamental intuition of such
calculus, namely that (3.42) implies (3.43), and the mapping behavior of f(T) is
not related with the mapping behavior of T.

This explains why the S-functional calculus shows undesirable properties
when non-intrinsic functions are considered, such as the voidness of the product
rule and the spectral mapping theorem or such as the inconsistencies between the
S-functional calculi for left- and right slice hyperholomorphic functions. (These
phenomena are not restricted to the S-functional calculus but appear, due to the
reasons explained above, in any quaternionic functional calculus, for instance, in
the continuous functional calculus for normal quaternionic operators [57,148].)
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We make another important observation: intrinsic slice hyperholomorphic
functions of an operator can be expressed in terms of only the right linear struc-
ture on the space, cf. Theorem 3.4.11. Hence, they do not depend on the left
multiplication. A right linear operator is, via the linearity condition, only related
with the right multiplication, not with the left multiplication on the space. It
is therefore plausible that, as a general principle, only the right linear structure
should be important for the spectral properties of such operator. Indeed, we as-
sume the existence of a left multiplication on X only because the space B(X) of
right linear operators on X is otherwise only a real, not a quaternionic Banach
space.

We can show the independence of intrinsic slice hyperholomorphic functions
of an operator of the left multiplication with a different argument, which applies
in other situations, too. If f is an intrinsic slice hyperholomorphic function on
osx(T), then f can be approximated uniformly on ogx(T) by intrinsic rational
functions R, due to Runge’s theorem. Intrinsic rational functions are rational
functions with real coefficients. Hence, they are precisely those rational functions
of T that can be defined even if B(X) is considered only as a real Banach space,
that is, if only the right linear structure on X is considered. For any R, the
operator R, (T) therefore does not depend on the left multiplication. Instead,
R, (T) is fully determined by the right linear structure on X. Furthermore, the
operator norm ||T'|| = supj,=; [T/, and in turn also the topology on B(X), is
independent of whether we consider X as a quaternionic two-sided Banach space
or a quaternionic right Banach space. We have
uniformly on og(T"). As the S-functional calculus is compatible with uniform lim-
its, we find

f(T) = lim R,(T).

n—-+oo

Since the operators R, (T") and the topology on B(X) are determined by the right
linear structure on X and do not depend on the left multiplication, this is also
true for the operator f(T).

Similarly, the continuous functional calculus for a bounded normal quater-
nionic operator T is defined by approximating a continuous intrinsic slice function
f on og(T) uniformly by intrinsic polynomials in s and , that is by polynomials
of the form

P,(s) = Z agyks%k with ag, € R.
0<£,k<n
The operator
P, (T) := Z ap TH(T)*,
0<£,k<n
where T denotes the adjoint of T, is then again fully determined by the right linear
structure on the space since it contains only real coefficients. Consequently, also
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the operator f(T) = lim, 1o P, (T) depends only on the right linear structure
and not on any left multiplication [57].

Other important functional calculi such as the H°-functional calculus or
the measurable functional calculus are extensions of these two calculi. Hence, they
inherit the independence from the left linear structure on X (as long as only
intrinsic slice functions are considered).

The fact that functional calculi for quaternionic right linear operators are
determined by the right linear structure on the space brings up the question of
clarifying the role that the left multiplication plays in this theory. In particular,
we have to ask whether it has any influence on the spectral properties of an
operator or not. The spectral properties of a quaternionic operator 7' must be
independent of the concrete model of this operator that is considered a change
of basis for instance, must not effect these properties. More general, let X be a
two-sided quaternionic Banach space and let T' € K(X). If Y is another two-sided
quaternionic Banach space and U : X — Y is a norm-preserving and bijective
right-linear mapping, then

S:=UTU!

is a model for T in Y. The spectral properties of S should correspond to the
spectral properties of T" and, indeed, we have
Q,(8) =9, (UTU ") =UQ,(INU™", VseH.
Hence, we find
ps(T) = ps(S) and os(T) = o0s(S),

and
Qs(S) ' =UQT) U, Vs e ps(T).

If P(s) =Y p_,ars® with a, € R is an intrinsic polynomial, then

P(S)=> apS* =U> a,T*U~' =UP(T)U".
k=0 k=0

For any intrinsic rational function R(s) = P(s)Q(s)~! with intrinsic polynomials
P and @ such that the zeros of @ (resp. the poles of R) lie in pg(T) = ps(S), we
therefore find that

R(S)=P(S)Q(S) ' =UP(T)Q(T) U~ =UR(TU .

If f € N(osx(T)) = N(osx(S)), then Runge’s theorem implies the existence
of a sequence of intrinsic rational functions R,,n € N, the poles of which lie in
ps(T) = ps(S) such that f(s) = limy_ 400 Rp(s) uniformly on ogx (7). Since the
S-functional calculus is compatible with uniform limits on ogx (T"), we obtain that
f(S)= lim R,(S)= lim R,(S)= lim UR,(T)U '=UfT)U "

n—-+o0o n—-+oo n——+oo
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Similarly, it also follows that f(S) = U f(T)U~! for any continuous intrinsic slice
function f on og(T) if T is a normal operator on a quaternionic Hilbert space
and U is a unitary right linear bijection. This correspondence is inherited by
the extensions of these functional calculi such as the H*°-functional calculus or
the measurable functional calculus for normal operators. (For the S-functional
calculus the identity f(S) = Uf(T)U~! can also be deduced directly from the
integral representation (3.35). However, for the intrinsic functional calculus such
integral representation does not exist and one has to follow the strategy described
above.)

Objects and techniques that depend on the left multiplication or that apply
to functions other than intrinsic functions are, on the other hand, not invariant
under the transformation U. Consider for instance the constant function f(s) = a
with ¢ € H \ R. This function is both left and right slice hyperholomorphic on
osx(T) = osx(S), but not intrinsic. If we apply the S-functional calculus, we
find f(S) = aZy and f(T) = aZx. However, unless aU = Ua, we have

f(S)=aZy #U(aZx)U ' =UFf(TU.
Actually, even for the S-resolvents, in general, we have
S (s, 8) AUS (s, T) U™ and Sp'(s,S)# USR' (s, T) U .
Indeed, unless Us = 3U, it is

SpH(5,5) = Qs(5) 15— 5Q,(5) ™
=UQ(T) U s -UTQ,(T)'U™*
AU (Q(T) 5 =TQu(T) YU =US, (s, U

Due to the symmetry of the path of integration in the S-functional calculus, the
S-resolvents are always simultaneously evaluated at s and s and it is this fact that
ensures the independence of the S-functional calculus for intrinsic functions from
the left multiplication.

One could argue that, since we are working on two-sided quaternionic Banach
spaces, only transformations U that are compatible with the entire structure of
X, that is with both the left and the right multiplication, should be considered
in the arguments above. Hence, one should assume that U is both left and right
linear. Such a transformation would satisfy aU = Ua for all a € H and the
problems described above would not occur. The transformations of this type can
be characterized easily: if

Xp={veX: av=vwa, VacH} and Yrg={veX: av=wva, YacH}

such that
X=Xg®H and Y =Yr®H,
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then an operator U : X — Y is both left and right linear if and only if it is the
quaternionic right linear extension of an R-linear operator Ug : Xg — Yg. (In the
terminology introduced in Definitions 2.2.6 and 3.3.1, this is equivalent to U being
a scalar operator.)

However, restricting ourselves to such transformations is not feasible. We can
consider for example X = H" with its natural left and right multiplication and
endowed with an arbitrary norm. This yields a two-sided quaternionic Banach
space of dimension n. A right linear operator T' on H"™ can be represented by
an n X n-matrix with quaternionic entries and an operator is both left and right
linear if it is represented by a matrix with only real coefficients. This matrix can
be put in Jordan normal form, i.e., there exists an invertible matrix U such that
T = USU™!, where S is a block diagonal matrix with the diagonal that consists
of Jordan blocks [190]. The matrix U however does not necessarily only have real
entries. It is in general a matrix with quaternionic entries and hence it represents
an operator that is only right, but not necessarily left linear. If we require that the
spectral properties are only invariant under transformations that are both left and
right linear, this would imply that the spectral properties of T" are not necessarily
invariant under the transformation U. Hence, T and its model in Jordan normal
form S might have different spectral properties, which is absurd.

Spectral properties of an operator must therefore be invariant under norm-
preserving and bijective right linear transformations. Since the left multiplication
is not invariant under such transformations, the spectral properties of an operator
cannot depend on it. We conclude that right linear quaternionic operators have to
be understood in terms of the right linear structure only. The left multiplication
is a useful auxiliary tool, but spectral properties of the operator cannot depend
on it. However, the left multiplication is necessary in order to consider B(X) as
a quaternionic linear space. Without it, it is not possible to apply quaternionic
techniques to elements of B(X) and to give intuitive integral representations for
the S-functional calculus in B(X). Furthermore, without assuming the existence of
a left multiplication, it would not have been possible to develop the fundamental
concepts of quaternionic operator theory. In particular, the S-spectrum could not
have been found as its definition was understood by finding the closed form of the
Cauchy kernel operator series Y. %% T"s~("+1) ¢f. Theorem 2.2.9. Giving meaning
to this series requires B(X) to be a quaternionic linear space.

Finally, in certain situations, the left multiplication of X is particularly use-
ful for simplifying computations, since this left multiplication might allow us to
write T in terms of components as T = Ty + 22:1 Tyey, cf. Definition 2.2.6 and
Definition 3.3.1. If there exists a model of the operator T in a space with a left
multiplication, such that T has commuting components, then this model can be
used to significantly simplify computations for investigating 7', cf. Theorem 3.3.4.
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Check for
updates

The Quaternionic Evolution
Operator

In this chapter we study the theory of semigroups and groups of quaternionic
linear operators, the development of which started in [79]. We show that the
theory of Hille, Phillips and Yosida can be restored in the quaternionic setting.
We consider the problem of determining when an unbounded closed operator T is
the infinitesimal generator of a strongly continuous semigroup Up. This allows us
to consider the abstract Cauchy problem: given a closed unbounded quaternionic
operator T on a quaternionic Banach space X and an initial datum qo € X,
determine the continuous X -valued function q(t) defined for t > 0, such that q(t)
belongs to the domain of T for any t > 0 and such that

dq(t)y=Tq(t), t>0
Q(O) = qo-

In this chapter we generalize the following classical results, see for exam-
ple [110], to the quaternionic setting: If a semigroup E(t) is continuous in the
uniform operator topology, then there exists a bounded linear operator B, acting
on a Banach space, such that E(t) = e'B. Conversely, for any bounded linear op-
erator B, the operator e'B is a uniformly continuous semigroup. The operator B
1s called the infinitesimal generator of the semigroup. Moreover, the infinitesimal
generator B can be obtained as the limit limy_,o(E(h)—1I)/h and the Laplace trans-
form of the semigroup E(t) gives, for Re(\) suitable large, the resolvent operator
of B:

(M -B)"!' = /OOO e M B(t)dt.

If E(t) is merely continuous in the strong operator topology, then the problem
becomes more difficult to study. In an appropriate sense F(t) still equals e'Z, but
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now B is a closed, but possibly unbounded, linear operator with dense domain.
In fact, the characterization is in this case given by: A necessary and sufficient
condition in order that a closed linear operator B with dense domain be the in-
finitesimal generator of a strongly continuous semigroup is that there exist real
numbers M > 0 and w such that every real number X\ > w belongs to the resolvent
set of B and

AT —-=B)™™|| < MA—w)™™, forneN.

In the following we will consider right linear quaternionic operators, but the
theory can be developed also for left linear quaternionic operators. We will show
that it is possible to use the left S-resolvent operator, and also the right S-resolvent
operator to prove our results.

4.1 Uniformly continuous quaternionic semigroups

We begin by extending the following classical result to the quaternionic setting:
a semigroup has a bounded infinitesimal generator if and only if it is uniformly
continuous. We recall the definition of uniformly continuous and of strongly con-
tinuous semigroups and show some preliminary results which will be useful in the
sequel. We will always consider a two-sided quaternionic Banach space X, even
if we do not specify this explicitly. Moreover, we prove some results that will be
used in the next section where we study strongly continuous semigroups.

Definition 4.1.1. Let X be a two-sided quaternionic Banach space. A family of
bounded linear quaternionic operators {U(¢)};>0 in X is called a strongly contin-
uwous quaternionic semigroup if

(1) Ut +7)=U)u(r), t, =0,
(2) U(0) =1,
(3) for every v € X, the mapping t — U(t)v is continuous on ¢ € [0, 00).

The family {U(t)}+>0 is called a uniformly continuous quaternionic semigroup in
B(X) if in addition

(4) the map t — U(t) is continuous in the uniform operator topology for t €
[0, 4+00).

Finally, a strongly (resp. uniformly) continuous group of bounded linear quater-
nionic operators is a family {U(t)}+cr of operators in B(X) such that (1), (2) and
(3) (resp. (4)) holds for all ¢, 7 € R.

If T € B(X), then the S-functional calculus for bounded operators implies
that the operator e!? is a uniformly continuous quaternionic semigroup in B(X).
The following theorem shows that the converse is also true, i.e., every uniformly
continuous quaternionic semigroup is of this form.
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Theorem 4.1.2. Let {U(t)}+>0 be a uniformly continuous quaternionic semigroup

in B(X). Then:
(1) there exists a bounded linear quaternionic operator T such that

uit) = e,

(2) the quaternionic operator T is given by the formula

e i U =UO)
h*T—0 h

b

(3) we have the relation

ietT =Te!T =TT
dt

Proof. Point (1). We recall that the logarithm of a quaternion ¢ = u + jv €
H \ (—o0,0] is defined as logg = In|gq| + jarg(q) (see Example 2.1.14). Since
the S-spectrum of U(0) = Z consists only of the real point 1, it follows from
Theorem 2.2.32 that there exists € > 0 such that P(¢) = Ini(t) is defined and
continuous for ¢ € [0,¢]. If nt < e then we have, due to the semigroup properties,
that

P(nt) =In U(nt) =In (UE)" =n P(t)

and so
P(t) =nP(t/n) for every t € [0,¢].

As a consequence, for each rational number m/n such that m/n € [0,1] and for
each t € [0, €], we have

% P(t) = m P(t/n) = P(mt/n). (4.1)
In particular, we have m
o P(e) = P(me/n). (4.2)
Due to the continuity of P, we conclude from (4.2) that even
tP(e) = P(te) for every t € [0, 1],
and

t
P(t) = gP(E) for every ¢ € [0,¢].

If we set 1
T:=-P
_P(e),

we obtain, due to the composition rule of the S-functional calculus, that

Uit) = e’ = etT  for every t € [0,¢].
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If t > 0 is arbitrary, then ¢/n < ¢ for sufficiently large n, and so we obtain
e T = (I = (/)] =U().
Point (2). Since lim, o+ (€"? —1)/h = q uniformly in any bounded set of H,
Theorem 2.2.21 implies that limy,_,o+ 3 (" T — I) converges to T in B(X).
Point (3). We can deduce it from the S-functional calculus. Let

1
T = — et* ds; Spt(s,T)
21 Jawnc;) IR
where U is a bounded slice Cauchy domain that contains the S-spectrum of the
bounded operator T'. Let h > 0 and consider

- (e ) (hs)™"ds; Sg (s, T).
h 27 Jawncy)

By taking the limit as h — 0 we get

P+ T _ ot T

d 7 tT
—e'' =lim —— = €' T.
h
Similarly, we can also write

6( €

t+h)T _ tT 1
h “or

/8 e (hs) 1 (e®HM)3 _ e%) ds; S=1 (s, T)
ne;

and taking the limit as h — 0 we find that

t+h)T _ tT
ietT = lim C(Hi_e = Te'T, ]
dt h—0 h
We now want to generalize the important result that the Laplace transform
of a semigroup e*? that is generated by a bounded complex linear operator B is
the resolvent operator (A\] — B)~! of B. Both the left and the right S-resolvent
operators, Sgl(s, T) and Sél(s, T), can be represented as the Laplace transform
of the semigroup if we use the two different possible definitions of the Laplace
transform based on left or on right slice hyperholomorphic functions, as it is shown
in the following theorem.

Theorem 4.1.3. Let T € B(X) and let s € H with sg > ||T||. Then the left S-
resolvent operator Sgl(s,T) is given by

+oo
Sy (s, T) = / et T et dt, (4.3)
0
and the right S-resolvent operator S§1(57T) is given by

+oo
Spl(s,T) = / e tsetT dt. (4.4)
0



4.1. Uniformly continuous quaternionic semigroups 109

Proof. We will prove just (4.4) since (4.3) can be shown with similar arguments.
Since [5] = |s| > ||T||, the point § does not belong to or(T"). Indeed, the inverse

of sZ — T is given by
Sy

Therefore, the operator
et et TSp(s,T) = —e " ! T(T? — 25T + |s|?Z)(T —35Z)~!

is well defined. Since T? — 2soT + |s|?Z = —s(T — 3Z) + (T — 3Z)T and since T
and e T commute, we can write
e et TSp(s,T) = e t*s(T —5L)e! T (T —5T) 7"
—e (T —30)e!TT(T —357) 7!

d —ts — t =7\ 1
:—a[e (T —35T)e T(T—SI) ].

Integrating the last equality over [0, 6], for § > 0, gives

/00 e 15t TSp(s, T)dt = — /09 %[e*ts(T —357)e!T(T —57)71)dt
=T —e (T -350)T(T —357)7!
Passing to the limit for # — +o00, due to the assumption sg > ||T||, we have
le™"*(T =3T)e’ (T —37) || < e/ ITI(T = ST)|| ||(T —52) || — 0.

From the latter equality we get

400 Foo
[/ e_tsetTdt] Sr(s,T) = / e " e Sp(s, T)dt =1,
0 0

so we finally obtain (4.4). O

Now we prove a very important result on quaternionic semigroups. We follow
the line of the classical result in [110, p. 616]. We will use several results from
integration theory that are usually formulated for functions with values in real
Banach spaces. Their proofs are, however, identical for functions with values in a
quaternionic Banach space so we simply cite them without repeating their proofs
explicitly.

Proposition 4.1.4. Let X be a two-sided quaternionic Banach space.

(1) Let {U(t)} be a family of bounded linear quaternionic operators defined on a
finite closed interval [a,b] such that U(t)v is continuous in t for each v € X.
Then ||U(-)|| is measurable and bounded on [a,b].
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(2) Conversely, if {U(t)}i>0 is a semigroup of bounded linear quaternionic oper-
ators in X and if U(-)v is measurable on (0,00) for each v € X, then U(-)v
is continuous at every point in (0,00).

Proof. We first show (1). For each v € X, the function ¢ — U(¢t)v is continuous
and so it is bounded on [a,b]. The boundedness of ||U/(-)]| follows from the Uni-
form Boundedness Principle in Theorem 12.0.9. In order to prove that ||/(-)]] is
measurable let § > 0 and set

U={teR: |U®)| >4}
If we pick tg € U, then there exists v with ||v|| = 1 such that [|U(¢t)v|| > 6. Due
to the continuity of U (t)v, there exists an interval (—e + tg,to + €) such that
lU(t)v]| > 0 and in turn also ||U(t)|| > ¢ for any ¢ € (—e +1g,to +¢€). So U is open

in [a, b] and the statement follows from Theorem II1.6.10 in [110], which holds also
in the quaternionic setting.

Now we show (2). First we show that if {{/(t)};>0 is a quaternionic semigroup
such that

(i) U(-)v is measurable on (0, 00) for every v € X,

(ii) ||L4(-)] is bounded over each interval of the form [4,1/6], § > 0,

then U(-)v is continuous at each point to > 0 for any v € X. Therefore, let
0 < a<b<tyand choose d > 0 such that

20 < max{l,a,to b, (1+ to)_l} .
By the semigroup property we have
U(to)v =U[)[U(to — t)v], Tfortg—t >0 (4.5)

and since the right-hand side of (4.5) is independent of ¢, we can integrate it on
[a,b]. If || < 0, we obtain

b
(b— a)[U(to + ) — Ulty)]v = / UMD Uty + £ — t) — Ulto — t)]vdt.

By assumption there exists a positive constant M such that [|U(t)|| < M for
t € [a,b]. Moreover, the function

s Uty + 2 — 1) — Uty — t)] v
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is bounded and measurable for ¢ € [a, b]. So we obtain the chain of inequalities
(b —a)[[[U(to + ) — U(to)]v]

/ U@ o + & — 1) — Ulto — D] dt

<M/ Ut +  — ) — Ulto — )]o] dt

e—0

<M/ Ulr + &) — U)o dr =20

and hence U(t)v is continuous at tg.

What remains to show is that if ¢(¢)v is measurable on (0, 0o) for each v € X,
then ||U4(+)]| is bounded on the interval [d,1/d] for each § > 0. We split the proof
of this statement into two steps.

Step (i). For any vy € X, there exist a separable closed right linear subspace
Xo of X with vg € X and a null set & of (0, 00) such that U(t) Xy C Xy for any
t&&.

By Lemma II1.6.9 in [110] there exists a null set Fy such that {U(¢)vo | t & Fo}
is separable. Thus,

Xo :=span {{vo} U{U(t)vo = ¢ & Fo}}

is a closed separable rightlinear subspace of X. Furthermore there exists a sequence
{tn}nen with ¢, & Fy such that the set {vo} U {U(t,)vo : n € N} is fundamental
in Xy, i.e.,

Xo =span {{vo} U{U(tn)vo: n € N}}L (4.6)

If t € (0,+00) is now such that ¢t ¢ Fy and for any n € N also ¢ + ¢, ¢ Fp, then
T(t)vg € Xo and T(t)T(tn)vo = T(t + tn)vg € Xo for any n € N. Since U(¢) is
right linear and continuous, we conclude from (4.6) that even T'(t)v € X, for any
v € X, that is T(t) Xy C Xo. We define now & as the set of all ¢ € (0, +00) for
which this is not true, i.e.,

Eo=FoU | J(Fo —ta) N (0,+00),
n=1

which is a null set as it is the countable union of null sets. By the above arguments,
we have U(t) Xy C X, for any ¢ ¢ &.

Step (ii). Suppose now that there exists an interval [§,1/d] with § > 0,
on which [|U(t)|| is not bounded. Then there exists a sequence of real numbers
t, € [0,1/6] and of vectors v, € X with |lv,| = 1, such that ||U(t,)v,|| > n for
n € N. By Step (i), for each n € N there exists a separable subspace X, with
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vp, € X, and a null set &, such that U(¢)X,, C X, for any t € &,,. We define

Xoo =span{X,,: neN} and &, = U E,.
n=1

It is clear that X, is separable, that £ is a null set and that U (¢) X C X for
t € E. For each t set

AN = sup{led()v]| = v e Xoo: o]l <1}

Since v, € X0, it is |[U(t)]|" > n for n € N.

In the unit sphere of X, we consider a dense and countable subset {wy, }nen-
Since ||U(-)wy]| is a measurable real function by Theorem I11.6.10 in [110], we have
that

[UC)" = sup{lltd(Jwnll : n €N}

is also measurable. Moreover, if 75 € £, then for any v € X it is U(12)v € X
and
[U(r2)oll < U(2)]']0]l-

So we observe that

24 (ry + )| = sup{[U(r) U (r2)0]ll - v E Xoo: [lufl <1}
<sup{[Ud(r)zll 2z € Xoo: [zl < (A (m)I}
< Ul ()l

provided that 7o € £. Define now w € (0, 00) by
wit) = In U@

From the above discussion we know that w is a measurable function that never
takes the value 400 and it is w(m + 72) < w(m1) + w(72) provided at least one of
the points 71 and 7 does not belong to €. Furthermore, w(t,) > Inn where the
t,, are points in the interval [§,1/6]. That this is a contradiction follows from the
following statement: if w is a measurable extended real-valued function on (0, c0)
and if w(t) < 4oo for all t > 0 and w(t; +t2) < w(t1) + w(tz) whenever one of the
t; is not in a the null set £, then w is bounded above in each finite closed interval.

To see this fact, let @ > 0 and let A = w(a). Then if t; +t; = a and t5 € &,
we have that A = w(a) < w(t1) + w(te). So if

F={teR: 0<t<a, w(t)>A/2}

andifa— F:={a—t:t€ F}, then EUF U (a— F) 2 [0,a]. As a consequence,
if we denote by u the Lebesgue measure, we have u(F) + p(a — F) > a, but
w(F) = p(a—F) and so p(F) > a/2. Assume now that w is not bounded above on a
finite interval [a,b] C (0, +00), i.e., there exists a sequence of points t,, € [a, b] such
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that w(t,) > 2n. The Lebesgue measure of F,, := {t € [0,] : w(t) > n} can then be
estimated by p(F,) > t,/2 > a/2. We conclude that the set {t € R: w(t) = o0}
has at least measure a/2. Conversely, if w does not take the value +oo, then it
must be bounded above on any finite interval. O

Proposition 4.1.5. Let {U(t)};>0 be a strongly continuous semigroup of bounded
linear quaternionic operators on a quaternionic Banach space X. If

w(t) :==In|lU(t)]
is bounded above on the interval (0,a) for every positive a € R, then
. 1 o1
Jim S U] = inf > JU(0)] €[00, +00).

Proof. The function w(t) := In ||t/ (¢)|| is subadditive in [0, c0) and is bounded on
each finite subinterval of [0, c0) for Proposition 4.1.4. We show that

t>0 ¢
is finite or equals —oo and that
t
Wwo = lim M
t—+oo

Indeed, for every number 7 > wqg there exists a point ty such that

w(t
(to) _ .
to
Any t can be written as t = n(t)top + r, where n(t) is an integer and r € [0, o).
Then we have
w(t)
4 t t

IN

IN

So we get
1 t t
wo < lim inf —w(t) < limsup w(t) < w(to)
t=too 1 todoo T to

Since p > wy was arbitrary, we conclude that

1 t
wo = lim inf —w(t) = limsup @
t—-+oo t t—+o00

and hence, in particular, wy = lim;_, 4 o inf %w(t). a
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As a direct consequence of Proposition 4.1.5, we obtain the following propo-
sition.

Proposition 4.1.6. Let {U(t)}1>0 be a family of bounded linear quaternionic oper-
ators on a two-sided quaternionic Banach space X . Then:

(1) the limit wo := limy—, yoc + In [[U(t)| exists,

(2) for each & > wy there exists a positive constant Ms such that

|U(t)| < Msedt, V> 0.

Definition 4.1.7. Let {U/(t)}+>0 be a semi-group of bounded linear quaternionic
operators on a quaternionic Banach space X.

(1) For each h > 0, we define the linear quaternionic operator

Uh)v —v

5 , veX.

ThU =

(2) We define the set
D(T) := {U € X: lim Tpv exists in X}
h—07+

and define the quaternionic operator 7' with domain D(T") by the formula

Tv= lim Tpv, veDT).

h—0t

The operator T', with domain D(T), is called the infinitesimal quaternionic
generator of the quaternionic semigroup U(t).

Proposition 4.1.8. Let T be the infinitesimal quaternionic generator of the strongly
continuous quaternionic semigroup {U(t)}e>o0 and let D(T') be its domain. Then

(1) The set D(T) is a linear subspace of X and T is linear on D(T).
(2) If v € D(T), then U(t)v € D(T) fort >0 and

%L{(t)v = TU(t)v = U(t)Tv, v D(T).
(3) If v e D(T), then

Uty — U(T)v = /tu(o) Tvdf, 0<7<t< oo (4.7)
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(4) Let g : [0,400) — H be a Lebesgue integrable function. If g is continuous at
point t € [0,+00), then

t+h
lim — / UB)g0)vdd =U(t) g(t) v.
t
Proof. Point (1) follows immediately from the definition. Let us show Point (2).
Let h > 0, let ¢ > 0 and consider v € D(T'). Then we can write
U(t)Th’U = ThU(t)’U
and passing to the limit we find that

lim U(t)Thv = lim TRU(t)v.
im U()Tho = lim TU(t)o

h—0t

We have that U(t)v € D(T) if v € D(T) and
U)Tv=TU(t)v, veDT).

By the semigroup properties and the definition of T}, we furthermore have for
v € D(T') that

U v —U(t — h)v

. —U)Tv
—U(t— h)% —U)Tv
= Ut - h)% —U(t — h)Tv +U(t — h)Tv — Ut)Tv

=U(t —h)(Thv —Tv) + Ut — h) —U®)]|Tv.

Since the semigroup is strongly continuous and because of Proposition 4.1.4, we

thus find that
U)oy —U(t—h)v

li —U)Tv =0.
hsot h UtTv =0
On the other hand, we have
lim ARV ZUGY T = U@ T

h—0t h h—0t

and so

%U(t)v =TU(t)v =U(t)Tv, for allv e D(T).

In order to prove point (3), we observe that point (2) implies that

o)) = (. U ) = (T,
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for all linear and continuous functionals ¢ € X*. Hence, we have

(1)) ~ ph(s)o) = [ - (o Ulr) o) dr

_ /st<<p,Z/I(T)TU) dr = <<p, /:u(f) Tv dT>,

for all ¢ € X*, which implies (4.7). Finally, point (4) follows from Theorem I11.12.8
in [110] which holds also in this setting, with obvious modifications. O

Lemma 4.1.9. The linear subspace D(T) in Definition 4.1.7 is dense in X and T
is closed on D(T).

Proof. Let T}, be as in Definition 4.1.7. Take v € X and for h > 0O and ¢t > 0
consider

Th/o U(T)vdr = %/0 Uh+T)v—U(T)v]dT

1 [het 1/t
=7 ’ U(T)UdT—E/OU(T)’UdT

1 h 1 h—+t
:E/t U(T)vd7’+ﬁ/h U(T)vdr

1/t 1 [h
75/0' Z/[( )’UdT*E‘/ U( )Ud’r

1 h+t
:E/ ’UdT—f/ U(T)vdr.
t

By Proposition 4.1.8 (4) we get

t
lim Th/ U(T)vdr =U(t)v — v,
0

h—0+t

and so fo T)vdr € D(T). Since

1 t

v= lim — [ U(T)vdr
t—0+ t 0

we conclude that D(T') is dense in X.

We now prove that T is closed. Let us take a sequence {v, }nen C D(T) such
that lim, e vy = vo and lim,, Tv, = yo. Thanks to Proposition 4.1.8 (3) we
have

U(t)vg —vg = lim [U(t)vs — vy

n—oo
¢ ¢
= lim U(T)Tvy, d’l':/ U(T)yo dr
0

n—oo 0
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where we have used the fact that

lim U(7)Tv, = U(T)yo, uniformly in [0,].

n—oo
Proposition 4.1.8 point (4) yields
1t
iy o= i [ i <o
This implies that vg € D(T) and Tvy = yo, i.e., T is closed. |
We can now prove the following characterization result.

Theorem 4.1.10. Let {U(t)}1>0 be a quaternionic semigroup on a quaternionic Ba-
nach space X. Then {U(t)}1>0 has a bounded infinitesimal quaternionic generator
if and only if it is uniformly continuous.

Proof. If {U(t)}1>0 is a uniformly continuous semigroup then by Theorem 4.1.2
it has a bounded infinitesimal quaternionic generator. To prove the converse, we
suppose that {U(t)};>0 has a bounded infinitesimal quaternionic generator T
Lemma 4.1.9 implies that T is defined everywhere. By Proposition 4.1.4 and the
uniform boundedness principle, Theorem 12.0.9, we have

K := sup ||Th] < +o0.
hel0,1]

From Proposition 4.1.4, we also have that for every 7 > 0 there exists a positive
constant C'(7) such that

@) < C(r), fort>0with |t —7| <1.
The semigroup properties give
Uy -UTN)=UTN)Ut—T1)—TI], fort>T (4.8)

and
UR)—U(T)=-UU(T —t)—=T], forT>t. (4.9)

By taking the norm of (4.8) and (4.9), we get
U@ —UTD)|| < C()K|t—7], fort>0, [t—71| <1,

which proves that {{(t) }+>0 is a uniformly continuous quaternionic semigroup. O

4.2 Strongly continuous quaternionic semigroups

We now show that it is possible to define the Laplace transform of a strongly
continuous quaternionic semigroup, and we prove that the Hille-Yosida—Phillips
theorem can be extended to the quaternionic setting.
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Theorem 4.2.1. Let {U(t)}i>0 be a strongly continuous quaternionic semigroup
and let Ty, be as in Definition 4.1.7. Then

Ut = lim e'Thy, veX
h—0+

uniformly for t in any finite interval.

Proof. First of all, we observe that since ¢t and h are real numbers, the operators
%I and %Z/l (h) commute so the quaternionic operator e!’* can be written as

otTh — o= +T fUR).

Since U(t) is a bounded operator, we can use the power series expansion of the
exponential and write

_t _t t"
m_ezzmm <mfzmmmmy (4.10)

By taking the norm of (4.10) and using point (2) in Proposition 4.1.6, we have
that, for every § > wy, there exists a positive constant Ms such that

tTh

o0
_t tn
lle <e % Ms E o enhd — M; em(t,é,h)7

where

t
E(eh‘; — 1)

So there exists a positive constant K; for which

m(t,d,h) =

le”Th|| < K,;, for T €[0,t], h € (0,1].

Now if v € D(T') and ¢ < ty then, by point (3) in Proposition 4.1.8, we obtain
b d
umu—aﬂv:/ f@Wﬂﬂuuan
0 dT

t
= / DTy (7) (T — Tyw) dr.
0

Taking the norm, we have
U () — et Tou|| < to Ky, Msedto | Tv — Tho|,
SO
U)o —eTro|| =0 as h — 0.

Lemma 4.1.9 implies that D(T) is dense in X. The statement follows by Theorem
I1.3.6 in [110], (see Theorem 12.0.16 in the appendix) which holds also in the
quaternionic setting, with obvious modifications. O
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Now we introduce the Laplace transform for strongly continuous quaternionic
semigroups.

Theorem 4.2.2 (Laplace transform and the S-resolvent operators). Let {U(t)}i>0
be a strongly continuous quaternionic semigroup and set

wo = lim 71n||Z/l( )|

t—+oo t

Assume that {U(t)}i>0 is generated by a linear quaternionic operator T and take
s € H such that Re(s) > wo. Then s € pg(T) and

S;t(s,T) /OOO Ut) et dt, (4.11)

Sgl(s,T)/ooo e B U(t) dt. (4.12)

Proof. We choose ¢ with wy < § < Re(s). By Proposition 4.1.6, there exists a
positive constant My such that

U(t)]] < Mse, fort>0. (4.13)

As a consequence, the integrals (4.11) and (4.12) exist for Re(s) > wy and define
bounded linear operators. Let us set, for Re(s) > wo,

) :/OOOU(t) e ™ and G(s):= /0oo e " U().

We have to prove that s € pgs(T') and that F(s) = S; (s, T) and G(s) = Sz (s, T).

Step 1. We show that F(s) satisfies the left S-resolvent equation and that
F(s)v € D(T) for any v € X.

We apply the operator T, to F'(s)v and observe that

(ThF)( v—/ uth) -1 Ut) e v dt

t+h) v dt
h/u+

- E/o U(t) e v dt.

With a change of variable we get

(ThF)(s)v = 1 / U(T) e My dr — 1 / U(t) e v dt.
h h h 0
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By denoting again the variable 7 with ¢ we have

(ThF)(s /u e SRy at

+ E/ Ut) e M o at
h

- l/ Ut) e ™ v dt

/U —s(t=h) o dqt

So we finally obtain

ThF(s)v = F(s) %(e‘gh -1ov-— ;L/Ohi/{(t) e st esh oy dt. (4.14)

Taking the limit for ~ — 0 in (4.14), and using point (4) in Proposition 4.1.8, we
obtain
TF(s)v=F(s)sv —Zv, for every v € X. (4.15)

Hence, we find that F(s)v € D(T') and also that F'(s) satisfies the left S-resolvent
equation.

Step 2. The operator G(s) satisfies the right S-resolvent equation for v €
D(T), i.e.,
sG(s)v — G(s)Tv =Tv, v e D).

Moreover the operator G(s)T extends to a bounded linear operator, denoted by
Gr(s) defined on all of X. So the right S-resolvent equation holds for v € X.

Now, consider

G(8)Thv = /0DO e U %v dt

= l/ e URE+h) vdt
h Jo

- %/0 e BU(t) v dt.

With a change of variable we get

> (esh — 1) I
G(s)Thv = / et Uty vdt — / e *EMY(t) v dt
0 h h Jo
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and taking the limit we get
sG(s)v — G(s)Tv =Tv, forevery v e D(T). (4.16)
Finally observe that the right-hand side of the equation
G(s)Tv = sG(s)v —Tv

is defined on X so that G(s)Tv extends to an operator that is defined on all of X.
We denote this operator by Gr(s). We have

sG(s)v — Gr(s)v =Iv, for every v € X. (4.17)

Step 3. We show the slice hyperholomorphicity of F(s) and of G(s).

If s = u + jv, then we have

+oo —+oo
F(s) = / Ut)e ™ dt = / U(t)e e dt
0 0
“+ o0

+oo
= U(t)e ™ cos(—tv) dt + / U(t)e "™ sin(—tv) dtj.
0 0

It is immediate that

+o0
Fo(u,v) := U(t)e ™ cos(—tv) dt
0

and
—+o0

Fi(u,v) = U(t)e ™ sin(—tv) dt
0
satisfy the compatibility condition (2.4) and hence F is a right slice function.
Furthermore, we can, due to (4.13), exchange differentiation and integration and
obtain

1/0 9 . foo (O o0

which is equivalent to Fj and F} satisfying the Cauchy—Riemann equations (2.5).
Hence, F'(s) is right slice hyperholomorphic. The left slice hyperholomorphicity of
G(s) can be shown with analogous arguments.

Step 4. If we consider s € R, i.e., s = 59 € R with sg > wyg, then F(sp) =
G(sp) as in this case

F(so) = /OOOU@) et dt = /OOO e” "0 U(t) dt = G(s0)-
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Because of (4.15), we have that
(s0Z —T)F(sp)v=wv forevery v € X.
From (4.16) on the other hand, we obtain that
G(s0)(soZ —T)v=v for every v e D(T)

and hence

F(s0) = G(s0) = (80T = T) ™' = Sp'(s0,T) = S; ' (50, T).
In particular, we find that s = sg € ps(T) as

Qu(T) ™t = (T? - 250T + s2Z) ™' = (T — 50T)"* € B(X).

We know that F(s) and G(s) are the left (resp. right) S-resolvents of T for
s = sg € R with sg > wg. Furthermore, F'(s) is a right slice hyperholomorphic
continuation of S;'(s,T) and G(s) is a left slice hyperholomorphic continuation
of S'(s,T) to the set Q, := {s € H: Re(s) > wp}. From Theorem 3.2.11, we
conclude that Q,, C ps(T) and

F(s)=S;"(s,T) and G(s)=Sg'(s,T) for s € Q. O

Remark 4.2.1. The operators F(s) and G(s) satisfy the S-resolvent equation, as
one can verify also directly. Indeed, this follows from the relations (4.15) and
(4.17), which were shown in the above proof,

F(q)qv=TF(q)v+Zv, foreveryve X (4.18)

and
Gr(s)v = sG(s)v — Zv, for every v € X. (4.19)

Assuming that s ¢ [g], we can apply the operator G to both sides of (4.18) and

obtain
G(s)F(q)qv = (G(s)T)F(q)v + G(s)v.

Using (4.18), this becomes
G(s)F(q)qu = sG(s)F(q)v — F(q)v + G(s)v. (4.20)
Now we can iteratively use (4.20). Indeed, we replace v by qv in (4.20) and get
G(s)F(q)g°v = sG(s)F(q)qv — F(q)qu + G(s)qu. (4.21)
Then we multiply (4.20) by —2s¢ and we obtain

—250G(8)F(q)qu = —280sG(8)F(q)v + 250 F(q)v — 250G (s)v. (4.22)
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If we sum the equations (4.21) and (4.22) and add the identity
[sI*G(s)F(q)v = [s|*G(s)F(q)v,
then we get
G(5)F(a)(q” — 2509 + |s|*)v = (s[G(s)F(q)qv] — Fq)qu + G(s)qv
—2508G(8)F(q)v + 2s0F(q)v — 250G (s)v
+ [s]*G(s)F (q)v.

Now we replace the term [G(s)F'(q)qu] in the right side of the above equation, by
the right side of (4.20), and we have

G(s)F(a)(a* —2s0q+|s[*)v = (s[sG(s) F(g)v — F(q)v + G(s)v] — F(q)qu + G(s)qu
— 2508G(8)F(q)v + 2s0F(q)v — 2s80G(s)v
+1s°G(s) F(g)v.
Finally, with simple computations, we get
G(s)F(q)(¢* — 2504 + |s]*)v = (s = 2505 + |s|*)G(s) F(q)v
-5(F(q) — G(s))v — (F(q) — G(s))qv

but since 52 — 2s9s + |s|? = 0, if we replace v by (¢? — 2s0q + |s|?) "1v, we get that
G(s) and F(q) satisfy the S-resolvent equation.

Theorem 4.2.3 (Hille-Yosida—Phillips: necessary condition). Let T' be a closed lin-
ear quaternionic operator with dense domain whose S-spectrum lies in the half

space of quaternions s with Re(s) < w for some w € R. Let {U(t) }1>0 be a strongly
continuous semigroup and assume that there exists M > 0 such that

et < Me®t, ¢ >0,

and -
Sy (s, T) = / Ut)e st dt, Re(s) > w. (4.23)
0
Then for any s € H with Re(s) > w and any n € N, we have
M M
e D) € —————— e £ ——— 4.24
||SL (57 )H — (Re(s) _w)n and ||SR (57 )” — (RG(S) _w)na ( )

where S;"(s,T) and Si"(s,T) denote the n-th slice power of S;*(s,T) (resp.
Sp'(s,T)), which were defined in Definition 3.5.6, namely

n

S;M(s,T) =Y (—1)F (Z) TFQ (T) "5 *, (4.25)
k=0
and .
Sp(s,T) =Y (~1)F (Z)s"‘kT’“QS(T)_". (4.26)

k=0
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Proof. We observe that we can exchange the slice derivative with the integral in
(4.23): if ¢,s € H belong to the same complex plane C; and satisfy w < 6 <
Re(s) < Re(q), we set

Flgr5,8) i= (=1 — =) (g — ).

t
e_St/ e~ (4= 4r
0

||f(qa S, t)t"lxl(t)H < Mtn+1e_(6_w)t.

Then

1f(q,s,1)] =

t
< e—Re(s)t/ e—Re(q—s)T dr < te—ét’
0

and so

This estimate allows us to exchange the slice derivative with the integral in (4.23)
and we find

(o) oo
05™S7 (s, T) = / Ut) Ds™e " dt = / Ut)(—t) e dt.
0 0
We recall that by Proposition 3.5.7, we have for every n € N
9s"S7 (s, T) = (—1)"n! S, (s,T), s € pg(T) (4.27)
and so |
SL_(n+1)(s,T) = —'/ Ut)t"e st dt for Re(s) > w.
n! Jo

Taking the norm, we obtain the desired estimate

—(n M © _ _
HSL( +1)(3aT)H < ( /0 e t(Re(s)—w) g 1 dt =

n—1) (Re(s) — w)"’

The estimate for the right ||Sy" (s, T)|| can be shown with analogous arguments.

O

Definition 4.2.4 (Yosida approximations). Let T' € K(X) and s € pg(T'). We define
the left and right Yosida approximations of T as

Vi(s) == —[Z - S;'(s,T)s]s (4.28)

and
Vr(s) := —s[T — sSz'(s,T)], (4.29)
respectively.

Remark 4.2.2. We observe that, if s € R, we obviously have Y (s) = Vr(s).

Lemma 4.2.5. Let T € K(X) have dense domain and assume that there exist
constants w € R and M > 0 such that
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(i) the S-spectrum of T lies in the half space of quaternions s with Re(s) < w
and

(ii) for any n € N and so > w, we have

152" (s0, 7| <

So—w)

Then
lim  Yi(so)v=Tv, forveD(T). (4.30)
R3sg—+o0
Proof. For any real sq > w, we have S;'(s0,T) = (soZ — T)~" and so
yL(SQ> [I S (80, T)So]S()’U (4 31)
= —[Z — s0(s50Z — T) ]sov = s0(s0Z — T) "' Tw '
for v € D(T'). For w € X, we set
A w = so(s0Z — T)!

and observe that, for sufficiently large s,

oMo

A wl|| = T—-T) tw| <
[Asowl| = [[s0(s0 ) WII_SO_W

If w € D(T), we furthermore have

[Asqw — w|| = ||so(s0Z = T) " w — w|

M S oo
= [T = 1) Tw] < |Twl| —— =<0,

So by Theorem 12.0.16, we find that A, converges strongly to a bounded linear
operator, namely
lim s9(s0Z —T) 'w = w.

Sp— 00
From (4.31), we conclude

lim YVr(so)v= lim so(soZ —T) 'Tw=Tv forve D(T). O

Ss9——+00 So—+00

Theorem 4.2.6 (Hille-Yosida—Phillips: sufficient condition). Let T' € K(X) with
dense domain. If there exist M > 0 and w € R such that for every real number
S0 > w we have sg € ps(T) and

M

(8T =)™ < o=

neN, (4.32)

then T is the infinitesimal generator of a strongly continuous semigroup.
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Proof. If sy > w, then sg € ps(T') and hence

Vi(s0) = —s0T + s3(s0Z —T)~*
is a bounded operator. Since s is real, —soZ and s3(soZ —T)~! commute and so
—t s0

etyL(S()) — tsg(S()IfT)_l

e e
= 1
=0 Y S (ts)" (5T -T) 7"
n=0
Taking the norm we have
S — — 1 —
el < et 3 @) oo =)
o
- (ts5)"
<Me tso [ S VA
nz:% n! (sp —w)"
t s ¢
=M exp(—tso) exp( %0 ) = Mexp( 0% ) .
So — W Sop — W
If wy > w, then we have for sy sufficiently large
So W <wi,
So — W
and for all ¢ > 0 we obtain
||t YL (o) || < Metwr, (4.33)

Lemma 4.2.5 implies that

lim Yr(so)v=Tv, forveD(T).

Sp—>00
We observe that, for any sg, po € R, we have

Vi(s0)Vr(po) = [~50Z + s&(s0Z — T) " !|[~poZ + p(poZ — T) ']
= Y1.(po)Vr(s0)

and set
Us, (t) := e Ve (),
From the power series expansion

o0

(1) = 3 (o))"

n=0
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we see that

(oo} n

VLo sy () = 3 (Ve (50))" V1 (po) = sy (V1 (p0).

n=0 "
Take v € D(T') and apply point (3) in Proposition 4.1.8 to get

s (0 U (890 = [ U (¢ = e (7)ol

= [J upo (t — T)[yL (So) -V (pO)]USO (T)'U dr

- / Uy, (t — 70y (1) [V (50) — Vi (o) .

By taking the norm and considering sy and pg sufficiently large, we have thanks
to (4.33)
sy (£)0 — Up, (t)0]] < Mte [ VL (s0) — Vi (po)]v]].

Hence, Uy, (t)v converges to a limit uniformly in each finite interval. By assumption
D(T) is dense in X. Thanks to estimate (4.33) and to Theorem 12.0.16, there exists
a linear quaternionic bounded operator U(t) such that

lim Us,(t)v =U(t)v, veX,

and moreover
U (t)v]| < liminf [[Us, (t)v] < 1.
Sp— 00

We observe that the map ¢ — U(t)v is continuous because of the uniform conver-
gence of Us, (t) as so tends to infinity and that U(t) is a semigroup because Us, (t)
is a semigroup for each sq.

What remains to show is that T is the infinitesimal generator of U(t). We
observe that the following estimates hold

[Uso (1) YL (50)0 — UE)Tw]|
< [l (1) [V (s0)v = Tol|| + |[[Us, (8) = U @) T (4.34)
< M et ||V (so)v — To|| + 2Me' || Tw||,

for any v € D(T). By estimate (4.34) and the Lebesgue Dominated Convergence
Theorem, we can take the limit as sg — oo in both sides of

Us,(t)v —v = /011/180 (M) YVr(so)vdr

and we get

Uty —v = /0 U(T)Tvdr.



128 Chapter 4. The Quaternionic Evolution Operator

Now if we denote by Z the infinitesimal quaternionic generator of U(t), we have

_ ¢
Zv = lim Uty —v = lim %/ U(T)Tvdr =Tv, forve D(T).
0

t—0 t t—0

This means that D(T') C D(Z) and Z is an extension of T'. But for sq sufficiently
large, we find that sg € ps(T") [ ps(Z) and the relations

(Z—=s0)D(T)= (T —50Z)D(T)=X and (Z-s02)D(Z)=X
imply D(T) = D(Z). Hence, Z =T. O
The Hille-Yosida—Phillips theorem has several consequences.

Corollary 4.2.7. An operator T € K(X) with dense domain generates a strongly
continuous quaternionic semigroup {U(t)}i>0 of bounded quaternionic operators
such that

|U@)|| < e, for some real number w

if and only if the estimate

1
1S (0. T)II < , forso>w (4.35)

Sop — W

holds (where Sy *(s0, T) = Si'(s0,T) since so € R).

