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FRACTIONAL POWERS OF QUATERNIONIC OPERATORS
AND KATO’S FORMULA USING SLICE
HYPERHOLOMORPHICITY

FABRIZIO COLOMBO AND JONATHAN GANTNER

ABSTRACT. In this paper we introduce fractional powers of quaternionic op-
erators. Their definition is based on the theory of slice hyperholomorphic
functions and on the S-resolvent operators of the quaternionic functional cal-
culus. The integral representation formulas of the fractional powers and the
quaternionic version of Kato’s formula are based on the notion of S-spectrum
of a quaternionic operator.

The proofs of several properties of the fractional powers of quaternionic
operators rely on the S-resolvent equation. This equation, which is very im-
portant and of independent interest, has already been introduced in the case
of bounded quaternionic operators, but for the case of unbounded operators
some additional considerations have to be taken into account. Moreover, we
introduce a new series expansion for the pseudo-resolvent, which is of indepen-
dent interest and allows to investigate the behavior of the S-resolvents close
to the S-spectrum.

The paper is addressed to researchers working in operator theory and in
complex analysis.

1. INTRODUCTION

The theory of holomorphic functions has several applications in operator theory.
For example it allows us to define groups and semigroups of linear operators that
have applications in PDE and in other fields of mathematics and physics; see [23]
906, 411/431[48,[49].

Quaternionic linear operators play a crucial role in quaternionic quantum me-
chanics because Schrodinger’s equation can be formulated just using complex num-
bers or quaternions; see the fundamental paper [I5] on the logic of quantum me-
chanics by Birkhoff and von Neumann and the subsequent papers [25,28,[42]. For
the quaternionic formulation of quantum mechanics, we refer the reader to the book
of Adler [1].

In the definition of functions of quaternionic linear operators, the classical theory
of holomorphic functions has to be replaced by the recently developed theory of slice
hyperholomorphic functions; see the books [12L221[31]. The notion of S-spectrum
is the most fundamental concept in quaternionic operator theory: the slice hy-
perholomorphic functional calculus (called S-functional or quaternionic functional
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calculus), which is the quaternionic analogue of the Riesz-Dunford functional cal-
culus, is based on this notion of spectrum; see [231560] for the classical case and the
original papers [4[I7,18] and the book [22] for the quaternionic case.

Thanks to the quaternionic functional calculus, it has been possible to develop
the theory of quaternionic evolution operators (see [3,9[19,[35]) and the spectral
theorem for quaternionic operators using the notion of S-spectrum [6,[7,[33]. We
point out that there were several attempts to prove the spectral theorem over the
quaternions in the literature, for instance [28[51,53], but the notion of spectrum
used is not clearly specified except for the paper [27]. In this paper the authors
use the right spectrum o (M) of a normal quaternionic matrix M, which, however,
turns out to be equal to the S-spectrum og(M). Using the notion of S-spectrum,
it is possible to define also the continuous functional calculus (see [32]), where the
authors use the notion of slice hyperholomorphicity in the approach of [34].

The theory of slice hyperholomorphic functions and the quaternionic functional
calculus have allowed us to generalize Schur analysis to this setting. The literature
on classical Schur analysis is very large, we quote the books [2/[I3], for an overview
of the classical case, and the first papers [8,[10,[11] for the slice hyperholomorphic
setting together with the book [12] and the references therein for an overview of
the existing literature.

Recently, we proved the Taylor expansion in the operator for the S-functional
calculus; see [I6]. In this paper we address the problem of defining fractional powers
of quaternionic operators using the Cauchy formula of slice hyperholomorphic func-
tions. To explain our results and the main differences with respect to the classical
case, we recall some facts on the classical theory; see for example [26].

The theory of fractional powers of linear operators has been developed by several
authors. Without claiming completeness, we mention among them, for the early
works, the papers [1438-40,44H47[54.55]. The literature is now very wide and it
has developed in several directions.

Let A be a closed linear operator on a complex Banach space such that (0, c0) C
p(A), where p(A) is the resolvent set of A. We denote by

R(AvA) = (AI - A)ila A€ P(A),

the resolvent operator and we assume that | R(A, A)|| < M/(14)) for some constant
M > 0 and all X € (0,00). If this holds true then there exists an open sector ¥ in
C such that RT € ¥ C p(A4) and ||R(\, A)|| < 2M/(1+|\|) all A € 3.

We consider a branch of the fractional power A — A~ for @« > 0. This is a
holomorphic function and the resolvent operator A — R(A, A) is also a holomorphic
operator-valued function. We can therefore define

_ 1 _
A= — [ AT*R(\, A)dA
27 J,
where 7 is a piecewise smooth path in ¥\ RT that surrounds the spectrum of A,
which is in general unbounded. Due to Cauchy’s integral theorem, the definition
of the fractional power A% does not depend on the choice of ~ if the path does
not intersect the spectrum of A. Moreover some properties of the fractional powers
depend on the resolvent equation

R()‘7 A) - R(:U’7 A) = _(>‘ - N)R(Av A)R(Mv A)7 A, we p(A)
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The idea of using the Cauchy formula for holomorphic functions to define functions
of operators is the basis of the Riesz-Dunford functional calculus.

In the case of quaternionic operators (and also in the case of n-tuples of opera-
tors) slice hyperholomorphicity is among the most useful notions of holomorphicity
to define functions of operators. The skew-field of quaternions H can be written as
H = UIES C;, where S consists of all quaternions I such that 12 = —1 and C; is
the complex plane with imaginary unit I. We say that a function f: U C H — H
is (left) slice hyperholomorphic in U if its restriction f7 to the complex plane Cy is
in the kernel of the Cauchy-Riemann operator

L (iff(:v) —l—Iif](x)) =0 foralz =a9+Ix1 €¢UNCy;andall I €8.
2 31170 81‘1
In a similar way, one can define right slice hyperholomorphic functions.

The Cauchy formula for slice hyperholomorphic functions is the tool to define
the quaternionic functional calculus or S-functional calculus. There are, however,
differences with respect to the classical case: the notion of spectrum of an operator
is for example not what one would expect by readapting the classical case. Instead,
the S-spectrum of a bounded right linear operator on 7" on a two-sided quaternionic
Banach space V is defined as

os(T)={s€H : T?—2Re(s)T + |s|*Z is not invertible},

where s = so + 517 + s2j + s3k is a quaternion, Re(s) = so and |s|? = s3 + 53 + 53 +
s3. There are two resolvent operators associated with the quaternionic functional
calculus, because the theory of slice hyperholomorphic functions contains different
Cauchy kernels for left or right slice hyperholomorphic functions. The left and the
right S-resolvent operators are defined as

(1.1) Sy (s, T) := —(T? — 2Re(s)T + |s|?°Z) "1 (T —3Z), se€H\ os(T),

and

(1.2) Spl(s,T) := —(T —3I)(T? — 2Re(s)T + [s|*T) ™", s € H\ os(T),
respectively. Let U C H be a suitable domain that contains the S-spectrum of
T. We define the quaternionic functional calculus for left slice hyperholomorphic
functions f : U — H by

(1.3) HT) = 2

T om

| s ds 1),
6(U0(CI)
where ds; = —dsI, and for right slice hyperholomorphic functions f : U — H, by

(1.4) f(T) = 2

= — f(s) dsr Sg'(s,T).

