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Abstract

The analogue of the Riesz-Dunford functional calculus has been introduced and studied
recently as well as the theory of semigroups and groups of linear quaternionic operators. In
this paper we suppose that 7' is the infinitesimal generator of a strongly continuous group
of operators (Z7(t))ter and we show how we can define bounded operators f(T'), where
f belongs to a class of functions which is larger than the class of slice regular functions,
using the quaternionic Laplace-Stieltjes transform. This class will include functions that are
slice regular on the S-spectrum of T' but not necessarily at infinity. Moreover, we establish
the relation of f(T') with the quaternionic functional calculus and we study the problem of
finding the inverse of f(T).

AMS Classification: 47A10, 47A60.

Key words: Quaternionic infinitesimal generators, S-resolvent operator, S-spectrum, quater-
nionic Laplace-Stieltjes transform, quaternionic functional calculus, functions of the infinitesimal
generator.

1 Introduction

In this paper we study the quaternionic counterpart following problems that naturally arise for
groups or semigroups of operators in complex Banach spaces. With the recently introduced
notion of S-spectrum og(7") for a quaternionic linear operators 7', it was possible to develop
the quaternionic functional calculus (also called S-functional calculus) which is the quaternionic
version of the Riesz-Dunford functional calculus, see [5, [13],[14] and the book [16] (see [17),[32] for
the classical case). Moreover, the slice continuous functional calculus for quaternionic normal
linear operators on a Hilbert space has been developed in [23] using this new notion of spectrum.
The spectral theorem (see [I8] for the classical case) for quaternionic linear operators has been
recently proved in [6] [7, 24]. In the literature there were several attempts to prove the spectral
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theorem but the notion of spectrum was not made clear, see [34, B5]. In [20] the authors prove
the spectral theorem for a quaternionic matrix M using the notion of right spectrum ogr(M)
which turned out to be equal to the S-spectrum og(M).

Quaternionic operators are not just interesting from a mathematical point of view, they
are important in the formulation of quantum mechanics (Q.M.). In fact, it was proved by G.
Birkhoff and J. von Neumann [12], that there are essentially just two possible ways to formulate
Q.M.: the well known one using complex numbers and also one using quaternions. The second
description of Q.M. has been investigated by several authors, see [1}, [19], 21 27], but the correct
notion of spectrum did not seem to be known. In the past, the notion of right spectrum or(7)
of a quaternionic linear operator 7" was used successfully in some cases. This is because or(7)
coincides with S-point spectrum.

Classical results on groups and semigroups of linear operators (see [28, 29] [30} [31]) have been
extended to the quaternionic setting in recent papers: it has been shown that the Hille-Yosida
theorem holds, see [I5], and it has been studied the problem of generation by perturbations of
the quaternionic infinitesimal generator in [4]. For semigroups over real alternative *-algebras
generation theorems and spherical sectorial operators have been studied in [26].

We now recall some facts in the classical case, for more details see [17]. The Riesz-Dunford
functional calculus can be extended to unbounded closed operators A : D(A) C X — X, with
non void resolvent set p(A), where X is a complex Banach space, see p. 599 in [I7]. Precisely, for
each function f holomorphic on the spectrum o(A) and at infinity, we define the bounded linear
operator f[A] as follows: consider the complex sphere K and the homeomorphism ¢ : K — K
defined by = ®(\) = (A — )™, ®(00) =0, ®(u) = oo and the relation p(p) := f(®~1(u)).
Let Zx be the identity operator on X, it can be shown that the bounded operator

fIA] = (A = uZx)™"), for pep(A)

is well defined, since it does not depend on p € p(A), and can be represented as
4] = F(o0) T + [ Oy = )L (NN
r

where f(00) := limy_ f(A) and T is a suitable curve that surrounds the spectrum.

When A is the infinitesimal generator of a strongly continuous group U4 (t) for ¢t € R, using
the bilateral Laplace-Stieltjes transform it is possible to define the bounded linear operator f(A)
on a larger class of functions. In fact if @ denotes a finite complex-valued measure defined on R
so that the integral [ e“¥9)d|a|(t) is finite, here |/ is the total variation of the measure, we
can define the bilateral Laplace-Stieltjes transform of « as

FO = [ Pdal), o) <Re(y <wte
R
It turns out that the operator

f(A)z = /RUA(—t)xdoz(t), reX

is well defined and it is bounded. When the function f is holomorphic also at the infinity
then the operator f(A), define by the Laplace-Stieltjes transform, and the one defined by the
Riesz-Dunford functional calculus f[A] are the same.

Under some conditions the inverse of the operator f(A) can be obtained using a suitable
sequence of polynomials. If p,, (\) is such that lim,, o P (A) f(A) = 1, then lim, o pp(A) defines
the inverse of f(A).



To extend the above results to the quaternionic setting we have to face several difficulties
that are explained in the following sections. Here we point out that in the quaternionic setting
there are two resolvent operators and the notion of holomorphicity has to be replaced by the
notion of slice hyperholomorphicity (or slice regularity) which is recalled in the next section for
the sake of convenience. For more details see the books [16, 22] and the paper [25] for a different
approach.

Before we explain our results in the quaternionic setting we point out another crucial fact.
We restrict to the case of bounded operators for sake of simplicity, but what follows holds also
for unbounded operators. The relation between the resolvent operator (AZx — A)™! of the
infinitesimal generator A : X — X of a semigroup (e*4);>0 is given by the Laplace transform

o
(\x — A~ = / e et dt,
0
for Re(A) sufficiently large. This important relation holds also in the quaternionic setting, but
in this case we have two resolvent operators. Precisely, we define the S-spectrum of the bounded
quaternionic linear operator 1" as

os(T)={s€H : T? —2sqT + |s|>T is not invertible in B(V)}

where B(V') denotes the space of all bounded linear operators on a bilateral quaternionic Banach
space V while s and |s| are the real part and the modulus of the quaternion s = so+ s1i+ s2j +
ssk, respectively. The S-resolvent set pg(T) is defined by ps(T) = H\ os(T). For s € ps(T') we
define the left S-resolvent operator as

S (s, T) := —(T? — 25T + |s]*T) (T — 3I),
and the right S-resolvent operator as
Spl(s,T) = —(T —3I)(T* — 2s0T + |s|*T)"".

For T € B(V) and sg > ||T'|| we have the relations

o o
Spl(s,T) = / e tsetT dt, S (s, T) = / et et dt.
0 0
The above relations hold for right linear as well as for left linear quaternionic operators, but in
the case of unbounded operators the definitions of both resolvent operators have to be modified
in order that they are defined on the whole quaternionic Banach space V. Due to technical
reasons, explained in Remark 2.19, we will only consider the right S-resolvent operator.

To give the definition and to prove the properties of the functions of the quaternionic in-
finitesimal generator of a strongly continuous group, it is necessary to have all the preliminary
results on quaternionic measure theory that we collect in Section Bl We can now state the
main results of this paper. We suppose that 7" is the quaternionic infinitesimal generator of the
strongly continuous group (Z7(t))icr on a quaternionic Banach space V. For f in the set of
quaternionic bilateral Laplace-Stieltjes transforms of measures with

f(s)= / dp(t) e for — (w+e) <Re(s) <w +e,
R
where 1 € S(T) (see in the sequel), we define the right linear operator f(7) on V by

f(Tv = /Rd,u(t) Zp(—t)v forv e V. (1)

3



The operator f(7') is bounded and under suitable conditions on f and g it has the property
(f9)(T) = F(T)g(T).

In Theorem we have proved that if f € V(T') and f is right slice regular at infinity, then
the operator f(7') defined using the Laplace transform equals the operator f[T'] obtained from
the S-functional calculus.

Finally we deduce sufficient conditions such that

lim P,(T)f(T)u =wu, foreveryueV

where P, are suitable polynomials. We conclude by recalling that there are several applications
of the S-resolvent operators in Schur analysis, in particular in the realization of Schur functions
in the slice hyperholomorphic setting, see [8] [9] [10], and see [3, [11] for Schur analysis in the
holomorphic case.