Proof. The Laplace transform of the semigroup
S (s0,T) = / U(t)eotdt
0

and Theorem 4.2.3 imply the necessity of the estimate (4.35). Now consider s €
ps(T) NR. We have

Sy H(s0,T) = (soZ —T)~" = Sz'(s0,T).
Estimate (4.35) implies that

1

-1 || < —1 ne -
152" (s0, T)" [ < [[SL " (s0, T)|I" < (50— )™’

S > W,

and by Theorem 4.2.6, the operator T is the generator of a semigroup {U(t)}>o.
From the proof of Theorem 4.2.6 we also have that [|U(t)|| < e, for M =1. O

To prove the next corollary we need a technical lemma. The result is well
known for real functions (see, for example, XIII.1.15 in [110]). The proof of the
quaternionic version follows the same lines.
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Lemma 4.2.8. Let u € L'((0,00); H), s € H and

/ e Stu(t)dt =0
0

for Re(s) sufficiently large. Then u(t) = 0 almost everywhere.

Corollary 4.2.9. Let T be a linear closed quaternionic operator with dense do-
main. Then T is the quaternionic infinitesimal generator of a strongly continuous
quaternionic semigroup if and only if there exists a strongly continuous family
W(t), t > 0, of bounded linear quaternionic operators, satisfying, for some real
numbers M > 0 and w, the conditions

e W(0) =1,
o W@ < Met*, and

o S;4(s0.T) = S (50, T) = / W) dE, 5o > .
0

Then W(t) is the quaternionic semigroup with infinitesimal generator T.
Proof. Theorem 4.2.3 implies

M
(s0 —w)"’

and by Theorem 4.2.6 the operator T is the infinitesimal generator of a strongly
continuous semigroup {U(t)}+>o with [[U/(¢)]] < Me'“. Theorem 4.2.2 yields

T —soZ)™"| < for s > w, n €N,

Szt (s0, T)v = (T — 80I) o = / e Ut v dt, veEX, s> w.
0

We now reason by duality. Let ¢ be an element in the dual space X™* and let
v € X. Then

/ e 5 p,Ut)v — W(t)v)dt =0, for s > w.
0

If we define the function
u(t) == e~ “HNo U)o - W(t)v), ¢ € X7,

then ~
/ e oty(t)dt =0, for sy > 0.
0

From Lemma 4.2.8, we get that (o,U(t)v — W(t)v) = 0 for almost all ¢ > 0.
By continuity, such equation holds for all £ > 0 and thus as a consequence of the
quaternionic version of the Hahn-Banach theorem, we get U(t) = W(t) for all
t>0. g
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4.3 Strongly continuous groups

Now we consider the problem of characterizing when a strongly continuous semi-
group of operators defined on [0, 00) can be extended to a group of operators U(t)
defined for ¢ € R. This extension is unique if it exists and the family Z(¢) = U(—t),
for t > 0, is a strongly continuous semigroup. Consider the identity

1 1

E[Z(t)v —v] = 7[—11(—2)[11(2 —tv—U?2)v]], forte(0,1).
By taking the limit for ¢ — 0, we see that the infinitesimal generator of Z(t) is
—T with D(=T) = D(T). In this case T is called the quaternionic infinitesimal
generator of the group U(t).

Theorem 4.3.1. Let T € K(X) with dense domain. Then T is the quaternionic
infinitesimal generator of a strongly continuous quaternionic group of bounded
operators if and only if there exist real numbers M > 0 and w > 0 such that

M

[1(Sz " (s0, T))"™|| < W,

S0 > w or §9 < —w. (4.36)

If T generates the group {Z(t)},cr, then || Z(t)| < Me*!H.

Proof. The necessity of estimate 4.36 follows from the above considerations, Theo-
rem 4.2.6 as well as the relations Q4(—T)"! = Q_(T)~! and o5(-T) = —os(T).

On the other hand, we observe that if (4.36) holds for both T' and —T', then
(4.36) satisfies the condition of Theorem 4.2.6 so T' and —T generate strongly
continuous semigroups U™ (t) and U~ (t), respectively. Observe that the approxi-
mations

ust) =Y %t" (V7 (s0))" and
n=0
Usy (1) = 3 " (Vg (s0))"

I
o

n

commute and as a consequence U (t) and U~ (¢) commute. Thus
Z(t)=UT U (1)

is a semigroup defined on [0, o). For v € D(T') = D(—T), we have

and taking the limit for ¢t — 0 we get

1
lim - [Z(t)v —v]=Tv—-Tv =0
t—0 ¢
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that is,
4 2w =0
dt ’
which implies Z(t)v = v for all v € D(T'). By assumption, D(T) is dense in X so
U™ (t) = U (t))~ . Therefore, we define

_jut(@) ift>0,
20 = {L{(t) if t <0.

Then Z(t) is a strongly continuous group whose infinitesimal generator is T and
the estimate || Z(t)|| < Me“!"l holds. O



Chapter 5 ®

Check for
updates

Perturbations of the generator
of a group

In the applications, it is in general not trivial to verify the conditions of the
Hille-Phillips—Yosida theorem. So an other aspect that we will investigate is the
generation by perturbation. Precisely, given a closed operator T' that generates the
evolution operator Urp(t), we are interested in finding under which conditions a
closed operator P is such that 7'+ P generates the evolution operator Uy p(t). In
the sequel, we will consider only right linear quaternionic operators even though
the theory can be developed for left linear quaternionic operators following similar
lines.

5.1 A series expansion of the S-resolvent operator

For right linear operators, we are also in need of the notion of left resolvent set
and of left spectrum.

Definition 5.1.1. Let X be a two-sided quaternionic Banach space and let T be a
right linear closed quaternionic operator.
We define the left resolvent set of T and denote it by pr(T) as

pr(T)={NcH: (N -T)"'ecB(X)},

where the notation AZ in B(X) means that (AZ)(v) = lv.
The operator (A\Z — T) ™1 is called the left resolvent operator.
We define the left spectrum of T" as

op(T) =H\ po(T).

Since the operator T is assumed to be right linear, then the left resolvent
operator (A\Z — T)~! in Definition 5.1.1 is right linear. The S-spectrum and the
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left spectrum are not, in general, related and we point out that there is no notion
of holomorphicity over the quaternions such that (AZ—T)~! turns out to be hyper-
holomorphic on the resolvent set pr, (7). In the sequel, we will need the following
expansion of the S-resolvent operator.

Proposition 5.1.2 (Expansion of the S-resolvent operator). Let X be a two-sided
quaternionic Banach space. Let T : D(T) C X — X and P: D(P) C X — X be
right linear closed quaternionic operators and assume that

(a) Aeps(T),
(b) D(T) C D(P),
)
)

(c) ByOY(T): X +— X, forall A€ pg(T),
(d) |BAQYN(T)|| <1, for some X € ps(T),
where
QT := (T? = 2X0T + [A)?) !
and

By :=2\P — P> - TP — PT. (5.1)
Then X\ € ps(T 4+ P) and
Q. (T +P) Z QT (BAQYH(T)™; (5.2)
m=0
moreover, Sgl()\,TJr P) is given by
S\, T+ P)yv=(\Z —-T — P) i QN (BAQH(T)) ™, veEX. (5.3)
m=0
Proof. Let X € pg(T'), so we have

O N (T + P) = [(T+P)*—2Xo(T + P) + |\ *
[T? — 20T + |A|*> — 2\oP — P> — TP — PT)]!

M

(O3 1 (T)(2XoP — P2 — TP — PT))™Q, | (T)

3
I
<

QN (T)((2XoP — P* — TP — PT)Q, 1 (T))™.

M

3
Il
=

Recalling (5.1), this concludes the proof. Finally (5.3) follows from the definition
of S (A, T + P) and from (5.2). O
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Remark 5.1.1. In the case the operators T' and P anti-commute, then the operator
B, depends only on P, in fact it is

By = 2)\P — P2.
In this case, the operator B) depends just on the perturbation P.

Proposition 5.1.3. If X € pr(T) and Re()\) > wy, where

.1
wo = t£+moo n In ||Ur(2)]], (5.4)
then we have
_ o
QN (Tw=(\T — T)—l/ e Up(t)v dt, wveX. (5.5)
0

Proof. Since A € pr(T), then (AT — T)~! is a bounded linear operator. From
Theorem 4.2.2, we can write S}_zl()\, T) as the Laplace transform of the evolution
operator, since (\Z — T)Qx(T)v = Sz (A, T)v, for v € X. O

5.2 The class of operators A(7) and some properties

We now introduce a class of closed operators which will be useful in the sequel.

Definition 5.2.1 (The class A(T)). Let X be a two-sided quaternionic Banach
space and let Up(t) be the strongly continuous quaternionic semigroup generated
by T where T : D(T) C X — X is a right linear closed quaternionic operator.
We denote by A(T) the class of closed right linear quaternionic operators A that
satisfy the conditions

(1) D(4) 2 D(T).
(2) For every t > 0 there exists a positive constant C(t) such that
lAe™Ur(t)vll < C(t)lv]
for v € D(T') and for Re(A) > wg, where wy is defined in (5.4).

(3) The constant C(t) can be chosen such that fol C(t)dt exists and is finite.

Lemma 5.2.2. Let X be a two-sided quaternionic Banach space and let Up(t) be
the strongly continuous quaternionic semigroup generated by T where T : D(T) C
X — X is a right linear closed quaternionic operator. Assume

(1) X € pr(T + P), and Re(\) > wy, where wy is defined in (5.4),
(2) By:D(T?) — X, and
(3) BA(XT T~ P)' € A(T),
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where By is defined in (5.1). Then we have
(a) D(BAX(AZ —T — P)"te™™) D U,-oUr(t)X
(b) The map v — BA\(AZ — T — P)~te " Ur(t)v for v € D(T) has a unique

extension to a bounded quaternionic operator defined on all X. (We will
denote the extension with the same symbol.)

(¢) BA(AZ — T — P)~te="Ur(t)v is continuous in t for t > 0 and for every
v € X. Moreover, if wg is defined in (5.4), then

In|[Bx\(AZ —T — P) e " Up(t
i sup IBOLT = PR,
— 00

for Re(A) >0
(d) Since Re(X\) > wo, then

B,\Q,(I(T)UZ/ BA(NT—T — P)~! e~ Up(t)v dt, v e X.
0

Proof. To prove (a) let vy € X such that vg = lim, o v, where v, € D(T)
we can make this choice since D(T) is dense in X thanks to Lemma 4.1.9. Then
UT(t)Un — uT(t)Uo and

B\(AZ —T — P)"'e " Up(t)v, — B\(AT — T — P) L™ Up(t)vo.
Since By\(AZ — T — P)~! is closed because it belongs to A(T), we have
e MUp(tyvg € D(BA(M —T — P)™1)
for t > 0, Re(\) > 0 and
BA(AXL =T — P)~'e™ (Ur(t)vo) = (BAAZ =T = P)~"e " Ur(t)) vo.

Point (b) follows from condition (2) in Definition 5.2.1 and the Principle of
extension by continuity (see Theorem 12.0.10 below).

To prove Point (c¢) let 0 < 6 < ¢t. The continuity follows from the semigroup
properties since

By\(AZ —T — P)"te " Ur(t)v = B\(\T — T — P) " Le " Ur(8)Ur(t — 6)v.
The second part follows from

In||[Bx(AZ — T — P)"te ™ Up(t)|| < In||BA(ANZ — T — P)"te " Up(6)||
+ In [[Ur(t = 6)|
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SO

i su In||BA\(A\Z — T — P)"te " Ur(t)|
t—o00 p t

< lm In||B\(AZ — T — P)"te=Ur (6)||
~ t—o0 t

i Uz (= 6]
t—o00 t
= Wwo,

where we have used the fact that

N7 py\—1,—tA
p WIBAOZ =T = P)~le=Ur(9)]

t—o0 t

since Re(A) > wyp. Statement (d) follows from Theorem 12.0.18. O

=0

Lemma 5.2.3. Let X be a two-sided quaternionic Banach space and let Up(t) be
the strongly continuous quaternionic semigroup generated by T where T : D(T) C
X — X is a right linear closed quaternionic operator. Let us assume that

(1) h e C((0,00), X) N LY((0,00), X) and

(2) P:D(P) C X — X is a right linear closed quaternionic operator such that
BA\(AZ =T — P)7Y, for A € p(T + P) and Re()\) > wo, belongs to the class
A(T), where By is defined in (5.1).

If we define
g(t) == /Ote)‘(ts)UT(t —s)h(s)ds, t>0, Re(\) >0, (5.6)
then g € D(BA(AL — T — P)™1) and we have
By\(AT —T — P)"'g(t) = /Ot BA(ML — T — P)"te 2 =50Yp(t — s)h(s)ds. (5.7)

Moreover, g and B\(A\L —T — P)~g(t) are continuous functions of t for t > 0.
Proof. The integral that defines g exists for every ¢ > 0 since ||{Ur(¢)|| is bounded
in every finite interval by Proposition 4.1.4. For all s < ¢, the function

s e MYt — $)h(s)

belongs to D(BA(AZ — T — P)~!) by point (a) in Lemma 5.2.2.
Thus by Theorem 12.0.18, we will show that fg e AU (t — s)h(s)ds be-

longs to D(BA(AZ — T — P)~!) and it will also prove the formula (5.7) when we
show that the function

s B\(A\L =T — P)"Le 2 =3 p(t — s)h(s)



138 Chapter 5. Perturbations of the generator of a group

is integrable over the interval [0,¢]. Moreover, observe that by definition for \ €
pr(T + P) the operator (AT — T — P)~! is continuous. From the Principle of
Uniform Boundedness, see Theorem 12.0.9, and from Lemma 5.2.2 (b) it follows
that [|[BA\(AZ — T — P)~"te ™Ur(t)| is bounded on every interval that does not
contain the origin. Let 0 < ¢; < ¢ so that the function

s |BA\QAZ =T — P)"Le 2 E=Up(t — s))||

is bounded and ||A(-)| is integrable on the interval 0 < s < ¢; while [|A(:)] is
bounded and 7
s |B\AZ =T — P) e =)y (t — s)|

is integrable on the interval ¢; < s < t by Proposition 4.1.4 and Definition 5.2.1
(3). ~

To see that By(AZ —T — P)~tg(t) is continuous for ¢ > 0, assume 0 < 20 < tg
and set

M, = sup |BA\AZ — T — P)~te Uz (s)].
to—20<s<to+d

Then
IBXAZ — T — P)~'e 2=y (t — s)h(s)|| < Mi|h(s)],

if |t — to] < J. Consequently from Lebesgue dominated convergence theorem (see,
for example, [110]),

5
lim | BA\(AZ —T — P)" e =Up(t — s)h(s)ds

t—to 0

)
= / BA\(\T — T — P)~te 2= p(tg — s)h(s)ds.
0
We can write
t
/ BA\(A\Z — T — P)"te M =9 (t — s)h(s)ds
é

/ BA(L ~T — P) ™ e ™ Ur()h(t — $)xjo.—5)(s)ds

where x[o—s) is the characteristic function of the interval [0, — d] and if we set

My := sup |h(s)|,
0<s<tp+d

we obtain that the norm of the integral on the right satisfies the estimate

to o
[ BT =T = P e Ur (e = s)xi-i (31

< My||BA\AZ — T — P)"te Up(s)]|.
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Thus,

t
lim / B\(AZ — T — P)"'Up(t — s)e =) h(s)ds

t—to 5
tU _
= | By\(AZ T — P) Urp(tg — s)e 0= n(s)ds.
8

Combining this result with the limit above, we see that Bx(AZ — T — P)~!g(t) is
continuous at the arbitrary point ¢ty > 0. The result just proved, if applied to the
case when By(AZ —T — P)~! is replaced by the identity operator Z, shows that g
is continuous. O

5.3 Perturbation of the generator

We define some operators that will be useful in the sequel.

Definition 5.3.1. For )\ € p;(T + P) let us define the operator
Wo(t) := AT —T — P)" e MUr(t)

and the convolution
(Wo*B)\WO / WO t—S)B)\Wo( )d

where B, is defined in (5.1).

Theorem 5.3.2. Let X be a two-sided quaternionic Banach space and let T
D(T) C X — X be the generator of the strongly continuous semigroup {Uz(t) }1>o0-
Let P:D(P) C X — X be a quaternionic closed operator and let By be the oper-
ator defined in (5.1). We assume that

(1) X € p(T + P), and Re(\) > wo, where wy is defined in (5.4),
(2) D(P) 2 D(T),

(3) Bx:D(T?) = X,

(4) B,\()\I T—-P) e A(T),

(5)

5) there exists a positive function Ky such that ||\ —T — P)7Y| < Ky, for
Re(A) > wo, and

(6) |IBAQ (T)|| < 1, for some X € ps(T), where Q' (T) is the pseudo-resolvent
operator.

Then T + P, defined on D(T), is closed and it is the infinitesimal generator of the
semigroup Ut p(t). Moreover, we have the following representation

Uriptw =eMNT —T — PYW(t)v, ve X, (5.8)
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where -
Wty =Y Wn(t, veX, (5.9)
m=0
Wo(t)v = (N —T — P)"te MUrp(t)v, wveX, (5.10)
Wi (t)v := Wy * BAW,_1(t)v, meN, ve X. (5.11)

Proof. We break the proof into several steps.
Consider the inductive construction (5.10)—(5.11) and write (5.11) explicitly

as
Wt = /t Wo(t — 7)Ba\Wp—1(T)vdr, v e X. (5.12)
We define the functions ’
X(t) =|(AZ =T = P)"te Uz (t)| (5.13)
and
(1) = | BAL =T — P) '~z (2)]. (5.14)

By Proposition 4.1.4 the function x(¢) is measurable and ) (t) is measurable thanks
to conditions (2) and (3) in Definition 5.2.1 and by Proposition 4.1.4. Thanks to
Proposition 4.1.6, if w > wg, where wy is defined in (5.4), there exists an M, < oo
such that

Ur(t)] < Moet

By assumption (5), we get
X() = AL =T = P)~te MUr(t)|| < [(AL =T = P)~!|[ e Uz (1)
< K:)\efRe()\t)Mwewt.

By Proposition 4.1.4 and Definition 5.2.1 (3) we have that

B
/ P(t)dt < oo
0

for every 8 > 0.
Now put inductively

P () =y(t), () = @Y x)(1).

By Lemma 12.0.17 (c) we see inductively that all the functions (™ (t) are Lebesgue
integrable over every finite interval of the real positive axis. Set

X =x®), x™(t) = (xx™)(@).
By Lemma 12.0.17 (c) the functions x(™)(t) are Lebesgue integrable over every

finite interval contained in the real positive axis.

Step 1. We show that the inductive construction (5.10)-(5.11) is well defined
in terms of function spaces. Indeed, for every m € N and v € X, we show that
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(I) Win(t)v € D(By),

(1) Wi ()

(IIL) [T, (t
)
)

—

v is continuous in ¢ for ¢ > 0,
< x™@),

(IV) B\W,,(t)v is continuous in ¢ for ¢t > 0, and

(V) IBAWrm (B)]| < (™ +D(t).

For m = 0 conditions (I)~(V) follow from Lemmas 5.2.2 and 5.2.3. We now suppose
that they hold for m = k. Then from (I), (IV) and (V), we have that the integral
in (5.12) exists for all ¢ € (0, 00) and can be used to define W11 (¢). The properties
(I), (IT) and (IV), when m = k + 1, follow from Lemma 5.2.3. We observe that we
have the estimates

Wi (t)v]l = ||/0 Wo(t — 1) BaWi(7)vdr||

t
SWW/X@*ﬂM“”&MT
0
= Jollx® D)

and by Lemma 5.2.3 we also have

t
[ BAWi+1(t)v]| = II/ BaWo(t — 7) BxWi(7)vdr ||
0

¢
<ol | it = r)ut 0 rar
0
= [lollp "+ ()
which proves (IIT) and (V) for the case m = k+1. Consequently, the five conditions
(I)~(V) are proved inductively for all m.

Step 2. We estimate the series > °_ ||[W,,(¢)]|.
Because of (IIT) we have

Do IWadl < Y- X"
m=0

m=0

By Lemma 5.2.2 (c) for every w > wq, where wy is defined in (5.4), there exists a
constant M,, < oo such that

P(t) = || BA(AL — T — P)"re ™ MUr(t)|| < Moet

for ¢ sufficiently large. On the other hand, the function (t) is integrable over
every finite interval of R* (see Proposition 4.1.4). So if we choose w; sufficiently
large we have

/OO e 1 (t)dt < oo.

0
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From the Lebesgue Dominated Convergence Theorem we get, for p € R

lim e Ply(t)dt = lim e~ (Prwtemwity (4)dt = 0

so that if w > w; is chosen sufficiently large, it is
o0
/ e “hp(t)dt = v < 1.
0

Since, using the notation Re(\) = Ao,
x(t) = xO(t) < KaM, e~ Po=wt,
we will now show by induction that
X () < Mye@=20tym - for some y; < 1.

For m = 0 and w sufficiently large so that w — Ay > wq, it is
t
) = [ Xt =ry(rdr
0

t
< KaM e~ Gomet / ePomITy(7)dr
0

< KoM, e300ty

for some ; < 1. Assume that it holds for a given m, then, by Lemma 12.0.17 we
have

(mH1) (1) = t (M) (+ — Pab(r)vdr
XD (8) /Ox (t — 7)p(r)ud

t
< ICAMwef(/\ofw)t,yIn/ ef(wf)\o)r,l/)(,r)d,r
0

< IAM el ro)tym el

for ¢ > 0. Since
t
(0 = [ x(t =1 (s
0
t
< / Kox Myye— Qo) (t=r) ) (1) g7
0

t
< K:/\Mwe—()\o—w)t/ e(>\0—o.;)7—w(m)(7_)d7_7
0

it is clear that x("™) () — 0 as t — 0 for m > 1. Thus, since |W,,(t)| < x"™ (1),
it is also clear that W,,(t) — 0 for m > 1. Recall that in the strong operator
topology, we have lim;_,o Ur(t) = Z. Hence, if we put

Wo(0)=(\Z —T — P)™*
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and
Wn(0) =0 form > 1,

then Wy, (t)v will be continuous in ¢ for ¢ > 0 and for every v € X. Moreover, we
will clearly have

(Wi ()] < KaMe~Po=®)tym for ¢ >0 and m > 0.

So it follows that the series >~ ||W,,(t)|| converges absolutely and uniformly in
each finite interval [a, b], and

Z Wi (Dl < (1= 32) ™ KM 0",
Since each of the terms of the series (5.9),
= Z W (t)v, for t >0,
m=0

is strongly continuous for ¢ > 0, W (¢) is also strongly continuous and, furthermore,
we have the important estimate

W) < (1—71) " KaMe= 20,
Step 3. To conclude the proof, we show that
O (T+P) = /OOO W (t)dt
because this implies that

S\ T+Pw=0O-T— P)/ W (t)dtv, ve X. (5.15)
0

Thanks to Proposition 5.1.3 and the fact that (ML — T — P)~! is continuous for
A 0'L<T), it is

O, (T)v = / N -T-P) e Ur(t)v dt, veEX. (5.16)
0

Using the expansion of Q; ' (T + P) in Proposition 5.1.2 we get

e}

GHT+P) =) ((Q )" O (T). (5.17)

m=0
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Let us reason on the second term in the expansion (5.17). Using Theorem 5.2.3,
we can take B), under the integral so

O M (T)BAQYH(T) = /OOO()\I —T — P)~te ™ MUp(t) dt
X /OOO B\(A\T —T — P) ‘e ™Ur(s)ds
and also, for the Fubini theorem, we obtain
O, N (T)B O I(T) = /OO dt /OO ds(\T —T — P)"te ™ MUrp(t)

X B\(AZ — T — P) e Uz (s),

so with a change of variable ¢t — (¢ — s) we get

o, (T)B, O (T / dt/ (N —T — P)~le =9 (4 —g)
X B\(AZ — T — P)"te ™ Up(s)ds

Using the functions introduced in Definition 5.3.1 we have
= / Wo(t)dt
0

Oy (T BT / Wo * BaxWo(t) dt

and

With these notations we get the series
QT+ P = /OOO Wo(t) dtv
+ /000 Wo = B\Wo(t) dt
+ /000 Wo * (BA\Wy) x BAWy)(t)dt + ... .
We observe that W, (t), introduced in Step 1, is given by
W (t) = (Wo *x (BaWo) ™)(t), m=1,2,3,...,

where the symbol *m stands for m times the convolution of B)W, with itself.

With the position
[ee]
=2 Wnl®)

m=0
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we have

o N(T+P)= /Ooo W (t)dt = i /OOO W (t)dt, (5.18)
m=0

where we have used Step 2 for the uniform convergence of the series.

Now we prove (5.15) from (5.18). Take v € X and consider (sZ — T —
P) [ W (t)dtv. Since D(T') C D(P), we have D(T+P) = D(T') and STNT)X =
D(T). The relation

(T +P)?*—2X(T+P)+N*Z)MNZ-T—-P)" '\ -T - P) /OOO W (t)dtv = v
for A € ps(T') and for v € X, holds true because
(T + P)? = 2Xo(T + P) + |\*T) /OOO W(t)ydtv =v, veX
is a consequence of (5.18). Now consider v € D(T') and
(AL -T - P) /Ooo W(t)dt (T + P)* —=2Xo(T + P) + |\*Z)(A\L — T — P) ‘v = v,
for v € D(T). Since
o0
/O W(t)dt (T + P)* —2Xo(T + P) + |\?Z) = Z: D(T?) — D(T),
because we have assumed that A € pr (T + P), we have that

AN -~T-P)N-T-P) 'v=uv, veDT).

So we have (5.15). O

5.4 Comparison with the complex setting

We recall the complex version of the generation result in order to compare it with
the one in the quaternionic setting. Let X be a complex Banach space and let A be
the (complex) infinitesimal generator of a strongly continuous semigroup U4 (t).

Definition 5.4.1. We denote by P(A) the class of closed operators P that satisfies
the conditions

(1) D(P) 2 D(A).
(2) For every t > 0 there exists a positive constant C(t) such that

|1PUA(t)z|| < C(t)||z||, for z e D(A).
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(3) The constant C(t) can be chosen such that fol C(t)dt exists and is finite.

Theorem 5.3.2 extends the following classical result to the quaternionic set-
ting, see [110, p. 630]:

Theorem 5.4.2. Let A be the infinitesimal generator of a strongly continuous semi-
group Ua(t) on X. If P € P(A) then A+ P defined on D(A) is closed and is the
infinitesimal generator of the semigroup Ua p(t). Moreover, an explicit construc-
tion of the semigroup Uayp(t) is given by

Uayp(t) =D Ra(t), t>0 (5.19)
n>0
where

Ro(t)x =Ua(t)r, Rn(t)x=Us*PRp_1)t)z, z€X, n=123,...,

and

(Ua* PRp—1)(t) x := /Ot Ua(t — 8)PRp—1(s) z ds.

The series (5.19) converges uniformly for t € [0, 7] where T is a positive fized real
number. The function t — R, (t) z, for fited n € N and x € X, is continuous for
t>0.

For the ensuing comments, it is useful to write the first terms in the expansion
of the semigroups in both the complex and the quaternionic case, which are

Uarp(t) =Ua(t)+ (Uax PUL(E) + ...
and 7
Uryp(t) = Ur(t) + Ur(t) * B\AT =T — P) " te  MUp(t) + ...,
respectively.

Remark 5.4.1. Note that, in the complex case, the expansion of U p(t) involves
just the semigroup U4 () and the perturbation operator P. This expansion is based
on the fact that the classical resolvent operator

RMA+P):=(M—-A-P)!

for A+ P, for |PR(\, A)|| < 1, is given by

RO\ A+ P) =R\ A) i(PR(A, A)" (5.20)

n=0

and the main point of the matter is that the resolvent operator R(\, A) is the
Laplace transform of Ux(t).
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Remark 5.4.2. In the quaternionic case, the expansion of (5.20) has to be replaced
by the expansion of the pseudo-resolvent operator (5.2), namely

Q)\ (T+P)= Z QA B/\QXI(T))mv

where By :=2\gP — P> — TP — PT and ||B,\Q;1(T)H < 1. Thus, the S-resolvent
operator S;'(\, T + P) can be written as (see (5.3))

S*\T+Pv=(N—-T-P) i D) (BAQYH(T)) ™, wveX.
m=0

Note that the relation between Si*()\, T + P) and the Laplace transform of
the quaternionic evolution operator MT( ), see Remark 5.1.3, involves also the left
resolvent operator, in fact

' Tw=0-7)" /oo e~ Up(t)v dt, veX.
0

Thus, in the quaternionic setting, two spectral problems are involved.

Remark 5.4.3. We point out that one can also use the consistency of quater-
nionic spectral theory with complex spectral theory in order to develop a different
approach to the perturbation theory of generators of strongly continuous semi
groups. If T is the quaternionic infinitesimal generator of the quaternionic semi-
group Up(T'), then we can choose j € S and consider T' as a C;-linear operator.
Then T is the infinitesimal generator of the complex semigroup obtained from
considering Ur(t) as a Cj-linear operator for each t > 0.

Now let P be a quaternionic linear operator that satisfies conditions analogue
to those required in the complex case in Definition 5.4.1, that is,

(i) D(T) c D(P).

(ii) For each t > 0, there exists C(t) such that ||PUr(t)y| < C(¢)|ly]| for all
y € D(T).

(iii) The constants C(¢) can be chosen such that f01 C(t) dt exists and is finite.

If we consider P also as a Cj-linear operator, then Theorem 5.4.2 implies that
T + P is the generator of a strongly continuous semigroup Uz p(t) of Cj-complex
linear operators. However, since T" and P are quaternionic linear, the operator
T + P is quaternionic linear and U, p(t) consists of quaternionic linear opera-
tors. (To show this, we can use quaternionic linearity since it survives the Yosida
approxiation procedure.) Therefore T'+ P generates a strongly continuous quater-
nionic semigroup under the above assumptions, which is furthermore given by the
series (5.19). This approach does not, however, allow to obtain the central result
of this chapter, namely the series expansion (5.9) that contains the quaternionic
parameter .
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Remark 5.4.4. We finally observe that when A is a real number the expansion
(5.8) becomes

Ur i p(t) = Ur(t) + Ur(t) * B\AT —T — P) " *Up(t) + . ..

where B) is defined in (5.1).

5.5 An application

As an application, we study a quaternionic differential equation in the space of
quaternionic-valued continuous functions. Consider ¥ : RT™ x R — H and the
Cauchy problem

0 9?2 0
lim Y (t,z) = yo(z), uniformly in z € R,
t—0+
where
yo(z) = yo(z) + y1(x)er + yo(x)es + ys(x)es : R — H
and

h = ho(z) + hi(x)er + ho(x)es + hg(x)es : R — H

are given functions. We now need some general facts on the group of translations
that can be obtained in the quaternionic setting by adapting the arguments in [110,
p. 629], with obvious modifications. The group of translations defined by

Uat)Z(1) =Z(t+ 1)

is a strongly continuous group on X = C(R,H) where R = [—00, +oc] and its
infinitesimal generator is A = % with domain

D(A)={ZecCRH): Z e€CR,H)}.

To determine the S-resolvent set of A we observe that, for Z € C(R,H), the
quaternionic differential equation

MZ(1)—Z' (1) = X (1)

must have a unique solution in Z € C(R,H). But A € H and A commute with A,
since A does not contain any imaginary units, so the S-resolvent operator reduces
to (AT — A)~!. The linear quaternionic differential equation for Z reduces to a
linear system of differential equations for the components of Z, so it follows that
the S-spectrum is given by

os(A)={uj: uweR, jeS}
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Consider now the operator A? = 88722 with domain

D(A*)={Zc CR,H): Z,Z"ecC[R,H)}.

With similar considerations as in Theorem XII9.7 in [110] we have that operator
A2 is closed and D(A?) is dense in C(R,H). Since

os(A)={uj: ueR, forjeS}
by the spectral mapping theorem it follows that
os(AH) ={ueR: wu<0}.
Since A? commutes with the quaternion ), it is

SRt ADZ(1) = (AT - A*) 1 Z(7)

e—l01vVX
= | ——Z(0+7)do, € R.
/]R Wi ( T) T

With computations similar to those in [110, p. 640], we have an explicit formula
for the evolution operator:

Uaz(t)Z(1) =

1 —0%/4t
e Z(0+ 7)o, t> 0. 5.21
e / 6+ 7) (5.21)

Let us consider h € C(R,H) and the operator P whose domain is

D(P) = {y € C(R,H) such that y’ is continuous in a neighborhood of
each point 7y for which h(7y) # 0 and such that hy’ € C(R, H)}

and it is defined by
(Py)(r) =)y (1), yeDP).

The operator P is closed and with some computations we have the estimate

IPUOZ() < Willl = [ 74200+ ryao)

< InlliZ]l

S
The above estimate shows that the conditions (2) and (3) in Definition 5.2.1 are
fulfilled since they are the conditions (2) and (3) in Definition 5.4.1. This is due to

the fact that, in this case, A2 commute with the quaternions. In view of theorem
of generation by perturbation, the solution of the Cauchy problem is

Y(t, J?) = UA2+p(t)y0(Qj).
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We conclude this chapter pointing out that the above result, which has been
obtained by adapting the scalar case in [110], shows that this generation theorem is
useful also in quaternionic quantum mechanics, see [4, p. 38], since the quaternionic
version of Schrodinger equation is of the form

0
—Y(t,x) = —H
Cu(t, ) = —H(@)b(t,2)
where the Hamiltonian is given by
H(l’) = Ho(l‘) + elHl(a:) + BQHQ(CC) + €3H3(.Z‘)

and v is the quaternionic wave function. Even if it is nontrivial in concrete appli-
cations of physical interest, one may consider the operator e; Hy(x) + es Ha(z) +
esHs(x) as a perturbation of Hy(z).



Chapter 6 ®

Check for
updates

The Phillips functional calculus

In Chapter 3, we have introduced the direct approach to the S-functional calculus
for unbounded operators, which only requires the operator T' to be closed and
have a nonempty S-resolvent set. As in the complex case, the price for these
weak requirements on the operator are the relatively strong assumptions that
one has to make on the class of admissible functions, namely that they are slice
hyperholomorphic on the S-spectrum of T" and at infinity. However, similar to the
classical case, additional knowledge about the operator allows us to extend the
class of admissible functions.

In this chapter we shall assume that T is the infinitesimal generator of a
strongly continuous group {Ur(t)}ier and we let w > 0 and M > 0 be the
constants from Theorem 4.3.1 such that

os(T)c{seH: —w<Re(s)<w} and |Up(t)| < Me teR.

If f is the quaternionic Laplace—Stieltjes transform of a quaternion-valued measure
poon R, that is,

f(s) = /Rdu(t) e —(w+e) <Re(s) <w+e,

then we can formally replace the exponential in the above integral by the group
Ur(t), which formally corresponds to e!? and define

77y = [ auitr (1),

The function f is now slice hyperholomorphic on og(7'), but not necessarily at
infinity.

In the complex setting the above procedure yields the Phillips functional cal-
culus, which was introduced in [35,185]. In this chapter we introduce its quater-
nionic counterpart and study its properties and its relation with the S-functional
calculus following the treatise in [110]. The presented results were published in [12].

© Springer Nature Switzerland AG 2019 151
F. Colombo, J. Gantner, Quaternionic Closed Operators, Fractional Powers and Fractional

Diffusion Processes, Operator Theory: Advances and Applications 274,
https://doi.org/10.1007/978-3-030-16409-6_6


https://doi.org/10.1007/978-3-030-16409-6_6
http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16409-6_6&domain=pdf
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6.1 Preliminaries on quaternionic measure theory

Before we are able to define the Phillips functional calculus for quaternionic linear
operators, we have to recall some facts about quaternion-valued measures and
investigate their product measures. These results will be essential when we study
the properties of the quaternionic Laplace—Stieltjes transform.

In [5, Section 3], the authors showed that quaternion-valued measures have
properties similar to the properties of complex-valued measures. In particular, it is
possible to define their variation, which has analogous properties as the variation
of a complex measure, and find that the Radon—Nikodym theorem also holds true
in this setting. We recall the results that we will need in the sequel taken from [5].
Since some of these results follow by adapting the classical case, we just recall
them. We will add the proofs of the results related to the product of quaternionic
measures that are taken from [12].

Definition 6.1.1. Let (£2,.4) be a measurable space. A quaternionic measure is a
function p: A — H that satisfies

n (U, An) =D ulAn),

neN

for any sequence of pairwise disjoint sets (A, )neny C A. We denote the set of all
quaternionic measures on A by M(Q, A, H) or simply by M(Q,H) or M(RQ) if
there is no possibility of confusion.

Corollary 6.1.2. Let (2, A) be a measurable space. The set M(2, A, H) is a two-
sided quaternionic vector space with the operations

(5 + V)(A) = () + V(A),  (am)(A) = ap(A), (ua)(A) = p(A)a,
for p,v e M(Q, A H), a € H and A € A.

Remark 6.1.1. Let j,% € S with j L 4. Since H = C; +4C;, it is immediate that a
mapping ¢ : A — H is a quaternionic measure if and only if there exist two C;-
valued complex measures pi, p2 such that u(A) = pui(A) +ipe(A) for any A € A.
Moreover, since H = C; 4 C;i, there exist Cj;-valued measures fij, fiz such that
w(A) = i1 (A) + fi2(A)i for any A € A.

Definition 6.1.3. Let u € M(£2, A, H). For all A € A, we denote by II(A) the set
of all countable partitions 7 of A into pairwise disjoint, measurable sets Ay, ¢ € N.
The total variation of u is the set function

|u(A)::sup{Z,u(Ag)|: weH(A)} for all A € A.

Ayem

From the definition, we easily obtain the following lemma.
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Lemma 6.1.4. The total variation |u| of a measure p € M(Q, A, H) is a finite

positive measure on . Moreover, |au| = |pa| = |pllal and |p+ v] < |u| + |v| for
any p,v € M(Q, A, H) and a € H.

Recall that a measure p is called absolutely continuous with respect to a
positive measure v if y(A) = 0 for any A € A with v(A) = 0. In this case,
we write u < v. We denote by L'(£2, A, v, H) the Banach space of all H-valued
functions on 2 that are integrable with respect to the positive measure v.

Theorem 6.1.5 (Radon—Nikodym theorem for quaternionic measures). Let v be
a o-finite positive measure on (2, A). A quaternionic measure p € M(Q, A, H)
s absolutely continuous with respect to v if and only if there exists a function
fe Ly QA v,H) such that

u(A) = /Af(x) dv(z), forall A€ A.

Moreover, f is unique and we have

|| (4) = /A |f(z)|dv(z), for all A€ A. (6.1)

The identity (6.1) follows as in the classical case, cf. [192, Theorem 6.13].

Corollary 6.1.6. Let p € M(QQ, A H). Then there exists an A-measurable function
h: Q — H such that |h(x)| = 1 for any x € Q and such that u(A) = [, h(z) d|pu|(x)
for any A € A.

In order to define the quaternionic Laplace—Stieltjes transform and the Phil-
lips functional calculus for quaternionic linear operators, we define integrals with
respect to quaternionic-valued measures as in [12]. Let us again consider a quater-
nionic two-sided Banach space X and let v be a positive measure. We recall that

(i) X becomes a real Banach space if we restrict the scalar multiplication to the
real numbers.

(ii) H itself is a quaternionic two-sided Banach space.

So, let v be a positive measure. Recall that in Bochner’s integration theory, a
function f with values in X is called v-measurable if there exists a sequence of
functions f,(z) = Y,_; aixa,(z), where a; € X and x4, is the characteristic
function of a measurable set Ay, such that f,(z) — f(x) as n — +oo for v-
almost all x € €. The next lemma follows as a simple application of the Pettis
measurability theorem, see [107].

Lemma 6.1.7. Let X be a quaternionic two-sided Banach space and let v be a
positive measure on (L, A). If f: Q — X and g : Q@ — H are v-measurable, then
the functions fg and gf are v-measurable.



154 Chapter 6. The Phillips functional calculus

Let v be a positive measure on (£2,.4). Recall that a v-measurable function
on ) with values in a real Banach space is called Bochner-integrable, if

lﬂﬂ@MM@<+m

Definition 6.1.8. Let X be a two-sided quaternionic Banach space, let u €
M(Q, A H) and let h : Q@ — H be the function with |h| = 1 such that du(z) =
h(z) d|p|(x). We call two p-measurable functions f: Q@ — X and g : @ - H a
pu-integrable pair, if

Kﬂmmww<+m

In this case, we define

Af@g:ljwﬂM (6.2)

/diuf=/ﬂghfdlu|, (6.3)

as the integrals of a function with values in a real Banach space in the sense of
Bochner.

and

Remark 6.1.2. Note that in the definition of the integrals in (6.2) and (6.3), we
can replace the variation of p by any o-finite positive measure v with pu < v. If h,,
is the density of y with respect to v and pj,| and p, are the real-valued densities
of |u| and v with respect to |u| + v. Then we have

= hlu| = hpy(|pl+v) and  p=hv=h,p,(|pl+v).

Theorem 6.1.5 implies hp|,| = hyp, in L'(|u| + v). Therefore,

/thyng=/Q/thugpud(|u\+V)

Z//fhupugd(W‘*‘V)
aJa
Z/thp|u|9d(|ﬂ|+l/)

5/Mmem+w
Q
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Hence, the integral is linear in the measure: if u, v € M(Q, A, H), then p and v are
absolutely continuous with respect to 7 = |u| + |v|. If p, and p, are the densities
of p and v with respect to 7, then

Afdw+vnﬁiéf@u+mwd7

=/MMW+/MMW
Q Q

=/Qfdug+/ﬂfdvg~

Similarly, if a € H and p = p|pl, then ap = ap|p| and so

/Q f d(ap)g = / f(ap)gdiu] = /Q(fa)pgdlul - / (fa) dug.

In the same way, one can see that [, fd(ua)g = [, f du(ag).

We finally define the product measure and the convolution of two quater-
nionic measures as in [12]. Also these concepts will be essential when we discuss
the product rule of the quaternionic Phillips functional calculus.

Lemma 6.1.9. Let p € M(Q, A, H) and v € M(Y, B,H). Then there exists a unique
measure X v on the product measurable space (2 x 1, A® B) such that

(1 % V)(A x B) = u(A)w(B), (6.4)
for all A€ A, B € B. We call u X v the product measure of u and v.

Proof. Let j,i € S with j L ¢ and let g = pg +ipo with py, po € M(Q, A,C;) and
v = vy + ot with vy, € M(T,B,C;). Then, there exist unique complex product
measures g X v, € M(Q1 X Q2, A® B,C;) of pe and vy for £,k = 1,2. If we set

WXV =p X +iug X v+ pr X vet + Jug X vot,
then g X v is a quaternionic measure on (2 x 7, 4 ® B) and

WA (B) = pr (A)v1(B) + ipa(A)vi (B)
+ w1 (A)va(B)i + iue(A)ve(B)i
= 1 X l/l(A X B) +ZM2 X Vl(A X B)
+ p1 X va(A X B)i+iug X v2(A x B)i = (u x v)(A x B).

In order to prove the uniqueness of the product measure, assume that two
quaternionic measures p = p; + poi and 7 = 71 + 721 on (2 x 1, A x B) satisfy
p(A x B) =7(A x B) whenever A € A and B € B. Then p1(A x B) =71(A x B)
and p2(Ax B) = 19(Ax B) for A € A and B € B. Since two complex measures on
the product space (2 x 7, A®B) are equal if and only if they coincide on sets of the
form Ax B, we obtain p; = 71 and ps = 72 and, in turn, p = p1+poi = 71+ 700 = T.
Therefore, u x v is uniquely determined by (6.4). |
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Remark 6.1.3. Note that it is also possible to define a commuted product measure
uxcvon (Qx7,A® B) that satisfies

(1 %o v)(A x B) = v(B)u(A), VA€ A BeB.

This measure is different from the measure v x p that is defined on (7 x Q, B® .A)
and satisfies
(vxp)(BxA) =v(B)u(A), vBeB,AcA

Lemma 6.1.10. Let (2, A, u) and (Y, B,v) be quaternionic measure spaces. Then
[ x v| = || x |v].

Moreover, if du(x) = f(z)d|pl|(x) and v(xz) = g(x)d|v|(z) as in Corollary 6.1.6,
then, for any C € A X B,

(050 = [ £ty x vl(s.0).

Proof. Let f: Q@ —» H and ¢g: T — H with |f| = 1 and |g| = 1 be functions as in

Corollary 6.1.6 such that
A= [ re)dlulcy

v(B) = /B o(s) dlv|(s),

for all A € A and B € B. Moreover, let r = (t,s) and let h(r) = f(t)g(s). Then
the function C' +— [, h(r)d(|p| x |v[)(r) defines a measure on (2 x 7, A x B) and
Fubini’s theorem for positive measures implies

| nwyaus< i) = [ [ g e dvics)

:/ f(f)d\ul(t)/ 9(s)dlv[(s) = p(A)v(B).
A B

and

The uniqueness of the product measure implies 1 x v(C) = [ h(r) d(|p| x [v])(r),
for any C' € A x B. Since |h| = |f]|g| = 1, we deduce from (6.1) that

o vl(©) = [ 1] dllul x 1)) = (1l x (C)

forall C € A x B. O

Splitting the measure p into two complex components and applying the re-
spective result for complex measures, we obtain the transformation rule for inte-
grals with respect to a pushforward measure stated in the following lemma.



6.1. Preliminaries on quaternionic measure theory 157

Lemma 6.1.11. Let (2, A, u) be a quaternionic measure space, let (1, B) be a mea-
surable space and let ¢ : Q@ — 1 be a measurable function. If a function f : T — X
with values in a quaternionic Banach space X is integrable with respect to the
image measure u?(B) := p (¢~ *(B)) and fo¢ is integrable with respect to i, then

/dew :/waédu- (6.5)

Definition 6.1.12. We denote the Borel sets on a topological space X by B(X).
In particular, we denote the Borel sets on R, C and H by B(R), B(C) and B(H),
respectively.

We recall that, for any Borel set F € B(R), the set
P(E) := {(u,v) €R?: u+ve€ E}

is a Borel subset of R2.

Definition 6.1.13. Let p,v be quaternionic measures on B(R). The convolution
i * v of pand v is the image measure of p x v under the mapping ¢ : R? —
R, (u,v) — u + v, that is, for any E € B(R), we set

(n*x V)(E) = (n x v)(P(E)).
The following corollary is immediate.

Corollary 6.1.14. Let p,v,p € M(R,B(R),H) and let a,b € H. Then
(1) (pn+v)xp=pxpt+vspand px (V+p)=pxv+puxp and
(ii) (ap)*xv =a(p*v) and p* (va) = (u*v)a.

Then we prove the following results.

Corollary 6.1.15. Let u,v € M(R,B(R),H). Then the estimate

[x v[(B) < (Jul * [v])(E)
holds true for all E € B(R).

Proof. Let E € B(R) and let m € TI(E) be a countable measurable partition of E.
Then

Do uxv)(EDl =Y |(ux v)(P(E))

Ejem Ejem

< Z [ x v[(P(Er)) = | x v|(P(E)),

Ejem

and taking the supremum over all possible partitions 7 € II(E) yields

[ v[(B) < [px v|(P(E)) = (lul x [V)(P(E)) = (lul * [V[)(E). 0
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Corollary 6.1.16. Let p,v € M(R,B(R),H) and let F': R — X be integrable with
respect to p* v and such that fj:; j;o I1E(s+t)|ld|p|(s) d|v|(t) < +o00. Then

/RF() (pxv)( // (s+t)du(s) dv(t).

Proof. Our assumptions and Deﬁmtlon 6.1.13 allow us to apply Lemma 6.1.11

with ¢(s,t) = s +¢. If p(A) = [, f(t)d|p|(t) and v(A) = [, g(s) d|v|(s), then the
product measure satisfies
(o o) (B) = [ 7)ot dul x (s

by Lemma 6.1.10. Applying Fubini’s theorem yields
[ F@ s = [ Fots.0) dgux (s
= [ P00 F(5)a(e) v
= [ P+ 05)a(t) diel(s) divle)

// (s + 1) du(s) du(t). O

6.2 Functions of the generator of a strongly continuous
group

In the following we assume that T € K(X) is the infinitesimal generator of the
strongly continuous group {Ur(t)}:er of operators on a two-sided Banach space
X. By Theorem 4.3.1, there exist positive constants M > 0 and w > 0 such that
U7 (1) < Me?!l!l and such that the S-spectrum of the infinitesimal generator T
lies in the strip

W, ={seH: —w<Re(s)<w}

Moreover, we have

+o0o
Sp(s,T) = / e B Ur(t)dt, Re(s)>w
0

and 0

Spl(s,T) = —/ e S Up(t)dt, Re(s) < —w.
Definition 6.2.1. We denote by S(T') the family of all quaternionic measures p on
B(R) such that

/ dlp|(8) e < oo
R
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for some € = ¢(p) > 0. The function

with domain
Wete ={s€H: —(w+e)<Re(s)<(w+e)}
is called the quaternionic two-sided (right) Laplace—Stieltjes transform of p.