21 Jowner)
As one may observe, the integrals in ([3)) and () are computed on the bound-
ary of U in the complex plane C; and in principle the integral would depend on
the imaginary unit I chosen in S. Fortunately, this is not the case so that the
quaternionic functional calculus turns out to be well defined. This calculus can be
extended to the case of unbounded operators under the condition that the function
is slice hyperholomorphic at infinity.

In the case of the quaternions, the function s — s™* with @ > 0 is both left
and right slice hyperholomorphic on H \ (—o0, 0], but not at infinity. So we cannot
use the S-functional calculus, but have to proceed directly with the definition using
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the Cauchy formula in order to define T~“. For a right slice hyperholomorphic
function, we have

1
1. T :=— [ s“ds; S5'(s,T
(1.5 3 L5 S5,

where I € S and I is a path in the complex plane C; that surrounds the intersection
of the S-spectrum of the operator T with the complex plane C;. The same operator
can be defined using the left S-resolvent operator

1
(1.6) T = ﬁ/Szl(s,T) dsrs™“.
r

Using the above definition we can give some canonical integral representations of
the fractional powers depending on the location of the S-spectrum. For example if
os(T) C {s € H: Re(s) > 0}, under further assumptions, we have
o0
T = 1 / T (cos (%> T + sin (%> TI) (T? + %)~ tdr.
T Jo 2 2

This representation can be deduced from both formula (LH) and ([L.6). We point out
that the functions, to which we can apply both versions of the S-functional calculus,
are called intrinsic functions and they play an important role in the theory of slice
hyperholomorphic functions and quaternionic operators.

The proofs of several properties of the fractional powers, for example the semi-
group property, are based on the resolvent equation. In the case of bounded oper-
ators we have shown in [4] that

Sr'(s,T)ST (p,T) = [[Sg' (5. T) = Sp ' (p, T)lp
=3[z (s, T) = S. (0. T (p* — 2500 + |s*)

for s, pe H\ os(T).
This equation holds also for unbounded operators, but one has to show that it
is meaningful on the entire space V. This has been verified in Section 2.
Moreover, in this paper we extend Kato’s formula to the quaternionic setting.
Kato considers in his paper [44] linear operators in the Banach space X that are
not necessarily infinitesimal generators of semigroups. He considers the class of
operators of type (w, M) that are defined as follows:

(I) A is densely defined and closed,

(IT) the resolvent set of —A contains the open sector |arg A\| < 7 —w, w € (0,7),
and A(AI+A)~! is uniformly bounded in each small sector | arg A\| < m—w—¢
for e > 0 and

AMOAI+A)H <M, x>0
Kato quotes in his references that similar operators are considered also by M. A.
Krasnosel’skii and P. E. Sobolevskii.
If A is an operator of type (w, M), then the fractional powers A* for a € (0,1)
can be defined indirectly via

_ sin(ra) [ 1
M+ A% =
(AT +4%) v /0 A2 4+ 22 cos(ma) 4 p2

(03

(u +A)~dp.

The proof of Kato’s formula is done in several steps. We point out that the for-
mula is obtained using a Cauchy integral representation: the right-hand side of the
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formula is equal to

J(A) = i /(/\ + 297N A - 2) dz,

27 J,
where A > 0 and the path v lies in the resolvent set of A and goes from coe™* to
ooe? with w < 6 < 7 avoiding the negative real axis and zero. Operator-valued
function J(A) satisfies the resolvent equation. The question is whether it can be
expressed in the form

JN) =\ +A%"L
In other words one has to show that a single-valued function J defined on a subset
FE of the complex plane with values in the Banach algebra of all bounded linear
operators B(X) that satisfies the equation

(L7 JA) —JWN) = =A=N)TJNJN)=—A=XN)JN)J(N) ¥V X\ N€EE

is the resolvent operator of a closed linear operator A®.

In the quaternionic case the S-resolvent equation involves both resolvent oper-
ators, but despite this fact we are able to prove Kato’s formula in this setting. If
T is of type (M,w), then we can define for p with arg(p) > ¢o > max{w, an} the
operator

. +o00
F,(p,T):= w / t(p® — 2pt* cos(am) + 12) LS (=1, T) dt.
0
The operator-valued left slice hyperholomorphic function p — F,(p,T) does not
satisfy the equation (L) in general, but only if A and u are real. This is, however,
sufficient in order to show the existence of an operator B,, with Sp'(p, Ba) =
F,(p,T), which we define to be T.

We point out that in order to show that Fi, (p,T) satisfies (L7 on the negative
real line, we prove that it equals a Cauchy-type integral if 0 € pg(T'). In this case,
we have

FalpT) = 5 [ 50,5 dss S5'(5,D)
27 Jr
with
Sr'(p,s%) = —(s* = P)(s** — 2Re(p)s™ + [p|*) ™"

and I' being any path that goes from coe!? to coe™!? with 6 € (¢, 7) in an arbitrary
plane C; avoiding the negative real axis and 0. If p is real, then Sgl(p, s%) is
intrinsic and we can represent F,(p,T') also using the left S-resolvent. Once more
it is then the S-resolvent equation that allows us to show that F,(p,T) satisfies
() in this case.

Outline of the paper. In Section 2] we introduce the necessary definitions and
results of the theory of slice hyperholomorphic functions and the S-functional cal-
culus. The S-resolvent equation for unbounded operators and some results on
operator-valued slice hyperholomorphic functions are proved here. Section Bl con-
tains preliminary results on the S-resolvents: we introduce a new series expansion
for the pseudo-resolvent and use it to show that the S-resolvent is actually slice
hyperholomorphic, which has always been used but never shown for unbounded
operators. Then we show that the norms of the S-resolvents tends, in a certain
sense, to infinity as one approaches the S-spectrum under suitable assumptions
and that therefore there cannot exist any slice hyperholomorphic continuation of
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the S-resolvents, which is a fundamental fact for several proofs in this paper. Sec-
tion Ml contains the definition of the fractional powers of a quaternionic operator and
the proof that they are well defined. Moreover, we prove the semigroup property of
the fractional powers and some integral representations. Section [l is dedicated to
the extension of Kato’s formula to the quaternionic setting. Finally, the appendices
contain several quite technical estimates needed in the proofs of Section [4l

2. PRELIMINARY RESULTS

The skew-field of quaternions consists of the real vector space

3
H = {& + Z&@i 1 & € R},
i=1
which is endowed with an associative product satisfying

e? =e2 = e =ejegey = —1.