2 Preliminary results on quaternionic operators

The skew field of quaternions is defined as the real vector space H = {z = Z?:o gei : & € R}
endowed with a multiplication such that ey = 1 is the identity, e? = —1 and e;e; = —eje; for
i,7 € {1,2,3} with ¢ # j. The real and imaginary part, the conjugate and the modulus of a
quaternion are defined analogously to the case of complex numbers as

3
Re(z) = &, Im(z) =z = Z&ei, T =Re(r) —z and |z| =

The quaternions also possess a complex structure. In order to explain it we define the set of
imaginary units: We denote by S the set of all purely imaginary unit vectors, that is

3 3
S:= {Zfiei EHZ@? = 1}.
i=1 i=1
Given an element x = Re(x) + z € H, we set

L {z/lzl ifz#0

any element of S if z = 0.

Then © = x¢ + I,x; with g = Re(z) = & and z; = |z|. For any element x = g + [,z1 € H,
the set
[z] :={xo + [z1: I €S}

is a 2-sphere in H, which degenerates to a single point if z = 0.

For I € S, we obviously have I? = —1. Hence, the vector space C; = R+ IR passing through
1 and I € S is isomorphic to the field of complex numbers. Moreover, if I,J € S with I L J,
then the quaternions 1, I, J and IJ form an orthogonal basis of H as a real vector space and
so H = C; + CyJ. Furthermore, since IJ = —JI, zJ = JZ for any z € C;. Hence, we also have
H=C;+C;J.



2.1 Slice regular functions

The functional calculus considered in this paper is based on the theory of slice regular functions.
We give a short introduction and state its most important results; the proofs can be found in
[16]. Let U C H be an open set and let f : U — H be a real differentiable function. For I € §
denote by f; be the restriction of f to the complex plane C; = {xg + Iz1 : xo,z1 € R} and
define the differential operator Oy as

1/ 0 0
= =—4+T—).
3[ 2 <31‘0 + 8.%'1)

Definition 2.1 (Slice regular functions). The function f is said to be left slice regular if, for
every I € S, it satisfies

011(0) = 5 (o Fi) + g fila) ) =0

for all z = xg+ Iz, € UNC;. We denote the set of left slice regular functions on U by SR (U).
The function f is said to be right slice regular if, for everyl € S, it satisfies

1

(for)(z) = B <aixof1(~"3) - %f;(m)]) =0

for all x = zg+1x1 € UNC;. We denote the set of right slice regular functions on U by SRR(U).

Any power series of the form Y  a"a, with a,, € H for n € N is left slice regular and any

power series of the form > b,z with b, € H is right slice regular. Conversely, at any real
point, any left or right slice regular function allows a power series expansion of the respective
form.

In the present paper we mainly consider right slice regular functions. For this reason we
discuss in detail only the theory of right slice regular functions, although corresponding results
also hold true for left slice regular functions.

Definition 2.2. Let U C H be open. The slice derivative of a function f € SRE(U) is the
function defined by

1

5} 0
Osf(x) == 3 <8—x0f1(x0 + Izy) — 8—x1f1(m)1'> forx =x9g+ Iz, € U.

Corollary 2.3. Let U C H be open. If f € SRE(U), then 0,f € SRE(U).

Note that the slice derivative coincides with the partial derivative with respect to the real
part since

0.0(0) = 5 (5o @) = 5= @)1 ) = 5 (G 100 + o= Fr(0)) = 5= )

for any right slice regular function.
Lemma 2.4. Let a € R and B,(«) be the open ball of radius r centered at a. A function
f: Br(a) = H is right slice reqular if and only if

o0

Fla) =3 0 () (a — )"

n=0



Lemma 2.5 (Splitting Lemma). Let U C H be open. A real differentiable function f :U — H
is right slice regular if and only if for all I,J € S with I L J there exist holomorphic functions
f1, fo : UNC; — Cy such that

f1(x) = fi(z) + Jfa(x)  for allz € UNCy.

Slice regular functions possess good properties when they are defined on suitable domains
which are introduced in the following definition.

Definition 2.6 (Axially symmetric slice domain). Let U be a domain in H. We say that U is
a slice domain if U NR is nonempty and if U N Cy is a domain in C; for all I € S. We say that
U is axially symmetric if, for all x € U, the 2-sphere [z] = x¢ + Sz is contained in U.

Theorem 2.7 (Representation Formula). Let U C H be an azially symmetric slice domain. Let
I €S and set vy = xg+ Ixy for x = a9+ Lyzy € H. If f is a right slice reqular function on U,
then

flx) = flen)(1 - UQC)% v @D+ Hx)%
— %[f(xf) + f(@1)] + %[f(m—j) — fan)IL,

for x € U. Moreover, the quantities

[f(xr) + f(T1)] and B(wo, 1) := = [f(@1) — flar)]] (2)

a(zo, 1) ==

DO =
N | —

are independent of the imaginary unit I € S.

The Representation Formula (see Theorem [27)) for left slice regular functions reads as

F(#) = £ (1~ LI)f(ar) + 2 (1 + L) (). @
Slice regular function satisfy a version of Cauchy’s integral formula with a modified kernel.
Definition 2.8. For x ¢ [s] we define the noncommutative right Cauchy kernel as
Spt(s,z) = —(v — 5)(2? — 2Re(s)z + |s[*) 1.
and the noncommutative left Cauchy kernel as
S l(s,z) := —(2* — 2Re(s)z + |s[*) ' (z — ).
Lemma 2.9. The noncommutative Cauchy kernels have the following properties:

i) The right Cauchy kernel S3'(s,x) is left slice reqular in the variable s and right slice
R
regular in the variable x.

(ii) It holds the identity
S;t(s,z) = —Si'(,s).



(i7i) They are the Laplace transforms of the exponential function. For Re(s) > Re(x), it is
o0 oo
Sgl(s,x) = / et dt and S;'(s,x) = / e"temst dt
0 0

and for Re(s) < Re(x), it is
0 0
Spl(s,x) = —/ e Ste™dt  and S;'(s,x) = _/ st gy

—0o0 —00

The right Cauchy kernel is the right slice regular inverse of the function « — s — z. This
motivates the notation S;"(s,z) for the inverse of the n-th slice regular power of the map
x +— s — z. (For details on the slice regular product, we refer again to [16].)

Definition 2.10. Let n € N. For x ¢ [s] we define
Sp'(s,x) = kz_o (Z) VR (—x)*(2? — 2Re(s)z + |s|?) "

Note that, for m € N, we have

ag—mS}gl(s,x) = (=1)"m! Sg(erl)(s,x)
0
and .
5 S (s,2) = ml SR (s, 2). (4)
0

The noncommutative Cauchy kernels allow us to prove the slice regular version of Cauchy’s
integral formula, which is the starting point for the definition of the S-functional calculus for
quaternionic linear operators.

Theorem 2.11 (The Cauchy formula with slice regular kernel). Let U C H be an azially
symmetric slice domain such that (U N Cy) is a finite union of continuously differentiable
Jordan curves for every I € S and set ds; = —dsl for I € S. If f is right slice reqular on a set
that contains U, then

f(z) = i/ f(s)dsr Sp'(s, @) for all x € U. (5)
21 Jowncer)

This integral neither depends on U nor on the imaginary unit I € S.
Finally, we introduced an important subclass of slice regular functions.

Definition 2.12. Let U C H be an axially symmetric slice domain. A function f € SRE(U)

is called intrinsic if f(Z) = f(z) for all z € U. We denote the set of all intrinsic functions by
N(U).

The class N (U) plays a privileged role within the set of slice regular functions. It contains
all power series with real coefficients and any function that belongs to it is both left and right
slice regular. We give two equivalent characterizations of intrinsic functions.

Corollary 2.13. Let U C H be an azially symmetric slice domain and let f € SRE(U).



(i) The function f belongs to N'(U) if and only if f(UNCy) C Cy for all I €.

(i1) Write f(z) as f(x) = a(xo,z1) + B(xo,21)Il; according to Theorem [2.7. Then f belongs
to N(U) if and only if o and 8 are real-valued.

Finally, observe that the product of two right slice regular functions is in general not slice
regular. The special role of intrinsic functions is therefore due to the following observation.

Lemma 2.14. Let f,g € SRE(U). If g is intrinsic then fg belongs to SRE(U).