Definition 6.2.2. We denote by X(7T') the set of quaternionic two-sided Laplace—
Stieltjes transforms of measures in S(T').

Lemma 6.2.3. Let p,v € S(T) and a € H.
(i) The measures ap and p+ v belong to S(T) and

Clap) = ally), L{u+v) = L{n) + L),
(ii) The measures px v belongs to S(T'). If v is real-valued, then
L(p*v) = L()L(©V).

Proof. Let ¢ = min{e(u),e(v)}. Lemma 6.1.4 implies

/d|au| elflete) — Jq| / d|p) e+ < 400
R R

and
/d\u+u|e't'(°’+€) g/d|u|e‘t|(“+5>+/d|y|e|t|(“+€) < +o0.
R R R

Thus, ap and p+ v belong to S(T'). The relations L(ap) = aL(p) and L(u+v) =
L(p) + L(v) follow from the left linearity of the integral in the measure.

The variation of the convolution of y and v satisfies |u*v|(E) < (|u|*|v|)(E)
for any Borel set E € B(R), cf. Corollary 6.1.15. In view of Corollary 6.1.16, we

have
/d|u*y|(7~)e(m+s)\r\ S//C”MKS) d|V|(t)e(w+e)\s+t|
R rRJR

S/QM@éWﬂM/ﬂwmAWﬂw<+m
R R

—st

Therefore, uxv € S(T). If v is real-valued, then v commutes with e~** and Fubini’s

theorem implies for s € H with —(w +¢) < Re(s) <w +¢

£l v)(e) = [ )iy //@ 1) dur(u) e~

:/du(t) et /dz/(u) e T = L(p)(s) L(v)(s). O
R R
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Theorem 6.2.4. Let f € X(T) with f(s) = [ du(t) e™**, for any s in the strip
Wete ={s€eH: —(w+e)<Re(s)<w+e}.

(i) The function f is right slice hyperholomorphic on the strip W, 1.
(ii) For any n € N, the measure u™ defined by

W(B) = [ du(t) (<0 for B € B(R)
belongs to S(T) and, for s with —(w +¢) < Re(s) < w + ¢, we have

057 1(s) = [ drye= = [ aue) (e, (6.6)

where Js f denotes the slice derivative of f.

Proof. In the proof we will make use of the same kind of arguments as in [110,
Lemma 2, p. 642]. For every n € N and every 0 < £; < ¢ there exists a constant
K such that

|t|n€(w+€1)\t| < Kewtaltl ¢ ¢ R,

Since p € S(T'), we have

[ i@ et = = [ aj e =t < i [ dlaf) et < o
R R R

and so p™ € S(T'). The function f is a right slice function as, for s = u + jv,

£6) = [ duyer - [

A Rd,u(t)e* “ cos(v) — / du(t)e™"" sin(v)j

R
when we set

au,v) ::/Rdu(t)e_t“ cos(v)

and
B(u,v) = — / du(t)e” " sin(v)
R
satisfy the compatibility condition (2.4). For any s = u + jv € W, 1, we have
) 1 ) e—pt _ e—st
lim (fj(p) = fi(s))(p—s)"" = lim [ du(t) ———

Cjop—s Cjop—s R p—S

If p is sufficiently close to s such that also p € W, ., then the simple calculation

1
|e—pt _ e—stl _ ’/ e—ts—tf(p—s)t(p_ 8) df‘ < |t|€(w+s)|t\|p _ S|,
0
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yields the estimate
|e—pt _ €_St‘
Ip— s
which allows us to apply Lebesgue’s theorem of dominated convergence in order
to exchange limit and integration. We obtain

LJim (50 = ) m=97 = [ aut) (0e = [t (o

R

< ‘t|e(w+5)|t‘,

Consequently, the restriction f; of f to the complex plane C; is right holomorphic
and, by Lemmas 2.1.5 and 2.1.9, the function f is in turn right slice hyperholo-
morphic on the strip {s € H: —(w +¢) < Re(s) < w+ ¢}. Moreover, (6.7) implies

051() = [ du' (1)

for —(w +¢) < Re(s) < w + e. By induction we get (6.6). O

Definition 6.2.5 (The Phillips functional calculus). Let T' € K(X) be the infinites-
imal generator of the strongly continuous group {Ur(t)}icr of operators on a
two-sided Banach space X. For f € X(T) with

f(s)= /Rdu(t) e " for — (w+e) < Re(s) <w+e,
and p € S(T), we define the right linear operator f(7') on X by
7r) = [ dute)n(-o). (63)
Remark 6.2.1. In particular for p € H with Re(p) < —w the function s — Sgl(p, s)

belongs to S(T). Set dpi,(t) = —X(0,400)(t)€™ dt, where x4 denotes the character-
istic function of a set A. If Re(p) < Re(s), then

+o00o
L)) = [ dugltye s == [ et it = =5, 5p) = 55" p.5)
R 0
and

LD = [ dp(OU(=1
=— /+Oo ePU(—t)dt
0

S /0 e PU(t)dt = S5 (p,T).

For p € Hwith w < Re(p) set dpu,(t) = X(—o0,0)(t)e' dt. Similar computations
show that also in this case S;'(p,s) = L(ip)(s) € S(T) if Re(s) < Re(p) and
L(up)(T) = S5 (p, T).
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Theorem 6.2.6. For any f € X(T'), the operator f(T), defined in (6.8), is bounded.
Proof. Let f(s) = [ du(t)e™st € X(T) with u € S(T). Since U (t)|| < Me!!],

we have

AT < [ di® r(=0ll < M [ dlul(tye™ < +oc. o

Lemma 6.2.7. Let f(T) be the operator defined in (6.8). Let f = L(p) and g = L(v)
belong to X(T') and let a € H.

(i) We have (af)(T) = af (T) and (f +g)(T) = F(T) + g(T).
(ii) If g is an intrinsic function, then v is real-valued and (fg)(T) = f(T)g(T).

Proof. The statement (i) follows immediately from Lemma 6.2.3 and the left lin-
earity of the integral (6.8) in the measure. In order to show (ii), we assume that

g = L(v) is intrinsic. Then the measure v is real-valued and Lemma 6.2.3 gives
fg=L(u*v) e X(T). We find

(f9)(T)v = / A+ v) (r) U (—7)
://d,u(s)dy(t)MT(—(s—l-t))
RJR
- / dyu(s) Ur(—s) / do(t)Ur(—t) = F(T)g(T),
R

R

where we use that U (—s) and v commute because v is real-valued. |

6.3 Comparison with the S-Functional Calculus

A natural question that arises is regarding the relation between the Phillips func-
tional calculus introduced in Definition 6.2.5 and the S-functional calculus for
closed operators. In this section we show that the two functional calculi coincide
if the function f is slice hyperholomorphic at infinity. In order to prove this, we
need a specialized version of the Residue theorem that fits into our setting.

Lemma 6.3.1. Let O C H be an azially symmetric open set, let f: O\ [p] — H be
right slice hyperholomorphic and let g : O — X be left slice hyperholomorphic such
that p = u+ jv € O is a pole of order ny > 0 of the H-valued right holomorphic
function f; = flonc,. If € > 0 is such that B.(p) NC; C O, then

TLf*l

: F()ds; g(s) = D Res, (fi()(s — ") (05*9(r)
k=0

2m 9(B<(p)NC;)
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Proof. Since f is right slice hyperholomorphic, its restriction f; is a vector-valued
holomorphic function on O N C; if we consider H as a vector space over C; by
restricting the multiplication with quaternions on the right to C;. Similarly, since
g is left slice hyperholomorphic, its restriction g; := glonc; is an X-valued holo-
morphic function if we consider X as a complex vector space over C; by restricting
the left scalar multiplication to C;. Consequently, if we set p = dist(p, d(O NC;)),
then

+o0 too
fi(s) = Z ar(s —p)* and g;(s) = Z(s —p)*by, (6.9)
k=—nj k=0

for s € (B,(p)NC;)\{p} with a;, € H and by, € X. These series converge uniformly
on 9(B.(p) N C;) for any 0 < & < p. Thus,

1

2 Jogs.nc,)

1 = ~ :
(Z Ag—n; (5 — p)k”f> ds; Z(s — p)’b;

27 Jogs.mncy)

f(s)ds;g(s)

k=0 §=0
+oo k 1 . _
:ZZak_j_nf (2/ (Sfp)kfjfnf de (Sp)J> bj
k=0 ;=0 ™ Ja(Be(p)NC;)
ny—1
=D agnbs,
=0
since ifa(BE(p)ij)(s — p)F " dsj equals 1 if Kk —ny = —1 and 0 otherwise.
Finally, we observe that a_, = Res, (f;(s)(s —p)*™!) and b, = £9s"g;(p) by
their definition in (6.9). O

In order to compute the integral in the S-functional calculus, we recall the
definition of the strip

Wei={seH: —c<Re(s)<c} forec>0

and we introduce the set 9(W.NC;) for j € S. It consists of the two lines s = ¢+ j7
and s = —c — j7 with 7 € R.

Proposition 6.3.2. Let o and ¢ be real numbers such that w < ¢ < |a|. For any
vector y € D(T?), we have

1
21 Jaow.nc;)

Proof. We recall that

Ur(t)y e (a—s)"2ds; Sp' (s, T)(aZ — T)%y. (6.10)

Sp'(s,T) :/ e “Ur(t)dt, Re(s)>w.
0
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Since [|Ur(t)|| < Me“!!l) we get a bound for the S-resolvent operator by
ISFH (5. D =M [ el Rt Re(s) > (6.11)
0

which assures that ||S;" (s, T)|| is uniformly bounded on {s € H : Re(s) > w + ¢}
for any ¢ > 0. A similar consideration gives a uniform bound of ||S;'(s,T)| on
{s € H: Re(s) < —(w + ¢)}. Thanks to such bound, the integral in (6.10) is well
defined since the (a — s)~2 goes to zero with order 1/|s|? as s — oo. We set

Flty = -

e(a—s)"2ds; Sp' (s, T)(aZ — T)%y
21 Jaw.ncy)

for y € D(T?). We show that F(t)y = Ur(t)y using the Laplace transform and we
first assume ¢ > 0. If Re(p) > ¢, then

o0
/ e PLF(t)y dt
0
_ 1
27
1

21 Jow.nc;)

_pt/ e (a—5)"%ds; Sp'(s,T)(aZ — T)?ydt
B(W.NC;y)

(/O+°° e—ptetsdt> (a—s)"2ds; S5t (s, T)(aZ — T)%y

Now observe that

/ Pt dt = S (p, 5),
0

so we have

/ e PLR(t)y dt
0

1

= — Szt (p,s)(a—s)"2ds; Sp'(s,T)(aZ — T)%y

21 Jaw.nc;)

We point out that the function s — Sgl(p, s)(a—s)~2 is right slice hyperholomor-

phic for s ¢ [p] U {a} and that the function s — Sz'(s,T)(aZ — T)?y is left slice

hyperholomorphic on pg(T). Observe that the integrand is such that (a — s)~2

goes to zero with order 1/]s|? as s — oo. By applying Cauchy’s integral theorem,

we can replace the path of integration by small negatively oriented circles of radius
0 > 0 around the singularities of the integrand in the plane C;. These singularities
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are «, pj = po + jp1 and p; if j # +j,. We obtain

/ e PPE(t)y dt
0

1
= o Si'(p,s)(a—s) 7" ds; Sp' (s, T) (e — T)%y
21 Jaws(anc;)
1
— Szt (p,s)(a — )2 ds; S5 (5, T) (o — T)y
21 Jaws(p)ne,)
1

- S};l(pvs)(a—s) dS]S (S T)(OZI—T)2y
2 Jowsmnne,)

Observe that the integrand has a pole of order 2 at a and poles of order 1 at p;
and p; (except if j = £3j,). Applying Lemma 6.3.1 with f(s) = Si'(p, s)(a —s) 72
and g(s) = Sz' (s, T)(aZ — T)?y yields therefore

/000 e P F(t)ydt = —Resq (S;Cl(p, s)(a—s)7?) SpH (e, T)(aZ —T)%y

—Res, (Sz'(p,s)(s —a)™1) (0sSk" (o, T)(aZ — T)?y)
~ Resy, (S} ) — 9)%) i <pJ,T><aI—T>2y
— Resp; (S5 (p, s) (o — 8) ™) S (77, T)(eZ — T)%y

We calculate the residues of the function f(s) = S;'(p,s)(a — s)72. Since it has
a pole of order two at a;, we have

0

0
] o N2 O -1 — ()2
Resa(f;) = ., lim —-fi(s)(s —a)” = c lim =-S5k (ps)=(p—a)",

where the last identity holds because « is real, and
Resa(f5(s)(s — ) = _im _f;()(s — a)’ = S5 (0, ).
jOs—a

The point p; = po + jp1 is a pole of order 1. Thus, setting s;, = so + jps1 € C;,
for s = so + js1 € C;, we deduce from the representation formula that

Res,,(f;) = lm f(s)(s—p)) = lim S5'(p.s)(o— 92— p))

. _ o1 o1 ~
= lm {SRl(p,Sjp)(lJpj)2+SRl(p,sjp)(1 +3pd)g | (s = pi)(a=s)7

1
— ; e VS I o Ny — )2
= dm (P —s;,)" (1= 5pd)(s = pj) g (o —p5)

+ lim (p—355,)" 1+ jpi)(s — pj)5 (o —p;y) 7

Cj3s—p;

N =

(a0 —p;)~2

N =

_ [ lim  (p—s;,)" (1= jpj)(s — p;)

Cj3s—p;
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We compute

lim (p— Sjp)il(l — JpJ)(s — pj)

Cj3s5—p;

= lim (p—s;,) 7 (1= Gpi)(s0 = po) + (p = 55,) 7 (1= Gpd)i(s1 — p1)
jI8—=P;

= im - 83,) " (50 = po) (1 = jpg) + (0 = 55,) " (51 = p1)(J + Jp)

= lim (p—s;,) " (s0 = po)(1 = jpi) + (p— 55,) " (s1 — p1)jp(—jpi + 1)

jIS—Dj
= Célsrgpj(p - sjp)_l(s() —po + Jp(s1 —p1))(1 = jpj)
= dm (0= s5,)7 5, = )1 = Gpd) = —(1=Gpi)

and finally obtain

—2

Resy, (/) = =3 (1= o) (@ — py)

Replacing j by —j in this formula yields

Lt e - B2

Resp;(f5) = =3

Note that these formulas also hold true if j = £j,. In this case either Res,, (f;) =
—(a—p;)~? and Resp;(f;) = 0 because p; is a removable singularity of f;, or vice
versa. Moreover,

S, T)(aZ —T)*y = (aZ —T) HaZ - T)’y = (aZ - T)y

and
0S5 (a, T)(aZ = T)’y = —(aZ = T) *(aZ - T)’y = —y

because « is real and so S;' (o, T) = (aZ — T)~!. Putting these pieces together,
we get

/000 e P R(t)ydt = —(p— @) 2Sz'(a, T)(aZ — T)?y
+ SE'(p, @) SR (e, T)(aZ — T)%y

4500 Goi)(a— ;) 2S5 (. T)aZ ~ Ty
0+ G0 5) 2S5 (7. T) (0T~ 1)y

=—-(p—a) (I -Tly+(p—a) 'y
+(p—a) 2S5 (., T)(aZ — T)%y

where that last identity follows from representation formula because the mapping

p (a—p) 2S5 (p, T)(aZ — T)%y
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is left slice hyperholomorphic. We factor out (p — ) =2 on the left and obtain

/Oooe_ptF(t)ydt:(p—a)_Q(—(aI—T)y—i—( —a)y+ Sy L(p, T)(aZ —T)? )
=(p—a)? (py— 20y + Ty + Sz' (p, T)(aZ - T)%y).

Recall that we assumed that y € D(T?). Hence, Ty € D(T) and so we can apply
the right S-resolvent equation twice to obtain
7 (p,T) (0T — T)%y
= Sp' (0, T)(T?y — 2aTy + o®y)
=pSp' (0, T)Ty — Ty — 2apS* (0, T)y + 2ay + o*Sp* (0, T)y
=p*Sg (0. T)y — py — Ty — 2apSz* (0, T)y + 20y + a>Sz* (0, T)y
= (p—)’Sg' (0, T)y — py + 2ay — Ty.

So finally

/OOO e P F(ydt =(p—a)(p — @)’SE' (p. Ty = Si' (p, T)y.

Hence,
/ e_ptF(t)ydt=S§1(p,T)y=/ e P Ur(t)ydt,
0 0

for Re(p) > ¢, which implies F(t)y = Ur(t)y for y € D(T?) and t > 0 as a con-
sequence of the quaternionic version of the Hahn-Banach theorem (see Corollary
12.0.7).

Applying the same reasoning to the semigroup {U(—t) };+>0, with infinitesimal
generator —7T', we see that

1
Uty = o— (o —s)"ds; Sy’ (s, ~T)(aZ + T)%y
21 Jow.nc,)
1
= — e "(a+s)"2ds; Sp'(s,T)(aZ + T)?y,
27 Jow.nc;)

where the second equality follows by substitution of s by —s because
Spt(—s,~T) = —Sz'(s,T).
Replacing by —« and —t by ¢, we finally find

Uty = L / e (a—s)"2ds; Sp' (s, T)(aZ — T)%y
21 Jaw.nc;)

also for ¢t < 0. O
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Proposition 6.3.3. Let a and c be real numbers such that w < ¢ < |a|. If f € X(T')
is right slice hyperholomorphic on W,, then, for any y € D(T?), we have

1

21 Jow.nc;)

f(M)y = fs)(a—s)~ dsj Sp (5 T)(aZ — T)Qy. (6.12)

Proof. We recall that f can be represented as

75) = [ duttye

with g € S(T'). Using Proposition 6.3.2, we obtain

L F(3)(a — )2 ds; S5 (s, T)(oZ — T)2y

27 Jow.nc;)

_ 1 /ﬁmwf“m §)=2 ds; S5 (s, T)(aZ — T)y
21 Jow.nc;)

B i e~ (o — s s o —T)?
—/Rdu(t) <2ﬂ /B(ij) (a—s)"2ds; Sg*(s,T)(aZ — T) y)
:/Rdu(t)uT(—t)y:f(T)y

Note that Fubini’s theorem allows us to exchange the order of integration as the
S-resolvent S (s,T) is uniformly bounded on 9(W. N C;) because of (6.11). So
there exists a constant K > 0 such that

/Hdu “a —s)"2ds; Spt(s, T)(@Z —T) yH
B(W.NC;)
1

—ne(s 1
<5 /dlu\( )e Rt ——— S5 (s, T) ||| (aZ — T)?yllds
A(W.NCy) \04 |

<K d cItl
/Wm@ / @) +| I

This integral is finite because, as p € S(T'), we have

/d|,u|(t) et < 4o, 0
R

Theorem 6.3.4. Let f € X(T') and suppose that f is right slice hyperholomorphic
at infinity. Then the operator f(T') defined using the Laplace transform equals the
operator f[T] obtained from the S-functional calculus.

Proof. Consider o € R with ¢ < |a| and observe that the function

9(s) = f(s)(a— )7
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is right slice hyperholomorphic and, since f is right slice hyperholomorphic at
infinity, tends to zero with order 1/|s|?> as s tends to infinity. The S-functional
calculus for unbounded operators thus satisfies

o1 =g+ [ g(s)ds; Syl T),
B(Wuﬂ(Cj)

By Theorem 3.5.1, we have for y € X that
1

fIT)(eZ —T) %y = —
27 Jow.nc;)

F(s)(a = s)*ds; S5 (s, T)y.

But by Proposition 6.3.3, it is

1

=_— f(s)(a—s)%ds; Sg' (s, T) (T — T)*a,
21 Jow.nc;)

f(T)x

for x € D(T?). Setting y = (aZ — T)?z, we conclude

f[Tly = f(T)y, forye D(T?).

Since D(T?) is dense in X and since the operators f[T] and f(T) are bounded we
get f[T] = f(T). O

6.4 The Inversion of the Operator f(7')

We study the inversion of the operator f(7T') defined by the Phillips functional
calculus via approximation with polynomials P, such that lim,,_,~ P, (s)f(s) = 1.
In general, the pointwise product P,(s)f(s) is not slice hyperholomorphic and
therefore we must limit ourselves to intrinsic functions. The main goal of this
section is to deduce sufficient conditions such that

lim P,(T)f(T)y=vy, foreveryyec X.

n——+oo

Lemma 6.4.1. Let T € K(X) such that ps(T) "R # 0. If D(T) is closed, then
D(T™) is dense in X for every n € N.

Proof. If a € ps(T) NR, then
DT =D(aZ-T)")=(aI-T)"X.

Therefore, a continuous right linear functional y* € X* on X vanishes on D(T™)
if and only if the functional y*(aZ — T')~™, which is defined as

<y*(OtI - T)ina y> = <y*a (OéI - T)iny>
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for y € X, vanishes on the entire space X. We prove the statement by induction.
It is obviously true for n = 0, so let us choose n € N and let us assume that it
holds for n — 1. By the above arguments, a functional y* € X* vanishes on D(T™)
if and only if

v -T) "=y (aZ-T) """Vl -T)"!

vanishes on X, which is in turn equivalent to y*(aZ —T)~ (=1 vanishing on D(T).
Now observe that by assumption D(T') is dense in X. Hence, Corollary 12.0.8
implies that a functional * € X* vanishes on D(T) if and only if it vanishes on all
of X. We conclude that y* € X* vanishes on D(T™) if and only if y*(aZ—T)~ (1)
vanishes on all of X*, which is in turn equivalent to y* vanishing on D(7"~1). Since
D(T™ 1) is dense in X by the induction hypothesis, Corollary 12.0.8 implies again
that a functional z* € X* vanishes on D(T™1) if and only if it vanishes on all of
X. Therefore, we finally find that y* vanishes on D(T™) if and only if it vanishes
on all of X* and a final application of Corollary 12.0.8 yields that D(T™) is dense
in X. O

Lemma 6.4.2. Let P be an intrinsic polynomial of degree m and let f and P, f
both belong to X(T'). Then f(T)X CD(T™) and

P(T)f(T)y = (Pf)(T)y, forallye X.

Proof. We first consider the case y € D (Tm“). Let o, c € R with w < ¢ < | and
let j € S. The function Pf is the product of two intrinsic functions and therefore
intrinsic itself. By Proposition 6.3.3, Lemma 6.2.7 and Remark 6.2.1, we have

(@Z =T)""™(Pf)(T)y

-5 (a = )" P(s)f(s)( — 8) " ds; Sg* (s, T)(aZ — T)°y
A(W.NCy)

We write the polynomial P in the form P(s) = >, ax(a — s)* with aj € R. In
view of Proposition 6.3.3, Lemma 6.2.7 and Remark 6.2.1 we obtain again

(@ =T)""™(P)(T)y

m

— )£ () — s s s o —T)?
=Y u /Wnc)(a )k f(s) o — )2 ds; S5 (s, T) (0T — Ty

m

= ak(aZ —T)""Ff(Tyu=(aZ-T)"™ > ar(aZ - T)*f(T)y
k=0

k=0

= (@ =T)""P(T)f(T)y.

Consequently, (P f)(T)y = P(T)f(T)y for y € D (T™*?).
Now let y € X be arbitrary. Since D(T™*2) is dense in X by Lemma 6.4.1,
there exists a sequence y,, € D(T™*"?) with lim, o0 yn = y. Then f(T)y, —
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f(My and P(T)f(T)yn = (P Ty, — (Pf)(T)y as n — 4oo. Since P(T) is
closed with domain D(T™), it follows that f(T)y € D(T™) and P(T)f(T)y =
(PH(T)y. O

Definition 6.4.3. A sequence of intrinsic polynomials { P, },en is called an inverting
sequence for an intrinsic function f € X(7T') if

(i) Puf e X(T),
(ii) |Pn(s)f(s)| < M, n € N for some constant M > 0 and

hm P.(s)f(s)=1

n—+
inastrip Wy ={s€H: —(w+e) <Re(s) <w+e},
(iii) (P f)(D)]| < M, n € N for some constant M > 0.

Theorem 6.4.4. If {P,},cn is an inverting sequence for an intrinsic function f €
X(T), then
i P,(D)f(T)y =y, Yy X.

Proof. First consider y € D(T?) and choose o € R with w < |a|. Then Proposi-
tion 6.3.3 and Lemma 6.4.2 imply

Po(T)f(T)y = (P f)(T)y
1

o Pyo(s)f(s)(a = 5)"2ds; Sp'(s,T)(aZ = T)%y
T Jo(W., NCy)

for arbitrary j € S and ¢, € R with w < ¢, < |a| such that P, f is right slice
hyperholomorphic on W, . However, we have assumed that there exists a constant
M such that |P,(s)f(s)] < M for any n € N on a strip —(w+¢) < Re(s) <w +e.
Moreover, because of (6.11), the right S-resolvent is uniformly bounded on any set
{s € C; : |Re(s)| > w+ ¢’} with ¢ > 0. Applying Cauchy’s integral theorem we
can therefore replace 9(W,, N C;) for any n € N by (W, N C;) where ¢ is a real
number with w < ¢ < min{|a|,w + €}. In particular, we can choose ¢ independent
of n. Lebesgue’s dominated convergence theorem allows us to exchange limit and
integration and we obtain

P, (T)f(T)y = 1 /(W . )(a —5) " 2ds; Sgl(s,T)(ozI —T)y =y.

2

If y € X does not belong to D(T?), then we can choose for any ¢ > 0 a
vector y. € D(T?) with ||y — y.|| < e. Since the mappings (P, f)(T) are uniformly
bounded by a constant M > 0, we get

(P f)(T)y =yl
< My = yell + [(Paf)(T)ye — yell + llye — yll
TR Mlly - vell + lye — yll < (M +1)e.
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Since € > 0 was arbitrary, we deduce lim,_, o ||(Pof)(T)y — y|| = 0 even for
arbitrary y € X. g

Corollary 6.4.5. Let X be reflexive and let P, be an inverting sequence for an
intrinsic function f € S(T). A vector y belongs to the range of f(T) if and only if
it is in D(P,(T)) for all n € N and the sequence {Pp(T)y}nen s bounded.

Proof. It y € ran f(T) with y = f(T)x then Lemma 6.4.2 implies y € D(P,(T))
for all n € N. Theorem 6.4.4 states lim,_, 1 o, P,,(T)y = x, which implies that the
sequence (P, (T)y)nen is bounded.

To prove the converse statement consider y € X such that {P,(T)y}nen is
bounded. Since X is reflexive the set {P,,(T)y }nen is weakly sequentially compact.
(The proof that a set E in a reflexive quaternionic Banach space X is weakly
sequentially compact if and only if £ is bounded can be completed similarly to
the classical case when X is a complex Banach space, see [110, Theorem II.28].)
Hence, there exists a subsequence {P,, (T)y}ren and a vector x € X such that

(y", P, (T)y) — (y*, )

as k — +oo for any y* € X*. We show y = f(T)x. For any functional y* € X*,
the mapping y* f(T'), which is defined by

" f(T),w) = (v, f(T)w),

also belongs to X*. Hence,
(" f(T) Po, (T)y) = (y" f(T), P (T)y) = (" f(T), ) = (y*, f(T)z).

Recall that the measure p with f = £(u) is real-valued since f is intrinsic. There-

fore it commutes with the operator Py, (T'). Recall also that if w € D(T™) for some

n € N, then U (t)w € D(T™) for any t € R and U7 (¢)T"w = T"Ur(t)w. Thus,
Po, (U )y = Ur (t) Poy (T)y

because P,, has real coefficients. Moreover, we can therefore exchange the integral
with the unbounded operator P, (T) in the following computation

F(T)Py, (T)y = / dpu(8) Ur(—t) Poy (T)y
— P, (T) / dp(t) Ur(—t)y = Poy (T)f(T)y.
R
Theorem 6.4.4 implies for any y* € X*
(', 0) = Jim (4", P (T)f(T)y) = Timn (", F(T) Py (T)y) = (&, F(T)a)

and so y = f(T)xz follows from Corollary 12.0.8. O
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Check for
updates

The H®-Functional Calculus

The H°-functional calculus was originally introduced in [170] by Alan McIntosh.
His approach was generalized to quaternionic sectorial operators that are injective
and have dense range in [30]. Moreover, under the above assumptions, in [30], it is
also treated the case of n-tuples of noncommuting operators. The H°°-functional
calculus stands out among all holomorphic (resp. slice hyperholomorphic) func-
tional calculi because it allows to define functions f of an operator T such that
f(T) is unbounded.

This chapter is based on our paper [54], where we defined the H*°-functional
calculus for arbitrary sectorial operators following the strategy of [165]. This pro-
vides also the techniques to introduce fractional powers of quaternionic linear
operators. The approach in [54] requires neither the injectivity of T nor that T
has dense range. Several proofs do not need much additional work and the strate-
gies of the complex setting can be applied in a quite straightforward way. We shall
therefore, in particular, focus on the proof of the chain rule and of the the spectral
mapping theorem, since more severe technical difficulties arise in these proofs.

7.1 The S-functional calculus for sectorial operators

In order to define the notion of a sectorial operator, we introduce the sector X,
for ¢ € (0, 7] as
Yo ={seH: arg(s) <y}
Definition 7.1.1 (Sectorial operator). Let w € [0,7). An operator T' € K(X) is
called sectorial of angle w if
(i) we have o5(T) C ¥, and
(ii) for every ¢ € (w, ) there exists a constant C' > 0 such that for s ¢ 3,

_ C _ C

||SL1(s,T)H < s and HSRl(s,T)H < Ik (7.1)
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We denote the infimum of all these constants by C, and additionally by Cy, 1
if we also want to stress its dependence on T.

Next we introduce the following notations:
(a) We denote the set of all operators in IC(X) that are sectorial of angle w by
Sect(w). Furthermore, if T is a sectorial operator, we call

wr =min{w: T € Sect(w)}

the spectral angle of 7.

(b) A family of operators {Ty}sca is called uniformly sectorial of angle w if Ty €
Sect(w) for all £ € A and sup,cp Cop,1, < 400 for all ¢ € (w, ).

The class of slice hyperholomorphic functions that will be considered in order
to define the H°°-functional calculus is specified in the next definitions.

Definition 7.1.2. Let f be a slice hyperholomorphic function.

(i) We say that f has polynomial limit ¢ € H in X, at 0 if there exists a > 0
such that f(p) —c = O(|p|*) as p — 0 in X, and that it has polynomial
limit oo in X, at 0 if f~*¢ (resp. f~*7) has polynomial limit 0 at 0 in .
(By (2.26) this is equivalent to 1/|f(p)| € O(|p|*) for some @ > 0 asp — 0
in ¥,.)

(ii) Similarly, we say that f has polynomial limit ¢ € Hu at oo in X, if p —
f(p~1) has polynomial limit ¢ at 0.

(iii) If a function has polynomial limit 0 at 0 or oo, we say that it decays regularly
at 0 (resp. 00).
Observe that the mapping p — p~! leaves Y, invariant such that the above
relation between polynomial limits at 0 and co makes sense.

Definition 7.1.3. Let ¢ € (0, 7].

(i) We define SHT 4(X,) as the set of all bounded functions in SHy(X,) that
decay regularly at 0 and oco.

(ii) Similarly, we define SHF ,(X,) and SH"(¥,) as the set of all bounded
functions in SHR(X,) (resp. N(X,)) that decay regularly at 0 and oo.

The following Lemma is an immediate consequence of Theorem 2.1.3.
Lemma 7.1.4. Let ¢ € (0, 7].

(i) If f,g € SHT(Xy) and a € H, then fa+g € SHT((X,). If in addition
f € SHF(D,), then fg € SHT(Z,).

(i) If f,9 € SHEo(Xy) and a € H, then af +g € SHE(X,). If in addition
g€ SHY(X,), then fg € SHF (X,).
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(i) The space SH (Xy) is a real algebra.

Definition 7.1.5 (S-functional calculus for sectorial operators). Let T' € Sect(w).
For f € SHT () with w < ¢ < 7, we choose ¢ with w < ¢’ < ¢ and j € S and
define )

21 Jo(s,incy)

f(r) = S (s, T)ds; f(s). (7.2)
Similarly, for f € SH7 ((X,) with w < ¢ <7, we choose ¢ with w < ¢' < ¢ and
j € S and define

fT) = o

M CLL Gl (7.3)

Remark 7.1.1. Since T is sectorial of angle w, the estimates in (7.1) assure the
convergence of the above integrals. A standard argument using the slice hyper-
holomorphic version of Cauchy’s integral theorem shows that the integrals are
independent of the choice of the angle ¢’, and standard slice hyperholomorphic
techniques, based on the representation formula, show that they are independent
of the choice of the imaginary unit j € S. Finally, computations as in the proof of
Theorem 3.4.6 show that (7.2) and (7.3) yield the same operator if f is intrinsic.

If T € Sect(w), then f(T) in Definition 7.1.5 can be defined for any function
that belongs to SHT (3,) for some ¢ € (w, 7]. We thus introduce a notation for
the space of all such functions.

Definition 7.1.6. Let w € (0, 7). We define

SHF S = | SHT
w<p<T
SH?%O,O[Ew]: U SHORO,O(E¢)7
w<p<T
SHEEL = | SHE(S,).
w<p<T

The following properties of the S-functional calculus for sectorial operators
can be proved by standard slice-hyperholomorphic techniques, see Theorem 3.5.1
or see also [30, Theorem 4.12].

Lemma 7.1.7. If T € Sect(w), then the following statements hold true.
(i) If f € SHT o[Xw] or f € SHE o[Xw], then the operator f(T') is bounded.

(i) If f,g € SHTy[Xu] and a € H, then (fa+ g)(T) = f(T)a+ g(T). Similarly,
if f,9 € SHEo[X0] and a € H, then (af + g)(T) = af(T) + g(T).

(iii) If f € SHo [Xw] and g € SHT o[Xu], then (fg)(T) = f(T)g(T). Similarly, if
[ Ee€SHR [X0] and g € SH[X], then also (fg)(T) = f(T)g(T).
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We recall that a closed operator A € K(X) is said to commute with B €
B(X),if BAC AB.

Lemma 7.1.8. Let T € Sect(w) and A € K(X) commute with Qs(T)~! and
TQ(T)™! for any s € ps(T). Then A commutes with f(T) for any f € SH[Xu].
In particular, f(T) commutes with T for any f € SH [Zu].

Proof. If f € SH{ [Xy], then for suitable ¢ € (w,7) and j € S, we have

£(T) = o 1) ds; S5 (5,7)
T Ja(2,NC;)
= % ' f(—te??) (—=€7?) (—j) (—te ¢ = T) Q_0s0 (T) "' dt

1 [t . . )
tor / § (te99) (€79) (=) (67 — T) Qoo (T) " dt.
0
After changing ¢t — —t in the first integral, we find
1

T o

FT) /0 7 (t169) (€39) (te77% — T) Quure (T) " dt

+oo
+— f(te™?) (—e7795) (te’? — T) Qpe—se (T) " dt
21 Jo

+oo
__ 2Re [f (te’?) jt] Quese (T) ™" dt
2T 0

1 +oo . .
- 2Re [f (te”’) jew] TQyeie (T) " dt,
27T 0

where the last identity holds because f(3) = f(s) as f is intrinsic and
thjw(T)_l = Qtefjw (T)_1~

If now y € D(A), then the fact that A commutes with Q(7T")~! and TQ4(T)~*
and any real scalar implies

1 [t

f@)Ay =5 | 2Re[f (t€77) jt] Quese (T)7 Ay i

I , ,
~ 5 2Re [f (te’%) je'¥] T Queiv (T)* Ay dt
1 0+°°

AL 2Re [f (te’?) jt] Qe (T) "y dt
27T 0

_ A% " Re [f (t6%) &3] T Quuse (T) 'y dt = AF(T)y.
0
We thus find y € D(Af(T)) with f(T)Ay = Af(T)y and in turn f(T)A C Af(T).
O
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Lemma 7.1.9. Let T € Sect(w). If A € (—00,0) and f € SHT 4[X.], then
s (A= 8)7 f(s) € SHI,[E]

and
(A=) () (1) = A =T)" A(T) = S (N T)A(T).
Similarly, if X € (—00,0) and f € SHE [X], then
s f(s)A—s)"t e SHE o[2]
and
(f(s)A =)™ (T) = AN =T)"" = F(T)SE' (A T).

Proof. Let A\ € (—o0,0) and observe that, since \ is real, the S-resolvent equation
turns into

5, T)
Sy T)) (s =N
)

w,m) and j € S, we have

A=T)"1S; (s, T) = Sx* (\, T)S; (s
= (' (\T) -
If now f € SH7 5[E.], then for suitable ¢ € (

1
27r
_1
21 Ja(s,.ncy)
_ 1 _
:SRI()\,T)g/ dsj (s —N)"1f(s)
3(Z,NC;)
1
o S8, T)ds; (A —s5)""f(s)
8(=,NC;)

= (A =97 f(s) (1),
where the last equality holds because %fa(z nc,) 4si (s — A)71f(s) = 0 by
Cauchy’s integral theorem. O

(AL —T) f(T) = / o T D)7 5 s 19

(Sg'\T) = S7 (s, 1)) (s — A) "' ds; f(s)

Similar to [165], we can extend the class of functions that are admissible for
this functional calculus to the analogue of the extended Riesz class.

Definition 7.1.10. For 0 < ¢ < 7, we define
EL(Sy) = {f0) = f®) + (1 +p) atb:  [eSHT,(T,),0,b €HJ

and similarly

Er(Se) = {f() = F0) +a(l+p) " +b: [ SHE(Sy) 0. € HY.

Finally, we define £(X,) as the set of all intrinsic functions in £7,(X,), i.e.,

E,) = {I0) = F@) + (1 +p) la+b: [eSHF(S,),abeR}).
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Keeping in mind the product rule of slice-hyperholomorphic functions, simple
calculations as in the classical case show the following two corollaries, cf. [165,

Lemma 2.2.3].
Corollary 7.1.11. Let 0 < ¢ < 7.

(i) The set EL(X,) is a quaternionic right vector space and it is closed under
multiplication with functions in £(Xy,) from the left.

(i) The set Er(Xy,) is a quaternionic left vector space and it is closed under
multiplication with functions in E(X,) from the right.

(i) The set £(X,) is a real algebra.

Corollary 7.1.12. Let 0 < ¢ < m. A function f € SHL(X,) (or f € SHr(E,)
or f e N(Xy)) belongs to EL(Xy,) (resp. Er(Xy) or E(X,)) if and only if it is
bounded and has finite polynomial limits at O and infinity.

Definition 7.1.13. For w € (0,7), we denote

&t = U &=,

w<lp<lT
&2 = | €r(Z),
w<p< T
)= | e,
w<lp<lT

Definition 7.1.14. Let T' € Sect(w). We define for any function f € £1[%,] with
f(s) = f(s) + (1 +s)~ta+ b the bounded operator

f(T):=f(T)+(A+T) " a+1b

and for any function f € Eg[Sy] with f(s) = f(s) + a(1 + s)~* + b the bounded
operator _

f(T) = f(T) +a(1+T)~" + I,
where f(T) is intended in the sense of Definition 7.1.5.

Lemma 7.1.15. Let T € Sect(w) and let f € EL[X,]. If | is left slice hyperholo-
morphic at 0 and decays regularly at infinity, then

1

= — Sgl(s,T) ds; f(s), (7.4)
21 Jow(r)nc,)

f(T)
with j € S arbitrary and U(r) = £, U B,(0), where ¢ € (w,m) is such that
f e é&(X,) and r > 0 is such that f is left slice hyperholomorphic on B,(0).
Moreover, if f is left slice hyperholomorphic both at 0 and at infinity, then

SO =gt g [ ST S, (1.5

2w
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with j € S arbitrary and U(r, R) = U(r) U (H\ Bgr(0)), where ¢ € (w, ) is such
that f € E1(E,), > 0 is such that f is left slice hyperholomorphic on B,(0) and
R > r is such that f is left slice-hyperholmorphic on H \ Br(0).

Similarly, if f € Er[Xw], s right slice hyperholomorphic at 0 and decays

reqularly at infinity, then

1

= 5= f(S)de SEI(S,TL
21 Jawrncy)

F(T)

with j € S arbitrary and U(r) chosen as above. Moreover, if f € Er[X.] is right
slice hyperholomorphic both at 0 and at infinity, then

FT) = F(eo)T + 5 () ds; S5 (5.T),
T Ja(U (r,R)NC;)

with j € S arbitrary and U(r, R) is chosen as above.

Proof. Let us first assume that f € £1[%,] is left slice hyperholomorphic at 0 and
regularly decaying at infinity. Then f(s) = f(s)+(1+s) la, where f € SHT ()

with w < ¢ < ¢/, and the function f is, moreover, left slice hyperholomorphic at
0. For j € S and w < ¢ < ¢, we therefore have

1

2m (U (r)NC;)
1

21 Jownney)

S (s,T) ds; f(s)

. 1
S (5. 1) dsy £ + o [ S} (s, T)ds; (1+5)"a.
T Jo(U(r)nCy)

If ¥ > r > 0 is sufficiently small such that f is left slice hyperholomorphic at
B,/(0), then Cauchy’s integral theorem implies that the value of the first integral
remains constant as r varies. Letting r tend to 0, we find that this integral equals
f (T') in the sense of Definition 7.1.5. For the second integral we find that

1 _ _
by S (s, T)ds; (14 s)ta
o(U(r)NCy)
1
= lim —/ S (s, T)ds; (1+s) ta=(1+T) ',
R—+o0 27 (U (r,R)NC;) L J

where the last identity can be deduced either from the compatibility of the .S-
functional calculus for closed operators with intrinsic polynomials in Lemma 3.5.3
and Theorem 3.5.1 or as in the complex case in [165, Lemma 2.3.2] from the residue
theorem. In either way, we obtain (7.4).

If f € Epfw] is left slice hyperholomorphic both at 0 and at infinity, then
f(s) = f(s)+ (1+s)"La+b where f € SHP((Sy) with w < ¢ < 7 is left slice
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hyperholomorphic both at 0 and infinity and a,b € H. We therefore have
1

21 Jaw (r,R)nC;)

ST (s, T)ds; f(s)

floo)T +
1

S o a(U (r,R)NC;)

1
+f(oo)I+—/ Sl (s, T)ds; (1+s) 'a+b).
a(U(r,R)NC;)

S;l(s, T)ds; f(s)

2

As before, because of the left slice hyperholomorphicity of f at 0 and infinity,
Cauchy’s integral theorem allows us to vary the values of r and R for sufficiently
small 7 and sufficiently large R without changing the value of the first integral.
Letting 7 tend to 0 and R tend to oo, we find that this integral equals f(T) in
the sense of Definition 7.1.5. Since f(co) = b, the remaining terms, however, equal
(1+T)~ta + Zb, which can again either be deduced by a standard application of
the the residue theorem and Cauchy’s integral theorem as in [165, Corollary 2.3.5]
or from the properties of the S-functional calculus for closed operators since the
function s + (1 + s)"ta + b is left slice hyperholomorphic on the spectrum of T
and at infinity. Altogether, we find that (7.5) holds true.

The right slice hyperholomorphic case follows by analogous arguments. [

Corollary 7.1.16. The S-functional calculus for closed operators and the S-func-
tional calculus for sectorial operators are compatible.

Proof. Let T € Sect(w). If f € £,[X,] is admissible for the S-functional calculus
for closed operators, then it is left slice hyperholomorphic at infinity such that
(7.5) holds true. The set U(r, R) in this representation is however a slice Cauchy
domain and therefore admissible as a domain of integration in the S-functional
calculus for closed operators. Hence, both approaches yield the same operator. [

Definition 7.1.14 is compatible with the algebraic structures of the underlying
function classes.

Lemma 7.1.17. If T € Sect(w), then the following statements hold true.

(1) If f,9 € EL[E0] and a € H, then (fa+g)(T) = f(T)a+g(T). If f,g € Er[Xu]
and a € H, then (af + ¢)(T) = af(T) + g(T).

(“) ]ff € g[zw] and g€ EL[ZwL then (fg)(T) = f(T)g(T) Iff € SR[Ew] and
g € €[], then also (fg)(T) = f(T)g(T).
Proof. The compatibility with the respective vector space structure is trivial. In
order to show the product rule, consider f € £[E,] and g € £,[E,] with f(s) =
f(s)+(145)"ta+bwith f € SH°[X,] and a,b € R and g(s) = §(s)+(1+s) " Le+d
with § € SHT j[Yw] and ¢, d € H. By Lemma 7.1.7, Lemma 7.1.9 and the identity

Z4+T)2=Z+T)'-T(IZ+T)2,
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we then have

F(Mg(T) = f(T)H(T) + f(TNZ+T) e+ f(T)d+ (T+T) '§(T)a
+(T+T)%ac+ (Z+T) Yad + §(T)b+ (Z+ T) b + bdT
= (fg +fA+9s)te+ fd+ (1 + ) ga+ gb) (T)
—T(Z+T) 2ac+ (T+T) *(ad + ac+ be) + bdZ.

Since —s(1 + s)72 € £L[X,)] is left slice hyperholomorphic at zero and infinity,
Corollary 7.1.16 and the properties of the S-functional calculus imply

(—=s(1+8))(T)=-T(ZT+T)2
such that
F(T)g(T) = [fﬁ F (14 s) et fd+(1+s) " ga+gb—s(1+ s)—%c} (T)
+(Z+T) *(ad + ac + be) + bdZ = (fg)(T)

since

(f9)(s) = F()d(s) + f(s)(1 + 8) e+ f(s)d+ (14 5) " G(s)a
+ §(s)b — s(1 + 5)2ac + (1 + s) " (ad + ac + bc) + bd.
The product rule in the right slice hyperholomorphic case can be shown with
analogous arguments. O
Lemma 7.1.18. If T € Sect(w), then the following statements hold true.
(i) We have (s(1+s) " )(T)=TZ+T)"'.

(ii) If A is closed and commutes with Q¢(T)™1 and TQs(T)~! for all s € ps(T),
then A commutes with f(T) for any f € E[X,]. In particular, T commutes
with f(T) for any f € E[S,].

(i) If y € ker(T) and f € Er[E.], then f(A)y = f(0)y. In particular, this holds
true if f € E[L,].

Proof. The first statement holds as
(sQ+s)™ )M =1-1Q+s) NT)=T—-Z+T)'=TIT+7T)"
and the second one follows from Lemma 7.1.8. Finally, if y € ker(T), then
Qs(T)yy = (T2 — 2s0T + |s|2I) y=|s|?y

and hence
SpH(s,T)y = (3T — T)Qs(T) 'y = 3[s| 2y = s 'y.
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For f € SHFo[X,], we hence have

~ 1

f(T)y f(s)ds; Sp' (s, T)y

271 Jasancy)
1

= f(s)ds;j sty =0
27 Ja(s,nc;) !

by Cauchy’s integral theorem such that for
f(s)=Ff(s)+al+s)""+b
and y € ker(T)
f(T)y = f(T)y+a(Z+T) 'y +bTy = ay+ by = f(0)y. 0

Remark 7.1.2. If f € £1(X,,), then we cannot expect (iii) in Lemma 7.1.18 to hold
true. In this case

1

=5 Sy (s, T) ds; f(s)y.
T Jo(z,nCy)

f(T)y
but y and ds; f(s) do not commute. So we cannot exploit the fact that y € ker(T)
to simplify SL_l(s, T)y = s~ 1y. Indeed, this identity does not necessarily hold true
as

Sp'(s,T) = Qs(T) 7' (5 = T)y = Qs(T) '3y

for y € ker(T'). But the kernel of T is in general not a left linear subspace of T' and
hence we cannot assume 3y € ker(7T). The simplification Q4(T)~ '3y = |s|?3y =
s~y is not possible.

7.2 The H-functional calculus

The H°-functional calculus for complex linear sectorial operators in [165] applies
to meromorphic functions that are regularizable. Properly defining the orders of
zeros poles of slice-hyperholomorphic functions is not our goal and goes beyond the
scope of this book. Hence we use the following simple definition, which is sufficient
for our purposes.

Definition 7.2.1. Let s € H and let f be left slice hyperholomorphic on an axially
symmetric neighborhood [B,(s)] \ [s] of [s] with

[B.(s)]={qeH: dist([s],q) <r}

and assume that f does not have a left slice hyperholomorphic continuation to all
of [B;(s)]. We say that f has a pole at the sphere [s] if there exists n € N such
that

g Qs(q)" f(q)
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has a left slice hyperholomorphic continuation to [B,.(s)] if s ¢ R (resp. if there
exists n € N such that ¢ — (¢ — s)7"f(¢) has a left slice hyperholomorphic
continuation to [B,(s)] if s € R).