The real part of a quaternion x = & + Z?:l &e; is defined as Re(z) = &, its
imaginary part as x := Zle &;e; and its conjugate as T := Re(x) — z.
Each element of the set
S:={zr € H:Re(zx)=0,z| =1}

is a square root of —1 and is therefore called an imaginary unit. For any I € S,
the subspace Cy := {xg + Iz1 : x1,22 € R} is an isomorphic copy of the field of
complex numbers. If I, J € Swith I | J,set K =1J=—JI. Then 1, I, J and K
form an orthonormal basis of H as a real vector space and 1 and J form a basis of
H as a left or right vector space over the complex plane Cj, that is,

H=C;+C;J and H=C;+ JC;.
Any quaternion x belongs to such a complex plane: if we set
L {g/@, if x # 0,
any I €8S, ifz=0,
then © = xg + I, 21 with 2o = Re(z) and x; = |z|. The set
[z] :={xo+ Iz1: 1 €S}
is a 2-sphere that reduces to a single point if = is real.
2.1. Slice hyperholomorphic functions. As pointed out in the introduction,
quaternionic operator theory is based on the theory of slice hyperholomorphic func-

tions, the most important results of which we introduce now. The proofs of the
results stated in this subsection can be found in the book [22].

Definition 2.1. Let U C H be open and let f : U — H be real differentiable.
For any I € S, let fr := flunc, denote the restriction of f to the plane C;. The
function f is called left slice hyperholomorphic if, for all T € S,

1
(2.1) 3 (aixofj(x) —|—Iaiwlf1(x)> =0 forallz =29+ Iz, €cUNCy

and right slice hyperholomorphic if, for all I € S,

(2.2) % (%f;(m) + %fﬂx)]) =0 forallz =29+ Iz € UNCy.
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A left slice hyperholomorphic function that satisfies f(UNC;) C Cy for all I € S
is called intrinsic.

We denote the set of all left slice hyperholomorphic functions on U by SH(U),
the set of all right slice hyperholomorphic functions on U by SHr(U) and the set
of all intrinsic functions by N (U).

Note that an intrinsic function is both left and right slice hyperholomorphic
because fr(x) € C; commutes with the imaginary unit I in the respective Cauchy-
Riemann-operator. The converse is not true: the constant function « — b € H\ R
is left and right slice hyperholomorphic, but it is not intrinsic.

The importance of the class of intrinsic functions is due to the fact that the mul-
tiplication and composition with intrinsic functions preserve slice hyperholomorphy.
This is not true for arbitrary slice hyperholomorphic functions.

Corollary 2.2. If f € N(U) and g € SHL(U), then fg € SHL(U). If f €
SHR(U) and g € N(U), then fg € SHr(U).

If g e NWU) and f € SH1(g(U)), then fog € SHL(U). If g € N(U) and
f € SHgr(g(U)), then foge SHr(U).

Important examples of slice hyperholomorphic functions are power series with
quaternionic coefficients: series of the form Z::()) z"a,, are left slice hyperholomor-
phic and series of the form > °°  a,z™ are right slice hyperholomorphic on their
domains of convergence. A power series is intrinsic if and only if its coefficients are
real.

Any slice hyperholomorphic function on the other hand can be expanded into a
power series at any real point.

Definition 2.3. The slice derivative of a function f € SH(U) is defined as
Osf(z) = . lim (s —x)"'(f(s) — f(z)) for x = xo + Iyxy € U,
Ss—x

x

where lime, 55, g(s) denotes the limit as s tends to x in Cy,. The slice derivative
of a function f € SHgr(U) is defined as

Osf(x) = . hal?ﬁm(f(tﬂ —f@)(s—2)t for x = xo+ I,z € U.

Corollary 2.4. The slice derivative of a left (or right) slice hyperholomorphic
function is again left (or right) slice hyperholomorphic. Moreover, it coincides with
the derivative with respect to the real part, that is,

Osf(z) = (%O () forx=wmzo+ I27.

Theorem 2.5. If f is left slice hyperholomorphic on the ball B(r, ) with radius r
centered at o € R, then

—+oo

flz) = Z(a: - a)”%ag (o) forxz e B(r,a).

n=0

If f is right slice hyperholomorphic on B(r,«a), then

+oo
f(z) = Z %agf(a)(x —a)"  forx € B(r,a).
n=0 "
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Slice hyperholomorphic functions possess good properties when they are defined
on suitable domains.

Definition 2.6. A set U C H is called

(i) axially symmetric if [x] C U for any « € U and
(ii) a slice domain if U is open, U NR # 0 and U N C; is a domain for any
Ies.

Theorem 2.7 (Identity Principle). Let U be a slice domain, let f be left or right
slice hyperholomorphic on U and let Z be the set of zeros of f. If there exists an
imaginary unit I € S such that Z N Cy has an accumulation point in U N Cy, then

f=o.

As a consequence of the Identity Principle, the values of a slice hyperholomorphic
function on an axially symmetric slice domain are uniquely determined by its values
on an arbitrary complex plane C;. Therefore, any function that is holomorphic on
a suitable subset of a complex plane possesses an unique slice hyperholomorphic
extension.

Theorem 2.8 (Representation Formula). Let U be an azially symmetric slice do-
main and let I € S. For any x = xo+ Lyx1 € U set vy :=xo+1xy. If f € SHL(U),
then

flz) = %(1 = L.I)f(zr) + %(1 + L) f(T1) forallx e U.

If f € SHR(U), then

f(x) = flzr)(1 - Hm)% + f(zr)(1+ III)% for all x € U.

Corollary 2.9. Let I € S and let f : O — H be real differentiable, where O is a
domain in Cy that is symmetric with respect to the real axis.
(i) The azially symmetric hull [O] := |J,cpl2] of O is an azially symmetric
slice domain.
(ii) If f satisfies ZT), then there exists a unique left slice hyperholomorphic
extension of f to [O].
(iii) If f satisfies [22)), then there exists a unique right slice hyperholomorphic
extension of f to [O].

Remark 2.10. If f has a left and a right slice hyperholomorphic extension, they do
not necessarily coincide. Consider for instance the function z — bz on C; with a
constant b € Cy \ R. Tts left slice hyperholomorphic extension to H is  +— xb, but
its right slice hyperholomorphic extension is x — bzx.

Finally, slice hyperholomorphic functions satisfy an adapted version of Cauchy’s
integral theorem and a Cauchy-type integral formula with a modified kernel, which
is the starting point for the definition of the S-functional calculus.