2.2 The S-resolvent operator and the S-functional calculus

We consider right linear operators on a two-sided quaternionic Banach space V. We denote
the set of all bounded right linear operators on V' by B(V') and we define the set (V') to be
the set of closed right linear operators whose domain is dense in V. Based on the theory of
slice regular functions it is possible to define a functional calculus for such operators. It is the
natural generalization of the Riesz-Dunford-functional calculus for complex linear operators to
the quaternionic setting; for details see again [16].

If T is a closed operator with dense domain, then T2 — 2Re(s)T + |s|*Z : D(T?) C V = V
is closed.

Definition 2.15. Let T be a quaternionic right linear operator and let R4(T) : D(T?) — V be
given by
Rs(T)z := (T? — 2Re(s)T + |s|*T)x, x € D(T?).

The S-resolvent set of T is defined as follows
ps(T):={s €V : ker(Rs(T)) = {0}, ran(R4(T)) is dense in V and R (T)"' € B(V)},
where Rs(T)~! : Ran(Rs(T)) — D(T?). The S-spectrum of T is defined as

o5(T) =W\ ps(T).

Lemma 2.16. The S-spectrum of an operator T € (V) is azially symmetric. If T is bounded
then o5(T') is a nonempty, compact set contained in the closed ball B)p(0).

Definition 2.17 (The right S-resolvent operator). Let T' € (V). For s € pg(T) we define the
right S-resolvent operator of T as

Spl(s,T) := —(T — 3I)(T* — 2Re(s)T + |s|*T) " (6)

Remark 2.18. Observe that since the operator (T2 — 2Re(s)T + |s|?Z)~! : V. — D(T?) is
bounded, the operator Sﬁl(s, T) = —(T —3I)(T? — 2Re(s)T + |s|>Z) ! is bounded.

Remark 2.19. The definition of the right S-resolvent operator is obviously inspired by the
right Cauchy-kernel of slice hyperholomorphic functions. Analogously it is possible to define the
left S-resolvent operator SL_l(s, T') which inspired by the left Cauchy-kernel. However, since we
are considering right linear operators, in this paper we need to restrict ourselves to the right
S-resolvent. The reason for this is that, for any v € V, the function s — S;zl(s, T)v is left slice
regular on pg(T") because (915151(8, T)v = (615131(8, T))v = 0. Note that although the mapping
s = S;1(s,T) is right slice regular on pg(T), the mapping s + S;'(s,T)v is in general not
right slice regular because the vector v does not necessarily commute with the operator Jj.



Theorem 2.20. Let T € K(V).
(i) If a € ps(T) is real then Sp'(a,T) = (aZ — T)71.
(ii) The mapping s — Sy'(s,T) is left slice regular on pg(T).
(iii) The right S-resolvent operator satisfies the S-resolvent equation

sSp (s, T)v — Sp'(s,T)Tv =Tv, v e D(T). (7)

In analogy with Definition 210 we define

Sp"(s,T) = Z (Z) s"R(—T)¥(T? — 2Re(s)T + |s[>T) ™.
k=0

Corollary 2.21. For s € pg(T) we have
OrSH (s, T) = (—=1)™m! S}g(m—i_l)(S,T), for any n € N.

The definition of the S-resolvent operator allows us to define the S-functional calculus for
bounded quaternionic right linear operators.

Definition 2.22. Let 7' € (V). An axially symmetric slice domain U is called T-admissible
if 0g(T) C U and if for any I € S the boundary (U N Cy) consists of the finite union of
continuously differentiable Jordan curves.

We define SR?S (1) to be the set of all functions that are right slice regular on an open set

O such that there exists a T-admissible slice domain U whose closure U is contained in O.

Definition 2.23 (S-functional calculus for bounded operators). Let T € B(V), let I € S and
set ds; = —dslI. We define for any f € SRfS (T)

1

= 2_ f(S) dS[ 5151(3711)7 (8)
™ o(UNCy)

fITY:

where this integral is indepentend of the choice of the imaginary unit I € S and of the T-
admissible slice domain U.

We say that a function f is right slice regular at infinity if it is right slice regular on the set
{s € H:r < |s|} for some r > 0 and the limit lims_,~ f(s) exists in H. In this case we define

f(o0) := lim f(s).

S§—00

Definition 2.24. Let T' € K(T'). We denote by SRfS(T)U{oo} the set of all functions f €
SRURS (1) that are right slice regular at infinity.

As in the complex case the functional calculus for unbounded operators is defined using a
transformation of the unbounded operator into a bounded one. For o € R we consider the
function @, : HU {oo} — HU {oo} defined by ®,(s) = (s — a)~! for s € H\ {a}, ¢(a) =
and ¢(oc0) = 0.

Definition 2.25. Let T' € K(V) be such that ps(T) "R # 0, let a € ps(T) NR and set
A= (T —aI)"'. Forany f € SR?S(T)U{OO} we define

fIT) = (f o @5)(A).



This definition is independent of the choice of « € ps(T) N R. Moreover a integral represen-
tation corresponding to the one in (8) holds true as the next theorem shows.

Theorem 2.26. Let T € K(V) with ps(T) NR # 0 and let f € SRE iy 00y I U is a
T-admissible slice domain such that f is slice reqular on an open superset of U then
1 _
FITT = f(o0)T + o~ f(s)dsp S5 (s, T),
™ B(UOC[)
where ds; = —dsI and the integral does not depend on the choice of the imaginary unit I € S.

The functional calculi defined above are consistent with algebraic operations such as addition
and multiplication of functions, multiplications with scalars from the left and composition as
far as they are supported by the class SRURS (1) Note that we denote functions of an operator
obtained by the S-functional calculus with square brackets in order to distinguish them from
those obtained by the calculus we define in this paper.

2.3 Strongly continuous groups of quaternionic operators

The S-functional calculus is the fundamental tool to develop the theory of strongly continuous
semigroups and groups of quaternionic operators, cf. [I5]. A family of bounded right-linear
operators (U(t))i>0 on V is called a strongly continuous quaternionic semigroup if U4(0) = Z
and U(t; +to) =U(t1) +U(ta) for t1,t > 0 and if ¢ — U(t)v is a continuous function on [0, 00)
for any v € V.

Definition 2.27. Let (U(t)):>0 be a strongly continuous quaternionic semigroup. Set

1
D(T) = {v eV: hlirg1+ E(U(h)v —0) exists}

and

1
Tv = hlgglJr E(U(h)v —v), veDT).

The operator T is called the quaternionic infinitesimal generator of the semigroup (U())s>0.
We indicate that T is the infinitesimal generator of the semigroup (U(t));>0 by writing Ur(¢)
instead to U(t).

The set D(T) is a right subspace that is densein V and T': D(T') — V is a closed quaternionic
right linear operator. Moreover

Ur(t) = exp[tT], t>0.

Theorem 2.28. Let (Ur(t))i>0 be a strongly continuous quaternionic semigroup and let T' be
its quaternionic infinitesimal generator. Then

1
wp = tlgl;lo i In ||Ur(t)| < oo.

If s € H with Re(s) > wp then s belongs ps(T) and

Spl(s,T) = / e SU(t) dt.
0
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The question whether a closed linear operator is the infinitesimal generator of a strongly
continuous semigroup is answered by the Hille-Yoshida-Phillips Theorem.

Theorem 2.29. Let T be a closed linear operator with dense domain. Then T is the infinitesimal
generator of a strongly continuous semigroup if and only if there exist constants w € R and
M > 0 such that os(T) C {s € H: Re(s) < w} and such that for any sy € R with so > w

M

H(S}}1(50, T))nH < m

forn € N.

We consider the problem to characterize when a strongly continuous semigroup of operators
(Ur(t))e>0 can be extended to a group (Z7(t))wcr of operators. This extension is unique if it
exists and if the family U_(t) = Zp(—t), t > 0, is a strongly continuous semigroup. Consider
the identity

1 1

U)o = o] = = [~ Zr(=2)[20(2 = hjv — Zr(2)]], for h e (0,1).

By taking the limit for A — 0 we have that the infinitesimal generator of U_(t) is —T and
D(—T) = D(T). In this case T is called the quaternionic infinitesimal generator of the group
(Z7(t))ter. The next theorem gives a necessary and sufficient condition such that a semigroup
can be extended to a group.