Remark 7.2.1. If [s] is a pole of f and g, is a sequence with lim,, o dist(g,, [s]) =
0, then not necessarily lim, 100 |f(gn)| = 4+00. One can see this easily if f is
restricted to one of the complex planes C;. If 5,4 € S with ¢ L j, then the function
[ = fliB, (s))nc, & meromorphic function with values in the complex (left) vector
space H = C; + C;i over C;. It must have a pole at s; = 5o+ js1 or 5; = 59 — js1.
Otherwise, we could extend f; to a holomorphic function on B,(s) N C;. The
representation formula would allow us then to define a slice hyperholomorphic
extension of f to B,(s). However, s; and 5; are not necessarily both poles of f;.
Consider for instance the function

f(@)=57"(s,9) = (¢* — 2s0q + |s|*) "' (5 — q),

which is defined on U = H \ [s]. If we choose j = js, then flune, = (s —q)~ ",
which obviously does not have a pole at 5. Hence, if ¢, € C; tends to 5, then
| /(gn)| remains bounded.

However, the representation formula implies that there exists at most one
complex plane C; such that only one of the points 5; and s; is a pole of f;.
Otherwise we could use it again to find a slice hyperholomorphic extension of f
to B,.(0). For intrinsic functions both points s; and §; always need to be poles of

f; as in this case f;(q) = f;(q). In general we therefore do not have

li —
L L |f(q)] = +oo,

but at least for the limit superior, the equality

lmsup |£(g)] = +oo
dist(g,[s])—0

holds. If f is intrinsic, then even limgig(q,(s))—0 |.f(¢)| = 400 holds true.

Definition 7.2.2. Let U C H be axially symmetric. A function f is said to be left
meromorphic on U if there exist isolated spheres [¢,] C U for n € ©, where © is
a subset of N, such that f|; € SH(U) with

0V:l]\ LJ[QA

neoe

and such that each sphere [g,] is a pole of f. We denote the set of all such functions
by M (U) and the set of all such functions that are intrinsic by M(U).
For U =3, with 0 < w < 7, we furthermore denote

MpZul = |J ML(Ey) and M= |J M(Z,).

w<p<lT w<p<lT
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Definition 7.2.3. Let T € Sect(w).

(i) A left slice hyperholomorphic function f is said to be regularisable if f €
M (E,) for some w < ¢ < 7 and there exists e € £(X,) such that e(T")
defined in the sense of Definition 7.1.14 is injective and ef € £.(X,). In this
case we call e a regulariser for f.

(ii) We denote the set of all regularisable functions by My, [%,]r. Furthermore,
we denote the subset of intrinsic functions in My [2,]1r by M[Z,]7.

Lemma 7.2.4. Let T € Sect(w).

(i) If f,g € Mp[Z,]r and a € H, then fa + g € Mp[E,|r. If furthermore
f e M[Z,]r, then also fg € Mp[E,]T.

(ii) The space M[Zy,]T is a real algebra.

Proof. If ey is a regulariser for f and e, is a regulariser for g, then e = ejes
is a regulariser for fa + g and also for fg if f is intrinsic. Hence the statement
follows. 0

Definition 7.2.5 (H*°-functional calculus). Let T € Sect(w). For f € M[Z,]r,
we define

F(T) == e(T) " (e)(D),

where e(T)~! is the closed inverse of e(T') and (ef)(T) is intended in the sense of
Definition 7.1.14.

Theorem 7.2.6. The operator f(T) := e(T)~(ef)(T) is independent of the regu-
lariser e and hence well-defined.

Proof. If € is a different regulariser, then e and € commute because they both
belong to £[X,]. Hence,

&(T)e(T) = (é€)(T) = (€8)(T) = e(T)(T)

by Lemma 7.1.17. Inverting this equality yields e(T)~'é(T)~! = &(T)te(T) so

e(T) " (ef)(T) = e(T) " e(T)~e(T)(ef)(T)
= e(T) 7 e(T) " (eef)(T)
=e(T)" e(T) ™ (eef)(T)
= &(T) " e(T) " 'e(T)(Ef)(T) = &(T) ' (ef)(T).

If f € &[], then we can use the constant function 1 with 1(T) = Z as a

regulariser in order to see that Definition 7.2.5 is consistent with Definition 7.1.14.
O
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Remark 7.2.2. Since we are considering right linear operators, Definition 7.2.5
is not possible for right slice hyperholomorphic functions. Right slice hyperholo-
morphic functions maintain slice hyperholomorphicity under multiplication with
intrinsic functions from the right. A regulariser of a function f would hence be a
function e such that e(T) is injective and fe € Er(X,). The operator f(T") would
then be defined as (fe)(T)e(T)~!, but this operator is only defined on rane(T)
and can hence not be independent of the choice of e. If we consider left linear
operators, the situation is of course vice versa, which is a common phenomenon
in quaternionic operator theory, cf. Remark 7.1.2.

The next lemma shows that the function f needs to have a proper limit
behaviour at 0 if T is not injective.

Lemma 7.2.7. Let T € Sect(w) and f € Mp[E,]r. If T is not injective, then f
has finite polynomial limit f(0) € H in X, at 0. If furthermore f is intrinsic, then

f(T)y = f(0)y for any y € ker(T).

Proof. Assume that T is not injective and let e be a regulariser for f. Since e(T)y =
e(0)y for all y € ker(T') because of (iii) in Lemma 7.1.18, we have e(0) # 0 as e(T)
is injective. The limit

¢(0)£(0) := lim e(p) f(p)
of e(p)f(p) as p tends to 0 in X, exists and is finite because ef € £, (X,,). Hence,
the respective limit of f(p) = e(p)~!(e(p)f(p)) exists too and is finite. Indeed, it
is

£(0) = lim £(p) = e(0)~" (e(0)£(0)).

p—0

We find that

f(p) = £(0) = e(p)~" [(e(p) f(p) — €(0) £(0)) — (e(p) — e(0)) £(0)] = O(|p|*)

as p tends to 0 in X, because both ef and e have polynomial limit at 0. Hence, f
has polynomial limit f(0) at 0 in 3.

If f is intrinsic, then ef is intrinsic too and e(0), (ef)(0) and f(0) are all
real. Hence, for any y € ker(T'), we have (ef)(0)y = y(ef)(0) € ker(T'). As ker(T)
is a right linear subspace of X, we conclude that also (ef)(0)y € ker(T) and so
(iif) in Lemma 7.1.18 yields

F(@)y = e(T) " ef) Ty = e(T) " (ef)(0)y = e(0) " (ef)(0)y = f(0)y. 0

Remark 7.2.3. If T is injective, then f does not need to have finite polynomial limit
at 0 in X,,. Indeed, the function p — p(1+ p)~2 or the function p + p (1 + pz)f1
and their powers can then serve as regularisers that may compensate a singularity
at 0. Choosing the latter as a specific regulariser yields exactly the approach chosen
in [30], where the H*-functional calculus was first introduced for quaternionic
linear operators.
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The proof of the following lemma is analogous to the complex proofs of
Proposition 1.2.2 and Corollary 1.2.4 in [165], and does not employ any specific
quaternionic techniques. For the convenience of the reader, we nevertheless give
the detailed proof as this result turns out to be crucial for what follows.

Lemma 7.2.8. Let T € Sect(w).

(i) If A € B(X) commutes with T, then A commutes with f(T) for any func-
tion f € M[E,]r. Moreover, if f € M[E,]r and f(T) € B(X), then f(T)
commutes with T'.

(i) If f,g € Mp[Eu]r, then
f(T)+9(T) C (f +9)(T).

If furthermore f € M[Z,]r, then

F(T)g(T) < (f9)(T)
with D(f(T)g(T)) = D((f9)(T))ND(g(T)). In particular, the above inclusion
turns into an equality if g(T') € B(X).
(iil) Let f € M[E,]r and g € M[Z,] be such that fg = 1. Then g € M[Z,]r if
and only if f(T) is injective. In this case f(T) = g(T)~".

Proof. If A € B(X) commutes with 7, then it commutes with Q4 (7)™ and
TQ4(T)~! for any s € pg(T). Hence, it also commutes with e(T') for any e € £[,]
by Lemma 7.1.18. If f € M[X,]r and e is a regulariser for f, we thus have

such that the first assertion in (i) holds true. Because of (i) in Lemma 7.1.18, the
function (1 + p)~! regularizes the identity function p — p and we have p(T) = T.
Once we have shown (ii), we can hence obtain the second assertion in (i) from

ST (fp)p)(T) = (pf(p)(T) = Tf(T).

In order to show (ii) assume that f,g € M[X,]r and let e; be a regulariser
for f and e; be a regulariser for g. Then e = ejes regularises both f and g and
hence also f 4 g such that

F(T) +9(T) = e(T) " (ef)(T) + e(T) ™ (eg)(T)
()" [(ef)(T) + (eg)(T)]

e(T) " (e(f + 9)(T) = (f + g)(T).

N
o
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Applying this relation to the functions f + g and —g, we find that

(f+9)(T) —g(T) C f(T)
and so
(f+9)(T) = f(T)+9(T)

if g(T) is bounded. If even f € £[X, |1, then f and es are both intrinsic and hence
commute. Thus

e(fg) = (e1f)(eag) € EL[Xu|T

by Corollary 7.1.11 and so e regularises fg. Because of (ii) in Lemma 7.1.18, the
operator (e1 f)(T) commutes with ex(T) and hence also with the inverse eo(7) 1.
Because of Lemma 7.1.17, we thus find that

F(T)g(T) = ex(T) " (ex f)(T)e2(T)(
Cer(T) ea(T) ™ (erf)(T)(e29)(T)
[e2(T)ex(T)) ™" (e1 fezg)(T)
e(T)"efo)(T) = (f9)(T).

In order to prove the statement about the domains, we consider

y € D((f9)(T)) ND(g(T)).

Then w := (e29)(T)y € D (e2(T) ™). Since (e1f)(T") commutes with e (7)™, we
conclude that also (e1 f)(T)w € D (e2(T)"). Since y € D((fg)(T)) and

(fo)(T)y = e(T)" (efg)(T)y,
we further have (efg)(T)y € D(e(T)~1). As

e29)(T)

this implies

From the identity

(e f)(T)g(T)y = (er.f)(T)ex(T) ' w
= es(T) (e /) (T)w = ex(T) " (ef 9)(T)y

we conclude that (e1 f)(T)g(T)y € D (ex(T)~'). Thus, g(T)y € D(f(T)) and in
turn y € D(f(T)g(T)). Therefore,

D(f(T)g(T)) > D((f9)(T)) N D(9(T))-
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The other inclusion is trivial such that altogether we find equality. If ¢(7T) is
bounded, then D(¢(T")) = X and we find

D(f(T)g(T)) =D((f9)(T))

such that both operators agree.

We show now the statement (iii) and assume that f,g € M[2,] with fg =1
and that f is regularisable. If g is regularisable too, then (iii) implies g(T") f(T) C
(9/)(T) = UT) = T with

D(g(T)f(T)) = D(T) N D(f(T)) = D((T)).

Hence, f(T) is injective, and interchanging the role of f and g shows that
f(T)g(T) = T on D(g(T)) such that actually f(T) = g(T)~*. Conversely, if f(T')
is injective and e is a regulariser for f, then

(fe)g=e(fg) = e € E[E,]r.

Moreover, (fe)(T) is injective as f(T) and e(T) are both injective and (fe)(T) =
f(T)e(T) by (ii). Thus, fe is a regulariser for g, i.e., g € M[Z,]r. O

Intrinsic polynomials of an operator 1" are defined as P[T] = Y_}'_, T"ay, with
D (P[T]) = D(T™) for any polynomial P(q) = >_;'_,¢"ax. We use the squared
brackets to indicate that the operator P[T] is defined via this functional calculus
and not via the H*°-functional calculus. However, as the next lemma shows, both
approaches are consistent.

Lemma 7.2.9. The H°-functional calculus is compatible with intrinsic rational
functions. More precisely, if r(p) = P(p)Q(p)~" is an intrinsic rational function
with intrinsic polynomials P and Q such that the zeros of Q lie in ps(T), then
r € M[E,]r and the operator v(T) is given by r(T) = P[T]|Q[T]~*.

Proof. We first prove compatibility with intrinsic polynomials. For intrinsic poly-
nomials of degree 1 this follows from the linearity of the H°°-functional calculus
and from (i) in Lemma 7.1.18, which shows that (1 + p)~! regularises the identity
function p — p and that

p(T) = ((1+p)HD) ™ (p(1+p)")(T) = T+ T)T(T + 1) =T

Let us now generalize the statement by induction and let us assume that it
holds for intrinsic polynomials of degree n. If P is a polynomial of degree n+1, let
us write P(q) = Q(¢)¢ + a with a € R and an intrinsic polynomial @ of degree n.
The induction hypothesis implies that Q@ € M[X,]r, that Q(T) = Q[T], and that
D(Q(T)) = D(T™). Since M[Z,,]r is a real algebra, we find that P also belongs
to M[X,]r and we deduce from (iii) in Lemma 7.2.8 that

P(T) > Q(T)T + aZ = Q|T|T + oI = PI[T]
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with
D(P[T]) = D (") = D(Q(T)T) = D(P(T)) N D(T).

Hence, if we show that D(T') D D(P(T)), the induction is complete. In order to do
this, we consider y € D(P(T)). Then (Z+T)~ 'y also belongs to D(P(T')) because

(Z+T)'P(T)Cc P(T)(Z+T)™*
by (i) in Lemma 7.2.8. But obviously also (Z + T) "'y € D(T') and hence
(Z+T) 'yeDP(T)ND(T) =D (T"""),

which implies y € D(T™) C D(T'). We conclude D(T') D D(P(T)).

Let us now turn to arbitrary intrinsic rational functions. If s € pg(T) is
not real, then Q4(T) is injective because Qs(T)~! € B(X) and hence Qs(p)~! €
M[Z,]r by (iii) in Lemma 7.2.8. Similarly, if s € pg(T) is real, then

¢ (s—q)7' € M[Su]r

because (s — q)(T) = (sZ — T) is injective as (sZ — T)~' = S; (s, T) € B(X). If
now r(q) = P(¢)Q(¢q)~! is an intrinsic rational function with poles in pg(T), then
we can write Q(q) as the product of such factors, namely

N M
Q(q) = H()\é - Q)W H an (Q)mN7
=1 k=1
where Ai,..., Ay € ps(T) are the real zeros of @ and [s1],...,[sa] C ps(T) are

the spherical zeros of @ and n, and m, are the orders of Ay (resp [s.]). Since
MIE,]7 is a real algebra, we conclude that Q € M[2,]r and because of (iii) we
find

QTH(T) = (1) = Q[T

Moreover, (ii) in Lemma 7.2.8 implies

N M
QT =[\Z —T)7" [] Qs (1) € B(X)
(=1 k=1

because each of the factors in this product is bounded. Finally, we deduce from
the boundedness of Q~!(T) and (ii) in Lemma 7.2.8 that

r(T) = (PQ™)(T) = P(T)Q™(T) = PITIQIT]™" = r[T]. 0

7.3 The composition rule

Let us now turn our attention to the composition rule, which will occur at several
occasions when we consider fractional powers of sectorial operators. As always in
the quaternionic setting, we can only expect such a rule to hold true if the inner
function is intrinsic since the composition of two slice hyperholomorphic functions
is slice hyperholomorphic only if the inner function is intrinsic.
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Theorem 7.3.1 (The Composition Rule). Let T' € Sect(w) and g € M[E, |1 be such
that g(T') € Sect(w'). Furthermore, assume that for any ¢’ € (W', ), there exists
some ¢ € (w,m) such that g € M(X,) and g(X,) C Xy Then fog e M[E,]r
for any f € ML[Ew]gery and

(fog)(T) = f(g(T)).

Proof. Let us first assume that g = ¢ is constant. In this case g(T') = ¢Z. Since ¢

is intrinsic, we have ¢ = g(s) = ¢(5) = ¢ and so ¢ € R. Since g maps 3, into X
for suitable ¢ € (w,7) and ¢’ € (', 7), we further find

c€Xy NR=0,+00).

If ¢ # 0, then (f o g)(p) = f(c) and we deduce easily, for instance from Corol-
lary 7.1.16, that

(fog)T) = f(e)T = f(g(T))-

If on the other hand ¢ = 0, then Lemma 7.2.7 implies that f(0) := lim,_,o f(p) as
p tends to 0 in ¥, exists. Hence f o g is well defined. It is the constant function
fog= f(0)andso (fog)(T)= f(0)Z.If f is intrinsic, then Lemma 7.2.7 implies

f(g(T) = FO)L = (f o g)(T).

If f is not intrinsic, then f = fy + 22’21 feep with intrinsic components f,. Since
ker g(T') = ker(0Z) = X, for any vector y, also the vectors esy, £ = 1,2,3, belong
to ker g(T'), then we conclude, again from Lemma 7.2.7, that

3
FGD)y = folg(M)y + > fel(g(T))ery
=1

3
= fo(0)y+ > fe(0)eey

=1

3
= (fo(o) +y fz(0)6z> y
(=1

= f(0)y = (fog)(T)y.

In the following, we shall thus assume that g is not constant.

Let ¢’ and ¢ be a couple of angles as in the assumptions of the theorem.
Since g is intrinsic, g|c;ns, is a non-constant holomorphic function on C; N %,.
Hence, it maps the open set g(X, N C;) to an open set. The set

9(Xe) = [9(5, N Cj)]

is therefore also open and so actually contained in X/, not only in X, . In par-
ticular, we find that f o g is defined and slice hyperholomorphic on 3.
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We assume for the moment that f € £, (2X,/) with ¢’ € (v, 7) and we choose
¢ € (w,m) such that g € M(E,) and ¢g(X,) C X,. Since f is bounded on X,
the function f o g is a bounded function in SHy (). If T is injective, then

e(q) =q(l+q) 2 €&(5y)

such that e(T)T(Z + T)~2 is injective. Moreover, the function ¢ — e(q)(f o 9)(q)
decays regularly at 0 and infinity in ¥, and hence belongs to £.(X,). In other
words, e is a regulariser for f o g and hence

foge ML[ZW]T.

If T is not injective, then g has polynomial limit g(0) at 0 by Lemma 7.2.7. Since g
is intrinsic, it only takes real values on the real line and so g(0) € R. It furthermore
maps X, to X, and so

g(0) € S, NR = [0, +00).

Therefore f has polynomial limit at g(0): if g(0) = 0 this follows from Corol-
lary 7.1.12, otherwise it follows from the Taylor expansion of f at ¢g(0) € (0, c0),
cf. Theorem 2.1.12. As a consequence, f o g has polynomial limit at 0. Therefore
the function

a—~ (1+q) " (fog)(a)

belongs to £1,(S,). Since (Z+T)~! is injective because —1 € pg(T'), we find that
(1+q)~! is a regularizer for f o g and hence fog € Mp[S,]r.
We have R
f@=fl@)+(1+q) ta+bd

with f € SH7o(38,) and a,b € H. Because of the additivity of the functional
calculus, we can treat each of these pieces separately. The case that f = b has
already been considered above. For f(q) = (1 + q)~'a, the identity

(fog)(T)=(Z+g(T)™"
follows from (iii) in Lemma 7.2.8 because p — 1 + g(p) and
p (fog)p) =1 +gp) ™
do both belong to My [X,]r. Hence, let us assume that
f="fe SHT1(Ee)

with ¢’ € (W', 7).
We choose 0" € (W', ¢') and j € S and set

r,= 8(29/ n (Cj).
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We furthermore choose p' € (w',60") and by our assumptions on g, we can find
¢ € (w,m) such that g(3,) C ¥, € X¢. We choose 6 € (w, ) and set I'y =
0(29NC;). The subscripts s and p in I's and Iy, refer to the corresponding variable
of integration in the following computations. For any p € I'p,, the functions

s Qp(g(s) ™" = (9(s)* = 2pog(s) + [p|*) ™!

and
s 57 (p,g(s))

do then belong to £1,(X,) and we have

[Qp(9(:) T (T) = Qu(g(T)™"

and
(ST (0. g(N] (T) = S (p, g(T)).

Indeed, by (ii) in Lemma 7.2.8, we have

[Qu(g(NI(T) = (97 = 2pog + Ip*)(T)

, ) (7.6)
D g(T)" = 2pog(T) + |pI"T = Q,(g(T)).

Taking the closed inverses of these operators, we deduce from (iii) in Lemma 7.2.8
that

[Qu(g(:NTH(T) = [Qp(g(NIN(T) ™! D Qpla(T)) ™" (7.7)

Since p € pg(T), the operator Q,(¢g(T"))~" is bounded and so already defined on
all of X. Hence, the inclusion D in (7.7) and (7.6) is actually an equality and we
find

1

[9,(9(-)) " (T) = Qu(g(T)) ™.

From (ii) we further conclude that also

(S (P, g( D] (T) = [Qu(g(-) 1P — 9(-)Qp(9(-)) '] (T)
= Q,(9(T))"'P = 9(T)Qy(g(T)) " = S (v, 9(T)).
We hence have

“5 . S @0y 1) = 5 157 .90)] (D) S0)

Let us first assume that T is injective. Since f and in turn also f o g are
bounded, we can use e(q) = ¢(Z + q)~2 as a regulariser for f o g. As e decays
regularly at 0 and infinity, also the functions s — e(s)SL_l(p, g(s)) decays regularly
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at 0 and infinity for any p € I'j. Hence it belongs to SHT ((X,) and so

F(G(T)) = e(T)e(T)f (9(T))
=) 5 [ DS (pralT) s S0
—e(0) g [ [0S . 90)] (7) s ) (7

— ) / ( [ ST sy 5025 ) dns o).

We can now apply Fubini’s theorem in order to exchange the order of in-
tegration: estimating the resolvent using (7.1), we find that the integrand in the
above integral is bounded by the function

PR

F(s,p) = Co |pST (1, 1+sP2 |pl

(7.9)

Since p, s and g(s) belong to the same complex plane as g is intrinsic, we have
due to (2.26) that

-1 L = max ! !
[pS" (0 g(s))] < max o= o = {|1_p—1g(s)|’|1—p—1g(s)l

Since g(T's) € ¥,y NC; € X NC; and I', = 9(Xgr N C;), these expressions are
bounded by a constant depending on ¢ and p’ but neither on p nor on s. Hence,
|pSEl(p7g(s))| is uniformly bounded on I's x I, and F'(s, p) is in turn integrable
on I', X I'; because f has polynomial limit O both at 0 and infinity.

After exchanging the order of integration in (7.8), we deduce from Cauchy’s
integral formula that

} . (7.10)

o) = 1) oo [ 571 5, T sy a1 49)7 (/ S (0.9(s)) doy F(p >>

_ em—l% / S 5, ds o(5)(9(5)
=e(T) 'e(T)(f o g)(T) = (f o g)(T).

Let us now consider the case that 7' is not injective. By Lemma 7.2.7, the
function g has then finite polynomial limit g(0) € R in ¥, and hence the function
g(p) = g(p) —g(0) € M(X,)r has finite polynomial limit 0 in at 0. Let us choose a
regulariser e for ¢ with polynomial limit 0 at infinity. (This is always possible: if € is
an arbitrary regulariser for §, we can choose for instance e(s) = (1+s)~1é(s).) We
have then eg € SHT ((2,). Since g(0) is real, we have S (p,9(0)) = (p—g(0))~".
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Moreover g(s) and Q,(g(s))~! commute for any s € I's. For p ¢ ¥, we find thus

e(s)Sg (p: 9(s)) — e(s) S (p: 9(0))
= ¢(5)Qp(9() ™ [P — 9())(p — 9(0)) — Qp(g(s))] (p — 9(0)) ™"
= e(s)Qp(g(s)) ™ [(T) —9(s))p — 9(0)(P — 9(s))
(7.11)
+9(5) B~ 9(5)) ~ (B 9()p| (0 — 9(0) !
= e(s)(g(s) — 9(0)Sg " (p, 9(5))(p — 9(0) !
= e()3(s)S7 " (p,9(5))SL " (p, 9(0)).
Hence, e regularises also the function s — S;'(p,g(s)) — S;'(p,9(0)) and the

function e(-) (Sz " (p, g(*)) — Sz " (p, g(0))) does even belong to S?—[L O(Ew) We thus
have

For the second integral, Cauchy’s integral formula yields

1

o /F pe(T)Sgl(p,g(O))dpjf(p)

as [ decays regularly at infinity in Xy. For the first integral, we have

1%/F [e()a(-)SE (0, 9(-))ST (9, 9(0))] (T) dp; f (p)
(/ Sp'(5,T) ds;e(s)(s)
Tp rs

57 (prg())S g<o>>) ap; F(7)

e(T)”
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(27")2/1“ St (s, T)ds;
- ( / e(s)@(s)sﬁp,g(s»szl(p,gm))dpjf<p>>

2 o)t

S (s, T)ds;e(s)

1
).
: (/F Si (s 9(s)) — SLl(p,g(O))dpjf(p)>
ey g [ 86Ty ds (e(s) o) - £(9(0)
rs
= e(T) He(T)f 0 9(T) — e(T)(9(0)T) = f 0 9(T) ~ flg(ONT,  (712)

where the identity (A) follows from Fubini’s theorem, the identity (B) follows
from (7.11) and the identity (C) finally follows from Cauchy’s integral formula.
Altogether, we have

f(9(T)) = fog(T) = f(9(0)T + f(9(0))T = fog(T).

In order to justify the application of Fubini’s theorem in (A), we observe that the
integrand is bounded by the function

Fs,p) = Cs |pS (v, g(s))] 1) || S| Ifp)| 1

| |p—g(0)

where we used (7.1) in order to estimate the S-resolvent S} (s, T).

If g(0) # 0, then |p — g(0)|~! is uniformly bounded in p. Just as before,
|pSEl(p,g(s))’ is uniformly bounded on I'y x I',. Since § decays regularly at 0,
since e decays regularly at infinity and since f decays regularly both at 0 and
infinity, the function F'is hence integrable on I'y x I', and we can apply Fubini’s
theorem.

If on the other hand g(0) = 0, then g = f] and we can write

) = ColS7 o] LA
cg\pas;<p7g<s>>g<s>la|'e<s>|g|<s>a'|g,ﬁ§a>1, -

with @ € (0,1) such that |f(p)|/|p|*T® is integrable. This is possible because f
decays regularly at 0. Just as in (7.10), we can estimate the first factor in (7.13)
by

15755 (5, 9(5))g(5)
Smax{m(s)l-a [ 1| A 3

Pl [L=p7tg(s)]” |p['=* [1—p~tg(s)|
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where we applied |g(s) ’ q(s ’ |g(3)| because ¢ is intrinsic. As before, this
expression is uniformly bounded on I'y x '), because g(I's) C 3, N C;. Hence, F
is again integrable and it is actually possible to apply Fubini’s theorem.

Altogether, we have shown that f(g(T)) = (f o g)(T) for any f € EL[E./].
Finally, we consider a general function f € Mp,[E./]g(7y that does not necessarily
belong to 1 [X./]. If e is a regulariser for f, then e and ef both belong to £r[w’].
By what we have just shown, we have e, := eog € M[E, |1 and (ef), := (ef)og €
M [Eu]r with eg(T) = e(g(T)) and (ef)4(T) = (ef)(9(T)).

Let 71 and 75 be regularizers for e, and (ef),. Then 7 = 7472 regularizes
both of them and hence

eg(T) = 771 (T)(reg)(T).

Since e4(T) = (eo g)(T) = e(g9(T)) is injective because e is a regulariser for f, the
operator (Tey)(T) is injective too. Moreover, for f, := f o g, we find (rey)fy =
T(egfq) = T(ef)y € Erw] because T was chosen to regularize both e, and (ef)g.
Therefore, Tey is a regulariser for f; and hence f, € M [E,]r. Finally, we deduce
from Lemma 7.2.8 that

F(g(T)) = e(g(T)) " (ef)(g(T)) = (eg)(T) "' ((ef)g)(T)
= (e)(T) 1 (T) 17 (T)((ef))(T)
= (1eg)(T)™ (( e)gfo)(T) = fo(T) = (f o g)(T). U

Corollary 7.3.2. Let T € Sect(w) be injective and let f € Mp[E,]. Then we have
feMpE,r if and only if p— f(p~t) € Mp[Su]r—1 and in this case

F(T) = fr= (@),

Proof. Since T is injective, the function p~! belongs to M[¥,]7 and the statement
follows from Theorem 7.3.1. ]

7.4 Extensions according to spectral conditions

As in the complex case, cf. [165, Section 2.5], one can extend the H°°-functional
calculus for sectorial operators to a larger class of functions if the operator satisfies
additional spectral conditions. We shall mention the following three cases, which
are relevant in the proof of the spectral mapping theorem in Section 7.5. In order
to explain them, we introduce the notation

ELP,T,R = (299 n BR(O)) \BT’(O)

for 0 <r < R < o0. (We set Boo(0) = H for R = 00.)
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If the operator T' € Sect(w) has a bounded inverse, then B.(0) C ps(T) for
sufficiently small € > 0. We can thus define the class

EL%(E,) ={f=f+acSHL(E,): acH, fESHL(E,) dec. reg. at oo},

and £%°(X,) as the set of all intrinsic functions in £,°°(X,), where dec. reg.
is short for decays regularly. For any function f € £,°°(X,) with ¢ > 0, we
can define f(T) as

1

=— S (s, T)ds; f(s) + aZ,
27T Jo(,.r.00nCy)

f(T)
with 0 < r < e arbitrary. It follows as in Lemma 7.1.15 from Cauchy’s
integral theorem that this approach is consistent with the usual one if f €
Er(X,), but the class of admissible functions £1,°°(X,) is now larger. We can
further extend this functional calculus by calling a function e € £,°(X,) a
regulariser for a function f € M (X,), if e(T') is injective and ef € £1,°°(5,,).
In this case, we define

F(T) = e(T) ™ (e)(D).

Clearly, all the results shown so far still hold for this extended functional
calculus since the respective proofs can be carried out in this setting with
marginal and obvious modifications. Only in the case of the composition rule
we have to consider several conditions, just as in the complex case, namely
the combinations

a) T is sectorial and ¢(T") is invertible and sectorial,
b) T is invertible and sectorial and g(7T') is sectorial,
¢) T and ¢(T') are both invertible and sectorial.

In a) and c), one needs the additional assumption 0 ¢ g(X,,) on the function
g.

If the operator T' € Sect(w) is bounded, then H\B,(0) C ps(T') for sufficiently
large p > 0. We can thus define the class

E(Ey) ={f=Ff+acSHL(D,): acH,feSHL(Z,) dec. reg. at 0}

and £9(%,) as the set of all intrinsic functions in £,°(%,). For any function
f € &L (S,) with ¢ > 0, we can define f(T') as

1

= — S (s, T)ds; f(s) + aZ,
27 Jo(z,.0.r0C;)

f(T)

with 0 < p < R arbitrary. As before, this approach is consistent with the
usual one if f € £L(X,), but the class of admissible functions £.°(Z,) is
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again larger than £1(X,). We can further extend this functional calculus by
calling e € £,°(,) a regulariser for f € M (%), if e(T) is injective and
ef € EL°(2,) and define again f(T') = e(T)~*(ef)(T) for such f.

As before, all results shown so far hold for this extended functional
calculus because the respective proofs can be carried out in this setting with
marginal and obvious modifications. For the composition rule, we have to
consider again several cases and distinguish the following situations:

a) T is sectorial and ¢(T) is bounded and sectorial,

b) T is invertible and sectorial and ¢g(7T') is bounded and sectorial,
¢) T and ¢(T') are both bounded and sectorial,

d) T is bounded and sectorial and g(T") is sectorial,

e) T is bounded and sectorial and g(T') is invertible and sectorial.

In the cases a), b) and c¢), one needs the additional assumption oo ¢ g(3,,)%

and in the case e) one needs the additional assumption 0 ¢ g(X,) on the
function g.

(iii) If finally T € Sect(w) is bounded and has a bounded inverse, then we can set
ELV®(8,) = SHL(E,) and £%°°(Z,) and define for such functions

1 / 4
= — Sy (s, T)ds; f(s)
27 Jo(Sp.r,m0C5) N !

for sufficiently small r and sufficiently large R. Choosing regularizers in
E0%°(%,) gives again an extension of the H-functional calculus and of
the two extended functional calculi presented in (i) and (ii). All the results
presented so far still hold for this extended functional calculus, where the
composition rule can be shown again under suitable conditions on the func-
tion g.

F(T)

7.5 The spectral mapping theorem

Let us now show the spectral mapping theorem for the H°°-functional calculus.
We point out that a substantial technical difficulty appears here that does not
occur in the classical situation: the proof of the spectral mapping theorem in the
complex setting makes use of the fact that f (T'|x,) = f(T)|y, if o is a spectral set
and X, is the invariant subspace associated with o. However, subspaces that are
invariant under right linear operators are in general only right linear subspaces,
but not necessarily left linear subspaces. Hence, they are not two-sided Banach
spaces and we cannot define f (T'|x,) with the techniques presented in this book
because the S-functional calculus as defined in Chapter 3 requires the operator to
act on a two-sided Banach space. The S-resolvents can otherwise not be defined.
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Instead of using the properties of the S-functional calculus for T'|x,, we thus have
to find a workaround and prove several steps directly, which is essentially done in
Lemma 7.5.5.

We start with two technical lemmas that are necessary in order to show the
spectral inclusion theorem.

Lemma 7.5.1. Let T' € Sect(w) and let s € H. If Q4(T) is injective and there exist
e € M[E,]r and ¢ € H, ¢ # 0 such that

f@) = Qele(9) Qs(g) ™" € M[Eu]r
and such that e(T) and f(T) are bounded, then e(T)Qs(T)~* = Q4 (T) Le(T).

Proof. By assumption, the operator Q4 (T) is injective and hence (iii) in Lemma
7.2.8 implies that Q7 € M[w]7. Since e(T) is bounded, it commutes with T’ and
so also with Q,(T)~!. We thus have

e(T)Q4(T) ™ € Qu(T)te(T).

In order to show that this relation is actually an equality, it is sufficient to show
that y € D (Qs(T)") for any y € X with e(T)y € D(Qs(T)~"). This is indeed
the case: if e(T)y belongs to D(Q4(T)~1), then there exists x € D(Q4(T)) with
e(T)y = Qs(T)x. Hence,

2

e(T)?y — 2coe(T)y + |c|*y
e(T)Qs(T)x — 2¢0 Qs (T)x + |c|?y (7.14)
s(T)(e(T)z — 2coz) + |c*y,

Qe(e(T))y

where the last identity follows again from (i) in Lemma 7.2.8 because e(T) is
bounded and commutes with T and in turn also with Q4(T"). Since f(T) € B(X),
we conclude on the other hand from (ii) of Lemma 7.2.8 that

Qc(e(T)) = Qu(T) [Qe(e()) Qs ()T (T) = Qu(T) f(T).

Due to (7.14), we then find

1
V=R (Qe(e(T))y — Qs(T)(e(T)x — 2¢oz))
1
= S(T)W (f(T)y — e(T)x + 2cox)) -
Hence, y belongs to D(Q(T)~!) and the statement follows. O

Lemma 7.5.2. Let T € Sect(w) and let f € Mp[S,]r. For any s € 5, \ {0} there
exists a requlariser e for f with e(s) # 0.
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Proof. Let € be an arbitrary regulariser of f such that € € £[X, ], éf € £L[X,] and
é(T) is injective. If &(s) # 0, then we can set e = € and we are done. Otherwise,
recall that [s] is a spherical zero of € and that its order is a finite number n € N
since e Z 0 as e(T) is injective. We define now e(q) := Q;"(¢)e(q) with Q4(q) =
q® — 2s0q + |s|?>. Then e € £[X,] with e(s) # 0 and ef = Q;"ef € EL[X.]-
Furthermore, by (ii) in Lemma 7.2.8, we have é(T) = Q4 (T)e(T). Since é(T) is
injective, we deduce that also e(T') is injective. Hence, e is a regulariser for f with

e(s) # 0. 0

Lemma 7.5.3. Let T € Sect(w) and let s € X, with s # 0. If f(T) has a bounded
inverse for some f € M[S,]r with f(s) =0, then s € ps(T).

Proof. Let f be as above and let us first show that Q4(T) = T? — 25T + |s|*Z is
injective and hence invertible as a closed operator. By Lemma 7.5.2, there exists a
regulariser e for f with ¢ := e(s) # 0. We have ef € £[3,] with (ef)(s) = 0. Since
all zeros of intrinsic functions are spherical zeros, we find that also h = efQ ! =
Q;tef € £[L,]. The product rule (ii) in Lemma 7.2.8 implies therefore

MT)Qs(T) C (hQa)(T) = (ef)(T) = (fe)(T) = f(T)e(T),

where ef = fe because both functions are intrinsic. Since e(T) and f(T') are both
injective, we find that Q4(T') is injective. Moreover, e is also a regulariser for Q! f.
Now observe that the function

9(q) == Qc(e())Qs(a) " = (e(q)® — 2coe(q) + [c|*)(¢* — 2s0q + |s]*) 7"

belongs to £[X,]. Indeed, by Corollary 7.1.11, the space £[X,] is a real algebra
such Q. (e(q)) = e(q)?—2coe(q) +|c|? belongs to it as e does. The function Q. (e(q))
however has a spherical zero at s because e(s) = ¢ such that g(q) = Q.(e(q)) Q95 '(q)
is bounded and hence belongs to £[2,] by Corollary 7.1.12. In particular, this
implies that g(7T) is bounded.

We deduce from Lemma 7.5.1 that e(T)Qs(T)~*
ing both sides of this equation yields Q4(T)e(T)~ ! = e(T)~1Q4(T). The product
rule in (ii) of Lemma 7.2.8, the boundedness of h(T) = (eQ; ' f)(T) and the fact
that Q;! and e commute because both are intrinsic functions imply

F(T) = e(T)"H(ef)(T)

(7)1 (QseQ 1) (T)

(1)~ Qu(T) (eQ5f) (T)

T)G(T) HeQ7 (D)

QT F)(T).

Since f(T) is surjective, we find that Q4(T) is surjective too. Hence, Q (T)~!

is an everywhere defined closed operator and thus bounded by the closed graph
theorem. Consequently s € ps(T). O

Q.(T)~te(T) and invert-

®

e

I
o

|
[s]

S

Il
o ©

(
(

S



7.5. The spectral mapping theorem 201

Proposition 7.5.4. If T € Sect(w) and f € M[Z,|r, then

flos(T)\{0}) C osx (F(T)).

Proof. Let s € 0g(T)\ {0} and set ¢ := f(s). If ¢ # oo, then Lemma 7.5.3 implies
that

Qu(f(1))? = f(T)? = 2co f(T) + |c[’Z

does not have a bounded inverse because g = f2? — 2co f + || belongs to M[¥y]r
and satisfies g(¢) = 0. Hence, ¢ = f(s) belongs to os(f(T)) for s € o5(T) \ {0}
with f(s) # oo.

If on the other hand ¢ = oo, then suppose that ¢ ¢ osx (f(T)), i.e., that f(T)
is bounded. In this case there exists p € H such that Q,(f(T")) has a bounded
inverse. By (iii) in Lemma 7.2.8, this implies g(q) = 9Q,(f(¢))™' € M[S,]r.
The operator g(T) is invertible as g(T)~* = Q,(f(T)) belongs to B(X) because
f(T) is bounded. Moreover, since g(s) = 0 as f(s) = oo, another application of
Lemma 7.5.3 yields s € pgs(T). But this contradicts our assumption s € og(7)\{0}.
Hence, we must have ¢ € ogx (f(T)). O

We have so far shown the spectral inclusion theorem for spectral values not
equal to 0 nor co. These two values need a special treatment. They also need
additional assumptions on the function f for a spectral inclusion theorem to hold
as we shall see in the following. (The assumptions presented here might, however,
not be the most general ones that are possible, cf. [165].)

First, we have to show a technical lemma. We recall that if ¢ C o5x(T) is a
spectral set, then E, := x,(T) is by Theorem 3.7.8 a projection that commutes
with T, i.e., it is a projection onto a right-linear subspace of X that is invariant
under T If co ¢ o, then we can choose a bounded slice Cauchy domain U, C H
such that ¢ C U, and such that (o5(T) \ o) N U, = (). The projection E, is then
given by

1

_ 1 _
o = 27 de SRl(SaT) = 7/ SLl(va) dpj' (715)
T Ja(U,NnC;) d(UsNCy)

2T

If on the other hand oo € o, then we can choose an unbounded slice Cauchy
domain U, C H such that ¢ C U, and such that (os(T) \ o) N U, = 0. The
projection F, is then given by

1 1

1
E, =T+ — dsj Sg'(s,T) =T+ — Sy Hp, T) dp;.
2 Jaw,nc;) 2 Jaw,nc;)

Lemma 7.5.5. Let T € Sect(w) be unbounded and assume that og(T') is bounded.
Furthermore, let Eo be the spectral projection onto the invariant subspace associ-
ated with oo. If f € M[Z,]r has polynomial limit O at infinity, then

{f(T)}oo == f(T)Exs
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is a bounded operator that is given by the slice hyperholomorphic Cauchy integral

{ﬂﬂu:/‘ f(s) ds; S (s, ), (7.16)
(2 \B:(0))NC;

where B,.(0) is the ball centered at 0 with v > 0 sufficiently large such that it
contains og(T) and any singularity of f. Moreover, for two such functions, we
have

{f(T)}oo{9(T)}oo = {(F9)(T)} o (7.17)

Proof. Let us first assume that f € £[3,], i.e., f € £(X,) with w < ¢ < 7. Since
f decays regularly at infinity, it is of the form f(s) = f(s) +a(l+s)" ! witha e R
and f € SH(X,). The operator f (T') is given by the slice hyperholomorphic
Cauchy integral

1

2 a(=,/NC;)

~
—
~

f(s)ds; Sg*(s,T) (7.18)

with j € Sand ¢’ € (w, ). Let now r; < r9 be such that o5(T") C B,.(0). Cauchy’s
integral theorem allows us to replace the path of integration in (7.18) by the union
of I'y1 =02y N By (0))NCj and T's o = 9(Ey \ By, (0)) N C; such that

1
2T r,,1

f(1)= F(s)dsj Sp*(s,T) + o~ f(s)ds; Sz (s,T). (7.19)

21 Jr, 2

Let us choose R € (r1,72). Since osx (T) = 05(T)U{o0}, we have Eo, =7 —
E, (1) and the spectral projection E, 7y is given by the slice hyperholomorphic
Cauchy integral (7.15) along I', = 0(Bg(0) N C;). The subscripts s and p in I' 1,
I's 2 and I'y, are chosen in order to indicate the corresponding variable of integration
in the following computation.

If we write the operators f (T') and E, 7y in terms of the slice hyperholo-
morphic Cauchy integrals defined above, we find that

FOV iy = 57 [ Fl6)dsy S5, 5 t/s (».T) dp;

1
27
(7.20)

+% F572f( s)ds; Sp (S,T)%_/Fp SL (p,T) dp,.

If we apply the S-resolvent equation in the first integral, which we denote by ¥y
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for neatness, we find

v, = F(s) ds; S (s, T)/ p (6 = 2s0p+ |s|2) " d;

(2m)% Jr., r,

(2n)? /F f(s) ds; ESgl(s,T)/ (p2 — 2sop + |5|2)_1 dp;

Ty

(7.21)

/F F(s) ds; (S5 (p, T)p

—3S. ' (p, 1)) (p* — 2s0p + |8|2)1> dp;.

For s € I'y, the functions

P> (p2 — 2s0p + |s|2)71 and prp (p2 — 250p + |s|2)71

are rational functions on C; that have two singularities, namely s = sg + js1 and
S = 89— js1. Since we chose 11 < R, these singularities lie inside of Br(0) for any
seTls. AsT), = 9(Bgr(0) N C;), the residue theorem yields

]. 2 2 —1
ﬂ/ p (p® — 2s0p + [s]°)  dp,

= 1 Yo —-s) =1
Hm plp =57+ lm _pp—s)

and

o . (p® — 2s0p + |s2) " dp;

=1 -5+ i -3 '=0
@&@@-m$#8> )

where limc; 5p s f(p) denotes the limit of f(p) as p tends to s in C;. If we apply
the identity (2.49) with B = S;'(p,T) in the third integral in (7.21), it turns into

(271r / </ F(s)ds; (s> = 2pos + [p|?) " sS85 (p, )> ap;
(271r / (/ f s)ds; (3 — 2pos + |p| ) (p,T)p) dp; = 0.

The last identity follows from Cauchy’s integral theorem because f(s) is right
slice hyperholomorphic and the functions s + (s — 2pgs + |p|>)~'S; ' (p, T) and
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s+ 8(s2 —2pos+|p[?) 1S, *(p, T) are left slice hyperholomorphic on %/ N B,., (0)
for any p € I'y, as we chose R > 7. Hence, we find

/“f ) ds; Sp}(p, T).

The second integral in (7.20), which we denote by ¥y for neatness, turns after an
application of the S-resolvent equation into

f s)ds; Sgl(s,T)/ D (p2 — 2s0p + |s|2)_1 dp;
T2 r,
~ -1
mE / F(s)dsj 585 (s,T) [ (02 = 2s0p -+ 1) ™ dy
Foz F» (7.22)

et (s

P

-35.'(p. 1)) (p* — 2s0p + ISI2)_1> dp;.

Since we chose R < T2, the singularities of p — (p* — 2s0p + |s |2)_1 and p —
p (p? — 2s0p + |s]? ) lie outside of Br(0) for any s € I'y. Hence, these func-

tions are right slice hyperholomorphic on Br(0) and so Cauchy’s integral theorem
implies that the first two integrals in (7.22) vanish. Since f decays regularly at
infinity, since (7.1) holds true and since I'j, is a path of finite length, we can apply
Fubini’s theorem and exchange the order of integration in the third integral of
(7.22). After applying the identity (2.49), we find

1 5 2 2\~
\112:(271_)2/1_\17 </r3,2f(8)d8j (* = 2pos + [pI°)
(sSp (p, T) - S (ps T)P)> dp;.

However, this integral also vanishes: as f decays regularly at infinity, the integrand
decays sufficiently fast so that we can use Cauchy’s integral theorem to transform
the path of integration and write

/ F(s)ds; (s —2pos +[p*) " (sS7 (0, T) — 57 (p, T)P)

. 5 -1 _ _ _
= lim f(s)ds; (s = 2pos + p*) " (sS. (0, T) — S; (0. T)P) =0
P+ Jou,nc;)

where U, = (X, \ By,0)) N B,(0) for p > r5. The last identity follows again
from Cauchy’s integral theorem because the singularities p and p of the functions
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s+ (2 —2pos + [p|*) 71 and s — (s% — 2pos + |p|?) s lie outside of U, because
we chose R < rs.
Putting these pieces together, we find that

F)Eeairy = 5= [ oy S50, (723

We therefore deduce from (7.19) and Eo =T — E, (r) that

B = 1) = )Py = 5 [ Fo)dny S50y (724)

Let us now consider the operator a(Z +T)~!. Since it is slice hyperholomor-
phic on 0g(T") and at infinity, it is admissible for the S-fuctional calculus. If we
set X{oo}(5) 1= Xm\Uz(0)—that is Xx{s}(s) = 1if s ¢ Ur(0) and x{s1(s) = 0 if
5 € Ur(0)—then x{s}(T") = Ey via the S-functional calculus. The product rule of
the S-functional calculus yields a(Z+T) "' Eo = g(T') with g(s) = a(1+s)x{cc} ($).
If we set

Upi = (S \ Bry(0) U (H\ B,(0)) amd Uy = (S 1 By, (0)) U B(0)

with 0 < € < 1 sufficiently small, then U, = U,; UU, > is an unbounded slice
Cauchy domain that contains o5(7') and such that g is slice hyperholomorphic on
U,. Hence,

1
a(T+T) By = g(00)T + — dp; Slgl(p, T)
2 Jow,nc;)

1 _
a(l + s)dp; SRl(p, T)

- % 6(Up,1r‘1(Cj)
and letting p tend to infinity, we finally find

1
a(Z+T) 'Ey = o ), a(l+ s)dp; Sx'(p,T). (7.25)
5,2

Adding (7.24) and (7.25), we find that (7.16) holds true for f € E[X,].

Now let f be an arbitrary function in M[X,,]7 that decays regularly at infinity
and let e be a regulariser for f. We can assume that e decays regularly at infinity;
otherwise, we can replace e by s +— (1+s)~te(s), which is a regulariser for f with
this property. We expect that

f(T)Ex = (T
=e YT
=) —
= e (T{e(D)} oo f(D)} o (7.26)
= e (D)e(T)Exc{ f(T)} o

T}oo & {F(T)}ee
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such that (7.16) holds true. Then, the boundedness of f(T")E+ also follows from
the boundedness of the integral { f(T')}~. The second and the fourth of the above
equalities follow from the above arguments since ef and e both belong to £[X,]
and decay regularly at infinity. The equalities marked with (x) and (#x) however
remain to be shown.

Let w < @2 < @1 < ¢ be such that e, f € £(X,) and let 1 < 2 be such that
B, (0) contains og(T") and any singularity of f. We set Us = X, \ By, (0) and U, =
Yy, \ Br,(0), where the subscripts s and p indicate again the respective variable
of integration in the following computation. An application of the S-resolvent
equation shows then that, using the notation Q(p)~* = (p? — 2sop + |s|?) !