Definition 2.11. We define the left slice hyperholomorphic Cauchy kernel as
S (s, x) = —(2® — 2Re(s)x + |s|?) "Nz —3) for x ¢ [s]

and the right slice hyperholomorphic Cauchy kernel as
Spl(s,z) = —(z —5)(2® — 2Re(s)z + |s[*) ™! for = ¢ [s].
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Corollary 2.12. The left slice hyperholomorphic Cauchy kernel S;l(s,x) is left
slice hyperholomorphic in the variable x and right slice hyperholomorphic in the
variable s on its domain of definition. Moreover, we have Sg'(s,z) = —S;*(z,s).

Remark 2.13. If x and s belong to the same complex plane, they commute and the
slice hyperholomorphic Cauchy kernels reduce to the classical one:
1

S —X

= S; (s,x) = Si'(s,2).

Theorem 2.14 (Cauchy’s integral theorem). Let O C H be open, let I € S and let
Dy be a bounded open subset of O N Cy with Dy C O N Cy such that its boundary

consists of a finite number of continuously differentiable Jordan curves. For any
fe€SHRWU) and g € SHL(U), it is

(s)dsrg(s) =0,
oD,

where ds; = —1 ds.

Theorem 2.15 (Cauchy’s integral formula). Let U C H be a bounded azially
symmetric slice domain such that its boundary (U N Cy) in C; consists of a finite
number of continuously differentiable Jordan curves. Let I € S and set ds; = —1 ds.
If f is left slice hyperholomorphic on an open set that contains U, then

1
flx)=— St (s,x)dsy f(s) for allz € U.
27 Jowner)

If f is right slice hyperholomorphic on an open set that contains U, then

fx) = =

=— f(s)dst Sg'(s,x) for allx € U.
21 Jawner)

The pointwise product of two slice hyperholomorphic functions is in general not
slice hyperholomorphic. However, it is possible to define regularized products that
preserve left and right slice hyperholomorphicity. The left slice hyperholomorphic
Cauchy kernel S; ' (s, z) is the inverse of the function  + s — 2 with respect to this
left slice hyperholomorphic product. Similarly, Sgl (s, ) the inverse of the function
x +— s — x with respect to the right slice hyperholomorphic product. We therefore
define S} "(s,x) and S;"(s,x) as the n-th inverse power of the function z +— s —
with respect to the left, respectively right, slice hyperholomorphic product.

Definition 2.16. Let s,z € H with s ¢ [z]. For n € Ny, we define

S; (s, x) = (#* — 2Re(s)x + |s[*) ™" Z (Z) (—z)kzn—F

k=0

and
n

Sp"(s,x) == Z <Z>§”k(—z)k(x2 — 2Re(s)z + [s]?) "

k=0

A theory of slice hyperholomorphicity can also be developed for functions with
values a two-sided Banach space over the quaternions. The first results were stated
in [5].
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Definition 2.17. Let V be a two-sided quaternionic Banach space, let U C H be
open and let f : U — V be real differentiable. For any I € S, let fr := flunc;
denote the restriction of f to the plane C;. The function f is called left slice
hyperholomorphic if, for any I € S,

1/ 0 0
and right slice hyperholomorphic if, for any I € S,
1/ 0 0
(2.4) 3 a—xoff(x)—l-a—xlff(ac)l =0 forallz =m0+ Iz, €eUNC;.

We denote the set of all left slice hyperholomorphic functions on U by SH (U, V),
the set of all right slice hyperholomorphic functions on U by SHz(U,V).

Remark 2.18. The paper [5] actually starts from a different definition. Therein, an
operator-valued function f is called strongly left slice hyperholomorphic if it admits
a left slice derivative, that is,
(2.5) lim (s — ) ' (fr(x) — f1(s))

Cros—zx
exists in the topology of V for any s € UNC; and any I € S and the limits coincide
for all I € S if s is real.

The function f is called weakly left slice hyperholomorphic if, for any continuous
left linear functional A in the (left) dual space V* of V, the function Af admits a
left slice derivative, that is,

lim (s —x) Y (Afr(z) — Af1(s))
Cras—x

exists in H for any s € UNC; and any I € S and the limits coincide of all
I € S if s is real. This is equivalent to Af being left slice hyperholomorphic in
the sense of Definition 21 by [5, Proposition 3.2] if Af is real differentiable. By
Theorem 3.6 in [5] the notions of strong and weak left slice hyperholomorphicity
are equivalent and by Proposition 3.9 they are both equivalent to the notion of left
slice hyperholomorphicity defined in Definition 217 as long as f is assumed to be
real differentiable.

Analogue considerations can be done for right slice hyperholomorphic functions.
In this case, the right slice derivative defined by

(2.6) (f1(@) = fr(s)(s —2)~!

lim
Cras—x
replaces the notion of left slice derivative and the notion of weak right slice hy-
perholomorphicity must be defined using right linear functionals in the right dual
space of V instead of left linear functionals.

Many results for scalar-valued slice hyperholomorphic functions also hold true
in the operator-valued case. The proofs of the following results can be found in [5].

Theorem 2.19 (Identity Principle, [5 Proposition 3.11]). Let U be a slice domain,
let f be left or right slice hyperholomorphic on U with values in a two-sided quater-
nionic Banach space and let Z be the set of zeros of f. If there exists an imaginary
unit I € S such that Z N Cy has an accumulation point in U N Cy, then f = 0.
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Theorem 2.20 (Representation Formula, [5, Theorem 3.15]). Let V' be a two-
sided quaternionic Banach space, let U be an azially symmetric slice domain and
let I €8S. Foranyx =xz9+ I,x1 €U set xy:=x0+ Ix1. If f € SHL(U,V), then

flz) = %(1 — LI)f(xr) + %(1 + LD f(z7) forallz € U.

If f e SHR(U,V), then

f(z) = fler)(1 - Hm)% + fEn)(1+ Hx)% for all z € U.

An immediate consequence of this theorem is the following extension result,
which can be shown as the one in the scalar case.

Corollary 2.21. Let V be a two-sided quaternionic Banach space, let I € S and
let f:0 — V be real differentiable, where O is a domain in Cy that is symmetric
with respect to the real awis.
(i) If f satisfies [2Z3), then there exists a unique left slice hyperholomorphic
extension of f to [O)].
(ii) If f satisfies 24), then there exists a unique right slice hyperholomorphic
extension of f to [O].

Theorem 2.22 (Cauchy’s integral formula, [5, Theorem 3.13]). Let U C H be a
bounded azially symmetric slice domain such that its boundary (U N Cy) in C;
consists of a finite number of continuously differentiable Jordan curves. Let I € S

and set ds; = —Ids. If f is left slice hyperholomorphic on an open set that contains
U, then
1
flz)=— S (s,x)dsy f(s) for allz € U.
21 Jowner)
If f is right slice hyperholomorphic on an open set that contains U, then
1

fx) f(s)dsr Sp'(s,x) for all x € U.

27 Jawnen)

To the best of the authors’ knowledge, the proofs of several fundamental results
have not yet been given explicitly for the case of vector-valued slice hyperholomor-
phic functions. Thus, we shall give them for the sake of completeness.