Theorem 2.30. An operator T' € KC(V) is the quaternionic infinitesimal generator of a strongly
continuous group of bounded quaternionic linear operators if and only if there exist real numbers
M >0 and w > 0 such that

M

-1 n
H(SR (So,T)) H < (’80’ _w)n

, forw <|sol. 9)
If T' generates the group (Z7(t))icr, then |27 (t)|| < Me“!H,

3 The main results

The functional calculus considered in this paper is based on the quaternionic Laplace-Stieltjes-
transform. In order to define it, we recall some well-known results on complex measures in the
quaternionic setting.

3.1 Preliminary of quaternionic measure theory
Let (€2, A) be a measurable space. A quaternionic measure is a function p: A — H that satisfies
K <UneNAn> - Z H(An)
neN

for any sequence of pairwise disjoint sets (A, )nen 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() if there is no possibility of
confusion. The set of all quaternionic measures is a two-sided quaternionic vector space with the
operations (u+v)(A) = pu(A) +v(A4), (ap)(A) = ap(A) and (pa)(A) = p(A)a for p,v € M(Q),
a€HHand A € A

11



Remark 3.1. Let I,J € S with I 1 J. Since H = C; + JCy, it is immediate that a mapping
u: A — H is a quaternionic measure if and only if there exist two Cj-valued complex measures
1, p2 such that p(A) = p1(A) + Jug(A) for any A € A.

Moreover, since also H = C; + C;J, there exist Cj-valued measures fi1, fio such that u(A) =
f1(A) + fi2(A)J for any A € A.

Agrawal and Kulkarni showed in [2, Section 3] that one can define the variation of a quater-
nionic measure just as for complex measures and that the Radon-Nikodym theorem also holds
true in this setting.

Definition 3.2. Let p € M(Q, A H). For all A € A denote by II(A) the set of all countable
partitions 7w of A into pairwise disjoint, measurable sets A;,7 € N. We call the set function

(A) =sup { 37 [n(A)] (w ET(4)}  forall A€ A,

A;Em
the total variation of w.

Corollary 3.3. The total variatation |p| of a measure p € M(Q, A H) is a finite positive
measure on ). Moreover, |au| = |pa| = |p|la] and |p+v| < |p|+ |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 u(A) =0 for any A € A with v(A) = 0. In this case, we write u < v.

Theorem 3.4 (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) is absolutely continuous with
respect to v if and only if there exists a unique function f € L'(Q, A, v,H) such that

w(A) = /Afdu for all A e A.

Moreover, in this case

|| (A) = /A |f| dv for all A € A. (10)

The identity (I0) follows as in the classical case, cf. [32, Theorem 6.13].

Corollary 3.5. Let p € M(Q, A H). Then there exists an A-measurable function f : Q — H
such that |h(z)| =1 for any x € Q and such that p(A) = [, hd|p| for any A € A.

Let V be a quaternionic Banach space and let v be a positive measure. Recall that V is also
a real Banach space if we restrict the scalar multiplication to the real numbers. Moreover, recall
that H itself is a quaternionic Banach space.

Let v be a positive measure. Recall that in Bochner’s integration theory, a function f with
values in V is called v-measurable if there exists a sequence of functions f,(z) = > 1" ; a;l,(x),
where a; € V and 14, is the characteristic function of a measurable set A;, such that f,(x) —
f(x) as n — oo for v-almost all z € Q. Pettis measurability theorem gives an equivalent
condition to v-measurability.

Theorem 3.6. Let V be a real Banach space and let v be a positive measure. A function with
values in X is v-measurable if and only if

(i) there exist a v-zero set N and a separable subspace B of V' such that f(2\ N) C B and

12



(ii) x — (v*, f(x)) is measurable for any v* in the topological dual space of the real Banach
space X.

Lemma 3.7. Let X be a quaternionic Banach space and let v be a positive measure on (€2, A).
If f:Q— X and g : Q — H are v-measurable, then the functions fg and gf are v-measurable.

Proof. Since f is v-measurable, there exist a set N C Q with v(IN) = 0 and a separable R-linear
subspace B of X such that f(Q\ N) C B. Let g = go + Z?Zl gie; where the g; : @ — R are the
real-valued component functions of g. Since g is y-measurable, its components are measurable.
For any continuous R-linear functional v* : X — R, we have

(v, fg) = (" flgo + (07, fer)gr + (v7, feza)ga + (v7, fes)gs.

If f,, is a sequence of A-simple functions such that f,,(z) — f(z) for v-almost all 2 € €, then
fn(z)e; is a sequence of A-simple functions with f,,(z)e; — f(z)e; for v-almost all x € Q. There-
fore, each of the mappings x — f(x)e;,i = 1,...,3 is u-measurable. The Pettis measurability
implies that the mapping = — (v*, f(z)) and the mappings x — (v*, f(x)e;) for i =1,...,3 are
measurable. Consequently, the mapping = — (v*, f(x)g(z)) is measurable, since it consists of
the products and the sum of measurable functions. Moreover, f(x)g(z) € B + Be; + Bea + Beg
for any = € Q\ N. This space is separable because B is separable. Since v(NN) = 0 and since v*
was arbitrary, the mapping x — f(x)g(x) is u-measurable by the Pettis measurability theorem.

Similarly, we obtain that r-measurability of gf.
O

Let v be a positive measure on a (£2,.4). Recall that a v-measurable function on Q with
values in a real Banach space is Bochner-integrable, if and only if [, || f[ldu < co.

Definition 3.8. Let V' be a quaternionic Banach space, let u € M(, A, H) and let h: Q — H
be the function with |h| = 1 such that yp = hd|u|. We call two p-measurable functions f : Q — X
and g : Q — H a p-integrable pair, if

[ 1lgl el < oc.
Q

In this case, we define

/Qfdug=/ﬂfhgd!u! and /diuf:/ﬂghfdm (11)

as the integrals of a function with values in a real Banach space in the sense of Bochner.

Remark 3.9. Note that in the definition of the integral in (IT]), we can replace the variation of
u by any o-finite positive measure v with u < v. If h,, is the density of u with respect to v and
p|u and p, are the real-valued densities of |u| and v with respect to [u| + v. Then

1= hlul = hopy (il +v) and = hyw = hyp,(lul +v).

Theorem 3.4 implies hpj,| = hypy in L*(|p] + v). Therefore

| imadr= [ [ hogoedut+0)= [ [ fhupa i+
= [ thowgatl +v)= [ shoptl +) = [ shgdd = [ faus
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Hence, the integral is linear in the measure: if p,v € M(Q, A, H) then pu and v are absolutely
continuous with respect to 7 = |u| + |v|. If p, and p, are the densities of 1 and v with respect
to 7, then

/Qfd(uﬂw)g:/Qf(prpu)ng:/prugdﬂr/ﬂfpugdfZ/Qfdung/Qfdvg-

Similarly, if @ € H and p = p|p| then ap = ap|p| and so

[ rdtanyg= [ sangdiul = [ Gapadil = | (fa)dus

In the same way, one can see that [, f d(ua)g = [, f du(ag).

As for complex measures, it is possible to define the product measure of two quaternionic
measures.

Lemma 3.10. 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

0 x V(A x B) = u(A)v(B) (12)
forall Ae A, B € B. We call u x v the product measure of y and v.

Proof. Let I,J € Swith I L J and let u = py + Jpo with py, s € M(Q, A,Cy) and v = vy +1voJ
with vy, € M(T,B,Cy). Then, there exist unique complex product measures p; X v; €
M1 x Q9, A® B,Cy) of pu; and v, i,j = 1,2. If we set

wXv=p X+ Jus X+ puy Xved + Jug X vod,
then u X v is a quaternionic measure on (2 x 7, A ® B) and

(A (B) = p1(A)wi(B) + Jua(A)v1(B) + pi(A)va(B)J + Juz(A)ve(B)J
= 1 X 1/1(14 X B) + Jug X 1/1(14 X B) + p1 X I/Q(A X B)J—|— J o X I/Q(A X B)J
=uxv(Ax B).

In order to prove the uniqueness of the product measure, assume that two quaternionic
measures p = p1+ p2J and 7 = 71 +72J on (2 x 7T, A x B) satisfy p(Ax B) = 7(A x B) whenever
A€ Aand B € B. Then p1(A x B) = 11(A x B) and p2(A x B) = o(A x B) for A € A
and B € B. Since two complex measures on the product space (2 x 1, A ® B) are equal if and
only if they coincide on sets of the form A x B, we obtain p; = 71 and py = 7» and, in turn,
p=p1+ p2J =11 + 12J = 7. Therefore, 1 X v is uniquely determined by (I2]).