{e(T) oo { F(T) } oo

1 1
= — dsj Sp (s, T / ST p, T)dp; f(p
o Jowirc,) e(s)ds; Sz ( o ot L (p,T)dp; f(p)

ol

ST [ 0. S

Cj

) dsy S (5.1 [ IR XORE O

a(UsNC;)

s)ds; (SS Yp,T) - Sgl(p,T)p)

/ Qs(p)~ " dp; f(p).
a(Umei)

a(UsNC;)

Because of our choice of Uy and U,, the singularities of p — (p? — sop + |s|?)~*
lie outside U, for any s € 9(Us N C;) such that p — (p® — 2sop + |s[)~! and
p — p(p® — 2sop + |s|) ™! are right slice hyperholomorphic on U, for any such s.
Since f also decays regularly in U, at infinity, Cauchy’s integral theorem implies
that the first two of the above integrals equal zero. The fact that e and f decay
polynomially at infinity allows us to exchange the order of integration in the third
integral, such that

1
(T A FD)e = G /8 e { /B e
: (gsgl(pv T) - SL_l(pv T)p) Qs(p)il dpjf(p)'

If p € O(U, N C;), then p lies for sufficiently large p in the bounded axially sym-
metric Cauchy domain U , = Us N B,(0). Since f is an intrinsic function on Uy ,,
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Lemma 2.2.24 implies

1

5 e(s)ds; (55 (p,T) — S;. ' (p. T)p) Qs(p) ™"
8(U.NC;)

= lim — e(s)ds; (387" (p,T) — S; ' (0, T)p) Qs(p) ™"

p—oo 27T /a(USﬁBp(O)ﬂ(Cj)
= S. (p, T)e(p).

Recalling the equivalence of right and left slice hyperholomorphic Cauchy integrals
for intrinsic functions, cf. Remark 3.4.2; we finally find that

1

271 Jaw,ney)

{e(T)}oo{ f(T) }oo St (0, T) dpse(p) f(p) = {(ef)(T)}oo-

Hence, the identity () in (7.26) is true.

Similar arguments show that also (%) holds true. We choose 0 < R < r such
that Bg(0) contains og(T") and all singularities of f(7T') and we choose w < ¢’ < ¢
such that f € £(X,/) and set U, := X,/ \ B,(0). An application of the S-resolvent
equation shows that

EUS(T) {f(T)}oo
1

21 Jasrioney)

1 _ _
=5 2/ ds; 531(S>T)/ pQs(p)~" dp; f(p)
(2) (BRr(0)NC;) A(UpNC;)

1
- W /0(]3 (0)NC;) ds; ESgl(s,T)/ Qs(p)_l dp; f(p)

a(U,NCy)

5 Looren ey !
s
2m)? Josroync,) Llow,ne,y

(557 T) — S (0. T)p) Q. (p)‘l} dp; F(0).

_ 1 -
sy SE 6. Dg [ S T 9

Again, the first two integrals vanish as a consequence of Cauchy’s integral theorem
because the poles of the function p — (p? — 2sop + |s]?)~! lie outside of U,, for
any s € 0(Br(0)NC;) and f decays regularly at infinity. Because of (7.1) and the
regular decay of f at infinity, we can, however, apply Fubini’s theorem to exchange
the order of integration in the third integral and find

1
Ea {f(T)}oo: / |:/ ds;
st 2m)? Jow,nc,) Lomrone,)

Qu(p) ™" (sSp (0, T) — S (0, T)D) | dp; f(p).
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As the functions s — (5% — 2pgs + |p|?) ™! and s — (5% — 2pgs + |p|?) s are right
slice hyperholomorphic on Bg(0) for any p € d(U,NC;), this integral also vanishes
due to Cauchy’s integral theorem. Consequently, the identity (%) in (7.26) holds
also true as

Eoo{f(T)}oo = {f(T)}oo - En{f(T)}oo = {f(T)}oo

Finally, we point out that the above computations, which proved that

{(ef)(T)}oo = {e(T)}oo{ F(T) }oo;

did not require that e € £[X,,]. They also work if e belongs to M[X,,]r and decays
regularly at infinity. Hence the same calculations show that (7.17) holds true. O

Theorem 7.5.6. Let T € Sect(w) and s € {0,00}. If f € M[E,]r has polynomial
limit ¢ at s and s € ogx(T), then c € osx (f(T)).

Proof. If ¢ # oo, then ¢ € R because, as an intrinsic function, f takes only real
values on the real line. We can hence consider the function f — ¢ instead of f
because

osx(f(T)) = osx(f(T) —cI) +c

so that it is sufficient to consider the cases ¢ = 0 or ¢ = oo.

Let us start with the case ¢ = 0 and s = 0o. If oo € a5(T) \ {O}Hm, then
— -

0€ flos(T)\{0}) ~ Cosx(f(T))
because f(og(T)\{0}) C osx(f(T)) by Proposition 7.5.4 and the latter is a closed
subset of H. In case oo ¢ o5(T)" >, we show that 0 ¢ osx(f(T)) implies that
T is bounded so that even oo ¢ ogx(T). Let us hence assume that oo ¢ og(T)™ee
and that 0 ¢ osx(f(T)). In this case, there exists R > 0 such that og(T) is
contained in the open ball Br(0) of radius R centered at zero. The integral

1

— ds; S5t (s, T)
21 Joroync,)

EUS(T) =

defines then a bounded projection that commutes with T, namely the spectral
projection associated with the spectral set og(T) C osx(T) that is obtained
from the S-functional calculus. The compatibility of the S-functional calculus
with polynomials in 7" moreover implies

1 _
TEUS(T) = (SXO'S(T))(T) = % /é?(B ©o)ne )Sde SR1(57T) € B(X)7
R J

where x,4(7)(s) denotes the characteristic function of an arbitrary axially sym-

metric bounded set that contains Bg(0).
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Set Foo := T — Esg(r) and let X := Eoo X be the range of Fw. Since T
commutes with F.,, the operator To, := T'|x_ is a closed operator on X, with
domain D(T,) = D(T) N X. Moreover, we conclude from the properties of the
projections that

st(TOO) = O'SX(T) \Os(T) C {OO}
and so in particular
05(Teo) = 05x (Teo) \ {00} = 0. (7.27)

Now observe that f(7T") commutes with E, because of (i) in Lemma 7.2.8.
Hence, f(T) leaves X invariant and f(7T')e := f(T)|x., defines a closed operator
on X, with domain D(f(T)e) = D(f(T)) N Xo. (Note that f(T)s intuitively
corresponds to f(T,). The S-functional calculus as introduced in this book is,
however, only defined on two-sided Banach spaces. As X, is only a right-linear
subspace of X and hence not a two-sided Banach space, we can not define the
operator f(Tw), cf. the remark at the beginning of Section 7.5.) Since f(T) is
invertible because we assumed 0 ¢ osx f(T), the operator f(T) is invertible too
and its inverse is f(T) !|x.. € B(Xwo)-

Our goal is now to show that T, is bounded. Since any bounded operator
on a nontrivial Banach space has non-empty S-spectrum, we can conclude from
(7.27) that X, = {0}. Since f decays regularly at infinity, there exists n € N such
that sf™(s) € Mw]r decays regularly at infinity too. Because of Lemma 7.2.8,
the operators Tf™(T) and (sf™)(T) both commute with E.,. Hence, they leave
X, invariant and we find, again because of Lemma 7.2.8, that

Tf"(T)|x. € (sf")(T)|x. € B(X0)
with
D(Tf*(T)|x.) =D(Tf*(T) N Xoo
=D((sf")(T)ND(f*(T)) N X
=D((sf")(D)x)ND(f"(T)]x) -

But since sf™ and f" both decay regularly at infinity in 3., Lemma 7.5.5 implies
that f(T)|x.. and (sf™)(T)|x., are both bounded linear operators on X . Hence,
their domain is the entire space X,, and we find that

TfM(T)xe = (sf")NT)|xo € B(Xoo)-

Finally, observe that Lemma 7.5.5 also implies that f™(T)|x.. = (f(T)|x.)™
As f(T)|x., has a bounded inverse on X, namely f(T)~!|x_, we find that
Tw € B(X) too. As pointed out above, this implies X, = {0}.

Altogether we find that X = X, () := E;g(X such that ' = Tx
belongs to B(Xs4(ry) = B(X) and in turn

oo ¢ osx(T) if 0= f(o0) ¢ osx (f(T)).

o5 (T)
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Now let us consider the case that s = 0 and ¢ = 0, that is f(0) = 0. If 0 does
not belong to osx (f(T)), then f(T') has a bounded inverse. Let e be a regulariser
for f such that ef € £[,]. Since f(T) = e(T)~(ef)(T) is injective, the operator
(ef)(T') must be injective too. As the function ef has polynomial limit 0 at 0, we
conclude from Lemma 7.2.7 that even T is injective. If we define f(q) := f(¢™'),
then f has polynomial limit 0 at oo and f(T~!) is invertible as f(T~1) = f(T)
by Corollary 7.3.2. Hence, 0 = f(o0) ¢ o5x(f(T~!)) and arguments as the ones
above show that co ¢ ogx(T~!) such that T-! € B(X). Thus, T has a bounded
inverse and in turn 0 € ogx (T) if 0 = f(0) € osx (f(T)).

Finally, let us consider the case ¢ = f(s) = oo with s = 0 or s = co and let
us assume that oo ¢ ogx (f(T)), that is that f(T') is bounded. If we choose a € R
with |a| > || f(T)]], then a € ps(f(T)) and hence aZ — f(T') has a bounded inverse.
By (iii) in Lemma 7.2.8, the function g(q) := (a — f(q))~! belongs to M[X,]r.
Moreover, g(T') is invertible and ¢(T') has polynomial limit 0 at s. As we have
shown above, this implies s ¢ ocgx (7)), which concludes the proof. O

Combining Proposition 7.5.4 and Theorem 7.5.6, we arrive at the following
theorem.

Theorem 7.5.7. Let T € Sect(w). If f € M[Z,]|r and f has polynomial limits at
osx(T)N{0,00}, then
flosx(T)) C osx (f(T)).

Let us now consider the inverse inclusion. We start with the following auxil-
iary lemma.

Lemma 7.5.8. Let T € Sect(w) and let f € M[E,]|r have finite polynomial limits
at {0,00}Nosx (T) in Xy, for some ¢ € (w, ). Furthermore, assume that all poles
of [ are contained in ps(T).

(i) If {0,00} C o5x(T), then f(T) is defined by the H*-functional calculus for
sectorial operators.
(i) If 0 € o5x(T) but 0o ¢ ogx(T'), then f(T) is defined by the extended H™-
functional calculus for bounded sectorial operators.
(i) If oo € o5x(T) but 0 ¢ osx(T), then f(T) is defined by the extended H>-
functional calculus for invertible sectorial operators.

(iv) If 0,00 ¢ osx(T), then f(T) is defined by the H>-functional calculus for
bounded and invertible sectorial operators.

In all of these cases f(T) € B(X).

Proof. Let us first consider the case (i), i.e., we assume that {0,00} C ogx(T).
Since f has polynomial limits at 0 and oo in X, the function f has only finitely
many poles [s1],...,[s,] in ¥.,. Moreover, for suitably large m; € N, the function
f1(@) = (14+q)72™ Qs, ()™ f(q) has also polynomial limits at 0 and oo and poles
at [sa],...,[sn] but it does not have a pole at [s1]. Moreover, if we set r1(q) =
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(1+q)~2™Q,, (¢)™, then r(T) is bounded and injective because [s1] C [ps(T))]-
We can now repeat this argument and find inductively mso, ..., m, such that,
after setting r¢(q) = (1+ q) ™2™ Q,,(q)™ for £ = 2,...,n and 7 := ry, - - - 71, the
function f = rf belongs to M[%,]7, has polynomial limits at 0 and oo and does
not have any poles in ¥,. Hence, it belongs to £[3,,]. Moreover, 7 belongs to £[%,]
too and since 7(T) = r,(T)---r1(T) is the product of invertible operators, it is
invertible itself. Hence, r regularises f such that f(T") is defined in terms of the
H*°-functional calculus. Moreover, f(T) = r(T)~'f(T) is bounded as it is the
product of two bounded operators.

Similar arguments show the other cases: in (ii), for example, the function f
has polynomial limit at 0 but not at oo, such that the poles of f may accumulate
at co. However, we integrate along the boundary of ¥, 9 r = ¥, N Bg(0) in C;
for sufficiently large R when we define the H°°-functional calculus for bounded
sectorial operators. Hence, only finitely many poles are contained in X, o r and
therefore relevant. Thus, we can apply the above strategy again in order to show
that f is regularised by a rational intrinsic function and that f(T) is defined and
a bounded operator. Similar, we can argue for (iii) and (iv), where the poles of
f may accumulate at 0 (resp. at 0 and oco), but only finitely many of them are
relevant. g

Proposition 7.5.9. Let T € Sect(w). If f € M[Z,]r has polynomial limits at any
point in og(T) N {0,000}, then

flosx(T)) D osx(f(T)).

Proof. Let s € H with s ¢ f(0sx(T)). The function ¢ — Q,(f(q)) ! belongs then
to M[Z,]r and has finite polynomial limits at ogx (T) N {0, co}. Moreover, the set
of poles of Q4(f(+)) as an element of M[X,,] consists of those spheres [q] in 3, \ {0}
for which f([¢q]) = [f(q)] = [s] and it is contained in the S-resolvent set of T as we
chose s ¢ f(osx(T)). From Lemma 7.5.8 we therefore deduce that Q. (f(T))~!
is defined and belongs to B(X). Hence, Q4(f(T)) has a bounded inverse and so
s €osx(f(T])).

If finally s = co ¢ f(osx(T)), then the poles of f are contained in the S-
resolvent set of T. Hence, Lemma 7.5.8 implies that f(T") is a bounded operator
and in turn s = oo ¢ ogx (f(T)). O

Combining Theorem 7.5.7 and Proposition 7.5.9, we obtain the following
spectral mapping theorem

Theorem 7.5.10 (Spectral Mapping Theorem). Let T € Sect(w) and let f €
M[EL )T have polynomial limits at {0,00} Nogx(T). Then

flosx(T)) = osx(f(T)).
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Fractional powers of
quaternionic linear operators

Fractional powers of operators aroused the interest of mathematicians in the 1960s
in [36,167-169,204,205] and have been extensively studied since then. They have
applications in the theory of semi-groups [164], they allow to define interpolation
spaces [113] and they provide the theoretical background for defining fractional
evolution equations [48]. In this chapter, we generalize three classical approaches
for defining fractional powers of operators to the quaternionic setting. Fractional
powers of vector operators are a natural tool to define fractional diffusion and
evolution problems, as we well see in the next chapters. The results of this chapter
are taken from our papers [52-54].

We recall that the slice hyperholomorphic logarithm on H was in Exam-
ple 2.1.14 defined as

logq :=In|q| + jarg(q) forg=u+jveH\ (—o0,0] (8.1)

where arg(q) = arccos(u/|q|) € [0, 7] is the unique angle such that ¢ = |g|e’ *&(a)
for € H\ (—00,0]. For o € R, we furthermore defined the fractional power ¢* of
g=u-+jve€H\ (—o0,0] in Example 2.1.15 as

qa — ealogq — ea(ln\q\+j arg(q)). (82)

The logarithm and fractional powers with real exponents are intrinsic slice hyper-
holomorphic functions on their domain of definition.

Since ¢ is a slice hyperholomorphic function for o € R, our setting provides
suitable techniques for defining fractional powers of quaternionic linear operators.
In the complex setting, several approaches for defining fractional powers of secto-
rial operators are known and they make different assumptions on the respective
operator. In this chapter, we generalize three of these approaches to the quater-
nionic setting.
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1) In Section 8.1 we follow the approach of [113] and define fractional powers
of invertible sectorial operators directly via a slice hyperholomorphic Cauchy
integral. This approach allows to define interpolation spaces, but the theory of
interpolation spaces in the quaternionic setting does not show any significant
difference to the complex one. The results presented in this section can be
found in [52].

2) In Section 8.2, we follow [165] and develop the most general approach to frac-
tional powers in the quaternionic setting. We use the H*°-functional calculus
introduced in Chapter 7 in order to introduce fractional powers of arbitrary
sectorial operators and show several of their properties. The results in this
section are part of [53,54].

3) In Section 8.3, we finally follow [167] and introduce fractional powers of
exponent o € (0,1) indirectly. We first find integral representations for op-
erators that should correspond to the S-resolvents of T*. Then we show
that there exists actually an operator such that these integrals coincide with
their resolvents. In particular, this implies that the famous Kato formula for
the resolvent of the fractional power of an operator has an analogue in the
quaternionic setting. The results in this section can again be found in [52].

8.1 A direct approach to fractional powers of invertible
sectorial operators with negative exponent
In the following we assume that T is a densely defined closed quaternionic right

linear operator such that (—o0,0] C pg(T) and such that there exists a positive
constant M > 0 such that

1S (s, T)| < for s € (—o0,0]. (8.3)

1+ s|’
Obviously, this is the case if T' is a sectorial operator in the sense of Definition 7.1.1
and has a bounded inverse. In order to show that the converse is also true, we recall
the notation

Yo={seH: arg(s)<ep}

for the sector of angle ¢ € (0,7) around the positive real axis.

Lemma 8.1.1. The estimate (8.3) implies the existence of constants a > 0, ¢ €
(0,7) and M, > 0 for n € N such that c5(T) is contained in the translated sector

Yo+a:={seH: arg(s—a)<y}
and such that, for any s ¢ ¥, + a and any n € N, we have

M,

and ||S7"(s,T)|| < ————.

1SR"™ (s, D)l < (8.4)

(1 +[s))"
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Proof. By Proposition 3.5.7, we have
95" S5 (5, T) = (~1)*k! S (5, T),  for k € N. (8.5)

Since the slice derivative of a left slice hyperholomorphic function is again left slice
hyperholomorphic, the function s — S;"(s,T) is a left slice hyperholomorphic
function on pg(T") with values in B(X) for any n € N. From the identity (8.5), we
deduce

n—1

kg—n _ k+n—1(_1)
65 SR (S,T)—as W

_ (l)lza(lkjlr; 1)! S};(k+n)(s7T).

Sr'(s,T)

When we apply Theorem 2.1.12 in order to expand S;"(s,T’) into a Taylor series
at a real point o € pg(T'), we therefore get

+o00
1
Sp"(s,T) = E(S —a)*95% S5 (a, T)
k=0 "
+o0 k
1 k4 n—1 (rn
- H(sfoé)’“( )(7(1_ D Pont=mar)  (86)
k=0 " '
= n+k—1
=S (T e 0t )
k=0

on any ball B,(«) contained in pg(T"). Since « is real, S;" (o, T) = (Sgl(a,T))n
and thus ||Sz"(a, T)|| < [|Sr'(a,T)|™. The ratio test and the estimate (8.3)
therefore imply that this series converges on the ball with radius (1 + |«|)/M
centered at « for a € (—o00,0]. In particular, considering the case n = 1, we
deduce from Theorem 3.2.11 that any such ball is contained in pg(T"). Otherwise,
the above series would give a nontrivial slice hyperholomorphic continuation of
Sp'(s,T), which cannot exist by Theorem 3.2.11.

Set a = min {;37,1}. Then the closed ball B,(0) is contained in pg(T) and
for any s € B,(0), we have the estimate

+oo
. +k—1 —(n
B E DY (" i )|s|k||SR< Bo,1)]
k=0

400 o n+k
< Z n+k—1 1 Mn+k(1+|5|)
= k (4M)* (1+ stk
2n M +§<n+k—1> 1 4rMr
1+ [s))" k

9k n’
2 2% = {4 5]
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where the last equation follows from the Taylor series expansion

“+oo
(l-g) "= ("”,j 1)qk for |q| < 1.

k=0

Now set g = 7 —arctan(17) and consider the sector Sy, If s = s+ js51 & Sy,
we have 0 < 51 < [so|/(2M) and from the power series expansion (8.6) of S;" (s, T')

at sg, we conclude
k— n
(H s 153" o)™
+

k:o(”*,’i‘l>('so') (me)

n 400 nayfn
§<M) Z(”“f )1:2M_
1+|80| P k 2k (1+|80|)

0

Mg

|Sz™(s, T

g L

IN

Since |s| < [so| + [s1] < (1 + 557)[S0[, We get

n 2" M 14 51)"2n M
HSR (S7T>|| S 1 -1 n — ( (fAi)lsl)n
(1 + (1+ 557) |s|)
Hence, the estimate
_ M
157" (s, T)|| < Tl \2\)" (8.7)

with

1 n
My =1+ =] 4"M"

holds true for any s ¢ Q := X, \ B,(0). Now observe that the sector £, + a with

— arct a sin g
 := arctan (a(l n cosgao)>
contains the set (). Hence, if s ¢ £, + a, then s ¢ Q and so s € pg(T) and (8.7)
holds true.
Since S;'(s,T) = Sg'(s,T) for s € (—o0, 0], the estimate (8.3) applies also
to the left S-resolvent. Thus, we can use analogous arguments to prove that the the
estimate for the left S-resolvent in (8.4) also holds true with these constants. [

Definition 8.1.2. Let j € S and let ¥,+a be the sector obtained from Lemma 8.1.1.
Let 6 € (¢, ) and choose a piecewise smooth path I' in H \ (£, + a) that goes in

C; from coe?? to coe % and avoids the negative real axis (—oc,0]. For a > 0, we

define )
T-%:= o s s~ ds; Sp'(s,T). (8.8)
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Theorem 8.1.3. For any o > 0, the operator T—% is bounded and independent of
the choice of j € S, of 8 € (0y, ) and of the concrete path T' in C; and therefore
well-defined.

Proof. The estimate (8.4) assures that the integral in (8.8) exists and defines a
bounded right-linear operator. Since s — s~ is right slice hyperholomorphic and
5 S;Ll(s, T) is left slice hyperholomorphic, the independence of the choice of 6
and the independence of the choice of the path I' in the complex plane C; follow
from Cauchy’s integral theorem.

In order to show that T~¢ is independent of the choice of the imaginary
unit j € S, we consider an arbitrary imaginary unit ¢ € S with ¢ # 5. If ¥, +a
is the sector obtained from Lemma 8.1.1, then let ¢ < 65 < 6, < 7 and set
Us := Xy, \ Byy2(0) and U, := %y, \ B,/3(0). (The indices s and p are chosen in
order to indicate the variable of integration over the boundary of the respective
set in the following calculation.) Then U, and U, are slice domains that contain
os(T), and both 9(Us N C;) and 9(U, N C;) are paths that are admissible in
Definition 8.1.2.

Observe that s — s~ is right slice hyperholomorphic on 7,, and that, by
our choices of U, and Us, we have s € U, for any s € 9(Us N C;). If we choose
r > 0 large enough, then s € U, N B,(0) and we obtain from Cauchy’s integral
formula that

lim S /
r—=+00 21 Jow,nB, (0)nC;)
1

=— p~“dp; Sp'(p, s),
21 Jow,ncy) r

p~*dp; Sg* (p, )

w
I

where the second equation holds since p~* — 0 uniformly as p — oo in U,. For
the operator T~%, we thus obtain
1

21 Jaw.nc,)

1 I _
35 ey e m55100 ) ansiten

We now apply Fubini’s theorem, but we postpone the estimate that justifies this
to the end of the proof as it is very technical and requires long computations. By
interchanging the order of integration, we get

T s %ds; Sp'(s,T)

1 1
7o (o [ SE s SE(s.T)
21 Jaw,ncy) (277 ow.nc,) IR

1 - -1
= — p “dp; Sp(p,T),
21 Jaw,ncy) "
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where the last equation follows as an application of the S-functional calculus since
S};l(p, 00) = limg 00 S;zl(p7 s) = 0. Hence, the operator T~¢ is also independent
of the choice of the imaginary unit j € S provided that it is actually possible to
apply Fubini’s theorem in (8.9). In order to show that the integrand in (8.9) is
absolutely integrable, we consider the parametrizations I'y and T, of 9(Us N C;)
and 0(U, N C;) that are given by

Fj(?") = T€705j7 S [a/Qv +OO),
20,

Ls(r) =< T%r) = Se rore(-a/2,a/2),

L (r) :=refsd, r € (—oo,—a/2],
and )
Lr(t):=te %' tea/3,+00),
Lp(t) = { TO(t) := Se="it ¢ € (~a/3,a/3),
- — 4p0pi _ —
L (t) := te?, t € (—o0, —a/3].
Then,

(271)2/ / o= dpi S5 (0, ) ds; S (5. T)|
= Ip™* dpi S (p, 5) ds; Sg' (5, T)||
Tue{z:07+}/ /U

and it is sufficient to estimate each of the terms in the sum separately. Applying
the representation formula allows us to estimate

1 1
-1 < -1 —jgt|——— .1
|SR (pa S)| — 2‘ J{L||pj —8| + (8 0)

where p; = u+ jv for p = u+ j,v. By applying (8.4), we find for any 7,v € {+, -}
that
L i) s i)

+oo e M
/ / L dtdr
|te b — regﬂ 1+r
+oo +oo t—a
2M-
= / / _ 2L dtdr
a a ’t—’f‘e(as_ep)]| 1+7r
2 3
£y~ 1 2M;

e ()

oo ptoo —«
1 2M
z/ / a — dy — L dr.
a a ’lufe(‘gs—ep)” ra] 4+r
2

3r

1 y 1 2
7|1+]Z‘ p— S ’
2 77 — sl = Ipj — s
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The modulus of p — e?==%)7 can be estimated from below by the absolute value
of its real part or by the absolute value of its imaginary part, and therefore,

[ [ o539y sy 556,
s P
Foo phoeo —a 1 2M
g/ / _mr g L2,
u—cos(@s—ﬂp) rel 4r
/ / 1 2M; i
.
a a sm9—9 r“l—i—r

/ wo /+°° 1 2M;
= — _du — dr
9 M- cos(@S —0p) e To1l4r

=:C1<+o0 =:Ca<40

/+°° 1 < 21—« al= 1 > 1 2M;
+ . - — dr
o sin(lp—0,) \1—a (I—a)3t>ri=a/rel4r

2M; 27 /+°° re
sin(6p —6s) 1 — 1+r

L 2My al™ /+°° L
sin(0p — 05) (1 —a)3'=* Ja  r(1+1) prar

=C1Cy +

dr

where each of these integrals is finite.

For 7 = 0 and v = +, we can again use (8.10) to estimate

/FO /F+ P~ dpi Sg*(p, s)ds; Sg' (s, T)||
+oo
<[]
+oo
/ e = TR
-5/s et ge 2rj| 1+ &

_29 Ml/ /+oo £ dt dr
3y e gelEral

Since 0 < 0, < 8, < 7, the distance 6 of the set

tew dtdr

ge_ e Tj) ‘ 05 My
2

1+ ¢

[N N)\p

@ (er—0,)i . _@ E}
{26 : 9 <r< 5
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to the positive real axis is greater than zero, and hence,

/1‘0 /1‘* ||p7a dp; Sg ,8)ds; Sp (s T)||

<M. 2 M +°°
< 20 1/ / —dtd 6 1/ / adtdr
14 4 _s iy

20 aM a 20 aM; [T t—«
= Al / £ dt + saal/ _ dt,
5(1+§) % 1"‘* a t_§

2

where again these integrals are finite. A similar computation can be done for the
case T =0 and v = —
For 7 = + and v = 0, we apply once more (8.10) and obtain

[ [ I anesit oy, s

1 6wl e
a a 3 3 1+T

2

_ +o0 1 1
<2 9 "6 Ml/ / _ dt dr
3 2 |apZBit _ e 14T

Too 1 1
“0 Ml/ / ; dt dr.
& a (7 —Us ] 1 + r
3 e a

Estimating the modulus of the denominator from below with the modulus of its
real part, we obtain

/ / = dp, S (p.s) ds; S (s.T)|
rf Jro
_ +oo 1
2(%) 0M1/ / 1 dt dr
3 pt_e)‘].‘f'T’
a - +oo
2 (¢ 9M1/ / a—dtdr
3 -5l

o —a 1 1
a<7) Gle/ —dr,
3 \3 a r—gl+r

and this last integral is finite. The estimate of the case 7 = — and v = 0 can be
done in a similar way.

Finally, the summand for 7 = 0 and v = 0 consists of the integral of a
continuous function over a bounded domain and is therefore finite.
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W
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Putting these pieces together, we obtain that the integrand in (8.9) is abso-
lutely integrable, which allows us to apply Fubini’s theorem in order to exchange
the order of integration. O

If & € N, then s is right slice hyperholomorphic at infinity. The following
Corollary immediately follows as an application of the S-functional calculus.

Corollary 8.1.4. If o € N, then the operator T~ defined in (8.8) coincides with
the a-th inverse power of T'.

If we follow the arguments of the proof of Theorem 5.27 in [113, Chapter II],
we obtain an integral representation of T'~% that is almost identical to the one
derived for the complex case: the only difference is the constant in front of the
integral. This is due to the different choice of the branch of the logarithm that
is used in [113] in order to define the fractional powers. As pointed out in Re-
mark 2.1.3, it is not possible to define different branches of the logarithm in the
quaternionic slice hyperholomorphic setting. In Corollary 8.1.7 we, however, obtain
an integral representation that is clearly different from any integral representation
known from the classical complex setting.

Theorem 8.1.5. Letn € N. For o € (0,n+1) with « ¢ N, the operator T~ defined
in (8.8) has the representation

T-o = (—1)n ! sin(a) n!

(n—a)--(1 )/+Oot"“5§("+1)(—t,T)dt. (8.11)
™ n—ao)--- — o 0

Proof. Let a and ¢ be the constants obtained from Lemma 8.1.1. For b € (0, a) and
0 € (¢, m), we can choose U = Xg + b and integrate over the boundary o(U N C;)
of U in C; for some j € S in the integral representation of 7'~%. The boundary
consists of the path

b—tel?,  te(—o00,0],
'V(t) = Y ( ]
b+te 1%, t e (0,00),

and hence

1 0

T7%=—
2r J_

(b—te!) = (=5) (=€) SR* (b — te?, T) dt
1 [t ) . )

+ o (b+te )" (—5)e St (b + te ™, T) dt

T Jo
N e , . ,

S (b+ted?) eI S (b + ted? T) dt
27'(' 0

_J
27T 0

+oo
(b+te 90" IS (b +te™?,T) dt.
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Integrating n times by parts yields
n! j

m—a)---(1—a)2r
n! J

n—a) - (1—a)2r

T% =

/ (b+ te?®) eI ST (b 4 1e? T) dt
0

+oo
/ (b+ te 0y =105 "D (b 4 1730 T) dt.
0

Because of the estimate (8.4), we can apply Lebesgue’s dominated convergence
theorem with dominating function

Cl+tr—) ift<1,
t =
1®) {Ctal if ¢t >1,

where C' > 0 is a sufficiently large constant. Taking the limit b — 0, we obtain

n! j
mn—a)---(1—a)2r
n! Jj
(n—a) - (1—a)2r

+oo
T = / trmaedfn=a)eif g (D (4630 ) gt
0

+w . . .
/ tn—ae—jG(n—a)e—JQSI;(TH-l)(te—]G’T) dt
0
(8.12)

and then, taking the limit 6 — 7, we get

- n! I e in(ne —(n+1)
T =— = gnmeeimnme) gt (g Ty at
(n—a)~-~(1—a)27r/0 ¢ R (=)
n! J oo —o —in(n— —(n+1)
+ = fnoeTit(nma)g (—t,T)dt
(n—a)---(l—a)Qw/o R
ny18in(am) n!

oo —(nt1)
— (—1) -(1704)/0 == (g T a,

T (n—a)--
where the last equation follows from the identity
—jel™ (=) 4 je=im(n=e) — gin((n — a)r) = (—1)" Lsin(ar). O

Corollary 8.1.6. We have T=% =T for a > 0, where Z denotes the identity operator
on X.

Proof. If @ € N, the equality follows immediately from Corollary 8.1.4. For a ¢ N,
we consider n € N with « € (0,n+1). Since S;'(s,Z) = (s — 1)71Z, we then have

tn—a

—a _  qyn41Sin(am) n! +007
I~ =(-1 - (nfoz)m(l—a)/o (7t71)n+1dt1

: | “+o0 n—o
_ sin(a) n! t QT
T (n—a)--(1-a) )y @E+1)nH
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8.1.
By formula number 3.194, in the table of integrals from [161], we have
Foo o n-—a)--1-a)
- dt=B(n-— 1 = .1
/0 (t+ 1)n+l (n—a+la) n! sin(ra)’ (8.13)
. (|

where B(z,y) denotes the Beta function, and hence Z=¢ =7

Corollary 8.1.7. Let a € (0,1). Then

sin(ar) [T
—_— t—e —t,T) dt.
o [ st

T %= — (8.14)
— are uniformly bounded by

Corollary 8.1.8. For o € (0,n + 1), the operators T
the constant M, 1 obtained from Lemma 8.1.1.

Proof. From (8.11), Lemma 8.1.1 and (8.13), we obtain the estimate

_ sin(ar) n! too . Mug
T < Tl B . S Y Y S O
==l < P (nfoz)~~-(lfoz)/0 (14 ¢)nt1 +

Corollary 8.1.9. Assume that os(T) C {s € H : Re(s) > 0} and that ¢ in
Lemma 8.1.1 can be chosen lower or equal to /2. For a € (0,1), we then have

[ (eos () e () 7) (7 )

T ==

Proof. By our assumptions, we can choose n = 0 and § = 7/2 in (8.12). Since

e’2 = j and e72 = —j, we then have

gt a1 N -
t~%e 7T TSR (jt, T) dt — 2—/ t=el T TS (—t, T) dt.
™ Jo

T = =
2T

We observe that
—(T + tjT)(T? +t*) !

SRl (£t T) =

and so

j +oo Sa—1 ca—1 2 2

T — o o (,eﬂTW(T +tjI) +e! 2 (T — th)) (T +t )’1 dt.
T

Some easy simplifications show
—e_j%”(T +tj7) + ej%”(T —tjT) = —-2j [cos ( 5 ) T + 2sin ( 5 ) tI}

and in turn
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Observe that s — s~ is intrinsic slice hyperholomorphic. Hence, we could
also use the left S-resolvent operator to define fractional powers of T'. Indeed, this
yields exactly the same operator.

Proposition 8.1.10. Let o« > 0 and let I' be an admissible path as in Defini-
tion 8.1.2. The operator T~ satisfies

_ 1 , _
T “:%/FSLl(s,T)dsjs e, (8.15)

Proof. We can prove this statement in two different ways. We can either perform
computations as (3.4.6) in order to show that the slice hyperholomorphic Cauchy
integral in (8.15) equals the one in (8.8).

As an alternative approach, we can perform computations analogue to those
in the proof of Theorem 8.1.5 to show that, for n € N and a € (0,n + 1) with
a ¢ N, one has

1 - —a
g/FSLl(S,T)dsjs

1 Sin(am) n!

+oo
= (-1) )/ S, (g, Ty .
0

™ (n—a) (11—«

But for real ¢ one has S;'(=t,T) = (—t — T)~! = Sz'(—~t,T), and in turn this
integral equals

. | +00
1 n+1SlIl(Oé7T) n. / tnfaS—(”H‘l) . Tdt =T~
( ) T (n—a)~--(1—a) 0 R ( ) ) I
where the last equation follows from Theorem 8.1.5. If o € N, the statement
follows immediately from the S-functional calculus and Corollary 8.1.4 because
s~ is intrinsic slice hyperholomorphic at infinity. O

Theorem 8.1.11. The family {T~%}o>0 has the semigroup property T-*T~F =
T—(e+B)

Proof. Let ¢ and a be the constants obtained from Lemma 8.1.1. We choose 6,
and 65 such that max{p,7/2} < 6, < 6; < 7 and we choose a, and a, with

0 < as < ap < a and a, sufficiently small such that B,,(0) N X, 4+ a = 0. Then
the sets

Gp =1%o, \ Ba,(0) and G, =Xy, \ By, (0)

satisfy 0g(T) C Gp and G, C G, and for j € S their boundaries (G, N C;) and
0(GsNC,;) are admissible paths as in Definition 8.1.2. The subscripts p and s refer
again to the respective variables of integration in the following calculation.

The S-resolvent equation and Proposition 8.1.10 imply

1
778 = ﬁ/ s7% ds; Sgl(s,T)/ S p,T) dpj p=”
(2m) (G sNCy) a(G,NCy)
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1 o _ _
= / dsj/ Si' (s, T)pQs(p)~'dp; p~”
7T A(GN A(GpNCy)
Ch de/ S; ' (p, T)pQs(p)~tdp; p™”
d(GsNC;y) 0(GpNC;)
s dsj/ 555 (s,T)Qs(p) " 'dp; p~"
d(GsNCy) A(GpNC;)

_|_

[V

/ 5™ ds, / 5571 (p, T)Qu(p)~'dp; p~7,
a(GSmC]) 8(GPOCJ)

where we use the notation Q4(p)~™! = (p? — 2Re(s)p + |s|?)~!. But since the
functions p — pQ,(p)~'p~# and p — Q,(p)~'p~? are holomorphic on an open set
that contains G, N C; and since they tend uniformly to zeros as p — oo in G,
Cauchy’s integral theorem implies

1 . _ _ B
72/ S de/ SRl(S,T)st(p) ldpj D o = 0
(27)? Joa.nc,) a(G,NC;)

(27T)

and
T Doy 5 g S TIQ dis
I s % ds; 555 (5, T)Qs(p) " dpjp f=o.
(2m)? Joa.nc,) Y Jo,ne,y T !
It follows that
T T8
1 / o / —1 -1 -
— s~ ds; St (p, T)pQs(p) tdp; p~”°
(2m)? Joa.nc,) ?Jo,ney ¢ ’ (8.16)
1

b [ s [ S0 T)Qu) ey
(2m) d(GsNC;y) (GpNC;)

Let us assume that we can apply Fubini’s theorem in order to exchange the order
of integration. We then find that

7T F = %/ s~ ds;
(27)? Jo(a.nc;)

' / 55, (p,T) — S (p, T)p|Qs(p) 'dp; p~°
(G ,NC;)

Applying Lemma 2.2.24 with B = S; ! (p, T), we obtain

cas 1 _ -
T T B:% SLl(p,T)dij p b
9(GpNCy)
1 _ —(a —(a
=~ Sy (p, T)dp; p~ (@9 = T~ (+5).,

21 Jaa,nc;)
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What remains to show is that we can actually apply Fubini’s theorem in
(8.16). For 7 € {s,p} we therefore decompose (G, NC;) =T; U 't~ U I’} with
Iy ={-re’  re(-o0,—a},

I ={a.e7%.0 € (-0,,0,)},
It = {re_je*,r € [ar,+00)},

such that
A
1 —a — -
S (%)/ ] dsj/ S; M (p. T)pQu(p) "dp; p~”
u,ve{+,0,—} T3 , (817)
1 w . -
+ > (27r)2/ s de/ 551 (0, T)Qs(p)~tdp; p™°
u,ve{+,0,—} B T

Since p and s commute, we have

Q(p) =@ —2s0p+Is])) P =(p—5)"'(p—5)""

and thus for v = 4+ and v = +

/ 57 dsj/ S; ' (p, T)pQs(p)~'dp; p”
r ry

+oo ) ) +oo .
:/ T_O‘e]o‘ese_]es(—j)/ Sy (te 9% T)

s P

- te % (te*jep - 7"e*jeb‘)71 (te*jep — Tej95)71 e 0% (=)t~ PeIP% dt dr.

Using the estimate

_ M,
S (s, )| < 8.18
15" (s, )||71+|5| (8.18)
obtained from Lemma 8.1.1 and setting
Mt
C:= sup —— <40, (8.19)

te[0,400) L+ 1

we find that the integral of the norm of the integrand is lower or equal to

oo [t L, Mt 1 1
—a 1 g
/ / " 1+t |t—rej(9p—95) ‘(9p+95)|t dt dr

oo e () - (148)
<O/ / — e J(bs 79)”——6 7(0s +g)|dtd7’. (820)
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Since 7/2 < 0, < 05, < m, we have 0 < §,—6,, < 7 and 7 < 65+6, < 2. Therefore,

: _d(0aE0,) | ‘ _ —i(0.£0 ‘ _ .
inf [€ — e P < 51161]1% Im (5 e P) g1r€1]1fQ|sm(95 +6,)]#0

£eER
and so
Ki: sup ! < 400
1:= e —
0,400 5_67](95761))
¢elo o) | , | (8.21)
Ky := sup T < T00.
gel0,+oc) | — €770 F)]
As o, 8 > 0 and as, a, > 0, we conclude from (8.20) that
too oo Myt 1 1
—a 1 -B
~/as /ap T |t — red@p=0:)| |t — rei(Opt0.) b dtdr
+oo +oo
< CKle/ pm (4 dr/ t=+0 dt < 4. (8.22)

as ap

The second integral in (8.17) with v = + and v = + is

/+ s~ ds; /+ 551 (0, T)Qs(p) Hdpsp~”°
i r

p

= / r_“ejaese_]es(—j)/ rejessgl(tejep,T)
a a

s P
. (teijep - Tefjes)il (tefjep - 7’6305)71 efjep(—j)tfﬁejﬁef’ dt dr.

With (8.18) and (8.21), we can estimate the integral of the norm of the integrand

by
too oo M 1 1
/ / B , , t=P dt dr
as  Ja, 1+t ’te*J(HP*GS) — 7“’ ’te*J(QPJFes) - r‘

.
+oo 400 11—
¢ 1 1
< —(14w)
- Ml/a ! o THE]L i@ L o] T
r T

4 —+oo —+o0 t-ﬁ
SMlKle/ pm(te) dr/ mdt<—|—oo.

as ap

For w = + and v = 0, we have

/ S‘“de/ St (0. T)pQs(p) ™" dpjp~”
T re

+oo . , Op . ,
:/ r“’e’aese—]es(—j)/ Sy Hape ™% Taye 90
a —

s 9;)

(ape™? - 1"67]'95)71 (ape™? — Tej95)71 apefjo(—j)2a;ﬁejﬁa de dr
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and, again using (8.18), we find that the integral of the absolute value of the
integrand is lower or equal to

+o0 0p M ag,ﬁ 1 1
/ re / — » A a6 dr.
as —o, 1Fap |r—a,e 00| |r — a,e=i(0+0:)

Since 7/2 < 8, < 05 < , the distance § between the set
{ape @0 o el-0,.0,]}u{ae /00 0el-6,0])  (523)

and the positive real axis is greater than zero and hence the above integral can be
estimated by

as+2a, 0, M 2—p3
/ pr*("/ ’ iid7"d€

s —o, 1tap §?
+oo roQ 0p Mla%*ﬂ
+ 5 df dr < 4o0.
as+2ap (’F - ap) —0p 1+ Qap

For the second integral in (8.17) with u = + and v = 0, we have
/ s dsj/ 551 (0, T)Qs(p) ™ dpjp™”
r ry

= / r_“e]a‘QSe_JeS(—j)/ rel% S (a,e ™, T)
a

s -0,

. (apefje - reijes)il (apefja - 1"6]‘95)71 apefje(fj)Qagﬁejﬁe do dr

Using (8.18), we can estimate the integral of the absolute value of the integrand
by

+oo (2% al—BM 1 1
/ 7“1_(’/ ro— df dr

-0, 1+ Gp |ap6_j(9_05) — T‘{ |(1pe_j(0+05) — 'r|

s

as+2ay, 0p al—ﬁM 1
g/ Hﬂ/ 21 dodr
a gp ]. =+ ap 62

s -

+oo ,’,1—04 0p azl,_'ﬁMl
+ 5 df dr < 400,
as+2a, (T - a’p) —0, 1+ ap

where § > 0 is again the distance between the set in (8.23) and the positive real
axis. Similar estimates hold true if u = — and v = 0.
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If wu=0and v =+, then
/ s dsj/ S. (P, T)pQs(p) 'dp; p~*
o ry

0, _ _ +oo _ _
:/ as_o‘ejaease_ﬁ(—j)z/ Syt (te=9% T)te=90

—04 ap

. (te_jep - ase_je)_l (te_jep - aseje)_l e 0 (—j)t=PelP% dt dh.

Once more (8.18) allows us to estimate the integral of the absolute value of the
integrand by

8 oo Myt 1 1
/ al= ! — -t~ dt df
_o, ap 1+t|t—asej( p— )| ’t—asef( »+0)
0 “+o00 tfﬁ
SC’/ ai’”‘/ ———— dtdf < 400,
—0, ap t—ag

where C is again as in (8.19), and the second inequality follows because a5 < a,.
For the second integral in (8.17) with « = 0 and v = +, we similarly have

/ 57 ds; /+§5L_1(p,T)Qs(p)fldpj p°
ro

P

05 . . +w . .
= / a;"e”ease—ﬁ(—j)Q/ asel’ S (te™% T
—0 ap

. (tefjep — asefje)il (teijep - aseje)i1 e % (—j)t=PeIPO% dt dp.

As above, we can estimate the integral of the absolute value of the integrand by

/eg a2 /+oc My ! ! t=8 dt do
—o, © Ja, THt|t—aed@=0] |t —a,ei @t

0s
05 +oo t—(l—‘rﬂ)
< C/ ai_“/ ———— dtdf < +o0,
—0, a (t — as)

I4

where the last inequality follows again because a; < a,. Similar estimates hold for
the case u =0 and v = —.

Finally, the integrals in (8.17) with u = 0 and v = 0 are absolutely convergent
since, in this case, we integrate a continuous and hence bounded function over a
bounded domain.

Putting these pieces together, we obtain that we can actually apply Fubini’s
theorem in (8.16) in order to exchange the order of integration. |

Lemma 8.1.12. Since D(T) is dense in X, the semigroup {T~}a>0 15 strongly
continuous.
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Proof. We first consider y € D(T). For « € (0, 1), we have
Sp'(tT)y = Sg' (6 D)y = Sg' (4 T) SR (1, T)(Ty — Ty)

if t € R. Hence, we deduce from Corollary 8.1.7 that

T %y -1
) too . +oo
_ _sm(om) / t_asﬁl(_t7 T)y dt + SlIl(OéTF) / t_aSEl(_ta I)y dt
™ 0 g 0
sin(am) [t 4 -1 jt
= [ SN (L TSR (4 I)(Ty — Ty) dt =0
m 0

because sin(am) — 0 as @ — 0 and the integral is uniformly bounded for a €10, 1/2]
due to (8.3). Since Z=* = T by Corollary 8.1.6, we get T %y — y as a — 0 for
any y € D(T).

For arbitrary y € X and € > 0, there exists y. € D(T) with ||y — ye|| < ¢
because D(T') is dense in X. Corollary 8.1.8 therefore implies

lim | Ty — yll < lm Ty — Ty || + |77 “ye — yell + [ly= — vl
a—0 a—0
< (Mi+Dlly —yell < (M + 1)e.
Since € > 0 was arbitrary, we deduce that T~%y — y as a — 0 even for arbitrary
y € X. This is equivalent to the strong continuity of the semigroup (IT'~%)a>0. O

Proposition 8.1.13. The operator T~ is injective for any o > 0.

Proof. For a > 0 choose > 0 withn =a+ 8 € N. Then T-#T~% =T-" and in

turn 7T~ AT~ = T, which implies the injectivity of 7. O
The previous proposition allows us to define powers of T also for a > 0.

Definition 8.1.14. For a > 0, we define the operator T as the inverse of the
operator T, which is defined on D(T%) = ran(T~%).

Corollary 8.1.15. Let o, € R. Then the operators T*T? and TP agree on
D(T7) with v = max{a, B, + S}.
Proof. If a, 3 > 0 and y € D(T**#) then, since T—(®+5) = T-FT= by Theo-
rem 8.1.11, we have

ToTPy = T*TH (T PT~T* Py = (TTPTPT—*)T*+Fy = TPy,
The other cases follow in a similar way. O

With these definitions it is possible to establish a theory of interpolation
spaces for strongly continuous quaternionic semigroups analogue to the one for
complex operator semigroups. Since the proofs follow the lines of this classical
case and the quaternionic theory does not show any significant difference to the
complex one, we refer to Chapter II in [113] for an overview on these results.
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8.2 Fractional powers via the H>-functional calculus

The most general strategy for introducing fractional powers of complex linear
operators is via the H*°-functional calculus. It applies to arbitrary sectorial oper-
ators and does not require further assumptions on the operator. Following [165],
we show now that this is also possible in the quaternionic setting.

Let T € Sect(w) and let a € (0,400). The function s — s* then obviously
belongs to M[X,]r and we can define T using the quaternionic H *°-functional
calculus introduced in Chapter 7. Precisely, we can choose n € N with n > « and
find

T :=s*(T) = (Z+T)" (s*(1+s)~") (T), (8.24)
where (s®(1+s)~™) (T is defined via a slice hyperholomorphic Cauchy integral
as in (7.2) or (7.3).

Definition 8.2.1. Let T' € Sect(w) and o > 0. We call the operator defined in (8.24)

the fractional power with exponent « of T

The following properties are immediate consequences of the properties of the
H*°-functional calculus.