Corollary 2.23. Let V be a two-sided quaternionic Banach space. The slice deriv-
ative of a left (or right) slice hyperholomorphic function with values in' V' defined by
@3), respectively ([26), is again left (or right) slice hyperholomorphic. Moreover,
it coincides with the derivative with respect to the real part, that is,

dsf(x) = %f(x) Jor & = 20+ Lor.

Proof. Assume that f € SHL(U,V), choose I € S and consider f; = fyunc,;. The
quaternionic Banach space V' also carries the structure of a complex Banach space
over the complex field C;, which we obtain by restricting the multiplication with
quaternionic scalars on the left to C;. The function f; is then a function with
values in this complex Banach space that is holomorphic in the classical sense. Its
derivative coincides with the slice derivative of f on Cy, i.e.,

0
(OsfHlvnc, = f1= 3—:z:0f1’
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where f; denotes the usual derivative of fr, when it is considered a holomorphic
function with values in a complex Banach space over C;. In particular this function
is again holomorphic in the classical sense and thus satisfies ([2.3]). The statement
for right slice hyperholomorphic functions follows with analogous arguments.  [J

Theorem 2.24. Let V be a two-sided quaternionic Banach space and assume that
the function f takes values in V. If f is left slice hyperholomorphic on the ball
B(r,a) with radius r centered at o € R, then

+oo 1
fz) = Z(m - a)”mﬁg (o) forxz e B(r,a).

n=0

If f is right slice hyperholomorphic on B(r,a), then
+o0 1
f(z)= z;) Eagf(a)(x —a)" forx € B(r,a).

Proof. Assume that f is left slice hyperholomorphic on B(r,«) and consider an
imaginary unit I € S. As in the proof of Corollary 223 we may consider V as
a Banach space over C; by restricting the scalar multiplication with quaternions
on the left to C;. The restriction f; of f to the complex plane C; is then a
holomorphic function with values in a complex Banach space and thus admits a
power series expansion at « that converges on B(r,a) N C;. For x € B(r,a) N Cy,
we obtain
PN wd )N W10
(@) = fila) = (e —a)" 70 = (e —0)" e fi(a),
n=0 n=0

By Corollary [Z23] we have %flz () = % (a) = 0% f(c). Thus the coefficients
are independent of the plane C; and the statement holds true. The case of right
slice hyperholomorphic functions can be shown by analogous arguments. O

Finally, we also give the proof of Cauchy’s integral theorem for vector-valued
slice hyperholomorphic functions. It is based on the quaternionic version of the
Hahn-Banach theorem, which was originally proved in [52] and a proof of which
can also be found in [22]. We need the following corollary.

Corollary 2.25 (|22, Corollary 4.10.2]). LetV be a two-sided quaternionic Banach
space. If A(v) = 0 for all continuous right linear functionals A : V — H, then v = 0.

Similarly, if A(v) =0 for all continuous left linear functionals A:V — H, then
also v = 0.

Theorem 2.26 (Cauchy’s integral theorem). Let V' be a two-sided quaternionic
Banach space, let O C H be open and let I € S. Furthermore assume that Dy is
a bounded open subset of O N Cy with Dy € O N Cy, whose boundary consists of a
finite number of continuously differentiable Jordan curves. If f € SHr(U,V) and
g€ SHL(UH) orif f € SHR(U,H) and g € SH(U,V), then

(s)dsrg(s) =0,
oD,

where ds; = —1 ds.
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Proof. Assume that f € SHr(U,V) and g € SH(U,H) and consider a continuous
right linear functional A : V' — H. The function s — Af(s) = A(f(s)) is a
quaternion-valued right slice hyperholomorphic function. Thus we deduce from
Theorem [2.14] that

A(am @mwm@)—LmAﬂ@@mwww

and from Corollary 2.25] in turn that the statement holds true. The other case
follows with analogous arguments. ([l

2.2. The S-functional calculus. The natural extension of the Riesz-Dunford
functional calculus for complex linear operators to quaternionic linear operators
is the so-called S-functional calculus. It is based on the theory of slice hyperholo-
morphic functions and follows the principal idea of the classical case: to formally
replace the scalar variable x in the Cauchy formula by an operator. The proofs of
the results stated in this subsection can be found in [422].

Let V be a two-sided quaternionic Banach space. We denote the set of all
bounded quaternionic right-linear operators on V' by B(V) and the set of all closed
and densely defined quaternionic right-linear operators on V' by (V).

Definition 2.27. We define the S-resolvent set of an operator T' € K(V') as
ps(T) = {s € H: (T? - 2Re(s)T + |s]*7)"* € B(V)}
and the S-spectrum of T as
os(T) = H\ ps(T).
For s e Hand T € K(V), we set
Q,(T) := T? — 2Re(s)T + |s|*Z.
If s € ps(T), then the operator
Qy(T)™" = (T? = 2Re(s)T + [s°Z) !

is called the pseudo-resolvent of T at s. We point out that, in contrast to the
notation we use in this paper, in the literature it is often the pseudo-resolvent that
is denoted by the symbol Q4 (T).

Definition 2.28. Let T' € K(V). The left S-resolvent operator is defined as

(2.7) S s, T) = Qy(T) '3 —TQu(T) !
and the right S-resolvent operator is defined as
(2.8) Spl(s,T) == —(T — I5)Qs(T) .

Remark 2.29. Observe that one obtains the right S-resolvent operator by formally
replacing the variable z in the right slice hyperholomorphic Cauchy kernel by the
operator T'. The same procedure yields

(2.9) S (s, Ty =—0Q4(T) (T —35I)v, forveDT)

for the left S-resolvent operator. This operator is not defined on the entire space V,
but only on the domain D(T) of T.. One can exploit the fact that Q4(T)~! and T
commute on D(T') in order to overcome this problem: commuting 7" and Q4(T)~*
in (29) yields (7). For arbitrary s € H, the operator T2 — 2Re(s)T + |s|2Z maps
D(T?) to V. Hence, the pseudo-resolvent Q(T)~! maps V to D(T?) c D(T) if
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s € ps(T). Since T is closed and Q4(T)~! is bounded, equation (Z.7)) then defines
a continuous and therefore bounded right linear operator on the entire space V.
Hence, the left resolvent S; '(s,T) is the natural extension of the operator (ZJ)
to V. In particular, if T' is bounded, then SL_1 (s,T') can be defined directly by (29).

If one considers left linear operators, then one must modify the definition of the
right S-resolvent operator for the same reasons.

Remark 2.30. The S-resolvent operators reduce to the classical resolvent if T" and
s commute, that is

S (s, T) = S (s, T) = (sT-T)"*.
This is in particular the case if s is real.

As pointed out in the introduction, the S-spectrum is the proper generalization
of the notion of right-eigenvalues [20, Theorem2.5].