O

Remark 3.11. Note that it is also possible to define a commutative product measure p X, v
that satisfies
ux.v(Ax B)=v(B)u(A), VAe A, BeB.

This measure is different from the measure v x u that satisfies

vx pu(BxA)=v(B)u(A), VBeB,Ac A
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Lemma 3.12. Let (2, A, u) and (1, B,v) be quaternionic measure spaces. Then

ix v] = lul x v

Moreover, if u = fd|u| and v = gd|v| as in Corollary [31, then for any C € A x B

wx w(C /f ) dlje x vl (s, 1)

Proof. Let f Q — H and g: 7T - H With |f| = 1 and |g| = 1 be functions as in Corollay
such that p(A) = [, f(t)d|p|(t) and v(B) = [5g(s)d|v|(s) for all A € A and B € B. Moreover,
let 7 = (t,s) and let h( ) = f( )g(s). Then C — [ h(r)dp| x [v|(r) defines a measure on
(2 x 7, A x B) and Fubini’s theorem for positive measures implies

[ il xvlo) = [ [ sera6s) diele) s

- / £(2) dlpal(t) / 9(s) dly|(s) = p(A)(B).
A B

The uniqueness of the product measure implies uxv(C) = [ h(r) d|p|x|v|(r) for any C € AxB.
Since |h| = |f]|g|] = 1, we deduce from (I0) that

> v|(C /Ihldlul w[(r) = [ul < [v|(C)

for all C € A x B. O

Lemma 3.13. Let (2, A, 1) be a quaternionic measure space, let (T, B) be a measurable space
and let ¢ : Q@ — T be a measurable function. If a function f : T — X with values in a
quaternionic Banach space X is integrable with respect to u® and f o ¢ is integrable with respect

to w, then
[t = [ roodn (13)
T Q

Proof. Let I,J € Ssuch that I L J and let uy, ua € M(9, A, Cy) such that g = py1 + poJ. Then

pé = pf + pgd and || < |pl,i = 1,2, which implies [, [|f o ¢lld|mi| < fo |If o ¢lld|u| < oo,
Hence, f o ¢ is integrable with respect to p; and pe and similarly f is integrable with respect

to ,u(f and ,ug. Therefore, (I3]) holds true for the complex measures p1 and pg, and hence

[ raw = [ gaut [ rags= [ foodm+ [ rosdunr= [ rosdn.

Definition 3.14. We denote the Borel sets on R by B(R).

We recall that, for any Borel set £ C R, the set
P(E) :={(u,v) €ER*:u+v € E}

is a Borel subset of R2.
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Definition 3.15. Let u,v be quaternionic measures on B(R). The convolution u * v of p and
v is the image measure of ;¢ x v under the mapping ¢ : R? — R, (u,v) + u + v, that is,

o v(E) = i x v(P(E))
for any FE € B(R).
It is immediate to show the following rules.
Corollary 3.16. Let p,v,p € M(R,B(R),H) and let a,b € H. Then
1. (u+v)*xp=p*xptvspand ux(V+p)=pxv+puxp
2. (ap)*xv=a(p*v) and p* (va) = u*va.
Corollary 3.17. Let p,v € M(R,B(R),H). Then the estimate
[ v[(E) < |p|* |v|(E)
holds true for all E' € B(R).

Proof. Let E € B(R) and let 7 € II(E) be a countable measurable partition of E. Then

Y luxv(E) =D lpxv(PE))| < Y ux v|(P(E)) = |ux v|(P(E)),

E;em E;em E;enm
and taking the supremum over all possible partitions 7 € II(E) yields
[ v|(E) < |px v|(P(E)) = |u| x [v[(P(E)) = |u] * [v|(E).
O

Corollary 3.18. Let p,v € M(R,B(R),H) and let F': R — X be integrable with respect to p*v
and such that [T2° [T F(s +t)|| d|ul(s) dv|(t) < co. Then

/RF() (1% v)( //Fs+tdu s) dv(t).

Proof. Because of our assumptions and Deﬁnition we can apply Lemma B.I3] with ¢(s,t) =

s+t If u f A (t)d|p|(t) and v(A) = [, g(s)d|v|(s), then the product measures satisfies
X v( fB d|,u| |1/|(s, t) by Lemma B.12 Applying Fubini’s theorem, we obtain

/F(r) d(p*v)(r /F (s,t)) d(p x v)(s,t)
R
/F s, ) f(s)g(t) dlp x v|(s,t)
=Aﬂmwﬂ ot) dlul(s) dl(t) = [ [ Fls-+0)duts) vt
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3.2 The quaternionic Laplace-Stieltjes transform and functions of the gener-
ator of a strongly continuous group

Let (Z7(t))ter be a strongly continuous group of operators on X. By Theorem 230} there exist
positive constants M > 0 and w > 0 such that || Z7(t)|| < Me“" and such that the S-spectrum
of the infinitesimal generator T lies in the strip —w < Re(s) < w.

Moreover,
Spt(s, T)v = / e Zp(t)v dt, Re(s) > w
0
and 0
Spt(s, T)v = —/ e Zp(t)v dt, Re(s) < —w.

Definition 3.19. We denote by S(T) the family of all quaternionic measures p on B(R) such
that

/d|,u|(t) e@Hltl < o
R

for some & = g(u) > 0. The function

L(p)(s) = /Rd,u(t) e st —(w+¢e) <Re(s) < (w+e)

is called the quaternionic bilateral (right) Laplace-Stieltjes transform of p.
We denote by V(T') the set of quaternionic bilateral Laplace-Stieltjes transforms of measures

in S(7).

Lemma 3.20. Let p,v € S(T) and a € H.
(i) The measures ap and p+v belong to S(T) and L(ap) = al(p) and L(p+v) = L(pu)+L(v).
(ii) The measures p* v belongs to S(T'). If v is real-valued, then L(pu*v) = L(u)* L(V).

Proof. Let € = min{e(u),e(v)}. Corollary B3] implies

/d‘au‘elt(ws) — ’a‘/d‘u‘eﬁ(uﬂrs) < 00
R R

and
/d,u+y,et|<w+e> </d]met|(“+5) +/d‘,,‘e|t(w+e> <o
R ~Jr R

Thus, ap and g+ v belong to S(T'). The relations L(ap) = al(p) and L(p+v) = L(u) + L(v)
follow from the left linearity of the integral in the measure.

The variation of the convolution of x and v satisfies |u * v|(E) < |u| * |v|(E) for any Borel
set E € B(R), cf. Corollary BI7l In view of Corollary B.I8 we have

[ vl < [ ] dplts) it
R RJR

< [ )l [ av](o) et < oc.
R R
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s

Therefore, p* v € 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)) = [ dgen)mye = [ [ dulo)dvw e
— [duye [ avwe = = L) £0)()
R R

Theorem 3.21. Let f € V(T) with f(s) = [z du(t) e for —(w+¢) < Re(s) <w +e.
(i) The function f is right slice reqular on the strip {s € H : —(w+¢) < Re(s) <w +¢}.
(ii) For any n € N, the measure p" defined by
p(E) = [ dulo) (-t or B EBR)

belongs to V(T') and, for s with —(w +¢) < Re(s) < w + ¢, we have

011(5) = [ (e = [ du(e) (-7, (14)
R R
where Osf denotes the slice derivative of f as in Definition[2.2.
Proof. For every n € N and every 0 < €1 < ¢ there exists a constant K such that
|t|n6(w+€1)\t| < Ke(w+€)\t|, teR.

Since pu € S(T'), we have

/d’un’(t) elwten)lt] _ / dm’(t)‘t‘ne(erm)M < K/ || () c@rltl oo
R R R

and so pu" € S(T).