Lemma 8.2.2. Let T € Sect(w) and let a € (0,400).

(i) If T is injective, then (T71)" = (T*)™'. Thus 0 € pg(T) if and only if
0 € ps(T).

(ii) Any bounded operator that commutes with T commutes also with T.

(iii) The spectral mapping theorem holds, namely

os(TY) ={s": se€os(T)}.

Another important property is the analyticity in the exponent. Observe that,
although in the complex case the mapping o — T is holomorphic in «a, we
cannot expect slice hyperholomorphicity here because the fractional powers are
only defined for real exponents, cf. Example 2.1.15.

Proposition 8.2.3. If T € Sect(w), then the following statements hold true.

(i) If T is bounded, then T* is bounded too and the mapping A : o — T¢
is analytic on (0,400) and has a left and a right slice hyperholomorphic
extension to Ht = {s € H : Re(s) > 0}. In particular, for any ag € (0, +00)
the Taylor series expansion of A at ag converges on (0,2ay).

(i) If n e Nand 0 < a < n, then D(T™) C D(T%). For each y € D(T"), the
mapping Ay : o — Ty is analytic on (0,n) and the power series expansion of
Ay atag € (0,n) converges on (—rq,+a, a+7ra,) with 1o, = min{ag, n—agp}.
Hence, Ay has a left and a right slice hyperholomorphic expansion to the set
Uaoe(O,n) Br@o (0[0).



232 Chapter 8. Fractional powers of quaternionic linear operators

Proof. Let us first show (ii). If n € N and « € (0,n), then
T =(Z+T)" (s“(1+s)"") (D).

If y € D(T™), then the operators T™ and (s*(1+s)™")(T) commute because
of (i) in Lemma 7.2.8 such that T%y = (s*(1+s) ") (T)(Z + T)"y and hence
y € D(T).

Let now ag € (0,n) and set r := rq, = min{ao, n — ap}. The Taylor series

expansion of a > s at ag is s* = >,/ 7% % @0 Jog(s)* and converges on
0

(0,2cp). If £ € (0,1) and « € (0,n) with |o — ag| < (1 — &)r, then we have, after
choosing ¢ € (w, ), that

Ty = (s*(1+s)") (DT +T)y

«

(
)

1

= — sY(1+s)""ds; Sg' (s, T)(Z +T)"y
21 Jas,ncy)

_ ! S~ (a—ao)f o,

= (8.25)
21 8(E¢O(CJ) k=0 k!

log(s)*(1+5) ™" ds; Sg' (s, T)(Z +T)"y

We want to apply the theorem of dominated convergence in order to exchange the
integral and the series. Using (7.1) we find that U(s) = M |[(Z + T)"y|| ¥(s) with

+oo k k
la —agl” | o,—1|log(s)|
8)i= sl

145

is a dominating function for the integrand in (8.25). In order to show the integra-
bility of ¥(s) along (X, NC;), we choose Cesy > 1 such that (1 —€)Ceys < 1 and
0 <tp<1and 1<ty such that

[In(t) + 70| < Cese| In(t)|, Vit € (0,t0] U [t1, +00). (8.26)
We then have

1 +oo 00 _ k 1 k
7/ d‘SJ| _/ |Oé O{0| o= 1‘ Il( )—"_J@' dt
(3, n(c)

2 1+ teiv|n

<Z‘“ ( Oé“st/ 2=~ In(¢))* dt

0
t1 +oo
+ CoC¥ / tvo~ 1 de + Cgcfst/ o= (n+1) ln(t)kdt> ,
to ty

with the constants

1
O := 1 :
X e O Jax () + ¢l

Cy =
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and a constant C3 > 0 such that

1 Cs

— < —, Vtelty, .
11 +tede| ¢ [t +0)

Since
t1 0 k!
[eicmopas [ e -grde =
0 —o0 Qg

and similarly

T o (1) 1 (1) T ek k!
teo T In(t)  dt < / e ("o dé¢ = ————|
»/t1 ( ) B 1 5 5 (n - ao)k+1
we can further estimate
1
5[ s
2 Jois,ncy)
<§M oo k—!—i—CC’k 0 -t +Cckk7!
= k=0 k! 0“est a§+1 oY1 a0 2V est (’/l _ Oéo)k+1 :

As la—ap] < (1 —¢)r = (1 — e)min{ag,n — ap}, we finally find

—+oo

1/ Co k
— U(s)d|s;| < — 1—¢)Ces
3 e, TS S 23 (061

k=0

Co(te® —15°) TR (Chla — ag))" Oy X .
+ > o2 (1=a)Cu)”

a
0 k=0

k=0
Since (1 — &)Cy < 1, these series are finite and hence U is an integrable majorant
of the integrand in (8.25). We can thus exchange the series and the integral in
(8.25) such that

Ty = io (a—ag)' 1 / 57 log(s)k
s k! 2 A(Z,NC;)
~(1+s)""ds; Sg' (s, T)(Z +T)"y,

where this series converges uniformly for | — ag| < (1 — €)r. Since € € (0,1) was
arbitrary, we obtain the statement.

Let us now consider (i). If T' is bounded, then (8.24) is the composition of
two bounded operators and hence bounded. With arguments similar to those used
above, one can show that the power series expansion of A at ag converges in B(X)
on (0,2ag). If we write the scalar variable (o — ) in the power series expansion
on the left or on the right side of the coefficients and extend « to a quaternionic
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variable, we find that A has a left (resp. a right) slice hyperholomorphic extension
t0 Ba, (). Finally, any point in HT is contained in a ball of this form, and hence
we find that we can extend A to a left or to a right slice hyperholomorphic function
on all of HT. O

We show now that the usual computational rules that we expect to hold for
fractional powers of an operator hold true with our approach.

Proposition 8.2.4 (First Law of Exponents). Let T' € Sect(w). For all o, 8 > 0,
the identity TP = TTP holds. In particular D(T7) C D(T%) for 0 < a < .

Proof. Because of (ii) in Lemma 7.2.8, we have T*T? C T**# with
D (T°T") =D (T*°) nD (T7).
We choose n € N with «, 8 < n and define the bounded operators
Ao = (s*(1+s)7") (T) and Ag = (sﬁ(l +5)7") (T).
If now y € D (T“Jrﬁ)7 then (ii) in Lemma 7.2.8 implies
TPy = (I +T)*(Z+T)*"T**Py

7+ T)QnTtx+5(I+ T)—Qny

=
= (T TP (s (14 5)72") (T)y = (T+T)"Aahgy

and hence AqAgy € D ((Z+T2")) = D (T?"). Since (s" *(1+5)™")(T) com-
mutes with 72" because of (i) in Lemma 7.2.8, we thus find
T(Z+T) " Agy = (s"TP(1+5)7") (T)y = (s" (1 +5) ") (T)AaApy
belongs to D (T2"). Since T and T(Z + T)~' commute, we have
TEZ+T) 'Ty=T*ZT+T)y

and hence y € D(T) implies T(Z + T)~'y € D(T). If on the other hand T'(Z +
T)~ly € D(T), then the identity

T(Z + T)fly =y—(Z+T) 1y

implies y € D(T) and hence y € D(T) if and only if T(Z + T)~'y € D(T). By
induction, we find that y € D(T™) if and only if T"(Z + T) "y € D(T™). We
thus conclude that (Z 4+ T)""Agy € D(T*"), which implies that Agy € D(T™)) =
D((Z+ T)"). Thus, TPy = (T + T)"Agy is defined, such that y € D (T*) for any
y € D(T**P). We conclude that

D(T°T") =D (T**°) D (T7) =D (T*7)

and so ToT# = Tth, O
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Proposition 8.2.5 (Scaling Property). Let T € Sect(w) and let A = [§1,02] C
(0, 7/w) be a compact interval. Then the family {T*}nea is uniformly sectorial of
angle dow. In particular, for every a € (0,w/wr), the operator T* is sectorial with
spectral angle wpe = awr.

Proof. The second statement obviously follows from the first by choosing A\ =
[, . Because of (iii) in Lemma 8.2.2, we know that

o5(T*) = (05(T))" C Bow C Tgpw

for @« € A. What remains to show are the uniform estimates (7.1) for the S-
resolvents.

We choose ¢ € (daw, ). In order to show that ||S;*(s,T%)s| is uniformly
bounded for s ¢ ¥, and o € A, we define for « € A and s ¢ ¥, the function

yalp) = 57" (5,0) 5+ S5 (= Isl* ) Js|*

=9, (p) " (ISIé +p>_1 (p(E —p*)s+p*(5 *p")ISIé) :

This function belongs to SH7 [¥.]: as s ¢ X, it is left slice hyperholomorphic
on Yy, with 6y := min{a "'y, 7} > w. The first line in (8.27) implies that V¥, ,
has polynomial limit 0 at infinity because S; ' (s,p®) and S;* (\3\1/0‘,19) have
polynomial limit 0 at infinity and the second line in (8.27) implies that ¥ , has

(8.27)

polynomial limit 0 at 0 because Qs(p®)~! and (|s|1/"‘ - p)71 are bounded for p
sufficiently close to 0. Since the function

) = (s - n)
belongs to £1[2,], we find that also
St (s,p)s = Wealp) + Sz (IsV/, T) |V
belongs to £1,[X,] and that

Sz (5, T%)s = 7t (1s]#,T) [s1% + Woa(T).

The function ¥, , satisfies the scaling property Uios o(tp) = U, o(p) and so we
have

\Ilﬁ,a(|s|_é7p) = \I}s,oz(p)'

If we choose 6 € (w, min{m, 8, p}) and j = j,, we therefore find that

1825, )]l < Corr + Wi (181757 |
1
< 09/ T + —
27

/ S (P T)ds; Ws)is)a (\5\7510)
0(2eNC;y)
Cy

T -
<Cyr+ < / ol dlp| [T )0 ()]
™ 8(29ﬂ(Cj)
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where Cg 1 is the respective constant in (7.1) for some 6’ € (w,#), which is
independent of s and o € A. Hence, if we are able to show that

sup {/ Ip|tdlp| Vs () : |s|=1, s¢%,, ac A} < +o0, (8.28)
9(ZeNC;j,)

then we are done. Since we integrate along a path in the complex plane C; , we
find that p and s commute and ¥, , (p) simplifies to

Voo (p) = (s —p*) 7" (p-i- |8|1/“>71 (ps + |s|1/“pc‘) .

As |s| = 1, we can therefore estimate

R [ M R/ S -/ AP o
s,x >~ >~
s =p[[1+p|  [s—p[ |1 +pl 1+ pl

with € € (0,41), because |p|!=¢/|s — p®| and |p|*~¢/|s — p®| are uniformly boun-
ded by some constant K > 0 for our parameters s, @ and p. Thus, we have an
estimate for the integrand in (8.28) that is independent of the parameters such
that (8.28) is actually true.

With analogous arguments using the right slice hyperholomorphic version of
the S-functional calculus for sectorial operators, we can show that ||sSyz* (s, T¢)||
is also uniformly bounded for s ¢ ¥, and a € A. Since ¢ € (Jow, m) was arbitrary,
the proof is finished. a

As immediate consequences of Proposition 8.2.5 and the composition rule
Theorem 7.3.1, we obtain the following two results.

Proposition 8.2.6. Let T € Sect(w) for some w € (0,7) and let o € (0,7/w)
and ¢ € (w,m/a). If f € SHT ((Zay) (or f € Mr[Xawlra), then the function
p > f(p¥) belongs to SHT o(Xy) (resp. Mr[Eu]T) and

F(T) = (f () (T).
Corollary 8.2.7 (Second Law of Exponents). Let T' € Sect(w) with w € (0,7) and
let a € (0,7/w). For all B > 0, we have
(Ta)ﬁ _ Ta’B.

Corollary 8.2.8. Let T € Sect(w) and v > 0. For any y € D(T7), the mapping
Ay 1 a — T% defined on (0,7v) is analytic in «. Moreover, the power series
expansion of A, at any point ag € (0,7) converges on (—r + ag, g + 1) with
r = min{y — ap, ap}.

Proof. Let n > ~ and set A := T7/". Because of Corollary 8.2.7, we have T* =
A"/ If y € D(T7), then y € D(A™) and the mapping T(8) := APy is analytic on
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(0,n) by Proposition 8.2.3. The radius of convergence of its power series expansion
at Bo € (0,n) is greater than or equal to r’ = min{5y,n — fo}. Hence, Ay(a) =
Y (na/v) is also an analytic function and the radius of convergence of its power
series expansion at any point ag € (0,) is greater than or equal to min{ag, y—ap},
which is exactly what we wanted to show. |

We conclude this section with the generalization of the famous Balakrishnan
representation of fractional powers and some of its consequences. This formula was
introduced in [36] as one of the first approaches for defining fractional powers of
sectorial operators.

Theorem 8.2.9 ((Quaternionic) Balakrishnan Representation). Let T € Sect(w).
For 0 < a <1, we have

. 400
Toy = sin(a) / to=1(tT + T)"'Tydt, Yy e D(T). (8.29)
0

™

More generally, for 0 < a <n < m, we have

(e P % oo a—1 —11m n
= F(Q)F(mfa)/o T+ T) 7 Mydt, Yy eDT").  (8.30)

Proof. We first show (8.29) and hence assume that « € (0,1). For y € D(T'), we
have, because of (ii) in Lemma 7.2.8 and with arbitrary ¢ € (w,7) and € > 0, that

T = (p*(p+e)~ ") (T)T +<eI)y

= (p+e) ") (DTy+e(@*(p+e) ' (1+p)~ ) (TNT+T)y
= QL s ls(s+e)tds; Syl (s, T)Ty
T Jo(z,NCy)
1

+ o S s%(s+e) (14 s) " ds; Sp' (s, T)Z + T)y.
p! g

Now observe that there exists a positive constant K < +oo such that

K
le(s+e)7' < =, Ve>0, s€d(E,NCy).

— ‘5‘7

Together with the estimate (7.1), this implies that the integrand in the second
integral is bounded for all € > 0 by the function

s KCopurs|* (11 + s)7HI(Z + Tyl

which is integrable along 9(3, N C;) because of the assumption o € (0,1). Hence,
we can apply Lebesgue’s theorem in order to exchange the integral with the limit
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and find that the second integral vanishes as ¢ tends to 0. In the first integral on
the other hand, we find that

Spl(s, )Ty = (53 — T)Q4(T) Ty

=35TQ.(T) 'y = T?Qu(T) 'y

=3TQ,(T) ™" — Qs(T)Qs(T) 'y + (=250 + |s|7'T) Qu(T) 'y (8.31)
= —y+3TQ(T) 'y —3TQs(T) 'y + (3T - T)Qu(T) 'y

=—y+ sSgl(s, T)y.

Hence, the function s +— S;'(s,T)Ty for s € A(X, N C;) is bounded at 0 because
of (7.1). Since it decays as |s|~! for s — co and since the function s + s(s+¢)~*
is uniformly bounded in € on 9(X, N C;), we can apply Lebesgue’s theorem also
in the first integral in order to take the limit as € — 0 and obtain

1

Ty = —
27 Jacs,nc;)

s Vds; Sp (s, T)Ty.

Choosing the standard parametrization of the path of integration, we thus find

0
Ty = S (—Ifej“")a_1 ejSOjS]Sbl (tej“",T) Ty dt
2 J_ o
1 [T a1 L )
+ o (te™%)" e 79(—4)Sg' (te™7%,T) Ty dt.
0

Once more (7.1) and the fact that Sgl(s, T)Ty is bounded at 0 allow us to apply
Lebesgue’s theorem in order to take the limit as ¢ tends to w. We finally find after
a change of variables in the first integral that

+oo
Ty = L (= &™) (=) SR (—te!™, T) Ty dt
2 0
1 [T , .
+— e T (—5)Sp! (te™ ™, T) Ty dt
2 0

. 400
- —M/ LS (—t, T) Ty dt,
m 0
which equals (8.29) as Sp*(—t,T) = (—tZ —T)"' = —(tZ +T)" ! for t € R.
Let us now prove (8.30) and let us for now assume that n —1 < o < n and
n =m. For y € D(T™), we then have

_ sin((w —n + 1)7)

Tay — Tozf(nfl)Tnfly

—+o0
/ tT (KL 4 T) " Ty dt.
0
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Integrating n — 1 times by parts, we find

o, (n_ 1)'51n((a—n+1)77) oo a—1 —npmn
Ty = ma—ntl) (@-1 /0 L4+ T) " Ty dt
— L e a—1 —ngmn
- F(a)l"(n—a)/o 1912 + T) "Iy dt, (8.32)

where the second identity follows from the identities sin(z7)/7 = 1/(T'(z )I‘(l —z))
and zI'(z) = T'(z + 1) for the gamma function. Hence, the identity (8.30) holds
trueifn —1<a<n=m.

Now observe that, because of (7.1) and because

((Z+T) "T"y=(tZ+T)"'T)y

is bounded near 0 due to (8.31), the integral (8.32) defines a real analytic function
in « on the entire interval (0,7n). From Proposition 8.2.3 and the identity principle
for real analytic functions, we conclude that (8.30) holds also if 0 < o < n =m.

Finally, let us show by induction on m that (8.30) holds true for any m > n.
For m = n we have just shown this identity, so let us assume that it holds true for
some m > n. We introduce the notation

F(m) Foo m
= d I,:= T + 7)1 dt
S -l et ey
so that Ty = ¢, I,,. We want to show that Ty = ¢;,+11m+1. By integration by
parts, we deduce

—+oo

I, = (ta [T(tZ + T)—l}my)

0

«
m Foo m
+ —/ t [T+ T) '] (T +T) 'ydt

m [T
/ t [T+ 1) ™" (T + 1) tydt

+oo
m/ e ([T +T) "y — [Tz +T) 1" y) dt

m_Im
ol H)

Hence, I,,, = -2-1,,4+1 and so

m—a
m
Tay == CmIm = Cm m+1 — cm,+1Im+1-
m—«

The induction is complete. O



240 Chapter 8. Fractional powers of quaternionic linear operators

8.2.1 Fractional powers with negative real part

If @ < 0, the fractional power p® has polynomial limit infinity at 0 in any sector
Y, with ¢ > 7. Because of Lemma 7.2.7, it does not belong to M [3,]r if T is
not injective. If on the other hand T is injective, then it is regularizable by some
power of p (1 + p) 2 such that p* € M1[S.]r. We can thus define T for injective
sectorial operators via the H°-functional calculus.

Definition 8.2.10. Let T € Sect(w) be injective. For any o € R, we call the operator
T< := (p*)(T) the fractional power with exponent « of T'.

The properties of the fractional powers of T in this case are again analogue to
the complex case, cf. [165]. We state the most important properties for the sake of
completeness, but we omit the proofs since they are either immediate consequences
of the preceding results or can be shown with exactly the same arguments as in
the complex case, without making use of any quaternionic techniques.

Proposition 8.2.11. Let T € Sect(w) be injective and let a, B € R.
(i) The operator T® is injective and (T*)~t =T~ = (Tﬁl)a.

) We have T*T? C T with D (T*T?) =D (T%) N D (T*7).

(iii) If D(T) = X =ran(T), then T*tF = ToT5,

) If0 < a < 1, then

g +o0
Ty = M/ (L +T) tydt, Yy ran(T).
0

™

(v) If a € R with |a| < m/w, then T € Sect(|a|w) and for all B € R
(T*)? = (T°P) .
(vi) If 0 < g, ag, then D(T*?) Nran(T*) C D(T*) for each o € (—ay,az), the
mapping o — Ty is analytic on (—aq, ) for anyy € D(T~*2) Nran(T?).

Remark 8.2.1. Observe that (iv) of Proposition 8.2.11 and Corollary 8.1.7 together
with the semigroup property imply that the direct approach in Section 8.1 and
the approach via the H°-functional calculus are consistent.

Proposition 8.2.12 (Komatsu Representation). Let T' € Sect(w) be injective. For
any y € D(A) Nran(A) and any a € (—1,1), one has

Toy — sin(a) [1 1 -1

™ ay_l—i—a y

1 “+o0
+/ t"“(tI—l—T)_lT_lydt—i—/ t“‘l(tI+T)_1Tydt]
0 1

1 1
—y+/ t_a(I+tT)‘1Tydt—/ t* (I+tT—1)1T—1ydt]
0 0

«
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8.3 Kato’s Formula for the S-Resolvents

Fractional powers of quaternionic linear operators can, as in the complex setting,
also be introduced indirectly following the approach of Kato in [167]. In particular,
this leads to the analogue of the famous Kato formula for the S-resolvents.

Definition 8.3.1. A densely defined closed operator T on X is of type (M,w) with
M > 0andw € (0,7) if T € Sect(w) and M is the uniform bound of ||[tSy" (—¢,T)||
on the negative real axis, that is,

[tSE (¢, T)| < M, fort e (—o0,0). (8.33)

Proposition 8.3.2. Let T be of type (M,w) with M > 0 and w € (0,7). Let 0 <
a <1 and let m > ¢o > max(am,w). The parameter integral

sin(a

+o0
F,(p,T) = ) / t*(p® — 2pt* cos(am) + 12) LSRN (—t, T) dt  (8.34)
0

™

defines a B(X)-valued function on H\ X4, in p that is left slice hyperholomorphic.

Proof. For any compact subset K of H \ ¥, we have min,e g arg(p) > an and
thus there exists some dx > 0 such that

|p* — 2pt* cos(am) + 2% = |p — t* ™| |p — t*e 7| > 0k (8.35)

for p € K and t > 0. For the same reason, we can find a constant Cx > 0 such
that

_ 1 1
sup }pQ — 2pt® cos(am) + t2’l| 'y2a sup 15 . i , < Cg
te[0,+00) t€[0,+00) |ja — 631’0‘7"| |t7 — 6_31’0‘”’
PEK pEK
and hence
|p* — 2pt® cos(am) + 1€2O‘|71 < Cgt ™2, te[l,0), peK. (8.36)

Now consider p € H \ ¥4, and let K be a compact neighborhood of p. The
integral in (8.34) converges absolutely and hence defines a bounded operator: be-
cause of (8.33) and the above estimates, we have for s € K, and thus in particular
for p itself, that

. too Ny
[Fa(s, T)| < M/ t* ‘82 —2st0‘cos(a7r)+t2a‘ 17dt
™ 0
 Asilar) oy Mo [Tk
OKT 0 s 1

Using (8.35) and (8.36), one can derive analogous estimates for the partial deriva-
tives of the integrand p — t®(p? — 25t cos(ar) + t2*)"1S,1 (—¢,T') with respect
to po and p;.
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Since these estimates are uniform on the neighborhood K of p, we can ex-
change differentiation and integration in order to compute the partial derivatives
B%OFQ (p,T) and a%lFa (p,T) of Fy(-,T) at p. The integrand is however left slice
hyperholomorphic and therefore also F,,(p,T') is left slice hyperholomorphic. O

Lemma 8.3.3. Let T be of type (M,w) with M > 0 and w € (0,7), let 0 < a <
1 and assume that 0 € ps(T). Moreover, let ¢g and Fo(p,T) be defined as in
Proposition 8.3.2. If T' is a piecewise smooth path that goes from ooe?? to coe™7¢
in (H\ X4,) N C; and avoids the negative real azis (—oo,0] for some j € S and
some 6 € (¢, 7], then

1 _ N _
Fo(p,T) = %/FSRl(p,s )ds; Sp'(s,T). (8.37)

Proof. First of all, observe that the function s — Sg;'(p,s) is the composition
of the intrinsic function s — s® defined on H \ (—o0,0] and the right slice hy-
perholomorphic function s — Sy'(p, s) defined on H \ [p]. This composition is in
particular well defined on all of H \ (—o0, 0], because s* maps H \ (—oo, 0] to the
set {s € H: arg(s) < ar}, which is contained in the domain of S;"(p, s*) because
arg(p) > ¢ > am by assumption. By Theorem 2.1.3, the function s — Sgl(p, s%)
is therefore right slice hyperholomorphic on H \ (—oo0, 0].

An estimate similar to the one in the proof of Proposition 8.3.2, moreover,
assures that the integral in (8.37) converges absolutely. It thus follows from The-
orem 2.1.20 that the value of the integral in (8.37) is the same for any choice of T’
and any choice of 6. Let us denote the value of this integral by J,(p,T).

Since 0 € pg(T'), the open ball B.(0) is contained in ps(T) if £ > 0 is small
enough. For 0 € (¢g, ), we set U(g,0) := Xp \ B:(0). Then,

1
sa<p;r>::——l/" S5l (pys) ds; S5 (s,T).
21 Jaw(e,0)nc;)

We assumed that 0 € pg(T'), and hence the right S-resolvent is bounded near 0,
which allows us to take the limit ¢ — 0. We obtain

1
3 T) = 5 [ S s dsy S5 1)
27 Ja(senc;)
1 [T . ) .
=5 Spt(p,t*e??) e (—5)Sy" (te’®, T) dt
™ Jo
1 [t , , A
+ — Spt (pte™399) e (—5) Sy (te?, T) dt

21 0



8.3. Kato’s Formula for the S-Resolvents 243

I

=5 i (p* — 2t* cos(ab) + t2a)_l

(p—t¥e ) 19 (—5) SR (te??, T) dt
—+oo

+o ; (p* — 2t* cos(ab) + t2a)71

. (p — taejo‘e) efje(fj)S;zl (tefje,T) dt.

Again an estimate analogue to the one in the proof of Proposition 8.3.2 allows us
to take the limit as 6 tends to 7w and we obtain

Ja(p, T)
_ o (p* — 2t cos(ar) + tzo‘)_l
2w 0
c(p—te ) T (—4) Sk (te™, T) dt
1 oo 2 a 20\ 1
+— (p* — 2t cos(am) + %)
21 0
(p—t*e*m) eI (—5)SR" (te T, T) dt
. +00
- M/ 1% (p? — 2pt® cos(am) + 12*)"1SE (=, T) dt
n 0
= F,(p,T). (|

Lemma 8.3.4. Let T be of type (M,w) with M >0 and w € (0,7). Let 0 < a < 1
and let ¢g and Fo(p,T) be defined as in Proposition 8.3.2. We have

Fa(uaT) 7F0¢(>"T) = (Afﬂ)Fa(ﬂaT)Fa(AaT)a fOT’ )\,‘LL € (70070]' (838)

Proof. Assume first that 0 € ps(7). Any real A commutes with S;'(—t,T) and
thus we have

sin(a)

F,(\,T) =

+oo
/ STH(—t, T)(A? — 2Mt* cos(am) + t2*) 1> dt
™ 0
because Sp'(—t,T) = (—tZ — T)™' = S;'(~t,T) as t is real. Computations
analogue to those in the proof of Lemma 8.3.3 show that F,,(\,T) can thus be
represented as

1
F,(\T) = %/Fs;l(s,T) ds; S (N, %), (8.39)

where I' is any path as in Lemma 8.3.3.
Now let £ > 0 such that B.(0) C ps(T), choose j € S and set

Uy =%, \ B..(0) and U, := 3%y, \ B, (0)
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with 0 < g5 < ¢, < e and ¢g < 0, < 05 < 7. Then U, C Uy and I's = 9(Us; N C;)
and I'), = 9(U, N C;) are paths as in Lemma 8.3.3. Moreover, since T is of type
(M,w) with 0 € ps(T'), we can find a constant C' such that

ISz (s, DIl < C/(1 + s]),

for s € (—o0,0]. By Lemma 8.1.1 we may choose ¢,, €5, 8, and 6, such that

ISz (s, 1) < ,s€ly and ST, T)|| < , peTy,  (8.40)

1+|| 1+\|

for some constant M; > 0. Lemma 8.3.3 and (8.39) then imply
Fa (u,

e / / Sict (1,57 ds; S5 (s, T)S (0, T) iy S (0%,

Applying the S-resolvent equation yields
Pl DIFa0 )
e / St (1. 5%) sy S (5. T)pQu(p) ™ dpy S (A1)
7T T,

1;1 (1,8 ds] St (pa T)pQs(p ) dp; St ()‘ %)

S (1,5%) ds; 585 (5,7)Qs(p) " dp; Sp' (A, p%)

,U;, ds] SS (pa )Qs( ) dpj (Avpa)a

where we use the notation Q4(p)~! = (p? — 2Re(s)p + |s|?) ! for neatness. Since
D Qs(p)’lsgl()\,po‘) and p — st(p)*lsgl(A,pa) are holomorphic on U, N C;
and tend uniformly to zero as p tends to infinity in U,, we deduce from Cauchy’s
integral theorem that the first and the third of the above integrals equal zero. The
estimate (8.40) allows us to apply Fubini’s theorem in order to exchange the order
of integration so that we are left with

1 1 U
DR = o [ | [ sgt sy as

(351 (0, T) — 57 (p, T)p) Qs(p) Y| dp; ST 1A, p®).  (841)

We want to apply Lemma 2.2.24 and thus define the set Uy, := U, N B,(0) for
r > 0, which is a bounded slice Cauchy domain. Its boundary 9(Us, N C;) in



8.3. Kato’s Formula for the S-Resolvents 245

C; consists of I'y . := I'y N B,(0) and the set C, := {rel? : —0, < p < 6,}. If
p € I'p, then p € U, for sufficiently large r because 71, C Us. Since the function
S Sgl(u, 5%) = (u — s%)~! is intrinsic because y is real, we can therefore apply
Lemma 2.2.24 and obtain for any such r

S, T)SE" (1, p™)

1 e B B
=5 Sg'(us5%) ds; (58 (p,T) = Sp (0, T)p) Qs(p) ™!
T Ja(Us,,.NC;)

1 e B _
%/F Sgt (k. s¥)ds; (357 (p,T) — S;. ' (p, T)p) Qs(p) "

1 o s - —
+%/C SRl(Ma Sa)de (SSLl(p,T)_SLl(p’T>p) Qs(p) 1
As r tends to infinity the integral over C, vanishes and hence

S0, T)Sz" (1,p%)
. 1 _ o o _ _
= lim 7/1_‘ SRl(/I’aS )dsj (SSLl(pa T) - SLl(pa T)p) Qs(p) !

r——4o0 27‘(
1

=2 )i Sp'(,s)ds; (355 (0, T) = S;(p, T)p) Qs(p) ™"

Applying this identity in (8.41), we obtain

1

*/ S P, T) dp; S (1, p™)SE (A, p™)

Fa(u,T)Fa()\,T) = o

FP
because Sgl(u, p*) and dp; commute as y is real. Since also A is real, we have

1 1
Sfl asfl)\a:
R(:uvp)L(7p) M*O‘A
1

pY A —Dp”
) = () (S ™) — ST ™)

R 1
A \p—pr A—po
and thus, recalling (8.39), we obtain

Fo(p, T)Fo(A, T)

=(A- (/Sp,dij()
/S (p,T)dp; Sp, (Ap))

=\ =) (Fa (uvT Fo(AT)).
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If 0 ¢ ps(T), then we consider the operator T + ¢Z for small € > 0. This
operator satisfies 0 € pg(T' +€Z) = pg(T) + ¢ and hence (8.38) applies. Moreover,
for real ¢, we have

SRt (—t, T +eI) = Sp' (—(t +¢),T).

The estimate

S —t, T+ T)|| <
155 ( +E)||_t+€

therefore allows us to apply Lebesgue’s dominated convergence theorem to see
that

M M
=7

Fo(p, T +¢€I)
sin(am) [ 2 200\ —1 g—1
_ sin(om) / £ (5 — 2pt™ cos(am) + 2%) "S5 (—t, T + T) dt
T 0
. 400
ELQM/ t(p® — 2pt* cos(am) + t2*) LSRN (—t, T) dt
n 0
= F, (pa T)

Consequently, we have

Fo(p, T) = Fa(A,T)

= lim Fo (1, T+ £T) — Fo(A, T + £7)

= lim (A = @) Fa (T + eZ) Fa (A, T + €Z)

= A= Fa(p, T)Fa(AT),
for A\, u € (—o0,0] also in this case. O
Theorem 8.3.5. Let T be of type (M,w), let o € (0,1) and let ¢pg > max(am,w).

There exists a densely defined closed operator B, such that

Sl (p, Ba) = Fuolp,T) for pcH\ Xy,
where Fy,(p,T) is the operator-valued function defined by the integral (8.37). More-
over, B, is of type (M, aw).
Proof. From identity (8.38) it follows immediately that Fy(u,T) and Fo(A,T)
commute and have the same kernel. Rewriting this equation in the form

Fa(i, T) = Fa(\T) (T + (A = p)Fu(,T)) (8.42)

shows that ran(F, (u,T)) C ran(F,(A,T)) and exchanging the roles of y and A
yields ran(F, (1, T)) = ran(F, (A, T)). Hence, ran(F, (u, T')) does not depend on p
and so we denote it by ran(F,(-,T)). We show now that

lim pFo(p,T)y=y, foralyeX, (8.43)
Rop——o0
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where limps,——oo pFa (i, T)y denotes the limit as p tends to —oo in R. From
(8.43), we easily deduce that ran(F,(-,T")) is dense in X because

X= |J ran(Fu(u, 7)) =ran(F.(.T)).

WE(—00,0]

We consider first y € D(T'). Since

+oo a1
t T
It == ey rns0 8.44
/0 w2 —2ute cos(am) + t2 psin(ar)’ or p < U, (8.44)
it is
pFa(p, T)y —y
sin(ar) [T — o1 )
- tSp (=1, T dt.
™ /0 p? — 2ut® cos(am) + 12 (tSz (—t,T)y +y)

For —p > 1 and t € (0, +00), we can estimate

—ﬂ,ta71 _,U/ta71
u? — 2ut® cos(am) + 2 B p?sin(am)? 4+ (pcos(am) — t)2
_lu/tafl tozfl

~ p?sin(am)? ~ sin(ar)?
and due to (8.33) we have [|tSz' (—t,T)y +y| < (M +1)||y|. On the other hand,
since y € D(T), it is
tSpt(~t, Ty +y = —Sg' (~t,T)Ty (8.45)
and so, again due to (8.33), we can also estimate

_ T
Jesg (~. 1y + ) < 120
We can hence apply Lebesgue’s dominated convergence theorem with dominating

function

K
- 2t0‘_1, for t € (0,1),
sin(am)
—t7 fort €1
sin(am)?  fort €1 oo),

with K > 0 large enough, in order to exchange the integral with the limit for
# — —oo in R. In view of (8.45), we obtain

Rai“ll_oo pFo(p, Ty —y

. +oo a—1

t

_ _sin(em) / lim  — K Szl (—t, T)Tydt = 0.
7 o Reu——oo 2 — 2ut® cos(am) + 2«
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For arbitrary y € X and € > 0 consider a vector y. € D(T) with ||y — y.|| < e.
Because of (8.33) and (8.44), we have the uniform estimate

, oo .
l1Fa(p, T < ”SI:(M)/O e Ctos(om) — gdt =M. (8.46)
Therefore,
poi l1iFa (i Ty =y
< gl ko Dl = yell + 1 Falps Thye = yell + llye — ]
< (M +1)e.

Since € > 0 was arbitrary, we deduce that (8.43) also holds true for arbitrary
y e X.

Overall, we obtain that ran(F,(-,7")) is dense in X. The identity (8.43),
moreover, implies that ker(F, (-, 7)) = {0} because y = limrs,——oo Fa(u, T)y =0
for any y € ker(F, (-, T)).

We consider now an arbitrary point po € (—00,0). By the above arguments,
the mapping Fi,(uo,T) : X — ran(F,(-,T)) is invertible. Hence, we can define
the operator B, := uoZ — F, (110, T)~" that maps D(B,) = ran(F,(uo,T)) to
X. Apparently, B, has dense domain and Sgl(uo,Ba) = Fu(po, Ba). For p €
(=00, 0], we can apply (8.42) and (8.38) in order to obtain

(MI - Ba)Fa(M7 T)
= ((u = 10)Z + (10T — Ba)) Fa(po, T)I + (o — p1) Fa (11, T))
=7+ (:U’ - MO)(Fa(,U/OaT) + (/1*0 - M)Fa(MmT)Fa(MT) - Fa(lu’vT)) =1

A similar calculation shows that F,(u,T)(uZ — Ba)y =y for all y € D(B,). We
conclude that Sp' (i, Ba) = Fu(p, T) for any p € (—00,0). Since p — Fo(p,T)
and p — Sy'(p, By) are left slice hyperholomorphic and agree on (—o0,0), Theo-
rem 2.1.6 implies S;' (p, Bo) = Fu(p,T) for any p € H\ 3y, .

Finally, in order to show that B,, is of type (M, aw), we choose an arbitrary
imaginary unit j € S and consider the restriction of 51;1(-, B,) to the plane C;.
This restriction is a holomorphic function with values in the left vector space B(X)
over C;. We show now that this restriction has a holomorphic continuation to the
sector (H\ X, ) NC;. Since this sector is symmetric with respect to the real axis,
we can apply Lemma 2.1.9 and obtain a left slice hyperholomorphic continuation
of Sgl(la B,,) to the sector H\ X,.,. By Theorem 3.2.11, this implies in particular
that H\ X0 C ps(T).

The above considerations showed that we can represent Sy'(p, By) for any
point p € (H\ ,) N C; using Kato’s formula (8.34). Rewriting this formula as a
path integral over the path ~vo(t) = te’™, t € [0, +00), we obtain

: o,—JTo
1) By — _ sin(am) / 2%e 10,
SR (pa Ot) T . (2“6*125‘” —p)(Za _p) SR (Zy ) dZv
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where z denotes a complex variable in C; and z — z® is a branch of a complex
a-th power of z that is holomorphic on C; \ [0,00). To be more precise, let us
choose (reje)a = r®eI% with 0 € (0, 27). (This is, however, not the restriction of
the quaternionic function s — s* defined in Example 2.1.15 to the plane Cj, cf
Remark 2.1.3.)
Observe that for fixed p, the integrand is holomorphic on Dy := (H \ £,) N

C,. Hence, by applying Cauchy’s Integral Theorem, we can exchange the path of
integration 7o by a suitable path v, (t) = te/(™=*) t € [0, +00), and obtain

sin(am z%e I

Sgl(poa) = - (ﬂ' ) [y (Za€7j2o¢7r7p)(za7p)Slgl(Z’T) dz. (847)
On the other hand, for any x € (—w,w), such integral defines a holomorphic
function on the sector D, :={p € C; : a(m — k) < argp < 27 — a(7 + k) }, where
the convergence of the integral is guaranteed because the operator T is of type
(M, w). The above argument showed that this function coincides with Sy*(p, Ba)
on the common domain Dy N Dy, and hence p S}}l(p, B,) has a holomorphic
continuation F} to

D= U Dy={peCj: ar—rk)<arge,(p) <2m —a(r — K)}.

KE(—w,w)

This set is symmetric with respect to the real axis and, as mentioned above, we
deduce from Lemma 2.1.9 that there exists a left slice hyperholomorphic extension
F of F; to the axially symmetric hull [D] = H\ X, of D. Consequently, H\ X, C
ps(Ba) and F coincides with S;'(+, By) on H\ S,

In order to show that ||pSgr(p, Ba )| is bounded on every sector H \ ¥y with
0 € (wa,0), we consider first a set

D.s:={peC;: d+ar—k)<argp<2m—a(r+kr)—0}
with £ € (—w,w) and small § > 0. For p € Dy s with ¢ = arg¢ (p) € (0,27), we
may represent pSgl(p, B,) by means of (8.47) and estimate

WHP = (0, Ba)|l

+oo ro )
< : : ST (red ™) T d
= |p‘/0 |(ree—i(mtma — p)(raeilm—ra _ p)] ISk (re ) dr

7,,04

“+o00
AN e e e

The operator T is of type (w, M) and hence there exists a constant M, > 0 such
that ||Sp' (re’("=%) T)|| < M/r. Substituting 7 = r/|p| yields

4 sin(ar) [T M,
IpS" (b Ball < — /0 (7 = IR (r = eio=(r=ra)] o

Sk (rej k) LT dr.
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This integral is uniformly bounded for
€0+ alr—k),2mr —a(r+kr)—4)

such that there exists a constant that depends only on x and § such that
[pS(p, Ba)ll < C(k,0), forpe€ Dys.

Now consider a sector H \7279 with 6 € (wa,m). Then there exist (rg¢,d¢) with
¢=1,...,nsuch that H\ Xy NC; C J,_; Ds,,s, and hence

IPSE" (P, Ba)|| < C i= max C(ke,6), forp € H\pNC;.

For arbitrary p = u +iv € H\ 3 N C;, set pj = u + jv. Then the representation
formula implies

B 1 o 1 N
IpSz" (. DI < 511 = i5)p; S (s> Ba) | + 111+ i)P5S7" (77, Ba) | < 2C-

Finally, the estimate ||tSp'(—t, By)|| < M/t follows immediately from (8.46). O
Definition 8.3.6. Let T € K(X) be of type (w, M). For « € (0,1), we define

T% := B,,.

Corollary 8.3.7. Definition 8.3.6 is consistent with Definition 8.1.14 and Definition
8.2.1.

Proof. Let T € K(X), let a € (0,1) and let T* be the operator obtained from
Definition 8.3.6. If ||S3" (s, T)|| < K/(1 + |s|) for s € (—o0, 0], then we can apply
Lebesgue’s dominated convergence theorem in order to pass to the limit as p tends
to 0 in Kato’s formula (8.34) for the right S-resolvent of T*. We obtain

. +m
(T%)™! = =Sz (0,7%) = ,M/ oS (L, T), dt = T,
0

™

where the last equality follows from Corollary 8.1.7 (resp. from (8.2.11)). O
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Check for
updates

The fractional heat equation
using quaternionic techniques

The development of the spectral theory of the Nabla operator opens the way to a
large class of fractional diffusion problems, and some of them will be treated in the
next chapter. Indeed, the main aim of this chapter is to show how our theory, for
the case of the Nabla operator, reproduces known results. Since it is very general,
it allows us to manipulate a very large class of new fractional diffusion processes.
The results presented in this chapter were originally proved in [53,54]. Precisely,
if v(z,t) is the temperature at the point € R® and the time ¢ > 0 and & is the
thermal diffusivity of the considered material, then the heat equation

Opv(z,t) — kAv(z,t) =0, (9.1)

where A = 23:1 02, with @ = (x1,22,23)", describes the evolution of the tem-
perature distribution in space and time. (For mathematical treatment, one usually
sets £ = 1 and we will emulate this.) This model has, however, several unphys-
ical properties, so scientists have tried to modify it. One approach has been the
introduction of the fractional heat equation. In order to modify the properties of
the equation, researchers replaced the negative Laplacian in (9.1) by its fractional
powers of exponent « and considered the evolution equation

%U(xﬂf) + (—A)%(z,t) = 0. (9.2)
There are different approaches for defining the fractional Laplace operator, but
each approach leads to a global integral operator, which, in contrast to the local
differential operator A, is able to take long distance effects into account.

We want to develop a similar approach for defining fractional evolution equa-
tions with the generalized gradient. What we show here is that, if we replace the
gradient in Fourier’s law of conductivity by its fractional power instead of directly
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replacing the negative Laplacian by its fractional power in (9.1), we get the same
equation. Indeed, this would lead to the equation

gv(x,t) — div(V®(x,t)) =0,

ot

with suitable interpretation of the symbol V. Our initial task is to understand
the definition of the fractional powers V* according to our theory developed in the
previous chapters where we identified the gradient with the quaternionic Nabla
operator.

Additionally in this chapter, we develop the spectral theory of the quater-
nionic Nabla operator on L?(R?, H). We find that the previously developed theory
is not directly applicable because the Nabla operator does not belong to the class
of sectorial operators. We therefore present a slightly modified approach and show
that this allows us to reproduce the fractional heat equation (9.2) using quater-
nionic techniques. Finally, we give an example for a more general operator with
non-constant coefficients that can be treated with our methods.

9.1 Spectral properties of the Nabla operator

The gradient of a function v : R* — R is the vector-valued function

Oz, v(x)
Vo(z) = | Opyv(z) |, for x = (21,22, 23).

0240 ()

If we identify R with the set of real quaternions and R? with the set of purely
imaginary quaternions, this corresponds to the quaternionic Nabla operator

V =0y, €1 + Op,e9 + Oy, e3.

In the following, we shall often denote the standard basis of the quaternions by
| :=e1,J := ey and K := e3 = IJ = —JI. This suggests a relation with the complex
theory, which we shall use excessively. With this notation, we have

V = 0y, 1 + 04,0 + 0, K.

We study the properties of a quaternionic Nabla operator on the space
L?(R3,H) of all square-integrable quaternion-valued functions on R3, which is
a quaternionic right Hilbert space when endowed with the scalar product

(w,v) = /R3 w(z)v(z) dz.

On this space, the Nabla operator is closed and has dense domain. This follows
immediately from its representation (9.4) in the Fourier space that we derive in
the proof of Theorem 9.1.1.
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Let v € L?*(R3 H) and write v(z) = vi(z) + v2(z)d with two Cj-valued

functions v; and vo. As |v(2)|? = |v1(2)|? + |va(2)|?, we have

HU||2L2(R3,H) = HU1||2L2(R3,(C|) + HU2||2L2(R,3,C|)7 (9.3)

where L?(R?,H) denotes the complex Hilbert space over C) of all square-integrable
Cy-valued functions on R3. Hence, v € L*(R3, H) if and only if vy, ve € L2(H, C)).

Theorem 9.1.1. The S-spectrum of V as an operator on L*(R3,H) is
0'5(V) =R.

Proof. Let us consider L?(R3, H) as a Hilbert space over C; by restricting the right
scalar multiplication to C, and setting

(w,v)y := {<w7v>L2(R3,H)}I~

Here {-}; denotes the Cj-part of a quaternion: if a = a; + asd = a1 + Jaz with
ai,ay € Cy, then {a}y := a;. If we write v,w € L?(R? H) as v = v; + Jvy and
w = wy + Jws with vy, ve, wy, ws € L?(R3,C)), then

(w,v) L2 (g8 |y = /RS (w1(z) + Jwz(x))(vi(z) + Jvz(2)) dz
= /RS wy (x)v1(x) de + /]R3 wa(x)(=d)vi(x) dx
+ /RS wy (z)dva(z) do + /}RS wy(2)(—I%) vy (2) da:
= /R3 wy (z)v1(x) de + /]Ra wa(z)va () d

+J (— /]R3 wa(x)v1(z) do + /]R3 wi (x)ve(x) dw) :

Therefore, we have
(w,v)1 == (w1, v1) L2w3,c)) + <w2,02>L2(R3,C.)

and hence L?(R3® H) considered as a Cj-complex Hilbert space with the scalar
product (-,-); equals L?(R3,C)) & L?(R3,C,). Moreover, because of (9.3), the
quaternionic scalar product (-,-) and the Cj-complex scalar product (-,-); induce
the same norm on L?(R? H). Applying the Nabla operator to v = vy + Jva, we
find

Vo(x) = (105, + 0y, + KOy, ) (vi(x) + Jua(x))
=10, v1(x) + 0,01 (x) + KOpav1 ()
+ 10y, Jva(z) + IOy, Jva(x) + KDy, Jua(2)
= 10,4, v1(x) — Opyv2(x) — 105,v2(x)
+ J (=104, v2(x) + Opyv1(x) — 104,01 (T)) -
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Writing this in terms of the components L?(R3 H) = L?(R3,C)) & L3(R3,C)), we

obtain
v (o) = (it St ).

If we apply the Fourier transform on L?(R3,C,) componentwise, this turns into

S (1) =& 1+ 6 (01(6)
VI < = Py . 9.4
(vz(x)> (152 e o ) \a@© (54)
Hence, in the Fourier space, the Nabla operator corresponds to the multiplication
operator Mg : 0+ Gv on X := L*(R?,Cy) @ L?(R3,C)) that is generated by the

matrix valued function
L =& —1& + &3
Ce) = (Iéz +&3 & ) ‘ (9:5)

For s € Cy, we find

16, —
sTg — G = <_‘|9£J2FE1£3 §2_ gfg) .

For s € Gy, the inverse of sZ ¢ — Mg is hence given by the multiplication operator
Msz-)-1 determined by the matrix-valued function

o 1 1 s—& 1 +&
(Tx =GO - g (s sha)

This operator is bounded if and only if the function & +— (sZ —G(£))~! is bounded
on R3, that is if and only s ¢ R. Hence, o(Mg) = R.

The componentwise Fourier transform ¥ is a unitary Cj-linear operator from
the space L*(R3, H) = L?(R3, C,)® L?(R?,Cy) to X under which V corresponds to
Mg, that is V = W1 MgW. The spectrum oc,(V) of V considered as a Cj-linear
operator on L?(R3, H), therefore, equals o¢, (V) = o(Mg) = R. By Theorem 3.1.8,
we however have o¢, (V) = 05(V) N Cj and so 05(V) =R. O

The above result shows that the gradient does not belong to the class of
sectorial operators as (—o0,0) ¢ ps(T), so the theory developed in Chapter 8 is not
directly applicable. Even worse, we cannot find any other slice hyperholomorphic
functional calculus that allows us to define fractional powers V¢ of V because the
scalar function s® is not slice hyperholomorphic on (—o0, 0] and hence not slice
hyperholomorphic on og(V).