Theorem 2.31. Let T € K(V). Then s € H is a right eigenvalue if and only if it
is an S-eigenvalue.

The following important result has implicitly been assumed to hold true in the
literature. For the case of bounded operators a proof can be found in [29], but
by the best of the authors’ knowledge, it has never been shown for unbounded
operators. (The paper [35] contains a proof in a more general setting: it considers
real alternative x-algebras instead of quaternions. However, the proof in this paper
requires that there exits a real point in the S-resolvent set of the operator.) For the
sake of completeness, we therefore give its proof in this paper. Since the arguments
for unbounded operators are quite technical, we postpone them to Section [3

Lemma 2.32. Let T € K(V). The map s — S;*(s,T) is a right slice hyperholo-
morphic function on ps(T') with values in the two-sided quaternionic Banach space
B(V). The map s — Sg'(s,T) is a left slice hyperholomorphic function on ps(T)
with values in the two-sided quaternionic Banach space B(V).

The S-resolvent equation has been proved in [4] for the case that T is a bounded
operator. For the sake of completeness we show the S-resolvent equation for the
case of unbounded operators.

Theorem 2.33 (S-resolvent equation). Let T € K(V). If s,p € ps(T) with s ¢ [p],
then

(2.10)
Sp(s,T)S (p, T)v =[[Sg" (s, T) — S. ' (p, T)]p
—3[Sx" (s, T) = Sz (p, T)]] (p* — 250p + |5|*) ', v eV

Proof. We recall from [22] that the left S-resolvent operator satisfies the equation

(2.11) TS (p,T)v=S;'"(p,T)pv —v, vEV,
and that the right S-resolvent operator satisfies the equation
(2.12) Spl(s,T)Tv = sSg'(s,T)v—v, ve&DT).

As in the case of bounded operators, the S-resolvent equation is deduced from
these two relations. However, we have to pay attention to being consistent with
the domains of definition of every operator that appears in the proof.
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We show that, for every v € V', one has

(2.13) Sgl(s,T)Sgl(p, T)(p2 — 2s0p + \3\2)11
= [Sg'(s,T) = 5. (p, T)pv — 5[ (5, T) = 5" (p, T)]v.

We then obtain the original equation ([2I0) by replacing v by (p? —2sop+ |s|?) ~tv
For w € V, the left S-resolvent equation (ZII)) implies

Sz (s, T)S; ' (p, Thpw = S5 (s, VTS (n, Thw + S5 (5, T

Since Q(T)™! = (T? — 2s0T + |s|?Z) ™! maps V onto D(T?), the left S-resolvent
S (s, T) = Qu(T)™'5 — TQ4(T)~* maps V to D(T). Consequently, S;*(p, T)w €
D(T) and the right S-resolvent equation ([2.12) yields

(2.14) Sp'(s,T)S; (p, T)pw = S5 (s, T)S; (p, T)w— Sy (p, T)w+Sz" (5, T)w.
If we apply this identity with w = pv we get
Sg' (s, T)ST (0, T) (0 — 2s0p + || v
=S5 (s, T)S; (p, T)p*v — 25057 (5, T)SE (p, T)pv
+1s1*Sk (5, 1) (p, T
=585 (5, 1)S (p, T)pv — Sz (0, T)pv + S ' (5, T)pv
— 25087 (s, T)S. (0, T)pv + |s*S5 (5, T) S (p, T)v.
Applying identity (ZI4]) again with w = v gives
St (s, T)S. (0, T)(p* — 2s0p + |s|*)
= sSR! (s, T)S; (p, T)v — sS; ' (p, T)v + sSg' (s, T)v
— S p, T)pv + Sx* (s, T)pv
— 250885 (8, T)S; (0, T)v + 250S; (p, T)v — 2505z " (s, T)v
+[s*Sg! (s, T) ST (p, T
= (22505 + |s]%) Sz (5, 7)S;  (p, T)v—(280—35)[Si " (s, T)v—Sg  (p, T)v]
+ 185" (5,T) = Sp ' (p, T)]pv-
The identity 2sg = s + 5 implies s2 — 2s¢s +|s|?> = 0 and 2sg — s = 5, and hence we
obtain the desired equation [Z2I3)). O
Definition 2.34. Let T € K(V).

(i) An axially symmetric slice domain U is called T-admissible if o5(T) C U
and O(U N Cy) is the union of a finite number of Jordan curves for any
Ies.

(ii) A function f is said to be left (or right) slice hyperholomorphic on og(7T)
if it is left (or right) slice hyperholomorphic on an open set O such that
U C O for some T-admissible slice domain U. We will denote the class of
such functions by SHy(0s(T)) (or SHEr(os(T))).

Formally replacing the slice hyperholomorphic Cauchy kernels in the Cauchy
formula by the S-resolvent operators leads to the natural generalization of the
Riesz-Dunford functional calculus to quaternionic linear operators.
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Definition 2.35 (S-functional calculus for bounded operators). Let T € B(V),
choose I € S and set ds; = —Ids. For f € SH(0s(T)), we define

A1) = o St (s, T) dss £(s).
T JoUuncy)
For f € SHRr(os(T)), we define
1 _
f(1) = > e f(s)dsy Sg'(s,T).

These integrals are independent of the choice of the bounded slice domain U and
the imaginary unit I € S.

A function f is said to be left (or right) slice hyperholomorphic at oo, if f is left
(or right) slice hyperholomorphic on H \ B(r,0) for some ball B(r,0) and the limit
f(00) :=limy o0 f(x) exists. By SH1(0s(T)U{0}) we denote the set of functions
f € SHL(os(T)) that are left slice hyperholomorphic at co, and similarly we denote
the corresponding sets of right slice hyperholomorphic and intrinsic functions.

Lemma 2.36. Let T € K(T) with ps(T) NR # 0, let a € ps(T) NR and set
A= (T—-aI)™' = -S; (o, T) € B(V). We define the function ®, : HU {occ} —
HU {oc} by ®u(s) = (s —a)™! for s € H\ {a} and ®,(a) = 0o and ®,(c0) = 0.
Then f € SHr(os(T) U {oo}) if and only if fo &' € SHi(os(A)) and f €
SHr(os(T)U{cc}) if and only if fo @, € SHRr(os(A)).

Definition 2.37. Let T € K(T), let a € ps(T) NR and let A and P, be as in
Lemma 2336 For f € SHy(os(T)U{ox}) or f € SHR(os(T) U {o0}), we define

f(T) = fo® ' (A)
in the sense of Definition
Theorem 2.38. Let T € K(V). If f € SH(0s(T) U {cx}), then

F(T) = F(oo)T + /8 o, SE T 1)

™

and if f € SHr(os(T)U{oc}), then

1 _
H(T) = f(o0)T + — / F(s) dsr S5 (s, T)
21 Jowner)
for any imaginary unit I € S and any T-admissible slice domain U such that f
is left (resp. right) slice hyperholomorphic on U. In particular, Definition 237 is
independent of the choice of a.