Let I,J € S with I 1L J and let f; = f1 + Jfo where f; and fo have values in C;. Then
fror = 0 if and only if f; and f5 are holomorphic, which is equivalent to the existence of the
limit

L) = 1s) | p 220 = F2) () fu(s) (0 — 5) L

/ J /! — l
fi(s) + Jfa(s) m p—s C;5p—ss

(C[Bp—)S p
For any s = so + Is; with —(w + ) < Re(s) < w + ¢, we have

e—pt _ e—st

JHm (fi(p) = fi(s))lp =) = lim | dult) ——

If p is sufficiently close to s such that also —(w+¢) < Re(p) < w+¢, then the simple calculation

|67pt _ efst| —

1
/ eftsftg(pfs)t(p _ S) df‘ < |t|e(w+€)|t\|p — 5|’
0

yields the estimate
|e—pt _ e—st|
1< |t|6(w+€)\t|,

lp — s|
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which allows us to apply Lebesgue’s theorem of dominated convergence in order to exchange
limit and integration. We obtain

lim (f1(p) — fr(s))(p — )" = /R ut) (<) = [ dutie)e (15)

peCr—s R

Consequently, f is right slice regular on the strip {s € H: —(w+¢) < Re(s) < w+e}. Moreover,
([[3) implies
0.1(5) = [ du'(t)e
R

for —(w+¢) < Re(s) < w+ e. By induction we get (I4]).
O

Definition 3.22 (Functions of the quaternionic infinitesimal generator). Let T' be the quater-
nionic infinitesimal generator of the strongly continuous group (Zr(t))icr on a quaternionic
Banach space V. For f € V(T') with

f(s) = /Rdu(t) e for —(w+e) < Re(s) <wte,
where 1 € S(T'), we define the right linear operator f(T") on V by
f(Tv = /Rdu(t) Zr(—t)v forveV. (16)
Remark 3.23. Note that in particular for p € H with Re(p) < —w the function s — S;zl(p, s)

lies in S(T). Set pup, = —1jo o) (t)e™ dt, where 14 denotes the characteristic function of a set A.
If Re(p) < Re(s), then

L(pp)(s) = /Rdup(t) et =— /OOO ePe " dt = =S (s,p) = S;' (p, 5)

and

[e%) 0
) (T) = /R dpip(t) Z(—t) = — /0 e Z(~t)di = — / e Z(t)dt = S7'(p, T).

—00

For p € H with w < Re(p) set 11, = X(—oo,0)(t)e” dt. Similar computations show that also in
this case Sp'(p,s) = L(up)(s) € S(T) if Re(s) < Re(p) and L(11,)(T) = Sx*(p, T).

Theorem 3.24. For any f € V(T), the operator f(T) is bounded.

Proof. Let f(s) = [pdu(t)e " € V(T) with p € S(T'). Since |U,(t)]| < Me* | we have
1 (T)v]l S/d|u|(f)HZT(—t)H [[o]] SM/d|M|(t) Mol
R R

for any v € V. Thus, f(T) is bounded.

Lemma 3.25. Let f = L(p) and g = L(v) belong to V(T') and let a € H.

(1) (af)(T) = af(T) and (f + g)(T') = f(T') + g(T).
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(i) 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 B:220] and the left linearity of the
integral (I6]) in the measure.
Consider (ii) and write for s = sg + Is;

g(s) :/Rdu(t) eSt:/Rdu(t) esotcos(—81t)+/Rdy(t) e 50 sin(—s1t)1.

If g is intrinsic, then a(so, s1) = [ dv(t) e %0t cos(—s1t) and B(so, s1) = [ dv(t) e 50" sin(—s1t)
which implies that also v is real-valued, since the Laplace-Stieltjes transform is injective on the
set of complex measures. Lemma 320 gives fg = L(u*v) € V(T) and

(900 = [ dlwe)(r) Zr(=r)o = /R /R dyu(s) du(t) Zr(—(s + D)o

R
— [[du()20(=s) [ dvit) 20(-tp0 = FD)o(T)e
R R
where we use that Zp(—s) and v commute because v is real-valued. g

4 Comparison with the S-functional calculus

A natural question that arises is the relation between the functional calculus introduced in this
paper and the S-functional calculus for unbounded operators. In this section we will show that
that in the case the function f is slice regular also at infinity the two functional calculi coincide.
In order to prove this, we need specialized versions of Cauchy’s integral theorem and the Residue
theorem that fit into our setting. The next theorem is analogue to Lemma 4.5.1 in [16].

Theorem 4.1. Let V be a two-sided quaternionic Banach space, let U C H be an axially
symmetric open set such that O(U NCy) is a finite number of continuously differentiable Jordan
curves and let O be an open set with U C O. If f : O — H is right slice reqular and g : O — V
18 left slice reqular, then, for any I € S, it holds

/ f(s)dsrg(s) =0.
o(UNCy)

Lemma 4.2. Let O C H be open, let f : O\ [p] — H be right slice reqular and let g : O — V be
left slice reqular such that p = po+ Ip1 € O is a pole of order ny > 0 of fr. If € > 0 is such that
Us(p) NCy C O, then

1 B ny—1 1 ‘ . )
o e ()NC) f(s)dsrg(s) = kzzo HResp (f[(s)(s —p) > <asg(p)> )

Proof. Since f is right slice regular, its restriction f is a vector-valued holomorphic function on
Cy 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 regular, its restriction g is a V-valued holomor-
phic function if we consider V' as a complex vector space over C; by restricting the left scalar
multiplication to C;. Consequently, if we set p = dist(p, (O N Cy), then

fr(s)= > ar(s—p)* and gr(s) =) (s—p)  forse (U,(p)NCH\{p} (17
k=—ny k=0
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with a; € H and by € V. These series converge uniformly on 9(U.(p) N Cy) for any 0 < & < p.
Thus,

— f(s)dsrg(s) = / Uhn, (s — ) | ds; (s —p)’b;
21 Jow-(p)ncy) 2 Jow. mincy) ,;) ! ]ZO ’
oo k
1 , ,
= Zzak—j—nf (2_/ (S—p)k—j—nf dsy (S—p)ﬂ> b;
k=0 j—O T Ja(U:(p)NCy)
1 / .
= Af—i—n (s—p)i " ds) b;.
kZO]ZO o f<27” oW (p)C1)
As 5 fa(UE(p)ﬂ(CI)(S — p)¥~"s ds equals 1 if k — ny = —1 and 0 otherwise, we obtain

nyg—1

1
f( ds[g Z a_ (]+1

27 d(Ue (p)NCr)

Finally, observe that a_, = Res, (f(s)(s —p)*1) and b, = %0¥g;(p) by their definition in

(@. N

In order to compute the integral in the S-functional calculus we denote by W, the strip
W, ={s € H:—c < Re(s) < ¢} for ¢ >0 and we introduce the set (W, NCy) for I € S. It
consists of the two lines s = ¢+ IT and s = —¢ — I, 7 € R, and their orientation is such that
on C; the orientation of 9(W, N Cy) is positive.

Proposition 4.3. Let o and ¢ be a real numbers such that w < ¢ < |a|. Then for any u € D(T?)

we have 1
Zr(t)hu = —

(o —s)"2ds; Sp' (s, T)(aZ — T)*u. (18)
21 Jaw.ncy)

Proof. We recall that
Spt(s,T)u = /000 e " Zr(tudt, Re(s) > w.
Since ||Z7(t)|| < Me“, we get a bound for the S-resolvent operator by
1Sg! (s, T)u|| = M /0 oDy df, Re(s) > w (19)

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 on {s € H : Re(s) < —(w + ¢)}. Thanks to such
bound the integral in (I)) is well defined since the (a — s)~2 goes to zero with order 1/|s|? as
s — 00. We set

Fltyu = —

e"*(a —s)2ds; Sp' (s, T)(aZ — T)*u
21 Jow.ncy)
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for u € D(T?) and we show that F(t)u = Z7(t)u using the Laplace transform. We first assume
t > 0. If Re(p) > ¢ then

o 1 o
/ e P'F(tudt = — / e Pt / (o —s)"2ds; Sp' (s, T)(aZ — T)*udt
0 21 Jo (W.NC;)
1

= — (/ e_ptetsdt> (a —s)"2ds; Si' (s, T)(aZ — T)u.
21 Joow.ney) \Jo

Now observe that -
- -1
/0 e Plels dt = Sk (p,s),

so we have

/ e P'F(t)udt = L Spt(p,s)(a — s)2ds; Sp'(s,T)(aZ — T)*u.
0 21 Jow.ncy)