However, we shall now show another characterization of the S-spectrum of
the Nabla operator on the quaternionic right Hilbert space L?(R3 H) that makes
use of the relation V2 = —A and will be fundamental later on.

If j,i € S with i L j, then any v € L?(R3,H) can be written as v = vy + vqi
with components vy, ve in L?(R?, C;), i.e., L*(R? H) = L*(R3,C;) & L*(R?, C,)i.
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Contrary to the decomposition v = vy + 4v1, which we used in the proof of The-
orem 9.1.1 with 7 = | and ¢ = J, this decomposition is not compatible with
the C;-right vector space structure of L?(R3,H) as va = via + voai for any
a € C;. However, this identification has a different advantage: any closed Cj;-
linear operator A : D(A) C L*(R?,C)) — L?(R3,C)) extends to a closed H-
linear operator on L?(R3, H) with domain D(A) & D(A)i, namely to the operator
A(v1 + vai) := A(v1) + A(va)i. Moreover, if A is bounded, then its extension to
L?*(R3,H) has the same norm as A. We shall denote an operator on L?(R3,C;)
and its extension to L?(R3, H) = L?(R3,C;) & L*(R3,C;)i via componentwise ap-
plication by the same symbol. This will not cause any confusion as it will be clear
from the context to which we refer.

Theorem 9.1.2. Let A be the Laplace operator on L*(H,C;) and let R,(—A) be
the resolvent of —A at z € C;. We have

os(V)P={s*e€H: seos(T)}=0(-A) (9.6)

and
Q.s(V)™' = Rp2(—A), VscC;\R. (9.7)
Proof. Since the components of V commute and e e, = —ege, for 1 < k, £ < 3

with k # ¢, we have

3
V2 = Z 03,05, €€y,

lk=1

3
= Z _8;3@ + Z (02,0z,, — Oz, 0x,) €14
=1

1<e<r<3
3

_ 2

= E —0;, = —A.
(=1

As Vo =0, we have V = —V and in turn
Q.4(V) = 5T — 25V + VV = 5’7 — V? = 5T — (-A)
Hence, Q. (V) is invertible if and only if s2Z — (—A) is invertible. In this case

Qes(V) = (s"T = (-A)) 7" = R (=4). .

9.2 A relation with the fractional heat equation

As one can easily verify, the Nabla operator is self-adjoint on L?(R3 H). From
the spectral theorem for unbounded normal quaternionic linear operators (see the
paper [14] or the book [57]), we hence deduce the existence of a unique spectral
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measure E on 0g(V) = R, the values of which are orthogonal quaternionic linear
projections on L?(R? H), such that

V= /deE(s).

Using the measurable functional calculus for intrinsic slice functions (see [14] or
the book [57]), it is now possible to define Py (s) = 5%X[0,100)(5) of T" as

P,(V) :/Rsax[o,_‘_oo)(s) dE(s),

where X[0,+o0) denotes the characteristic function of the set [0, +0c0). This cor-
responds to defining V®, at least on the subspace associated with the spectral
values [0, +00), on which s® is defined. (We stress that, even with the measurable
functional calculus, the operator V¢ cannot be defined because s is not defined
on (—00,0).)

We shall now give an integral representation for this operator via an ap-
proach similar to the one of the slice hyperholomorphic H°-functional calculus.
Surprisingly, this yields a possibility to obtain the fractional heat equation via
quaternionic operator techniques applied to the Nabla operator. For a € (0, 1), we

define
1

P,(V)v:= —
2w —jR

S (s, V)ds; s* 7'V, Yu e D(V). (9.8)

Intuitively, this corresponds to Balakrishnan’s formula for V®, where only spectral
values on the positive real axis, i.e., points where s* is actually defined, are taken
into account, because the path of integration surrounds only the positive real axis.

Theorem 9.2.1. The integral (9.8) converges for any v € D(V) and hence defines
a quaternionic linear operator on L?(R3 H).

Proof. Tf we write the integral (9.8) explicitly, we have

1 e _ o
Pa(V)v = o S (=3t V) (=5)* (—=jt)* "'V
I T TR [ A
= o o L Jts J v
1 e -1/ \a—1
- — ST, V)(§t)* Vo dt (9.9)
27 0
1 Foo 1, . a1 _jleznr
=—5- ; Sy (=gt, V)t* e T Vudt
| ARy a—1 jlezr
~ 5 ; STt V)tY e T2 Vodt,

where P, (V)v is defined if and only if the last two integrals converge in L?(R?, H).
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Let us consider L?(R® H) as a Hilbert space over C; as in the proof of
Theorem 9.1.1. If we write v € L*(R3,H) as v = vy + ive with v1,vs € L2(R,C;)
and apply the Fourier transform componentwise, we obtain an isometric C;-linear
isomorphism W : v +— (01, 02)7 between L?(R3 H) and

X := L*(R®,C;) @ L*(R®,C;).

For any quaternionic linear operator 7' on L?(R3,H), the composition ¥7T¥~1
a Cj-linear operator on X with D(¥TW~1) = ¥ D(T).

Applying V to v € D(V) C L?*(R?,H), corresponds to applying the multi-
plication operator M¢ associated with the matrix-valued function G(¢) defined in
(9.5) to v(¢) = (01(£),02(£))T. Hence, V = U~ MgV and

UD(V) = D(Mg) = {a e X :Ge)(e) € )?}
R R (9.10)
= {65 X - [efo(e) e X} .

The last identity holds, for (&) = (01(€), 72(€))T € X, as straightforward compu-
tations show that

GO = ’( 0161 £)(0) ’

(j2 + & +&102(8) (9.11)
= (@ +E+E) (0P +R(9)F) = [EPPE)P
Because of (9.9), we have
Pa(V)v = AI!% o (\IrlS; (—jt, V)t i 5 ”"v\rl) Do dt
0
(9.12)
1 [T
—vo- | (\If—ls; (jt, V)t~ led T v g )\Ilvdt.

Since jv = j(v1 + iv2) = v1j —i(vej) and ¥ is C,-linear, we find
WO (G, 0)T = (015, 6(=5)",

i.e., multiplication with j on L?(R3,H) from the left corresponds to the multipli-
cation with the matrix E := diag(j, —j) on X. As

QW) = (V) =(—A+*)7!
is a scalar operator and hence commutes with any quaternion, we have

S H=it, V) = Q (V) ljt =VQ (V)™ = (jt = V)Q (V) 7,
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and in turn

(a—1)w

L O A e A
— U (jtQ (V) = VQ_ (V) )t le T T T v
- (tMEQ—ﬁ(MG)il - MGQ—jt(MG)il) 1M, (*—(Q?ME)MG.

exp

(a—1)m
2

The operator Q;;(Mg)™! is
th(MG)_l = (M% +t2I)_1 = M(G2+t21)—1 = M(tQ-HE\Q)_lI
with [£]? = &7 + €3 + €2 and the operator in the first integral of (9.12) therefore

equals

(a—1)=

L O VA I A R AR vA
= Mip(2 i) -G ig) 11 Mo i gy Ma.

exp
It is hence the multiplication operator My, (s,¢) determined by the matrix-valued
function

A8 = Gz 1B - @ (-5 T 6
to 1
. ( e IFa(t-je)+id T (G+8)  (dTFate T (@) (6 +j§3>>

(Je " Far+F (—t+6) G+ &) &F (—t+ )6 —je 1T (& +63)

Similarly, the operator in the second integral of (9.12) is

(a—1)m

LSt Vit Tl T vt

= MftE(tQHE\z)’lfG(t2+|§|2)’1ta_1M (L;U“E)MG'

exp
It is hence the multiplication operator M4, (;¢) determined by the matrix-valued
function

ta
Az(t, ) = 2P

o 1
TP g+g
STt +je) —je 7T (G+€) (T (mjt+e)+e T Fa) (&H&,))
' ((ej“ffwe It 6) (@ - &) —e T+ +iF (G+8) )

(=17

(-t - (&) exp £) o)

Hence, we have
P (V)v = ' P,(Mg)Pv
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with

I A I .

o MAl(t7§)U dt — — MAQ(t,g)U dt, (9.13)
0

27
for ¥ = v € ¥D(V). We show now that these integrals converge for any ¥ €
U D(V). As U is isometric, this is equivalent to (9.8) converging for any v € D(V).
Since all norms on a finite-dimensional vector space are equivalent, there exists a
constant C' > 0 such that

Pa(MG)i}\ = -

M| <C max |my|, VM= (mm m1,2> € CP. (9.14)

l,ke{1,2} ma1 M22

The modulus of the (1, 1)-entry of A;(¢,£) with ¢t >0 is

ta—l o
Ererarel et et (G|
to— 1 a—1
T P+g+g+8 (extl +16F) < e €2 (1t -+ 1) -

Similarly, one sees that the (2,2)-entry of A;(¢,€) satisfies this estimate. For the
(1, 2)-entry we have on the other hand

ta—l

P+E+E+E

a—1

<
TR+ E+E+E

2t — 1 9
sﬂ+mAM%wm

Similar computations show that the (2,1)-entry also satisfies this estimate and
hence we deduce from (9.14) that

(e 7 &1+ &7 (—t+ &) (€2 + &)

(2[&1]162 + &3] + t|€a + j€3])

ocfl

+ ¢

Analogous arguments show that this estimate is also satisfied by ||A2(¢,&)]|. For
the integrals in (9.13) we hence obtain

+00 Foo
/0 ||MA1(t,§)v||)?dt+/O 1M a,1,6)0| 5 dt

142t )| < 2C g (€]t + 1€1%)

“+o0 a—1
<2 [ 20| G e sy RO
o &t £)?
<4C/ o | PO+ g o
o 2 tle|
+4c/ t2+|5|2|a(>| e T
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Now observe that

t2 €17 tl¢] 1
—_— , ———— <1, < - <1
1 e A 1Y

Because of (9.10), the relation v € ¥ D(V) implies that [0(£)| and ||£]v(€)| both
belong to L?(R?) and hence we finally find

+oo o0
/0 ”MAl(t’f)ﬁ”)?dt*/o 1M ay2.6)0ll 5 dit
1 +00
§8OHU(5)||L2<R3)/O t“’ldHSCII@(ﬁ)IILz(R%/1 192 dt,

which is finite as o € (0,1). Hence, (9.13) converges for any v € U D(V) and (9.8)
converges in turn for any v € D(V g

)-
Theorem 9.2.2. The operator P,(V) can be extended to a closed operator on
L?(R3, H). For v € D(V?) =D(-A), it is moreover given by

P, (Vv =(-A)2~! {2

~(=A)2 + ;V} Vo. (9.15)

Proof. Let v € D(V?) = D(—A). Because of (3.29), we have that

1o “1, Nae
Pa(V)o =5 [ (T 4 9) Qe (V) (3 (ti) W
1 [t
=5 (=t + V) Qe (V) 1o temile"VEgydt  (9.16)
0
I

Cor (T + V) Qe e (V) 1t ted (D E vy dt.
T

Due to (9.7), we have moreover

Qejt(V) ' = (=2 +A)"" =Q. (V)"

and hence
Pa(V)y = —— e, (V)Y (ei(@*)% - e—ﬂa—l)%) Vo dt
[} o 0 c,Jt
1 [T , -
“5r ) QW) (7005 4 eI DT ) Tuat
™
(9.17)
s 400
= Sm((a)2)/ to‘Qc’jt(V)AVvdt
m 0
o — 1)z +o0
_o (7(0‘77 )2)/ VQ. (V) Vudt.
0
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For the first integral, we obtain

sin ((Oé - 1)%) /+OO tan jt(v)flvv dt
™ 0 ’

= ASin ((a - 1)%) /+OO ta(_tQ + A)_1VU dt
0

T ) (9.18)
i -1z X a1
— Sm((o‘)z)/ T (=1 + A)"'Wodr
m 0
- 1( ATV
= 5 — V.

The last identity follows from the integral representation of the fractional power A°
with Re(5) € (0, 1) of a complex linear sectorial operator A given in Corollary 3.1.4
of [165], namely

sin(mf)

™

“+oo
APy = / ™ (1T + 14_1)71 vdr, v € D(A). (9.19)
0

As —A is an injective sectorial operator on L?(R3, C;), its closed inverse (—A) ™! is

l—a
also a sectorial operator. Its fractional power ((—A)™!)) 2 is, because of (9.19),
given by the last integral in (9.18). Since

we obtain the last equality. Observe that the expression %(—A)%VU is meaning-
ful as we chose v € D(V?). Indeed, if we consider the operators in the Fourier space
X asin the proof of Theorem 9.2.1, then —A corresponds to the multiplication op-
erator M|¢2 generated by the scalar function [£|. The operator (—A)OT_1 is then
the multiplication operator M¢j«—1 generated by the function (|§\2)an1 = [¢]o L.

Hence,
D(-A)""T = {ve L*(R*H): 7€ D(Mga)}
- {v c LX(R3,H): [¢]*5(¢) € X’} .
If G(&) is as in (9.5), then
Vo(€) = Mad(€) = GE)D(E) € X

and because of (9.11) we have |G()v(§)| = |¢][0(¢)| € L*(R). As a € (0,1), we
therefore find that

€1~ MG (€)] = [€]°[D(€)]
belongs to L?(R?) and so we have Vo € D(Mj¢ja-1). This is equivalent to Vv €

a—1

D((-4)%F).
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As v € D(V?) = D(—A), we obtain similarly that the second integral in
(9.17) equals

. s —+o0
_eosl@=DE) [T og vyt a

T 0
3 — 92\ +o0
_ e 2s) (0 =2)5) V(2T + A)~ 't Vo dt
g 0+ (9.20)
i -2)Z ° a—2
_amiemay) (o = 2)3) / (—7Z+A) 112 Vudr
27T 0
1 o
= 5(—A)5_1V211.

Again this expression is meaningful as we assumed v € D(V?). This is equivalent
to [¢]?0(¢) € X because V2v(§) = [£*D(€). Since o € (0,1) and 0 € D(M¢2),
the function [£[*D(¢) belongs to the domain of the multiplication operator M¢ja—z
because

Migja—2|€[25(€) = €]°0(€) € X.

Since (—A)2 ! corresponds to M¢ja-2 on the Fourier space X, we find V20 in
D ((—A)2 ). Altogether, we find

P, (Vv =(-A)z7! [1(—A)5 + ;V} Vv, Yo € D(V?). (9.21)

Finally, we show that P, (V) can be extended to a closed operator. We need
to show that for any sequence v, € D(P,(V)) = D(V) that converges to 0 and for
which also the sequence P, (V)v,, converges, we have z := lim,_, 4 o0 Pa(V)v, = 0.
In order to do this, we write as in (9.17)

sin ((a — l)g)
~ cos (a=1)%F) [*e°

™ 0

+oo
P, (V)v = / t* (2T + A) "'V dt
0

V(T + A)~ 'tV dt.

If we choose an arbitrary, but fixed r > 0, then the operator (rZ+A)~! commutes
with (#2Z + A)~! and V and we deduce from the above integral representation
that

(rZ 4+ A) 'Py (Vv = Po(V)(rT + A)tv, Vo € D(V).

We show now that the mapping v +— P, (V)(rZ + A)~!v is a bounded linear
operator on L?(R3 H). Since (rZ + A)~! maps L*(R? H) to D(A) = D(V?),
the composition V2(rZ + A)~! of the bounded operator (rZ + A)~! and the
closed operator V2 is bounded itself. As we have seen above, V2 and also the
bounded operator V2(rZ + A)~! map L*(R3 H) into the domain of the closed
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operator (—A) % ~!. Hence, their composition (—A)~% ~1V2(rZ+A)~! is therefore
bounded. Similarly, V(r + A)~! is a bounded operator that maps L?(R? H) to

a—1

D((—A)“7") as we have seen above, and so the composition (—=A)“7 V(rZ+A)~!
is also bounded. Because of (9.21), the operator

-1 _ 1 a—1

P.(V)(rZ + A) 2(—A)TV(7~I+ A7+ %(—A)%_lvz(rI—i— At

is the linear combination of bounded operators and hence bounded itself.
If a sequence v, € D(P,(V)) converges to 0 and z = lim,, 1o Pa(V)v,
exists in L?(R3 H), then

(r+A)'z2= lim (r+A) 'Py(V)v, = lim P, (V)(r+A)tv, =0.

n—-+oo n—-+oo

But as (r +A)~! is the inverse of a closed operator, its kernel is trivial and so z =
lim, 4 o0 Po(V)v, =0 . Hence, P, (V) can be extended to a closed operator. [

Remark 9.2.1. The identity (9.15) might seem surprising at first glance, but it is
actually rather intuitive. By the spectral theorem, there exist two spectral mea-
sures F(_a) and Ey on [0,+00) (resp. R) such that —A = f[o +00) tdE_a(t) and

V = [prdEy(r). As V2 = —A, the spectral measure E(_a) is furthermore the
push-forward measure of Fy under the mapping ¢ — t2 such that

[ swaEcao= [ 1) e

[0,400) R

for any measurable function f. Hence, we have for v € D(V?) that
Pa(¥) = [ X0k () B (1)

1
:/t“_27(|t\+t)tdEv(t)v
R 2

:/]Rta—2 dEv(t)% (/RﬂdEv(t)—k/thEv(t)) /thEv(t)v
1

= t2 Y dE_a)(t)=
/[0,+oo) & 2

. (/[O’W) |t|2dE(A)(t)+/thEv(t)> /thEv(t)y

o 1 11
=(=A)" 27 | Z(=A)z 4+ =
= (-A) {2( A) +2V} Vo.
The vector part of P, (V) is, because of (9.15), given by
1 a—1
Vec P, (V)v = =(=A) = Vv
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If we apply the divergence to this equation with sufficiently regular v, we find

div (Vec Py (V)v) = %(—A)“T“Av = —1(—A)QT+1

We can thus reformulate the fractional heat equation (9.2) with « € (1/2,1) as

%v —2div (Vec fg(V)v) =0, f=2a-1.

9.3 An example with non-constant coefficients

As pointed out before, the advantage of the above procedure is that is does not
only apply to the gradient to reproduce the fractional Laplacian. Rather it applies
to a large class of vector operators, in particular generalized gradients with non-
constant coefficients. As a first example, we consider the operator

L

6 er +&-—e2+ 53@63

=6 96

on the space L*(R%,H, du) of H-valued functions on

R} ={£=(61,6,&)" €R®: & >0}
that are square integrable with respect to

1
§16283
1

where \ denotes the Lebesgue measure on R?. In order to determine Q,(7")~! we
observe that the operator given by the change of variables J : f — f o with
t(z) = (e®1,e"2 e*3)T is an isometric isomorphism between L2(R?, H, d\(z)) and
L*(R3,H, du(€)). Moreover, T = J~'VJ such that

du(§) =

Qs(T) = ($*T+TT) = J Y (s*’T+ A)J

and in turn
Q1) = (T —-TT) ' = J T+ A)

We therefore have for sufficiently regular v with calculations analogue to those in
(9.16) and (9.17) that

Py = 2o = Dm) / T
m 0
. cos((a — 1)m)

™

“+o0
/ t* (2T 4+ TT) ' Tw dt.
0
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Clearly, the vector part of this operator is again given by the first integral such
that

. _ +00 .
Vee Py (T = S2Ua = D) / t(—2T + TT) v dt
m 0

: _ +oo
_ M/ 0T (2T + A) " I Tw dt
0

™

. _ +o00
= J*lw/ t*(—t*T + A)"tdt JTw
T 0
1 a1
= §J_1(—A)TJTU,

where the last equation follows from computations as in (9.21). Choosing 8 =
2ac + 1, we thus find for sufficiently regular v that

Vec fg(T)v(§)
— %J*l(—A)aJTU(ﬁhfz,&))

eTlug, (e™, €72, e"3)
= —JH=A)* | e20g, (e, %2, e%2)
eTsug, (e™1,e"2, e™3)

etug, (e¥1, e, e™s)
—ly?*e Ve Y | e2ug, (e o ,e¥2 e®) | dxdy
)
e

R3 wSUE ( T1 eév2 %3

2

e’ v ,6 5
_ 1 / / —\y|2“ei 3 Ekyk o —iTY ezgvzlg Ty T2 6133 dx dy.
2(27’1’)‘3 R3 JR3 : ’ ’

e$3v£3 (611 ,e"2, e$3)

The above computations are elementary and illustrate that more compli-
cated operators than the Nabla operator can be considered with the introduced
techniques. In particular, one can define and study new types of fractional evo-
lution equations derived from generalized gradient operators with non-constant
coefficients of the form

0 0 0
T=a(rx)=—e +a —ex+a —e 9.22
1(w)g—e1 + ax(a) 52 + aa(e) 5 —ea (922)
The version of the S-functional calculus for operators with commuting compo-
nents, which we applied in order to study the Nabla operator, simplifies the com-
putations considerably. In the next chapter, we will investigate a more involved
example that shows the power of our theory.



Chapter 10 ®

Check for
updates

Applications to fractional
diffusion

In this chapter, we define what we call the S-spectrum approach to fractional
diffusion processes and we give an application of our theory to a class of fractional
Fourier laws with non-constant coefficients. We point out that, since we consider
the Fourier law, the operator T will be the vector operator

T = elal(xl)arl + 62@2($2)8r2 + 63@3(5E3)8I3, (101)

where the operators ay(x¢)0,,, £ = 1,2,3, contain just first order derivatives.
Our theory applies to more general operators but here we limit ourselves to the
problems related with the heat equation. This new approach was introduced by
the authors in [55].

10.1 New fractional diffusion problems

In order to determine fractional powers of T', we assume suitable conditions on the
coefficients of the operator T that allow us to show that the S-resolvent operators
SL_l(s, T) and S}gl(s7 T) satisfy suitable estimates. We choose now any j € S and
for a € (0,1), v € D(T'), we define

1
Py,(T)v:= — S (s, T)ds; s* 1T, (10.2)
27T —jR
or 1
Py (T)v := ool s tds; Sl (s, T)Tw, (10.3)
—J

where ds; = ds(—j). These integrals do not depend on the imaginary unit j €
S and both integrals define the same operator. Moreover, they correspond to a
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modified version of Balakrishnan’s formula that takes only spectral points with the
positive real part into account. These modifications are necessary because s — s
for ae € (0,1) is not defined for s € (—00,0) and, unlike in the complex setting,
it is not possible to choose different branches of s* to avoid this problem. When
we define the fractional powers of T, we have to take this fact into account and
choose a suitable path of integration in Balakrishnan’s formula. We furthermore
use the notation P,(T), for a € (0, 1), to stress that we only take spectral values
s with Re(s) > 0 into account, i.e., only points where s* is actually defined.

Now we make some considerations on the heat equation. First, we consider
the case when T is minus the gradient operator because in this case we expect
that our new method, based on the spectral theory on the S-spectrum, reproduces
the classical fractional heat equation that contains the fractional powers of the
negative Laplace operator. So we consider the heat flux q(V)v = —Vwv, where v
is the temperature, we identify R® 22 {s € H : Re(s) = 0} and we consider the
gradient operator V as the quaternionic operator

a(V)v = —(e10,, + €20,, + €304,)v. (10.4)

Instead of replacing the negative Laplacian (—A)® in the heat equation, we replace
the fractional gradient in the equation

O(t,z) + divg(V)v(t,x) = 0.
The following two observations are of crucial importance in order to define the
new procedure to fractional diffusion processes.

(I) Since s®, for a € (0,1), is not defined on (—o00,0) and in the Hilbert space
L?(R3,H) it is 05(V) = R, we consider the projections of the fractional
powers of V% indicated by P, (V), to the subspace associated with the subset
[0, +00) of the S-spectrum of V, on which the function s® is well defined and
slice hyperholomorphic.

(IT) The above procedure gives a quaternionic operator
PO((V) = ZO + 61Z1 + EQZQ + 6323,

where Zy, £ =0, 1,2, 3 are real operators obtained by the functional calculus.
Finally, we take the vector part of P, (V) defined by

Vect(Pa(V)) = 6121 + BQZQ + 6323
so that we can apply to the operator Vect(P,(V)) the divergence operator.
More explicitly, we define V* only on the subspace associated to [0, 00) that is

1
P,(V)v=— S (s, V) ds; s* 'V,
2’/T —jR
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for v : R® — R in D(V), where the path integral is computed taking into account
just the part of the S-spectrum with Re(os(V)) > 0 since we have proven in The-
orem 9.1.1 that the S-spectrum of V as an operator on L?(R? H) is 05(V) = R.
With this definition and the surprising expression for the left S-resolvent operator

Sgl(_jta V) = (_jt + V) (_t2 + A)_la
=R_,2(—4A)

where R_;2(—A) is the classical resolvent operator of the Laplacian, the fractional
powers P, (V) become

1 o 1 a—1
Py (V)v = 5(—A)5_1V2v+§(—A) 2 V.

ScalP, (V)v =VecP, (V)v

We define the scalar part of the operator P, (V) applied to v as
]. (3
ScalP, (V)v := i(fA)fflv%,

and the vector part as

Now we observe that
1

divVecP,(V)v = —5 (—A)2 Ty,

This shows that in the case of the gradient we get the same result, that is the
fractional Laplacian. The fractional heat equation for a € (1/2,1)

ov(t,x) + (—A)v(t,x) =0
can hence be written as
Opv(t, z) — 2div (VecPs(V)v) =0, B =2a—1.

Before we state our new approach to fractional diffusion processes, we will
make some considerations regarding the case when the components of the operator
T commute among themselves and when they do not commute. When we consider
non homogeneous materials in Q C R3, where 2 can be bounded or unbounded,
then Fourier’s law becomes

T:= q(l'va??) = €1 a(’r>a-7f1 + e b(gj)atz +e3 C(I)aTsv T = (th?v 1:3)’ (105)

where ey, ¢ = 1,2,3 are orthogonal unit vectors in R? and the coefficients a, b,
¢ : 2 — R depend on the space variables x = (x1, 9, x3), and possibly on time. In
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this case to define the fractional powers of T', we need to show that the pseudo-
resolvent operator
Q(T) :=T? — 2Re(s)T + |s|°Z (10.6)

is invertible. The computations can, however, be quite complicated. In the follow-
ing we consider the commutative case that provides for a better understanding of
our new procedure.

When T has commuting components, that is T is a vector operator of the
form
T=eiay (xﬁawl + e2 ag(xg)&cz + e3 a3<$3)8$3,

where a1, as, az : £ — R are suitable real valued functions that depend on the
space variables x1, T2, T3, respectively, then the S-spectrum can also be determined
by the commutative pseudo-resolvent operator, given by the inverse of the operator

Qe s(T) == $*T — 25Ty + TT = ai(21)02, + a3(22)02, + a%(:vg)ags + 5%,

because Q. 4(T') is invertible if and only if Q4(T') is invertible, cf. Theorem 3.3.4.
The operator Q. s(T) is a scalar operator if s? is a real number. Since T is a
vector operator, we have Ty = 0, and 7T does not contain the imaginary units
of the quaternions. Using the non commutative expression of the pseudo-resolvent
operator Q,(T), we obtain

Qu(T) = —(a1(21)0,)? — (a2(w2)0,)* — (a3(23)0x, )
— 2s0(e1 a1 (1), + €2 ag(w2)0y, + e3a3(x3)0.,) + |s|°T.
We observe that according to what we need to show in the commutative case we

have two possibilities. In the next subsection we explicitly write the procedure to
define the S-spectrum approach to fractional diffusion processes.

10.2 The S-spectrum approach to fractional diffusion
processes

Suppose that Q@ C R3 is a suitable bounded or unbounded domain and let X
be a two-sided Banach space. We consider the initial boundary value problem
for non-homogeneous materials. We use the notation T' = q(z, 9,.) and we restrict
ourselves to the case of homogeneous boundary conditions (for 7 positive number):

T(x) = erai(x1)0z, + e2a2(72)0x, + €3a3(23)0z,, T = (71,72,73) € Q,
Ov(z,t) + divT(x)v(z,t) =0, (z,t) € Qx (0,7],

v(z,0) = f(z), =z €,

v(z,t) =0, xe€d, tel0,7]

Our general procedure consists of the following steps:
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(S1)

(S2)

(S4)

We study the invertibility of the operator

Qes(T) : = s°T — 25Ty + TT
= aj(21)02, + a3(22)03, + a3(x3)02, + s°I,
where T = —T', to determine the S-resolvent operators. Precisely, let F' : Q —

H be a given function with a suitable regularity and denote by Y : Q@ — H
the unknown function of the boundary value problem:

(a3 (@)d2, +a3(@2)02, + a(20)0%, + 5T )Y (2) = F(x). weQ,
Y(z)=0, xe€d9.

We study under which conditions on the coefficients a1, as, as : R® = R
the above equation has a unique solution. We can similarly use the non-
commutative version of the pseudo-resolvent operator Q4 (7). In the case we
deal with an operator T" with non-commuting components, then we can only
consider Q4(T") because Q. s(T) is not well-defined.

From (S1) we get the unique pseudo-resolvent operator Q. s(7')~! and so we
can define the S-resolvent operator

Sp(s,T) = (sT — T) Qe ().

Then we prove that any s € H\ {0} with Re(s) = 0 belongs to ps(T'). The
S-resolvent operators satisfy the estimates

°

_ (C) _
Iseie. Tl < & and 5T <

5]

for Re(s) = 0 with a constant © > 0 that does not depend on s.

(10.7)

Using the quaternionic Balakrishnan’s formula, we define P, (T) as
1
P, (T)v := o s Vds; Sp' (s, T)Tw, for a € (0,1),

and v € D(T). Analogously, one can use the definition of P,(T") related to
the left S-resolvent operator.

After we define the fractional powers P,(T) of the vector operator T, we
consider its vector part Vec(P,(T)) and we obtain the fractional evolution
equation

O (t, ) — div(Vec(Py (T)v)(t,z) = 0.

This approach has several advantages:

(D)

It modifies the Fourier law but keeps the law of conservation of energy.
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(IT) It is applicable to a large class of operators that includes the gradient and
also operators with variable coefficients.

(III) The fractional powers of the operator 7' are more realistic for non-homo-
geneous materials.

(IV) The fact that we keep the evolution equation in divergence form allows an
immediate definition of the weak solution of the fractional evolution problem.

In the next section we show explicitly how the S-spectrum approach to fractional
diffusion processes works in the Hilbert space setting.

10.3 Fractional Fourier’s law in a Hilbert space
These results where proved in our paper [55]. In this section, we show that, under

suitable conditions on the coefficients a¢(xy) for £ = 1,2,3, we can define the
fractional operator associated with the quaternionic operator

T = 61&1(1‘1)8I1 + 62&2(1‘2)8I2 + 63&3(1‘3)8Z3.

The conditions on the coefficients ay(z) for ¢ = 1,2,3 are determined by the
Lax-Milgram lemma since we work in a quaternionic Hilbert space. We define

L? = L*(Q,H) := {u Q- H: / lu(x)|? dz < +oo}
Q
with the scalar product

(u,v) 2 1= (u,v) L2(Qm) = /va(x) dx,

where u(z) = up(z) + u1 (z)e; + ua(x)ex + us(x)es and v(z) = vo(x) + v1(x)ey +
va(x)eq +v3(z)es for z = (21,79, 23) € 2, and Q C R3 is a bounded open set with
smooth boundary. We furthermore introduce the quaternionic Sobolev space

H':= H'(Q,H) := H'(Q,R) ® H,

where H'(Q,R) denotes the Sobolov space of all square-integrable real-valued
functions that have square-integrable weak partial derivatives. Hence, the quater-
nionic space H' consists of those functions u(z) = ug(z) —l—ZZ’:l we(z)ee € L2(Q, H)
such that for any ¢ = 0,...,3 the function u, belongs to H'(Q,R). That is, for
any r = 1,2, 3, there exists a function gy () € L*(Q, R) such that

/ wp(2)D, o) d = — / gen(@)p(@)dz, Vo€ CE(QR),
Q Q
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where C°(Q,R) denotes the set of real-valued infinitely differentiable functions
with compact support on 2. With the quaternionic scalar product

3
(u, ’U>H1 = <’U,7 ’U>H1(S2,H) = (u, ’U>L2 —|— Z (8uu7 8@ 7)>L2
(=1

the space H'! is a quaternionic Hilbert space. We define H¢ := HE (€2, H) to be the
closure of C°(Q, H) in H*(2,H). As in the scalar case, see [49, Theorem 9.17], if
we suppose that € is of class C! and we assume that

u € HY(Q,H)NC(Q,H),

then the condition u = 0 on 9 is equivalent to u € HJ (2, H). In the general case,
for arbitrary functions v € H'(Q, H), the notation u|pn has to be understood in
the sense of the trace operator, see [49, p. 315]. The space H} turns out to be the
kernel of the trace operator, i.e.,

H) = Hy(Q,H) := {u e H'(Q,H) : ulpg =0}.

Finally, H}(Q,H) is a subspace of H'(, H) that is a quaternionic Hilbert space
itself. We define

3
2
el =D 19w, ull7s -
£=1

Due to the regularity of 012, the Poincaré-inequality
[ullr2 < Callullp

holds and so ||u||p defines a norm on HE(Q, H) that is equivalent to ||ul| 1. How-
ever, we want to point out that ||ul|p # |[Vulr2 if V denotes the quaternionic
Nabla operator V = e10,, + €20,, + e30;, although this notation is used for
Sobolev spaces of real-valued functions. From the proof of the Poincaré inequality,
it is obvious that one can even choose Cq such that

||u||L2 < CQHafL’eu||L27 {= 17273' (108)

The first result we need to show is that all purely imaginary quaternions are in
the S-resolvent set of T'. Moreover, we show that the S-resolvent operators decay
sufficiently fast at infinity so that the operator defined in (53), that is,

1

P, (T)v=—
=g

s Vds; Sp' (s, T)Tv, v e D(T),

for a € (0,1), turns out to be well-defined.
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Theorem 10.3.1. Let €2 be a bounded domain in R3 with smooth boundary. Assume
that the coefficients ap : Q@ — R, for £ =1,2,3, of the operator

T=eiaq (.Tl)awl =+ 62&2(.132)8352 + 63&3(1‘3)8303
belong to C1(Q,R) and suppose that

VCa
2

ruele] |lae(ze)?| — Hauag(:w)QHm >0, (=1,2,3,

and L1
o 5”‘1’”200503 >0,

where Cgq is the Poincaré constant of Q satisfying (10.8) and

3
1 1
d(x) = er0z,ap(xy) and C,:= sup = - .
@ ; o) ‘ ceQ lae(ze)]  inf seq |ap(xr)]
B £=1,2,3 (=12,3

Then any s € H\{0} with Re(s) = 0 belongs to ps(T') and the S-resolvent operators
satisfy, for s with Re(s) = 0, the estimates

_ S) _ ©
HSLl(S’T)HB(L?) < ] and ||SR1(57T)||B(L2) < Isl (10.9)
with a constant © > 0 that does not depend on s. Here, || - |52y denotes the

operator norm on the space of bounded quaternionic operators on L* = L?(£), H).

Proof. As a first step, we want to show that any s € H \ {0} with Re(s) = 0
belongs to ps(T), i.e., that

Q,(T) =T? — 25T + |s|*T

has a bounded inverse, and we want to do this by applying the Lax-Milgram
lemma. Since T has commuting components, this operator has for s = js; € H
the form

Qu(T) = T? + 51T = —(a1(21)0x,)* — (a2(22)0s,)* — (as(w3)0u,)* + 5717
We want to show that it has an inverse on L?(Q, H) that satisfies

_ 1
HQs(T) 1HB(L2) < Cg

with a constant C' that is independent of s;. We consider the bilinear form

(Qu(T)u, v) 2 = /Q 0T u(@)o(x) da
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on H}(Q,H). We rewrite this as

3
(Qu(T)u,v)pz = 5} /Q =3 /Q (@), Pul@)o(z) de

=1

and further
| ez Pt (o) do
_ /Q ((ae(we)n, (@) v(w) d
= [ (Orvalw)00,1@)) ar(ar)ota) da.

Integrating by parts, we find

| @) da

__ /Q 5 (0ua0(w0)?) (0.,u@)) vl) da
—/Qaz(xe)2 (%m) Opyv(x) d
+ /(9 . ag(x4)? (%@) v(x)ne(z) dS(x),

where S is the surface measure on 9 and n,(x) denotes for z € 90 the ¢-th
component of the outward pointing normal. Since v € H{ (2, H), the integral over
the boundary is zero and hence we altogether obtain

b(u,v) = 81/Q x) dx + Z/ (0z,a0(20)?) <8MM) v(z) dx
+ ;/Qag(xgy (dﬂlm) O, v(x) da

The bilinear form b is continuous on H}(Q, H) as

)| < st | fufeo dm—i—z Jowia?. [ |(o0) vt
+Zr|azu / (00,000 Buyo(0) do
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3
< sillullzzlvlze + > 100,02 || 10z ul 2 10l 2
{=1

3
+ 5 a2 ]| 10n 2 100,02

{=1

3 3
SG%EN%%M&XN@Q»ﬂmMW,
/=1 /=1

where || - ||ooc denotes the supremum norm. Furthermore, observe that for any
w € L?, the map £, (v) := (w,v) 2 is a continuous quaternionic linear functional
on H{ (2, H) since

[lw (V)] = [(w,v) 22| < lwllzzl[vllL2 < [[wllzz [0l g -

We can consider H} (€, H) also as a real Hilbert space, if we restrict the multi-
plication with scalars to R and endow it with the real scalar product (u,v)r =
Re(u,v) 1. Then Reb is a continuous R-bilinear form on Hg (2, H) and Re/,, is
for any w € L?(Q,H) a continuous linear functional on H}(Q, H). What remains
to show in order to apply the Lemma of Lax—Milgram is that Re b is also coercive.
We have

3
1
Reb(u,u) = s7|jul|32 + E:Re/Q 3 (0z,a0(20)?) (8meu(:c)> u(z) dx
+Z/Clg 2¢)?|0z,u(x))|? dx
1
> Hulfts = Y 5 [0ucalan. [
= 2 £
3
+§ggg|a4(xg)2|/ﬂ|awu(x)|2dx.

815@‘ |u(z)| dz

Applying the Young inequality, we find for any § > 0 that

3
Reb(u,u) > sil|ullf> + Z;gg |ac(@e)?| 10z, ul72

1) 1
72 3 o anten? (5 10m 0l + 5 ).
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Therefore, we furthermore get

Reb(u,u) > < Z |0z, ar(20)* > [[ulZ2

> 5
+ 3 (106 ooCoe?) - 0m aeen?]. ) 02l

(=1

C
mmm—ﬁzmwmmd%mz
(=1

3
) 0
+ Z (;Ielg |ae($z)2‘ 2 Hauaé(xé)2H00> H%UHZ )
=1

where Cf, is the Poincaré constant. The optimal choice § = 1/Cq, finally yields
Re b(u, u)

3
. C
> sl + 3 (inf faron?] - Y5 [on,antor?]. ) ol (1010
(=1

> r(s7) ull 7

with the constant

n(s%) = mln{s%, min {mf ’ag xg) | — \/@ Hauag(xg)QHoo}}.

1<4<3 | zeQ

Let now w € L?(2,H). The Lemma of Lax—Milgram implies, due to the
arguments above, the existence of a unique w,, € H (€, H) such that

Re b(uy,v) = Rely,(v) = Re (w,v)r2, Yo € Hy(Q,H) (10.11)
and in turn also
(Qs (T, V) 2R = b(Uw, V) = (W,v) 12, Yv € Hol(Q,H) (10.12)
because

3
b(uwa ) Reb Uw; +Z Reb Uw, ’Ueg))eg
{=1

and
3

(w,v)r2 = Re{w,v) 2 + Z (Re{w, —veg)r2) eq.
=1
Furthermore, we have

Jwwll e < ] ar < [wllz2-

L
r(s)
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The mapping S : w — u,, is therefore a bounded linear mapping on L?(Q, H) and
so the operator Q,(T) has a bounded inverse on L?({2, H) with range in Hg (2, H).
From the estimate (10.10), we furthermore conclude

stlluwllZs < Reb(tw, ) < [b(tw, tw)| = [(w, ) 2| < Jlwl] 2 w22

Therefore, we have
1 1
1Q(T) " wl| 2 = Nl 2 < 2 el
51

and so
1

12:(T) 512y < 2 (10.13)

Using this estimate, we can now show that the S-resolvent of T' decays fast
enough along the set of purely imaginary quaternions. For any v € H} (2, H), we
have that

b(Ue, v) =( Qs (T, V) 1, 2:<T2uw,v>L2—|—s%<uw,v>Lz.

The first term can be expressed as
(T2 Uy, V) 12 :/ (T?uy) (z)v(x) dz
Q
3 e —
= Z/ a¢(x0)0p, (Tuy ) (x)(—ep)v(x) da.
=174

Integration by parts yields

Q

3
(T2u,0) 0 = S | @) (@) e, (arlae)o(@)) da
:13
+;/m (Tw ) () ne(x)(—eo)ar(ze)v(x) dS(z)

3
Z / Tu)(@)ee (B, as(x2)) v(x) da

—1/Q
3

+€_Zl/9%)($)€zaz(w)3uv(:v) dx

3
= /Q (Tuy)(x) (Z egam,zag(xg)> v(x) dx

{=1

+ /Q (Tuy)(x)Tv(x) dz,
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where the integral over the boundary vanishes as v(xz) = 0 on 9 because v €
H}(Q,H). We find that

by, v) :/Q (T (2)®(2)v(x) do + (T, TV) 12 + 83 (U, V) 2.

with
3
O(z) = Z €00z, a0(xp).
=1

Choosing v = u,, yields
(s U) = / (Tuw) ()@ () () da + | Ty || 72 + 57 ||t 2 (10.14)
Q
We hence have

1Dt )| 2 [T 3 + 53|32 — / (Tun) (@) (@)u(@)| do

v

7l + sl = | [T 19 )] do

Y

1 2 1 2 2
S 1T 3+ Elhmn3e — 5 1802 w5

where the last identity follows from the Young inequality. In order to estimate the
term ||uw||2LQ, we Write ty, () = Uy, 0(x) + 22:1 U, ¢(x)er with uy ¢(x) € R. Then

3
luwllZe = luw,e
(=0

3
72 S CEY lluwellp
=0

3 3 3 3
= CKQZ Z Z ||awkuw,€||2L2 < 052203 Z Z ||ak6xkuw,€||21;2
=0 k=1 (=0 k=1
with ) )
Co = sup = - :
¢ ve0 lae(ze)|  inf seq fae(ze)|
1=1,2,3 =1,2,3

2

Since u,, ¢ is real-valued, we furthermore find that
3
Z ek (%) Og U o(x)| dz

Twwalf = |
k=1

3 3
_ Z/ 0 (2) Dyt (@) de = S |14yt
k=17

k=1

2
12
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and so
3

luwlle < CACLY 1 Tuww,el e
£=0

Altogether, we conclude that

3

1 1

STl + 53l — 51912 CACE S [ Tuw el
£=0

< b, ww )| = [{w, we) 2| < fJwl| L2 w22

(10.15)

We observe now that the operator Q4(T) is a scalar operator and hence maps
real-valued functions to real-valued functions so that for r =0,...,3

b(uwa uw,r) = <Q9 (T)uun uw,r>L2

3
= <Qs (T)uw,Oa uwﬂ')LZ + Z(_el) <QS (T)’U,w,g, uw7T>L2

{=1

with (Q(T)tw,0, Uw,r) ;2 € Rfor £ =1,2,3. If w(x) = wo(z) "‘22:1 we(x)ey with
we(z) € R, we conclude from

3
<Q3(T)uw,0u uw,r>L2 + Z(_ef) <Q5(T)uw,f7 uw,r>L2 = b(uum uw,r)
(=1
3
= <w7uw,r>L2 = <w07uw,r>L2 + Z(7€€)<wé7uw,r>L2
=1

that for ¢, =0,...,4

(b5 Uw,r) = (Qs(T) s Uww,r) 12 = (We, U, ) 12
and in particular for £ =0,...,4

(a0, te) = (Qs(T)Uw 0, Unw0) 12 = (We, Uy 0) 12

Repeating the above arguments, we find that (10.15) also holds for w,, ¢ instead of
Uy, However, since u,, ¢ is real-valued and has only one component, this estimate
then reads as

1
2 = Il CAC2 T ol

172+ st lluwel

1
5 HTUw,@

< ‘b(uw,lauw,éﬂ = |<we,uw7£>L2| (10.16)

2 < Jwl z2 vl 22 -

< lwel| 2 (|, e

If we set 11
K = 3~ 5“‘1’||i00s220§ >0,
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then (10.16) turns into

K| Tuw, |72 + s3twl|Z2 < [lw]l e fluw] 22,

which implies in particular

1
1T el < 2wl w2

From (10.15), we finally conclude that

3
1 1
I TuwllZ: + stlluwlzz < Sl2l5Cals D T uwellZa + w2 [l 2
=0 (10.17)

1 4
< (1+ gl cRCi ) lulabuulos
so that, after setting

! R N
Ti=3 (1 + 2||<I>||OOCQCaK > 0,
we have

TN TuwlF2 < wllpellte | z2-
Since uy, = Qs(T) 'w, we find, because of (10.13), that [luyl/r2 < & |lwlr2 so
1
that in turn

1
7| Tuw 22 < ?Hw”%z'
1

Hence, we have

rQur) w2 = Tl < -

]l 2

and so
1

\/;81.

|TQs(T)7!|| <

If we set
1
0= 2max{1, \ﬁ} ,
then the above estimate and (10.13) yield
I5&" (s, D = (T =3)Qu (1)

(C]
<[ TQuT) M + [[5Qu(m) M| <
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and

157 (s, T)|| =|TQs(T) " = Qu(T) 5|
o
<7D +[lu(m) 5] <

for any s = js; € H.

O

As a consequence of the previous results, we are now in the position to prove

the following crucial result.

Theorem 10.3.2. Let the coefficients of T be as in Theorem 10.3.1 and let o € (0, 1).

For any v € D(T), the integral
1

Py(T)yv = — 57 tds; Syt (s, T)Tw.
2 —jR .
converges absolutely in L*(£), H).

Proof. The right S-resolvent equation implies

Sp!(s,T)Tv = sSi' (s, T)v —v, YveD(T)

and so
1
o | RHsa_l ds; Sgl(s,T)TUH
1
<o [ e sz it Dl el a

*ﬂ[l [t1°71 [[(=3t) S (—it, Tyv — v | dt

1
21

As a € (0,1), the estimate (10.9) now yields

1
) |s* " ds; Spl(s, T)T||

)

1 [t~ e I e
< — ta’—T dt + — te = + 1 dt
< s ol e+ 5 [ et (1 1) el

+oo
_,_7/ \TUH dt < 4o0.

+oo
+ — S Gt T 1Tl dt.

O

We conclude this section by observing that the above result can be proved in
different function spaces, not only in the Hilbert setting, using different techniques.
Once the above result is established, this theory will open the way to the study
of the corresponding fractional evolution problem, a field that is currently under

investigation.
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10.4 Concluding Remarks

During the referee process of this book, there was an intensive study of some prob-
lems associated with the fractional powers of vector operators that continues to
this day. This book has laid the foundations for the treatment of several problems
that involve fractional powers of vector operators. A systematic treatment of all
these problems will be considered in a future monograph. Here we just recall the
conditions to generate the fractional powers of the noncommutative Fourier’s law
investigated in the paper [74]. Precisely, let 2 be a bounded domain in R? and let
7 > 0. Denote by v the temperature of the material contained in 2. Suppose that
the heat flux, in the non-homogeneous material contained in 2, is given by the
local operator:

T(z) = a(z)0ye1 + b(z)0yes + c(x)0.e3, z = (x,y,2) € Q. (10.18)
We consider the following evolution problem
Ov(z,t) + divT(z)v(z,t) =0, (z,t) € Qx (0,7],
v(z,0) = f(z), z€Q, (10.19)
v(z,t) =0, ze€d, telo,7],

where f is a given datum.

We wish to determine the non-local Fourier’s law, associated with T, by
defining the fractional powers P, (T) of T using the integral formula (10.2) with
homogeneous Dirichlet boundary conditions.

Remark 10.4.1. In this way we obtain the associated fractional evolution problem,
replacing operator T by the vector part of P,(T') in the system (10.19).

The main result is the following theorem and for its proof see [74].
Theorem 10.4.1. Let Q be a bounded Cl-domain in R3, let T = a(z)0.e1 +
b(z)Oyes + c(z)d,e3 with a,b,c € C* () and set

Flap,e) i= €10:(a) + e20y(b) + e30.(c).
Let a,b,c > m > 0, and assume that

mln{lnfa inf b2, inf c2} (2max{sup a?, sup b, sup c })UQCQHF(GA,,’C)HLOC >0
"zeQ T zeQ z€Q  zeQ  z€Q '

(10.20)
and

1= 2| Flapo o~ (1 + 402 max{sup(1/a2), sup(1/b?), sup(1/c2)}) >0, (10.21)
zEQ zEQ zEQ

where Cq is the Poincaré constant of Q and

[Flabe)llzoe == Slég(\az(a)l +10y(0)] + 10:(c)])-
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Then for any a € (0,1) and for any v € D(T), the integral (10.2) converges
absolutely in L?(2,H).