Corollary 2.39. Let T € K(V) and let 55(T) denote the extended S-spectrum
of T, that is, os(T) = og(T) if T is bounded and os(T) = o5(T) U {0} if T is
unbounded. The S-functional calculus has the following properties:
(i) If f,g € SHL(@5(T)) and a € H, then (fa + g)(T) = f(T)a+ g(T). If
fyg € SHRr(T5(T)) and a € H, then (af + g)(T) = af(T) + g(T).
(ii) If f € N(as(T)) and g € SHL(T5(T)) or if f € SHr(T5(T)) and g €
N(os(T)), then (fg)(T) = f(T)g(T).
(it)) If g € N(@S(T)), then os(9(T)) = g(@(T)) and f(g(T)) = f o g(T) if
fe8HL(g(@s(T))) or f € SHR(9(@s(T)))-
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Although polynomials do not belong to the class of admissible functions if the
operator is unbounded, they are still compatible with the S-functional calculus as
the following lemma shows [30, Lemma 4.4]

Lemma 2.40. Let T € K(V) with ps(T) # 0 and assume that f € N(os(T)U{oc})
has a zero of order n € No U {+o0} at infinity.

(i) For any intrinsic polynomial P of degree lower than or equal to n, we have
P(T)f(T) = (Pf)(T).
(i) If v € D(T™) for some m € Ny U {oo}, then f(T)v € D(T™*").

Finally, we determine the slice derivatives of the S-resolvent operators. For
bounded T, this has been done in [I6], but since the calculations are slightly more
delicate for unbounded operators, we give the proof again for the sake of complete-
ness. Definition and considerations as in Remark motivate the following
definition.

Definition 2.41. Let T € K(V). For s € pg(T'), we set

S."(s,T) = Z

k=0

> (Z) (=T)*(T? — 2Re(s)T + |s|*T) "5+

and

Sp(s.T) =Y (Z)§”k(—T)k(T2 — 9Re(s)T + |s|?)~".

k=0

Remark 2.42. The operator Q4(T)™" = (T? — 2Re(s)T + |s|*Z)™" is bounded
and maps V to D(T?"); cf. the arguments in Remark Furthermore, by
Corollary 4.5 in [30], the operators (—T)*. Hence, the operators S;"(s,T) and
S5"(s,T) are bounded as D((—T)*) = D(T*) > D(T?") for any k € {0,...,n}.

Lemma 2.43. Let T € K(V) with ps(T)NR # 0. The n-th slice derivatives of the
left and right S-resolvent of T for n € Ny are

LS (s, T)=(=1)"n! S, "™ (s, T) and 2S5 (s, T)=(—1)"n! 55" (s, T).

Proof. We consider the case of the left S-resolvent operator. For p € pg(T), let € be
such that B(e,p) C ps(T) and set U, . := H\ [B(e,p)], where [B(e, p)] denotes the
axially symmetric hull of B(e,p). For any s € [B(e/2,p)], the map = — S} '(s,x)
is then left slice hyperholomorphic on U, . and also at infinity with S} ' (s, 00) = 0.
We thus have by Theorem [Z338] Corollary and Lemma that

S (s, T) = Q(T) 5 - TQ.(T)!
1
=5 S;l(s,x) drr Qs(x) '
T Ja(U, .NCr)

1

21 Jow,..ncr)

1 _ _
=5 S; YN, T) dwy Sy (s, ),
O(Up,eNCr)

Sgl(s, x)dry ZCQS(J})_I
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where Q,(x)~! = (2% — 2Re(s)x — +|s|?)~!. By induction, one can easily see that
928, (s, ) = (=1)"n! S’f(nﬂ)(s,x)

n+1
= n IZ < > kQS(x)*(n‘Fl)g’fH*l*k,
k

where the second equality holds because Q(x)~! and x commute. Since (—x)¥ is
an intrinsic polynomial, since Q,(z)~ (") is also intrinsic and since s — S} (s, T)
can be represented by the above integral on a neighborhood of p, we deduce again
from Theorem 238 Corollary and Lemma that

1
958 (s, T) = / ST, T) day 9257 (s, x)
2 d(Up,NCr)
1 W n+1
=5 Sy (z,T)dxr (—1)"n! ( ) —2)FQ,(x)~ (Mt Dgn Ik
2 8(Up€mCI) L ( Z ( )
n+1
— )"l ”‘H (n+1)gn+1—k Drpls™ ™) (o T
= 2 ~T)*Q,(T)" — (—1)"nls; (s, 7).

]

2.3. Logarithm and fractional powers in the quaternions. In order to state
the main results we finally recall the logarithmic function in the slice hyperholo-
morphic setting. The logarithmic function on H is defined as

(2.15) log s :=In |s| + I, arccos(so/|s]|) for s e H\ {(—00,0]}.

Note that for s = so € [0,00) we have arccos(so/|s|) = 0 and so logs = Ins.
Therefore, log s is well defined also on the positive real axis and does not depend
on the choice of the imaginary unit I5. It is

€8s — g for se H

and
loge® =s forseH with |s| <.

The logarithmic function is real differentiable on H \ (—oc,0]. Moreover, for any
I € S, the restriction of log s to the complex plane C; coincides with a branch of
the complex logarithm on C; and is therefore holomorphic on Cy \ (—oo,0]. Thus,
log s is left and right slice hyperholomorphic on H \ (—o0, 0].

Remark 2.44. Observe that there exist other definitions of the quaternionic loga-
rithm in the literature. In [37], the logarithm of a quaternion is for instance defined
as
{ln |s| + I, (arccos £+ 2k7r> , Is| #0or|s|=0,s0 >0,
log;, ; s := ls]
In|s| + e;m, |s| =0,s0 <0,

where k € Z and e; is one of the generating units of H. This logarithm is, however,
not continuous at the real line (and therefore in particular not slice hyperholomor-
phic at the real line) unless k£ = 0. But in this case this definition of the logarithm
coincides with the one given in (2.I5). Indeed, the identity principle implies that
I5) defines the maximal slice hyperholomorphic extension of the natural loga-
rithm on (0, +00) to a subset of the quaternions.
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We define fractional powers of a quaternion for o € R as
(216) §¢ = ealogs _ 6oz(ln|s\+[S arccos(50/|s\))7 se H\ (—O0,0].
This function is obviously also left and right slice hyperholomorphic on H\ (—o0, 0].

Definition 2.45 (Argument function). Let p € H\ {0}. We define arg(p) as the
unique number 6 € [0, 7] such that p = |p|ef!.

Again § = arg(s) does not depend on the choice of I if s € R\ {0} since p = |p|e®’
for any I € Sif p > 0 and p = |ple™ for any I € S if p < 0.