We point out that the function s — Syz'(p,s)(a — s)~2 is right slice regular for s ¢ [p] U {a}
and that the function s — Sp'(s,T)(aZ — T)%u is left slice regular on pg(T). Observe that
the integrand is such that (o — s)~2 goes to zero with order 1/|s|? as s — co. By applying
Theorem 1] the appropriate version of Cauchy’s integral theorem, we can replace the path of
integration by small negatively oriented circles of radius § > 0 around the singularities of the
integrand in the plane C;. These singularities are o, pr = po + Ip1 and p if I # £1I,,. We obtain

o 1
/ e P F(tudt =~ 5= Szl (p,s) (o — 8)"2ds Sy (s, T) (T — T)*u
0 27 Joaws(ancy)
1
- St (p, s)(a — 5)"2ds; S5 (s, T)(aZ — T)?u
2 d(Us(pr)NCr)
1

- St (p, s)(a — 5)"2ds; S5 (s, T)(aZ — T)?u
27 Jows(pr)nCr)

Observe that the integrand has a pole of order 2 at a and poles of order 1 at p; and py (except if
I = =£1I,). Applying Lemma@2 with f(s) = Sp'(p, s)(a—s)"2 and g(s) = Si' (s, T)(aZ —T)?u
yields therefore

/ e P'F(tyudt = — Res, (Sg*(p, 8)(a — 5)72) Sg' (e, T)(aZ — T)u
0

o — 8)72) SEl(p[, T)(aI —T)*u

(
(s—a)™) (885}_%1(04, T)(aZ — T)*u)
)
)a—s)7?) SEl(p_[, T)(aZ — T)*u.

We calculate the residues of the function f(s) = S5'(p,s)(a — s)~2. Since it has a pole of order
two at «, we have

. 0 - : _ _
fi(s)s —)? = lim =S5 (p.s) = lim Sp2(p,s) = S5%(p.0)

Resqo(fr) = lim 9

Cros—a 38
and

Resa(f1(s)(s — ) = lim fi(s)(s — a)2 = S5 (p, ).

Cras—a

22



The point p; = po + Ip1 is a pole of order 1. Thus, setting s;, = so + Ips1 € Cp, for s =
so + Is1 € Cr, we deduce from the Representation formula (see Theorem [2.7))

Resy, (fr) = lim fr(s)(s —pr) = _ lim Sp'(p,s)(a—s)7*(s — pr)

Cras—pr Cr3s—pr
= dim {85101 - 1,03 + 5 )+ D3| (- pr)a -9
= [odm - sn) A= LD g+l (=570 0+ LD~ )| S =)
= [Clggm(p — Sjp)fl(l —I,I)(s — pr) %(a —pr)"2

We calculate

li —s.) YA = L,D)(s —
o m (p—sp,)" (1= IpD)(s = pr)
= i — sV Y1 = I, (sp — — sy )V Y =1, I(sy —
(Cﬁggpl(l? s1,)” (L= 1IpI)(so —po) + (p —s1,)” (1 = L,I)I(s1 — p1)
= _lim (p—s1,)" (50 = po)(1 = IT) + (p = 51,) " (51 = p1)(I + 1)
Cros—pr
. —1 -1
chgsrgpl(p =51,)" (s0o = po)(L = IpD) + (p = s1,)" (s1 — p)Lp(—=1pl + 1)
= I —s1.) Y(sp — I,(s1 — 1— 1,1
(Cﬁggpl(l? s1,)” (S0 —po + Ip(s1 —p1))(1 = IpD)
o R P _ — (1
= dm (p—s,)” (51, —p)(1 = Lpl) = —(1 = Lp1)

and finally obtain
1 _
Resy, (f1) = 5 (1~ Ip)(e — pr) .
Replacing I by —I in this formula yields
1 .
Respr(f1) = —5 (1 + IpI) (e — 1) g

Note that these formulas also hold true if I = £1,,. In this case either Res,, (f1) = — (o — pr) =2
and Resp;(fr) = 0 because Py is a removable singularity of f; or vice versa. Moreover,

Spl(a,T)(aZ —T)*u= (aZ —T) *(aZ - T)*u= (aZ — T)u
and
3551;1(04, T)(aZ —T)*u :—Séz(a, TY(oZ — T)*u=—(aZ —T) 2(aZ — T)*u = —u

because « is real. Putting these pieces together, we get

/ e PP E(tudt = — SR2(p, )SE* (a, T)(aZ — T)*u + Si' (p, a) SR (o, T) (o — T)?u
0

45 (L= LD)(a — pr) 2S5 (o1, T) (0T — T)Pu
(Ut L) (o~ 57) 2S5 (7, T)(0Z — T)u =

=—(p-a)*(aZ - Thu+(p—a) ut(p—a) Sz (p, T)(aZ — T)*u,
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where that last identity follows from the Representation Formula (see Theorem [277]) because the

mappin
pping ot )
pr (a—p) =Sy (p, T)(aZ —T)“u

is left slice regular. We factor out (p — a)~2 on the left and obtain
/ e PLE(tudt =(p — o) 2 (—(aZ —T)u+ (p— a)u+ Sy Yp, T)(aZ —T)? )
0
=(p— )2 (pu—20u+Tu+ Sx'(p,T)(aZ — T)?u).

Recall that we assumed that u € D(T?). Hence, Tu € D(T) and so we can apply the right
S-resolvent (7)) equation twice to obtain

Spt(p, T)(aZ — T)*u = Syt (p, T)(T?u — 2aTu + a’u)

= pSp'(p, T)Tu — Tu — 2apSy" (p, T)u + 2au + oS5t (p, T)u

= p*Si'(p, T)u — pu — Tu — 2apSy* (p, T)u + 2au + oSy (p, T)u
= (p — a)?Sp (p, T)u — pu + 2au — Tu.

So finally

| et = — )20 - Sy (. Tyu = S (5. T
0
Hence,
/ e PR (tyudt = Sit(p, T)u = / e P Zr(t)udt,
0 0

for Re(p) > ¢, which implies F(t)u = Z7(t)u for u € D(T?) and t > 0.
Applying the same reasoning to the semigroup (Z(—t))¢>0, with infinitesimal generator —T,
we see that

1
Z(—tu=— (o —s)"2ds; Sp' (s, —T)(aZ + T)*u
21 Jaw.ncy)
1
= — e ¥(a+s)"2ds; Sp'(s,T)(aZ + T)*u
21 Jaw.ncy)

where the second equality follows by substitution of s by —s because —S}gl(—s, -T) = —Sgl(s, T).
Replacing o by —a and —t by ¢, we finally find
1

Z(u = —

e"*(a—s) 2ds; Sp' (s, T)(aZ — T)*u
21 Jow.ncy)

also for ¢ < 0.
O

Proposition 4.4. Let a and ¢ be real numbers such that w < ¢ < |a|. If f € V(T) is right slice
regular on W, then for any u € D(T?) we have

(T = —

f(s)(a—s)"2ds; Sp' (s, T)(aZ — T)*u. (20)
21 Jow.ncy)
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Proof. We recall that f can be represented as

£6) = | dntey e

with u € S(T). Using Proposition [£.3] we obtain
1
— f(s)(a—s)"2ds; S (s, T)(aZ — T)*u
8(Wcﬁ(C]

/ / (a—s)"2ds; Sp' (s, T)(aZ — T)u
8(Wcﬁ(C]

—st —2 -1 2
/Rd,u(t) <27T /(WcmC,) e a—s)""ds;Sg (s, T)(aZ -T) u)
= [ dutt) 2r(=0u = 5 (D).

Note that Fubini’s theorem allows us to exchange the order of integration as the S-resolvent
Sp'(s,T) is uniformly bounded on (W, N Cy) because of ([9) and so there exists a constant
K > 0 such that

/Wmc /Hd# “Ha—s)” stfsﬁl(SaT)(aI—T)QUH

/ / dlu)(t) e R L5 (s T [ (aZ — T)%ulds
(WenCy) | |

gK/ /d,u t ecmids.
o Ju IO T

This integral is finite because the fact that f is right slice regular on W, implies

/d|u|(t) et < 0.
R
[l

Theorem 4.5. Let f € V(T) and suppose that f is right slice reqular at infinity. Then the
operator f(T) defined using the Laplace transform equals the operator f[T| obtained from the
S-functional calculus.