In the non-commutative case, there are some difficulties that we explain

shortly in the following. The sesquilinear form B(u,v), associated with the invert-
ibility of the operator Q(T) := T? — 2s0T + |s|*Z, with homogeneous Dirichlet
boundary conditions, has to be considered with care.

Remark 10.4.2. We point out some challenges that appear in the application of
the Lax—Milgram lemma according to the dimension d = 2,3 of ().

(D

(IT)

(111

(VD)

The quadratic form B(u,v) associated with the operator Qs(T) is in general
degenerate on H}(Q, H).

In dimension d = 3 , when € is a C' bounded set in R® and a # 0, b # 0,
¢ # 0, it turns out that B(u,v) is continuous and coercive under suitable
conditions on the coefficients on ) x ), where

yZ: {H&(Q,H) : ’1)0:’[]1:1)2:1)3}

is a closed subspace of H} (€2, H) and the S-resolvent operators satisfy suitable
growth conditions which ensure the existence of the fractional powers.

In dimension d = 2, when § is a C! bounded set in R and a # 0, b # 0, it
turns out that B(u,v) is continuous and coercive under suitable conditions
on the coefficients on X x X', where

X:={ve H}QH): wvo=uvyandv; =wv3}

is a closed subspace of H} (€2, H) and the S-resolvent operators satisfy suitable
growth conditions which ensure the existence of the fractional powers.

If we consider the quadratic form in dimension d = 3, that is when Q is a C!
bounded set in R? and a # 0, b # 0, ¢ = 0, then the quadratic form is not
coercive because ¢ = 0. This case cannot be treated using Lax—Milgram, but
a suitable method for degenerate equations has to be used.

From the physical point of view, the case for a # 0, b # 0, ¢ = 0, in dimension
d = 3 is the case in which the conductivity is the direction z goes to zero.

The proofs for the continuity and coercivity are similar in any dimension; the
estimate for the S-resolvent operators have some differences according to the
fact that we work in ) or in X.
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Check for
updates

Historical notes and References

Several years ago, motivated by the paper [37] of G. Birkhoff and J. von Neumann
and the book [4], one of the authors and I. Sabadini started to look for an appro-
priate notion of spectrum for quaternionic linear operators. They had realized that
the notion of spectrum of a quaternionic linear operator had not been understood
and that, as a consequence, quaternionic spectral theory could not be fully devel-
oped. It was clear that the existing notions of left spectrum and right spectrum of
a quaternionic linear operator were insufficient to construct a quaternionic spectral
theory. The main reason was that the left spectrum and the right spectrum mimic
the definition of eigenvalues in the complex case, but they do not shed light on the
true nature of the quaternionic spectrum. After more than 10 years of research
and 70 years after the paper [37] that motivated quaternionic operator theory, in
2006, F. Colombo and I. Sabadini understood that the S-spectrum was the correct
notion of spectrum to develop quaternionic spectral theory. This notion works also
for n-tuples of not necessarily commuting operators, so it opens the way to a very
general new spectral theory. For more details on the discovery of the S-spectrum
and of the S-functional calculus, see Chapter 1 in [57].

The discovery of the S-spectrum of a quaternionic linear operator was the
starting point for the development of the quaternionic spectral theory. The present
monograph and the book [57] contain a systematic treatment of quaternionic oper-
ator theory and some of its applications. The monograph [93], which was published
in 2011, contains some results of the S-functional calculus for quaternionic linear
operators and for n-tuples of noncommuting operators that were hitherto under-
stood. In the same monograph, one also finds the basic results of the function
theory of slice hyperholomorphic functions, which is the theory of hyperholomor-
phic functions associated with the S-spectrum. Later on, several functional calculi
based on the S-spectrum had been introduced. Some of those are the quaternionic
versions of functional calculi for complex linear operators like the S-functional
calculus, the quaternionic Phillips functional calculus or the quaternionic H°-
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functional calculus, but the F-functional calculus or the W-functional calculus do
not have a complex analogue. The above mentioned functional calculi naturally
extend to the case of n-tuples of operators. These results are spread in several pa-
pers published throughout the years, so we provide a list of references for both the
spectral theory based on the S-spectrum and the related slice hyperholomorphic
function theory. For more details we refer the reader to the comments at the end
the chapters of the book [57].

The theory of slice hyperholomorphic functions and the spectral theory on
the S-spectrum are nowadays very well developed and the main monographs on
these topics are [18], [57], [93], [100], [129], [139].

11.1 Theory of slice hyperholomorphic functions

There are three possible ways to define slice hyperholomorphic functions. One can
define them

(i) as fun[ctio]ns that are left (resp. right) holomorphic on each complex plane C;
as in [141],

(ii) as slice functions with components that satisfy the Cauchy—Riemann equa-
tions (this definition comes from the Fueter mapping theorem [116], [117] for
the quaternionic case or the Sce mapping theorem for Clifford algebra-valued
functions [195]), or

(i) as functions in the kernel of the global differential operator of slice hyper-
holomorphic functions, which was introduced in [62].

The second definition is the most appropriate for operator theory and it is the one
that we used. The interest in slice hyperholomorphic functions, which were defined
in [141], arose in 2006 also because of their applications to operator theory. Simi-
lar functions were, however, already used much earlier by Fueter who considered
functions of the form

f(@) = folu+iv) +jfi(u+iv), q=mu+ jv,

where fo, f1 are the real-valued components of an analytic function F'(z) = fo(z)+
tf1(z) that depends on a complex variable z = 2y +iz1, in order to define what he
called hyperanalytic functions [116]. These hyperanalytic functions are nothing but
intrinsic slice hyperholomorphic functions. In [117], the author generates Fueter
regular functions by applying the Laplace operator to such functions. The relation
f = Af between Fueter regular function f and the slice hyperholomorphic func-
tion f is nowadays called the Fueter mapping theorem. In [195], Sce extended this
theorem to functions with values in Clifford algebras of odd dimension. The ex-
tension to Clifford algebras of even dimensions needs arguments based on Fourier
multipliers. In [186], Qian used the even and odd condition (2.4) in order to define
entire slice hyperholomorphic functions and he generalized the theorem of Sce.
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In [141], slice hyperholomorphic functions were defined as those functions
that satisfied the properties shown in Lemma 2.1.5; that is they are those func-
tions whose restrictions to complex planes C; are left (resp. right) holomorphic. As
was shown in Proposition 2.1.11 on axially symmetric slice domains, this definition
is equivalent to Definition 2.1.2. Precisely, one can show that such functions sat-
isfy the Structure Formula [76] (more often called Representation Formula) when
they are defined on an axially symmetric slice domain. Considering only functions
on axially symmetric slice domains is, however, not sufficient for developing a
rich theory of quaternionic linear operators. For operator theory it is important
to consider functions that are defined on axially symmetric open sets that are
not necessarily slice domains, so for this reason we use Definition 2.1.2 for slice
hyperholomorphicity.

The last approach to slice hyperholomorphic functions uses the global differ-
ential operator

9 2009
G(q) == g —=— N
(q) @\&m+g;ﬂ%8%,

which was introduced in [62].
If U C His an open set and f: U — H is a slice hyperholomorphic function
then

G(q)f(g) = 0.

Defining slice hyperholomorphic functions as those functions that are in the kernel
of the operators GG, we have a possible way to define slice hyperholomorphic func-
tions in several variables. Here the theory is far from being developed because we
have a system of non constant differential operators and the power series expan-
sion disappears. We recall that in the paper [102] there are some results associated
with the theory of slice hyperholomorphic functions in several variables but the
global operator is not used there, see also [2], [3] and [150]. Regarding the global
operator see also [92], [105], [155].

Function theory

Slice hyperholomorphic functions are not only defined over the quaternions but
they are also defined for Clifford algebra-valued functions. In the quaternionic
setting, slice hyperholomorphic functions are also called slice regular functions and
the theory has been developed by several authors. Some of the most important
contributions were published in [38], [60], [66], [67], [L06], [118], [119], [136], [137],
[138], [140], [141], [142], [143], [144], [145], [146], [147] [160], [188], [197], [198] [199].

Slice hyperholomorphic functions with values in a Clifford algebra are also
called slice monogenic functions. The main results of this theory are contained in
the papers [76], [78], [94], [95], [96], [97], [98], [99] [157], [189], [206]. We point out
that the results proved for Clifford algebra-valued functions hold in particular for
the quaternionic setting but the converse is, in general, not true.
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The Fueter—Sce mapping theorem and the inverse Fueter—Sce mapping theo-
rem provide a relation between slice hyperholomorphic functions and the classical
theory of monogenic functions, see [63], [85], [86], [87], [88], [89], [90], [91], [104],
[109], [176]. Another relation of this type, which is provided by the Radon trans-
form and the dual Radon transform, can be found in the paper [71]. In [73], the
Cauchy transform has been treated in the slice hyperholomorphic setting. Finally,
the theory of slice hyperholomorphic functions has been extended to the setting of
functions with values in a real alternative x-algebra [33], [151], [152], [153], [154],
[156].

Approximation theorems

Important approximation theorems and related topics for slice hyperholomorphic
functions are studied in the papers [118], [119], [120], [121], [122], [123], [124], [125],
[126], [127], [128]. The monograph [129] contains a systematic treatment of slice
hyperholomorphic approximation theory.

Function spaces

Several complex function spaces have been extended to the slice hyperholomorphic
setting. The quaternionic Hardy space H3(2), where §Q is either the quaternionic
unit ball B or the half space HT of quaternions with positive real part, was intro-
duced and studied in [13], [21], [22], [25], [34]. The Hardy spaces H?(B) for arbi-
trary 0 < p < o0 were studied in [194]. The fractional Hardy spaces were studied
in [29]. Carleson measures for Hardy and Bergman spaces in the quaternionic unit
ball were studied in [193]. The BMO- and VMO-spaces of slice hyperholomorphic
functions were treated in [135]. The slice hyperholomorphic Bergman spaces are
studied studied in [61], [64], [65], the slice hyperholomorphic Fock space is consid-
ered in [31] and weighted Bergman spaces, the Bloch, Besov and Dirichlet spaces of
slice hyperholomorphic functions on the unit ball B were introduced in [50]. Inner
product spaces and Krein spaces in the quaternionic setting are studied in [26].
A class of quaternionic positive definite functions and their derivatives is stud-
ied in [27]. A quaternionic analogue of the Segal-Bargmann transform is studied
in [108].

Slice hyperholomorphic Schur Analysis

In recent years, a slice hyperholomorphic version of Schur analysis has been de-
veloped in [1], [2], [8], [9], [13], [16], [17], [21], [22], [23], [24], [25], [32]. The
Boolean convolution in the quaternionic setting has been studied in [10]. The
monograph [18] is the first book that contains a systematic study of Schur anal-
ysis in the slice hyperholomorphic setting. It is based on some of the previous
papers, but it also contains several new results. Recent results on Schur analysis,
related topics and quaternionic polynomials can be found in the papers [39], [40],



11.2. Spectral theory on the S-spectrum 289

[41], [42], [43], [44], [45]. An overview of classical Schur analysis can be found, for
example, in [7].

11.2 Spectral theory on the S-spectrum

The spectral theory based on the notion of S-spectrum is the study of some func-
tional calculi, the spectral theorem, spectral operators and the characteristic op-
erator functions. Precisely, we have: the S-functional calculus, the Phillips func-
tional based on groups, the H°-functional calculus, F-functional calculus, and
the W-functional calculus. The F- and the W-functional calculi are monogenic
functional calculi in the spirit of the monogenic functional calculus introduced by
A. McIntosh and his collaborators, see [172], [173], [178], [179] and the book [171].
The monogenic functional calculus is based on the more classical theory of mono-
genic functions, that is functions that are in the kernel of the Dirac operator,
see [46] [103], [162].

The spectral theorem on the S-spectrum, the spectral integration theory and
spectral operators in the quaternionic setting are fundamental tools of this theory.

The S-functional calculus

The S-functional calculus for bounded operators has been developed in [11], [58],
[68], [70], [77], [82], [83], [133]. In the case we consider intrinsic functions, the S-
functional calculus can be defined for one-sided quaternionic Banach space as it
was shown in [131]. In the paper [131], the author has also developed the theory
of spectral operators in quaternionic Banach spaces, see also [134].

The S-functional calculus can be defined also for n-tuples of noncommuting
operators using slice hyperholomorphic functions with values in a Clifford-algebra
(also called slice monogenic functions), see [78], [101]. The commutative version
of the S-functional calculus, that is the S-functional calculus for operators with
commuting components, is studied in [80]. The S-functional calculus can also be
defined for unbounded operators. We refer the reader to the papers [69], [101],
where we reduce the case of unbounded operators, with suitable transformations,
to the case of bounded operators. The direct approach has been studied in the more
recent paper [130], while the S-resolvent equation is in [52]. The S-functional cal-
culus was the starting point for the development of various quaternionic functional
calculi, see [75] for a friendly introduction.

The Phillips functional calculus and semigroups

In the classical setting, the Phillips functional can be found, for example, in [110],
[185]. The Phillips functional calculus for generators of strongly continuous groups,
based on the quaternionic version of the Laplace-Stieltjes transform, was intro-
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duced in [12]. Groups and semigroups of quaternionic linear operators were con-
sidered in [19], [79], [158].

The H°-functional calculus and fractional powers

In the paper [30], the authors introduce the H°-functional calculus based on
the S-spectrum; this is the quaternionic analogue of the calculus introduced by
MclIntosh [170] (see also [6]). In [30] it is also considered the H *°-functional calculus
for n-tuples of noncommuting operators.

In a more general version of the H*-functional calculus, fractional powers
of quaternionic linear operators are treated in [53], [54]. The authors also show
how the fractional powers of quaternionic linear operators define new fractional
diffusion and evolution processes. Fractional powers of vector operators and their
applications to fractional Fourier’s law in a Hilbert space have been studied in [55].
For a more direct approach to fractional powers of quaternionic operators, includ-
ing the Kato formula, see the paper [52]. See also [134] where these arguments are
treated.

The F-functional calculus

The Fueter—Sce mapping theorem in integral form, introduced in [88], is an in-
tegral transform that maps slice hyperholomorphic functions into Fueter regular
functions (or into monogenic functions). By formally replacing the scalar vari-
able in this integral transform by a quaternionic operator T' (or by a paravec-
tor operator), we obtain a functional calculus for Fueter regular functions (or
for monogenic functions) that is based on the theory of slice hyperholomorphic
functions. The F-functional calculus was introduced and studied in the following
papers [20], [56], [81], [84], [88].

The F-functional calculus for paravector operators defines a monogenic func-
tional calculus for n-tuples of commuting operators. Because of the structure of the
Fueter—Sce mapping theorem in integral form, the F-functional calculus depends
on the dimension of the Clifford algebra. The Fueter-Sce-Qian mapping theorem,
was proved by Michele Sce [195] for the case when n is odd and by Tao Qian [186]
for the case when n is even. Later, the theorem of Fueter—Sce—Qian was general-
ized to the case in which a slice hyperholomorphic function f was multiplied by a
monogenic homogeneous polynomial of degree k, see [176], [182], [183], and to the
case in which the function f was defined on an open set U not necessarily chosen
in the upper complex plane, see [186], [187]. A more recent result can be found
in [184]. The definition of the F-functional calculus can be extended to the case
unbounded quaternionic operators and also to the case of n-tuples of unbounded
operators. As it is well known in the case of unbounded operators, the notion of
commutativity is more delicate and one has to pay attention to the domains of
the operators, see [81].



11.2. Spectral theory on the S-spectrum 291

The W-functional calculus

Using the notion of slice hyperholomorphic functions, it is possible to define a
transform that maps slice hyperholomorphic functions into Fueter regular func-
tions (or monogenic functions) of plane wave type. This transform is different from
the Fueter—Sce mapping theorem in integral form. With such integral transform
we can define the W-functional calculus. This calculus has been introduced in [72]
for monogenic functions and it was inspired by the paper [201].

The spectral theorem on the S-spectrum

The spectral theorem based on the notion of S-spectrum for quaternionic bounded
and unbounded normal operators has been proved in 2015 and published in the
paper [14] that appeared in 2016. As in the complex case, the spectral theorem
for unitary operators can be deduced by the quaternionic version of Herglotz’s
theorem, proved in [17]. The spectral theorem for unitary operators based on Her-
glotz’s theorem was proved in [15]. The simple case of compact normal operators
was shown in [149]. For quaternionic matrices, the spectral theorem based on the
right spectrum was proved in [114]. In the finite dimensional case, the right spec-
trum equals the S-spectrum. The starting point to prove the spectral theorem is to
define spectral integrals in the quaternionic setting. In fact, inspired by the com-
plex setting, see Chapter 4 of the book [200], spectral integrals were extended to
the quaternionic setting. Most of the proofs of the properties of spectral integrals
are easily adapted from the classical case, i.e., when H is a complex Hilbert space,
but some facts require additional arguments which have to be studied carefully.
The main ingredients to prove the spectral theorem for bounded normal operators
are

e the Riesz representation theorem for the dual of C(X,R), where X is a com-
pact Hausdorff space,

e the Riesz representation theorem for quaternionic Hilbert spaces,
e the Teichmiiller-decomposition of a normal bounded operator T'= A + JB,
e the continuous functional calculus based on the S-spectrum.

To prove the spectral theorem for unbounded normal operators it was necessary to
introduce the notion of spectral integrals that depend on the imaginary operator
J. Precisely, the main ingredients can be summarized in the following points:

e the spectral theorem for bounded normal operators,

e the spectral integrals in the quaternionic setting depending on the imaginary
operator J,

e suitable transformations (in the spirit of von Neumann) that reduce the case
of unbounded operators to the case of bounded operators.
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Finally, using spectral integrals, we define a functional calculus for unbounded
normal operators. For more details see the book [57]. The continuous functional
calculus was first introduced in [148], while in the book [57], the continuous func-
tional calculus was studied for Teichmiiller decomposition of a normal bounded
operator T = A+ JB.

Perturbation of normal quaternionic operators were studied in [51], the Schat-
ten class and the Berezin transform for quaternionic operators have been studied
in [59]. Beyond the spectral theorem, there is the theory of the characteristic
operator functions that has been initiated in [28].

Several papers have appeared in the literature that claimed to introduce a
spectral theorem for normal operators on a quaternionic Hilbert space (see [202],
[115], [112], [203]). However, in all of the aforementioned papers, a precise notion
of spectrum is not made clear. We will now enter into a discussion concerning
the papers of Teichmiiller [202] and Viswanath [203]. Teichmiiller’s paper [202] is
the first to claim a spectral theorem for normal operators and appeared in 1936.
Despite not making the notion of spectrum clear, [202] does have a number of
valid and important observations such as the decomposition T'= A+ JB. Finally,
the spectral resolution in [202] takes the form

N:/ / (X + ToN")dQ i d Py (11.1)
—o0 JO

where N is a normal operator while T is what he calls an “Imaginaroperator”
(the german word for “imaginary operator”) on ran B, i.e., ToT{ = Zyanp and
T¢ = —Tp. In 1971 the paper [203] of Viswanath also claimed to have a spectral
theorem for normal operators on a quaternionic Hilbert space. It is worth noting
that [202] is not quoted in Viswanath’s paper [203]. The approach of [203] is very
different from [202] in so far as the symplectic image of a normal operator is used
and the spectral theorem is allegedly deduced from the classical spectral theorem
and some kind of lifting argument. Viswanath’s spectral resolution takes the form

T= [ \E, (11.2)
C+

where T is a normal operator and FE is a projection-valued measure.

One of the main applications of the quaternionic spectral theorem is in
quaternionic quantum mechanics. In the old papers related to quaternionic quan-
tum mechanics [112], [115], [166] the authors use the notion of right spectrum.
To explore the equivalent formulations of complex and quaternionic quantum me-
chanics, see [132]. For recent applications of the spectral theory on the S-spectrum
to quantum mechanics see [180], [181]. We also mention the papers [175] on the
coherent state transforms to Clifford analysis and [174] on the S-spectrum and
associated continuous frames on quaternionic Hilbert spaces.
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Spectral integration and spectral operators

There existed different approaches to this spectral integration in the literature, but
these approaches required the introduction of a left multiplication on the Hilbert
space (even though this multiplication was sometimes only assumed to be defined
for quaternions in one complex plane and not for all ¢ € H). This left multiplica-
tion was in general only partially determined by the a priori given mathematical
structures. It had to be extended randomly and the necessary procedure did not
generalize to the Banach space setting.

In [131], an approach to spectral integration of intrinsic slice functions on a
quaternionic right Banach space has been developed. This integration is done with
respect to a spectral system instead of a spectral measure E, a concept that spec-
ifies ideas of [203]. A spectral system is a couple (E,J) that consists of a spectral
measure F on the axially symmetric Borel sets of H and an imaginary operator J
satisfying E(H \ R) = —J2. It has a clear and intuitive interpretation in terms of
the right linear structure of the space: the spectral measure E associates projec-
tions with sets of spectral spheres [s] and the imaginary operator J defines how to
multiply the different values in the spheres onto the vectors in the corresponding
subspaces. Additionally, it is compatible with the complex theory. The spectral
system (FE,J) of a normal operator T is fully determined by 7" and it is exactly
the structure that is necessary to prove the spectral theorem as it is done in [14].
In order to fit to existing approaches to spectral integration, the operator J has
been, however, usually extended randomly in order to define a left multiplication.

In [131] and in [134], we consider spectral measures that are defined on ax-
ially symmetric subsets of H instead of subsets of a complex halfplane (C;r. Both
approaches are equivalent for intrinsic slice functions: we can identify any axi-
ally symmetric set with its intersection with one complex halfplane (C;r in order
to obtain a bijective relation between these two types of sets. Quaternionic lin-
ear spectral operators are studied in [131] and in [134], where the complex linear
theory in [111] is generalized.

11.3 The monographs on operators and functions

For the convenience of the reader, we summarize in the following the contents of
monographs [18], [57], [93], [100], [129], [139] and the long self-contained papers [28]
and [131] that treat specific arguments.

Slice hyperholomorphic Schur analysis

The monograph [18] is the first treatise of Schur analysis in the slice hyperholo-
morphic setting. The book is divided into three parts: I. Classical Schur analysis,
II. Quaternionic analysis and III. Quaternionic Schur analysis.

I. Classical Schur analysis.
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Chapter 1. Some history, Krein spaces, Pontryagin spaces, and negative
squares, the Wiener algebra, the Nehari extension problem, the Carathéodory—
Toeplitz extension problem and various classes of functions and realization theo-
rems.

Chapter 2. Rational functions and minimal realizations, minimal factoriza-
tion, rational functions J-unitary on the imaginary line, rational functions J-
unitary on the circle.

Chapter 3. The Schur algorithm, interpolation problems, first order discrete
systems, the Schur algorithm and reproducing kernel spaces.

II. Quaternionic analysis.

Chapter 4. Some preliminaries on quaternions, polynomials with quaternionic
coefficients, matrices with quaternionic entries, matrix equations.

Chapter 5. Quaternionic locally convex linear spaces, quaternionic inner
product spaces, quaternionic Hilbert spaces, partial majorants, majorant topolo-
gies and inner product spaces, quaternionic Hilbert spaces, weak topology, Quater-
nionic Pontryagin spaces, Quaternionic Krein spaces, Positive definite functions
and reproducing kernel quaternionic Hilbert spaces, Negative squares and repro-
ducing kernel quaternionic Pontryagin spaces.

Chapter 6. Elements of slice hyperholomorphic functions: The scalar case.
The Hardy space of the unit ball, Blaschke products (unit ball case), The Wiener
algebra, The Hardy space of the open half-space, Blaschke products (half-space
case).

Chapter 7. Slice hyperholomorphic operator-valued functions. Definition and
main properties, S-spectrum and S-resolvent operator, The functional calculus,
Two results on slice hyperholomorphic extension, Slice hyperholomorphic kernels,
The space H3 (B) and slice backward-shift invariant subspaces.

ITI. Quaternionic Schur analysis.

Chapter 8. Reproducing kernel spaces and realizations. The various classes
of functions, The Potapov—Ginzburg transform, Schur and generalized Schur func-
tions of the ball, Contractive multipliers, inner multipliers and Beurling—Lax the-
orem, A theorem on convergence of Schur multipliers, The structure theorem,
Carathéodory and generalized Carathéodory functions, Schur and generalized
Schur functions of the half-space, Herglotz and generalized Herglotz functions.

Chapter 9. Rational slice hyperholomorphic functions. Definition and first
properties, Minimal realizations, Realizations of unitary rational functions, Ratio-
nal slice hyperholomorphic functions, Linear fractional transformation, Backward-
shift operators.

Chapter 10. First applications: scalar interpolation and first order discrete
systems. The Schur algorithm, The reproducing kernel method, Carathéodory—
Fejér interpolation, Boundary interpolation, First order discrete linear systems,
Discrete systems: the rational case.

Chapter 11. Interpolation: operator-valued case. Formulation of the interpo-
lation problems, The problem IP(H3 (B)): the non-degenerate case, Left-tangent-
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ial interpolation in S(Hi;He;B), Interpolation in S(Hi; Hz;B). The non degen-
erate case, Interpolation: The case of a finite number of interpolating conditions,
Leechs theorem, Interpolation in S(H1;H2;B). Nondegenerate case: Sufficiency.

Spectral theory on the S-spectrum for quaternionic operators

The book [57] can be considered the first part of quaternionic operator theory that
has been further developed in the present monograph.

Chapter 1. Introduction. What is quaternionic spectral theory. Some histori-
cal remarks on the S-spectrum. The discovery of the S-spectrum. Why such a long
time to understand the S-spectrum.

Chapter 2. Slice hyperholomorphic functions. Slice hyperholomorphic func-
tions. The Fueter mapping theorem in integral form. Vector-valued slice hyper-
holomorphic functions. Comments and remarks.

Chapter 3. The S-spectrum and the S-functional calculus. The S-spectrum
and the S-resolvent operators. Definition of the S-functional calculus. Comments
and remarks. The left spectrum o, (T") and the left resolvent operator. Power series
expansions and the S-resolvent equation.

Chapter 4. Properties of the S-functional calculus for bounded operators. Al-
gebraic properties and Riesz-projectors. The Spectral Mapping Theorem and the
Composition Rule. Convergence in the S-resolvent sense. The Taylor formula for
the S-functional calculus. Bounded operators with commuting components. Per-
turbations of the SC-resolvent operators. Some examples. Comments and remarks.
The S-functional calculus for n-tuples of operators. The W-functional calculus for
quaternionic operators.

Chapter 5. The S-functional calculus for unbounded operators. The S-spec-
trum and the S-resolvent operators. Definition of the S-functional calculus. Com-
ments and remarks.

Chapter 6. The H* functional calculus. The rational functional calculus.
The S-functional calculus for operators of type w. The H* functional calculus.
Boundedness of the H*® functional calculus. Comments and remarks. Comments
on fractional diffusion processes.

Chapter 7. The F-functional calculus for bounded operators. The F-resolvent
operators and the F-functional calculus. Bounded perturbations of the F-resolvent.
The F-resolvent equations. The Riesz projectors for the F-functional calculus.
The Cauchy—Fueter functional calculus. Comments and remarks. The F-functional
calculus for n-tuples of operators. The inverse Fueter—Sce mapping theorem.

Chapter 8. The F-functional calculus for unbounded operators. Relations be-
tween F-resolvent operators. The F-functional calculus for unbounded operators.
Comments and remarks. F-functional calculus for n-tuples of unbounded opera-
tors.

Chapter 9. Quaternionic operators on a Hilbert space. Preliminary results.
The S-spectrum of some classes of operators. The splitting of a normal operator
and consequences. The continuous functional calculus. Comments and remarks.
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Chapter 10. Spectral integrals. Spectral integrals for bounded measurable
functions. Spectral integrals for unbounded measurable functions. Comments and
remarks.

Chapter 11. The spectral theorem for bounded normal operators. Construc-
tion of the spectral measure. The spectral theorem and some consequences. Com-
ments and remarks.

Chapter 12. The spectral theorem for unbounded normal operators. Some
transformations of operators. The spectral theorem for unbounded normal opera-
tors. Some consequences of the spectral theorem. Comments and remarks.

Chapter 13. Spectral theorem for unitary operators. Herglotzs theorem in the
quaternionic setting. Preliminaries for the spectral resolution. Further properties
of quaternionic Riesz projectors. The spectral resolution. Comments and remarks.

Chapter 14. Spectral integration in the quaternionic setting. Spectral inte-
grals of real-valued slice functions. Imaginary operators. Spectral systems and
spectral integrals of intrinsic slice functions. On the different approaches to spec-
tral integration.

Chapter 15. Bounded quaternionic spectral operators. The spectral decom-
position of a spectral operator. Canonical reduction and S-functional calculus.

Noncommutative Functional Calculus

The book [93] is the first monograph on slice hyperholomorphic functions and the
relater functional calculi. The content of the book is the following.

Chapter 1. Introduction to the theory.

Chapter 2. Slice monogenic functions. Clifford algebras. Slice monogenic func-
tions: definition and properties. Power series. Cauchy integral formula I. Zeros of
slice monogenic functions. The slice monogenic product. Slice monogenic Cauchy
kernel. Cauchy integral formula II. Duality Theorems. Topological duality theo-
rems and the chapter is concluded with some notes.

Chapter 3. Functional calculus for n-tuples of operators. The S-resolvent
operator and the S-spectrum. Properties of the S-spectrum. The S-functional cal-
culus. Algebraic rules. The spectral mapping and the S-spectral radius theorems.
The S-functional calculus for unbounded operators and algebraic properties.

Chapter 4. Quaternionic functional calculus. Definition of slice regular func-
tions. Properties of slice regular functions. Representation Formula for slice reg-
ular functions. The slice regular Cauchy kernel. The Cauchy integral formula II.
Linear bounded quaternionic operators. The S-resolvent operator series. The S-
spectrum and the S-resolvent operators. Examples of S-spectra. The quaternionic
functional calculus. Algebraic properties of the quaternionic functional calculus.
The S-spectral radius. The S-spectral mapping and the composition theorems.
Bounded perturbations of the S-resolvent operator. Linear closed quaternionic
operators. The functional calculus for unbounded operators. An application: uni-
formly continuous quaternionic semigroups.
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Entire Slice Regular Functions

In the book [100], the theory of entire slice hyperholomorphic functions is consid-
ered.

Chapter 1. Introduction.

Chapter 2. Slice regular functions: algebra. Definition and main results. The
Representation Formula. Multiplication of slice regular functions. Quaternionic
intrinsic functions. Composition of power series.

Chapter 3. Slice regular functions: analysis. Some integral formulas. Riemann
mapping theorem. Zeros of slice regular functions. Modulus of a slice regular func-
tion and Ehrenpreis—Malgrange lemma. Cartan theorem.

Chapter 4. Slice regular infinite products. Infinite products of quaternions.
Infinite products of functions. Weierstrass theorem. Blaschke products. Growth of
entire slice regular functions. Growth scale. Jensen theorem. Carathéodory theo-
rem. Growth of the *-product of entire slice regular functions. Almost universal
entire functions. Entire slice regular functions of exponential type.

Quaternionic Approximation

In the book [129], the authors systematically treat the approximation theory for
slice hyperholomorphic functions, but there are also considerations for other set-
tings.

Chapter 1. Preliminaries on hypercomplex analysis. An introduction to slice
regular functions. Slice regular functions, an alternative definition. Further prop-
erties of slice regular functions. Preliminary results on quaternionic polynomials.
Slice monogenic functions. Other hypercomplex function theories.

Chapter 2. Approximation of continuous Functions. Weierstrass—Stone type
results. Carleman type results. Notes on Miintz—Széasz type Results.

Chapter 3. Approximation in compact balls by Bernstein and convolution
type operators. Approximation by g¢-Bernstein polynomials, ¢ > 1, in compact
balls. Approximation by convolution operators in compact balls and in Cassini
cells. Approximation by quaternionic polynomial convolutions. Approximation by
nonpolynomial quaternion convolutions. Approximation by convolution operators
of a paravector variable.

Chapter 4. Approximation of slice regular functions in compact sets. Runge
type results. Mergelyan type results. Riemann mappings for axially symmetric sets.
Approximation in some particular compact sets. Arakelian type results. Arake-
lian’s theorem for slice monogenic functions. Approximation by Faber type poly-
nomials. Biholomorphic bijections between complements of compact axially sym-
metric sets. Quaternionic Faber polynomials and Faber series. Approximation by
Polynomials in Bergman spaces. Approximation in Bergman spaces of first kind.
Approximation in Bergman spaces of second kind.

Chapter 5. Overconvergence, equiconvergence and universality properties.
Overconvergence of Chebyshev and Legendre Polynomials. Walsh equiconvergence
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type results. The interpolation problem. Walsh equiconvergence theorem. Univer-
sality properties of power series and entire functions. Almost universal power series.
Almost universal entire functions.

Chapter 6. Inequalities for quaternionic polynomials. The complex case.
Bernstein’s inequality. Erdos-.Lax’s inequality. Turdn’s inequality. Notes on Turan
type inequalities. Approximation of nullsolutions of generalized Cauchy—Riemann
operators. Runge type results. Approximation of axially monogenic functions.
Polynomial approximation of monogenic quasi-conformal maps. Approximation
in L2. Complete orthogonal systems of monogenic polynomials.

Regular Functions of a Quaternionic Variable

In the book [139], the case of quaternionic slice hyperholomorphic functions is
treated.

Chapter 1. Definitions and Basic Results. Regular Functions, Affine Repre-
sentation. Extension Results, Algebraic Structure.

Chapter 2. Regular Power Series. Convergence of Power Series. Series Ex-
pansion and Analyticity. Zeros.

Chapter 3. Basic Properties of the Zeros. Algebraic Properties of the Zeros.
Topological Properties of the Zeros. On the Roots of Quaternions. Factorization
of Polynomials. Multiplicity. Division Algorithm and Bezout Theorem. Grobner
Bases for Quaternionic Polynomials.

Chapter 4. Infinite Products. Infinite Products of Quaternions. The Quater-
nionic Logarithm. Infinite Products of Functions Defined on H. Convergence of an
Infinite Product. Convergence-Producing Regular Factors. Weierstrass Factoriza-
tion Theorem.

Chapter 5. Singularities. Regular Reciprocal and Quotients. Laurent Series
and Expansion. Classification of Singularities. Poles and Quotients. Casorati—
Weierstrass Theorem.

Chapter 6. Integral Representations. Cauchy Theorem and Morera Theo-
rem. Cauchy Integral Formula. Pompeiu Formula. Derivatives Using the Cauchy
Formula. Coefficients of the Laurent Series Expansion. Argument Principle.

Chapter 7. Maximum Modulus Theorem and Applications. Maximum and
Minimum Modulus. Open Mapping Theorem. Real Parts of Regular Functions.
Phragmen—Lindelof Principle. An Ehrenpreis—Malgrange Lemma.

Chapter 8. Spherical Series and Differential Spherical Series and Expansions.
Integral Formulas and Cauchy Estimates. Symmetric Analyticity. Differentiating
Regular Functions. Rank of the Differential.

Chapter 9. Fractional Transformations and the Unit Ball. Transformations
of the Quaternionic Space. Regular Fractional Transformations. Transformations
of the Quaternionic Riemann Sphere. Schwarz Lemma and Transformations of
the Unit Ball. Rigidity and a Boundary Schwarz Lemma. Borel-Carathéodory
Theorem. Bohr Theorem.
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Chapter 10. Generalizations and Applications. Slice Regularity in Algebras
Other than H. The Case of Octonions. The Case of R3. The Monogenic Case.
Quaternionic Functional Calculus. Orthogonal Complex Structures Induced by
Regular Functions.

De Branges spaces and characteristic operator function: the quater-
nionic case

In the long paper [28], the authors systematically investigate the characteristic
operator functions and related topics in the quaternionic setting.

Chapter 1. Introduction. The complex numbers setting. The quaternionic
setting.

Chapter 2. Quaternions. Toeplitz matrices. Hankel matrices. Functional anal-
ysis.

Chapter 3. Slice hyperholomorphic functions. The S-resolvent operators and
the S-spectrum. The map x and applications. Slice hyperholomorphic weights:
half-plane. Slice hyperholomorphic weights: unit ball.

Chapter 4. Rational functions. Rational slice hyperholomorphic functions.
Symmetries.

Chapter 5. Operator models. Rota’s model in the quaternionic setting. Other
operator models.

Chapter 6. Structure theorems for H(A, B) spaces. H(A, B) spaces. The
structure theorem: Half-space case. The unit ball case. A theorem on the zeros of
a polynomial.

Chapter 7. J-contractive functions. J-contractive functions in the unit ball.
J-contractive functions in the right half-space. The case of entire functions.

Chapter 8. The characteristic operator function. The problem with close to
self-adjoint operators in the quaternionic case. Properties of the characteristic
operator function. Examples. Inverse problems.

Chapter 9. L(F) spaces. L(F') spaces associated to analytic weights. Linear
fractional transformations. Canonical differential systems.

Chapter 10. The matrizant. The characteristic spectral functions. Canonical
differential systems.

Operator Theory on One-Sided Quaternionic Linear Spaces:
Intrinsic S-Functional Calculus and Spectral Operators

The long paper [131] contains fundamental results on the operator theory on one-
sided quaternionic linear spaces, the intrinsic S-functional calculus and the spectral
operators on quaternionic Banach spaces.

Chapter 1. Introduction.
Chapter 2. Preliminaries: Slice hyperholomorphic functions. The S-functional
calculus. The spectral theorem for normal operators.
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Chapter 3. Intrinsic S-functional calculus on one-sided Banach spaces.

Chapter 4. Spectral integration in the quaternionic setting. On the different
approaches to spectral integration.

Chapter 5. Bounded quaternionic spectral operators.

Chapter 6. Canonical reduction and intrinsic S-functional calculus for quater-
nionic spectral operators.

Chapter 7. Concluding Remarks.
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Check for
updates

Appendix: Principles of
functional Analysis

The principles of functional analysis do not depend on the quaternionic structure,
so with minor changes these can be proved also in quaternionic functional analysis.
For the convenience of the reader, we collect such results in this appendix. Some
of the results were already proved in [110], so we quote those here.

Theorem 12.0.1 (The open mapping theorem). Let X and W be two right quater-
nionic Banach spaces, and let T be a right linear continuous quaternionic operator
from X onto W. Then the image of every open set is open.

Proof. Let X and W be two right quaternionic Banach spaces and let T : X — W
be a right linear continuous map such that TX = W. It is enough to prove the
statement for a neighborhood of 0, more precisely for balls. We denote by Bx/(r)
the ball in X of radius r > 0 and centered at the origin. We prove that the
closure TBx(r) of the image of any ball Bx(r) centered at 0 in X contains a
neighborhood of 0 in W. Moreover, since TBx (r) = rTBx (1), we only need to
show that T'Bx (r) is a neighborhood of the origin for some positive r.

We will make use of the notation Bx (1) — Bx () to denote the set of elements
of the form v — v where u,v € Bx(r).

Observe that the function u — v is continuous in w and v. Also, notice that
there exists an open ball Bx ('), for suitable 7' > 0, such that Bx (') — Bx(r’) C
BX (T‘)

For every v € X, we have that v/n — 0 as n — oo so v € nBx(r') for a
suitable n € N. So

X = U nBx(r') and W=TX = U nTBx(r').

n=1 n=1
By the Baire category theorem, one of the sets nT Bx (r') contains a nonempty
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open set. The map w +— nw is a homeomorphism in W and TBx (r’) contains a
nonempty open set denoted by B, so

TBx(r) 2 TBx (') — TBx(r') 2 TBx (') — TBx(r') 2 B—B.

The map w — u — w is a homeomorphism; this implies that the set u — Bx(r)
is open. Since the set B — B = |J,cz(u — B) is the union of open sets, it is open
and it contains the origin and so it is a neighborhood of the origin. Thus, we have
proved that the closure of the image of the neighborhood of the origin contains a
neighborhood of the origin.

For any & > 0, consider the two spheres Bx(¢) and By (¢) centered at the
origin of X and W, respectively.

Choose an arbitrary positive real number ¢y and let €, > 0 be a sequence
such that » , e < €o.

Then, according to what we have proved above, there exists a sequence
{0¢}renugoy with 6, > 0 and 6, — 0 such that

TBx(ee) D Bw (), ¢eNU{0}. (12.1)

Now take w € By (6y). We show that there exists v € Bx(2g¢,) such that Tv = w.
From (12.1), for £ = 0 there exists a vg € Bx(go) such that

||w — TUQ” < 0.
Since w — Tvy € Bw (61) again from (12.1) with £ = 1, there is v; € Bx(e1) with
||w —Tvy — T’U1|| < bs.
So we construct a sequence {vy, }neufoy such that v, € Bx(e,) and
Hw—TZWH <Op+1, neNU{0}. (12.2)
£=0
Let us denote p,, = > -, vs. So for m > n,
||pm _pn” = anJrl +...+ va < En+1 +...F Em

which shows that p,, is a Cauchy sequence and that the series Y, vy converges

at a point v with
(o]
vl < er = 2¢0.
£=0

Now recall that T is continuous and from (12.2) we have w = T'v.

This means that an arbitrary sphere Bx(2¢q), about the origin in X, maps
onto the set TBx (2¢g) which contains the sphere By (6p) about the origin in W.
So if X is a neighborhood of the origin in X, then TX contains a neighborhood
of the origin of W. Since T is linear then the above procedure works for every
neighborhood of every point. O
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Theorem 12.0.2 (The Banach continuous inverse theorem). Let X and W be two
right quaternionic Banach spaces and let T be a right linear continuous quater-
nionic operator that is one-to-one from X onto W. Then T has a right linear
continuous inverse.

Proof. Let X and W be two right quaternionic Banach spaces and T be a right
linear continuous and one-to-one operator such that TX = W. By Theorem 12.0.1
T maps open sets onto open sets, so if we write T as (T~1)7!, it is immediate that
T is continuous. Now take wq, ws € W and vy, va € X such that Tv; = wy,
Tve = we and p € H. Then,

T(v1 +v1) =Tvy +Tve = w1 + w2, T(vip) =T (v1)p =w1p

so that
T wy +wy) = v1 + o
and
T~ (wip) = v1p,
so T~! is right linear quaternionic operator. O

Definition 12.0.3. Let X and W be two right quaternionic Banach spaces. Suppose
that T is a right linear quaternionic operator whose domain D(T) is a (right) linear
manifold contained in X and whose range belongs to W. The graph of T' consists
of all point (v,Tw), with v € D(T), in the product space X x W.

Definition 12.0.4. We say that T is a closed operator if its graph is closed in X x W.

Remark 12.0.1. Equivalently, we can say that T is closed if v, € D(T), v, — v,
and T, — y imply that v € D(T) and Tv = y.

Theorem 12.0.5 (The closed graph theorem). Let X and W be two right quater-
nionic Banach spaces. Let T : X — W be a right linear closed quaternionic oper-
ator. Then T is continuous.

Proof. Since X and W are two right quaternionic Banach spaces, we have that
X x W with the norm ||(v, w)||x xw = ||v||x +||w|lw is a right quaternionic Banach
space. The graph of T denoted by

G(T) ={(v,Tv): veDT)}

is a closed linear manifold in the product space X x W so it is a right quaternionic
Banach space. The projection

Px :G(T)— X, Px(w,Tv)=wv

is one-to-one and onto, linear and continuous, so by Theorem 12.0.2, its inverse
Py ! is continuous. Now consider the projection

Py :G(T)—» W, Pw(w,Tv)="Tu,

since T' = PWP);l, so we get the statement. g
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Theorem 12.0.6 (The Hahn-Banach theorem). Let Xo be a right subspace of a
right quaternionic Banach space X on H. Suppose that p is a norm on X and let
¢ be a linear and continuous functional on Xy such that

[(¢,v)] < p(v), Vve Xo. (12.3)

Then it is possible to extend ¢ to a linear and continuous functional ® on X
satisfying the estimate (12.3) for allv € X.

Proof. Note that, for any quaternion ¢, we have ¢ = qo + q1¢ + q25 + g3k = 21(q) +
29(q)j, where z1, 22 € C; = R4+Ri and ¢ = —22(q)+21(q)J, so ¢ = z1(q) —z1(qj)J.
The functional ¢ can be written as ¢ = ¢g + @10 + Ppoj + d3k = 1 (P) + W2(P) 7,
with 11 (¢) = ¢o + ¢1¢ and Ya(d) = ¢o + ¢3i which are complex functionals. Tt is
immediate that

<¢,'U> = </¢17/U> - <¢17vj>ja Vv € X07

where ¢ is a C-linear functional. So we can apply the complex version of the
Hahn—Banach theorem to deduce the existence of a functional v); that extends
to the whole of X. The functional ¥, given by

<\I/,’U> = <151>U> - <1Z)17Uj>ja

is defined on X and it is the extension that satisfies estimate (12.3) for all v €
X. O

The following result is an immediate consequence of the quaternionic version
of the Hahn—Banach theorem.

Corollary 12.0.7. Let X be a right quaternionic Banach space and let v € X. If
(¢, vy = 0 for every linear and continuous functional ¢ in X*, then v = 0.

We can reformulate this with the following corollary.

Corollary 12.0.8. The dual space of a quaternionic right Banach space separates
points.

In the following paragraphs, we have restated the quaternionic version of the
results that we have previously used in this book. The proofs in the complex case,
found in [110], are very similar.

Theorem 12.0.9 (Uniform boundedness principle). Let X and W be two right
quaternionic Banach spaces and let {Tp}aca be bounded linear maps from X to
W. Suppose that

sup ||Tav|| < 00, veX.

acA

Then,
sup || Tn]| < oo.
aEA

Proof. For the proof see Theorem 11 in [110, p. 52]. |
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Also, the following extension theorem is in [110].

Theorem 12.0.10 (Extension by continuity). Let X and W be two-sided quater-
nionic Banach spaces. Let F : D C X — W be a uniformly continuous operator
and suppose that D is dense in X. Then F has a unique continuous extension
F: X — W which is uniformly continuous.

Lemma 12.0.11 (Corollary of Ascoli-Arzeld theorem). Let Gi be a compact subset
of a topological group G and let IC be a bounded subset of the space of continuous
functions C(G1). Then K is conditionally compact if and only if for every ¢ > 0
there is a neighborhood U of the identity in G such that |f(t) — f(s)| < & for every
f € K and every pair s, t in S witht € U.

Proof. Tt is Corollary 9 [110, p. 267] and its proof can be obtained with the same
arguments. O

Definition 12.0.12. We say that a quaternionic topological vector space X has the
fixed point property if for every continuous mapping T : X — X, there exists
u € X such that u = T'(u).

Lemma 12.0.13. Let K be a compact convex subset of a locally convez linear quater-
nionic space X and let T : I — K be continuous. If K contains at least two points,
then there exists a proper closed convex subset K1 C K such that T(KC1) C K.

Theorem 12.0.14 (Schauder—Tychonoff). A compact convex subset of a locally con-
vex quaternionic linear space has the fired point property.

Proof. The proof is based on Zorn lemma and on Lemma 12.0.13, see [110]. O

Definition 12.0.15. Let X, be a subset of X and let span(Xy) be the subspace of
X spanned by Xy. We say that Xy is a fundamental set if span(Xy) = X.

The above definition is useful to state the following result.

Theorem 12.0.16. Let X be a quaternionic Banach space and let A, be a sequence
of linear bounded quaternionic operators on X to itself. Then the limit Av =
limy, oo Amv exists for every v € X if and only if

(a) the limit Av exists for every fundamental set,
(b) for each v € X we have sup,,cy ||Amv] < 0.

When the limit Av exists for each v € X, the operator A is bounded and

Al < liminf || Ay, || < sup [|Anm]| < oo.
m—00 meN

Proof. Tt mimics the proof of Theorem II.3.6 in [110] for complex Banach spaces.
O
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(b)
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Lemma 12.0.17. Let F and G belong to L*(R,H) with respect to the Lebesgue
measure. Then the convolution

(F+G)(t) := /0 F(t—71)G(r)dr

is defined for almost all t, is a function in L'(R,H), thus

I %Gl < IFllal| Gl

If F € L'(R,H) and there exists a positive constant M such that |G(t)] < M,
then
I(F « Gl < MIF|r

Let F and G be defined for t > 0 and let them be Lebesgue integrable over
every finite interval. Then (F * G)(t) is Lebesgue integrable over every finite
interval.

Proof. Tt follows the proof of Lemma 24 in [110, p.634]. |

Theorem 12.0.18. Let V and W be quaternionic two-sided Banach spaces and let
T be a closed linear quaternionic operator on a domain D and with range W. Let
(S, 1) be a measure quaternionic space and let F be a p-integrable function with
values in D. Suppose that TF is a p-integrable function then we have

(a)
(b)

Js F(T)p(dr) € D,and
T [s F(r)uldr) = [¢ TF(r)u(dr).

Proof. Tt follows with obvious modifications from the proof of the Theorem 20
in [110, p. 153]. |
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