Proof. Recall that we denote functions of operators obtained by the S-functional calculus with
square brackets in order to distinguish them from those obtained by the calculus of the present
paper. The S-functional calculus for unbounded operators satisfies

g[T] = g(c0)Z + /8(W - )g(s) dsy S;zl(s,T)-

Consider a € R with ¢ < |a| and observe that the function

g(s) = f(s)(a—s)7?
is right slice regular and satisfies lims ;o g(s) = 0 since f is right slice regular at infinity. By
the theorem of the product, we get
1

ATz =1 Pu=go

f(s)(a —s)*dsy Sgl(s, T)u.
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But by Proposition d4] it is
1

= — f(s)(a—s)*ds; Si' (s, T)(aZ — T)?u.
21 Jow.ncy)

f(T)u

for u € D(T?) and so
flTlu= f(T)u, for u € D(T?).

Since D(T?) is dense in V and since the operators f[T'] and f(T) are bounded we get f[T] = f(T).
O

5 The inversion of the operator f(7)

To study the inversion of an operator we consider a sequence of quaternionic polynomials P, (s)
such that lim,,_, P, (s)f(s) = 1. We point out that in general the pointwise product P,(s)f(s)
is not slice regular and therefore we must limit ourselves to the case that f is an intrinsic
function. The main goal of this section is to deduce sufficient conditions such that

1Lm P, (T)f(T)u=wu, foreveryuecV.

Lemma 5.1. Let T € K(V) such that ps(T) NR # 0. Then D(T™) is dense in V for every
n € N.

Proof. If a € ps(T)NR, then D(T") = D((aZ —T)") = (aZ -T)™"V = S" (o, T)V. Therefore
a continuous right linear functional u* € V* on V vanishes on D(7™) if and only if the functional
u*SE" (a, T) defined by (u*Sp" (o, T),v) = (u*, Sg" (a, T)v) vanishes on the entire space V.
Now assume that u*Sy' (e, T) = 0 for some u* € V*. Then u* vanishes on D(T) and since
D(T) is dense in V' we deduce u* = 0. Since u*S;"(s,T) = (u*S};(n_l)(s,T))S}}l(s,T) we
obtain by induction that even the fact that v*S3;"(s,T") = 0 for arbitrary n € N implies u* = 0.
Putting together these two observations, we see that w*D(T") = u*S;"(s,T)V = 0 implies
u* = 0. By the quaternionic version of the Hahn-Banach Theorem (see for example Theorem
4.10.1 in [16]) D(T™) is dense in V.
O

Lemma 5.2. Let P be an intrinsic polynomial of degree m and let f and P, f both belong to
V(T). Then f(T)V CD(T™) and

PT)f(T)u= (Pf)(T)u, foralluelV.

Proof. We first consider the case x € D(T™*2). Let a,c € R with w < ¢ < |a| and let I € S.
The function Pf is the product of two intrinsic functions and therefore intrinsic itself. By
Proposition 4.4], Lemma [3.25] and Remark [3.23] we have

1

(=T (PHT=g |

(a0 —8)"™P(s)f(s)(a — s) 2 dsg Sgl(s, T)(aZ — T)?u.
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Write the polynomial P in the form P(s) = Y L, ar(a — s)* with a;, € R. In view of Proposi-
tion [£4] Lemma and Remark B.23] we obtain again

(@ =T)"™(Pf)(T)u

_mai a—8) "R F(s) (o — s) "2 dsy SH(s aZ — T)u
=Dt 9O o ST T )
=Y a(aZ Ty ™ F(Tu = (aZ —T)™ Y ap(aZ — T)* f(T)u
k=0 k=0

= (aZ —=T)""PIT)f(T)u.

Consequently, (Pf)(T)u = P[T)f(T)u for u € D(T™*"?).

Now let u € V be arbitrary. Since D(T™*2?) is dense Lemma [5.I] there exists a sequence
up € D(T™F2) with lim,, oo up, = u. Then f(T)u, — f(T)u and P[T)f(T)u, = (Pf)(T)u, —
(Pf)(T)u as n — oo. Since P[T] is closed on D(T™), it follows that f(T)u € D(T™) and
PITIf(T)u = (Pf)(T)u

U

Definition 5.3. A sequence of intrinsic polynomials (P, )nen is called an inverting sequence for
an intrinsic function f € V(T) if

(i) Puf e V(T),

(i) |Pn(s)f(s)] < M, n € N for some constant M > 0 and lim,_,~ P,(s)f(s) = 1 in a strip
Re(s)] < w +e,

(iii) |[(Pof)(T)|| < M, n € N for some constant M > 0.

Theorem 5.4. If (P,)nen is an inverting sequence for an intrinsic function f € V(T), then

lim P,[T)f(T)u =u Vue V.

Proof. First consider u € D(T?) and choose a@ € R with w < |a]. Then Proposition f4] and
Lemma [5.2] imply

1

Po[Tf(T)u = (P f)(T)u = 21 Jow.,ncr)

Po(s)f(s)(a—s)2ds; S (s, T)(aZ — T)u

for arbitrary I € S and ¢, € R with w < ¢, < |a such that P, f is right slice regular 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 + . Moreover, because of (I9]), 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 (W, N Cy) for any n € N by 9(W,. N Cy) where c 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
1

P,IT)f(T)u = —
T 21 Jow.ncy)

a—8)"2ds; S (s, T)(aZ — T)*u = u.
R
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If u € V does not belong to D(T?), then we can choose for any £ > 0 a vector u. € D(T?)
with ||u — uc|| < e. Since the mappings (P, f)(T) are uniformly bounded by a constant M > 0,
we get

[(Paf)(T)u = ul| < [[(Pof)(T)u = (Pof )(T)uell + [ (Paf)(T)ue — uel| + [lue — ull

n—oo

< Ml — e | + [(Po )T = cl] + e — ull "=3° Ml = wel| + e — ull < (M + 1e.

Since € > 0 was arbitrary, we deduce lim,, o [[(Pn f)(T)u — u|| = 0 even for arbitrary u € V.

0

Corollary 5.5. Let V' be reflexive and let P, be an inverting sequence for an intrinsic function
f€S(T). A vector u belongs to the range of f(T) if and only if x is in D(P,[T)) for alln € N
and the sequence (P, [T|u)nen is bounded.

Proof. If u € ranf(T") with v = f(T)v then Lemma implies u € D(P,(T)) for all n € N.
Theorem [5.4] states lim,, oo Py[T]u = v which implies that (P,[T]u),en is bounded.

To prove the converse statement consider v € V' such that (P,[T]u)nen is bounded. Since
V is reflexive the set {P,[T]u : n € N} is weakly sequentially compact (the proof that a set
FE in a reflexive quaternionic Banach space V is weakly sequentially compact if and only if E
is bounded can be completed just as in the classical case when V' is a complex Banach space,
see, e.g., Theorem I1.28 in [I7]) and hence there exists a subsequence (P, [T]u)ren and a vector
v € V such that (z*, P, [T|u) — (z*,v) as k — oo for any z* € V*. We show u = f(T)v.

For any functional 2* € V* the mapping z* f(T') defined by (z* f(T),w) = (z*, f(T)w) also
belongs to V*. Hence,

(@, f(T) Po [Thw) = (& f(T), Poy [TIu) = (2" f(T), 0) = (27, f(T)v).

Recall that the measure p is real-valued since f is intrinsic. Therefore it commutes with the
operator Py, [T]. Recall also that if w € D(T™) for some n € N then Z(t)w € D(T") for any t € R
and Z(t)T"w = T"Z(t)w. Thus, P, [T1Z(t)u = Z(t)Py,[T]u because P,, has real coefficients.
Moreover, we can therefore exchange the integral with the unbounded operator P, [T] in the
following computation

sp = |

) Z(=0)Poy [Tu = Poy (1) [ du(®) Z(~t)u = Poy (111D
R R

Theorem 5.4 implies for any z* € V*

(@, u) = lim (2%, Py, [T]f(T)u) = lim (%, f(T) Py, [Tlu) = (%, f(T)v)

k—o00 k—o00
and so u = f(T)v follows from the quaternionic version of the Hahn-Banach Theorem (see for
example Theorem 4.10.1 in [16]).
O
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