3. ON THE SLICE HYPERHOLOMORPHICITY OF THE S-RESOLVENTS

In this section we first give a precise proof for the slice hyperholomorphicity of
the S-resolvents and then we consider the question whether the S-resolvents could
have slice hyperholomorphic continuations to sets larger than the S-resolvent set
of the respective operator. We start with a new series expansion for the pseudo-
resolvent Q4 (7)™ 1. An heuristic approach to find this expansion is to consider the
immediate equation

(3‘1) QS(T)_I - Qp(T)_l = QS(T)_l(Qp(T) - QS(T))Q;D(T)_I
and transform it to
Qu(T) ™" = Qp(T) ! + Qu(T) " H(Qp(T) — Qu(T)) Qu(T) .

Recursive application of this equation then yields the series expansion proved in
the following lemma.

Lemma 3.1. Let T € K(V) and p € ps(T) and let s € H. If the series
+o0
(3-2) T(s) =Y (Qp(T) = Qu(1)" Qu(T) ="V
n=0
converges absolutely in B(V'), then s € ps(T) and its sum is the inverse of Qs(T).
The series converges in particular uniformly on any of the closed azially sym-
metric neighborhoods

C.(p) ={se€H:ds(s,p) <e}
of p with
ds(s,p) = max {2[so — pol, |[p]* = [s|*|}

and
1

ST, 10,@)

Proof. Let us first consider the question of convergence of the series. The sets
C.(p) are obviously axially symmetric: if s; belongs to the sphere [s] associated
to s, then so = Re(s) = Re(sr) and |s|? = |s;|>. Thus ds(s7,p) = ds(s,p) and in
turn s € C(p) if and only if s; € C.(p). Moreover, since the map s — dg(s,p)
is continuous, the sets U.(p) := {s € H : dg(s,p) < €} are open in H. Since
U:(p) C C.(p), the sets C. are actually neighborhoods of p.

In order to simplify the notation, we set

D(p, s) = Q(T) — Qu(T) = 2(s0 — po)T + (Ip|* — |s*)Z.
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Since Q,(T)~! maps V to D(T?) and D(p, s) commutes with Q,(T)~! on D(T?),
we have for any s € C.(p)

5" o572,y

n=0

;f |@@.s,@) )" o)

<Z|\@p, $)Q(T) " (D)

We further have
19(p. 5)Qp(T) | < 2Is0 — pol [TQp(T)7H|| + [Ip* — Is*| [ Qu(T) 7]

< ds(s,p) (HTQp QT

<e ([T + @) =«
Now if e < 1/ (| TQp(T) | + || Qp(T) "

Ji:.o "Q(Pas)ngp(T)_(n+l)" < HQ,,(T)_IH Ji:.oq” < 400
n=0 =

and the series converges uniformly in B(V) on C.(p).
Now assume that the series (8.2]) converges and observe that Q,(T"), Q,(T) and
9,(T)~! commute on D(T?) and hence we have for v € D(T?) that

), then 0 < ¢ < 1 and thus

+oo
Tyv=" D(p,s)"Qy(T) "tV Q,(T)v
=0
+oo
- Z D(p, 5)"Qp(T) ") [~D(p, 5) + Qp(T)] v

:_Z®p7 n—HQ( ) n+1)v

n=0

“+o0
+>0(p.5)" Q1) " = v
n=0

On the other hand vy = ZTJLOCD(]), 5)"Q,(T)~ "y belongs to D(T?) for any
v € V and we have

N

QS(T)UN :(_:D(p, 8) + QP(T)) Z @(p7 S)nQp(T)f(TH,l),U

n=0

N N
- _ Z D(]% 5)7L+1QP(T)_(7L+1),U + Z D(]% S)”QP(T)_YL’U

n=0 n=0
== D(p, )" Q(T) "Ny + 0.



FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 1065
Now observe that D(p,s) = 2(so — po)T + (|p|> — |s|*>)Z is defined on D(T) and
maps D(T?) to D(T). Hence D(p, s)?Q,(T) ! belongs to B(V) and for N > 1
H_© p,s)N 10, (T)—(Nﬂ)vu
= H_ (p,s N 1Qp( )~ N@(p7s)2Qp(T)_1vH
_ N—00
<[ =20, ) Q)TN [|D(p, 5)*Qp(T) " ol| =570

because the series ([B2)) converges in B(V) by assumption. Thus Qs(T)vy — v
and vy — Vs = J(s)v as N — oo. Since Q4(T) is closed, we obtain that
J(s)v € D(Qs(T)) = D(T?) and Q4(T) T (s)v = v. Hence, J(s) = Qq(T)~! and
in turn s € pg(T). O

Lemma 3.2. Let T € K(V). The functions s — Qs(T)™! and s — TQ,(T)™ !,
which are defined on ps(T) and take values in B(V'), are continuous.

Proof. Let p € ps(T). Then Q4(T)~! can be represented by the series ([3.2), which
converges uniformly on a neighborhood of p. Hence, we have

lim Qs Z lim (2(s0 — po) T + (Ip|* = [sI*) 7)" Q(T)™"*Y = @,(1) 7,

because each term in the sum is a polynomial in sy and s; with coefficients in B(V)
and thus continuous. Indeed

((So —po)T + (Ip* = |s*) T)" Qu(T)~*Y
_Z ( ) S0 — Po) (\p|2 _ |S|2)nfk Tk Q,(T)~ (")

and T* Qp(T)’(”“) € B(V) because Q,(T)~ (V) maps V to D(T?"+V)) and k <
2(n +1). The function s — T'Q4(T)~! is continuous because (B.I) implies
lim (|7 Quqn(T) ™" = TQ(T) 7|
h—0
= lim [|7Qu 4 (T)™H(Qs(T) — Qusn(T))Qu(T) ™|
h—0
Now observe that Q(T)~! maps V to D(T?) such that
(Qs(T) = Qurn(T))Qs(T) ™" = (2hoT + (Is]* — |5 + h|*)T) Qs (T) ™"
in turn maps Vto D(T). Since T' and Qg4 (T)~! commute on D(T') we thus have
- 1_ ~1
timy 70, ()" l
= lim {|Qun(T) ™ (2hoT2 + (|s|2 —[s+h)T) Qu(T) 7|
< i T)~H| lim (2ho ||T?Q4(T) ™" 2 - T (1)
< Jm | Qa4 (7)1 Jim, (200 [ T2Qu(T) ™|+ (f? = Is + 1) [|TQ.(T) )
=0.
]

Lemma 3.3. Let T € K(V) and s € ps(T). The pseudo-resolvent Q4 (T)~! is
continuously real differentiable with

— Q. (T)™ ' = (2T — 2507)Qs(T)"% and %QS(T)‘l = —25,Q,(T) 2
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Proof. Let us first compute the partial derivative of Q4(T)~! with respect to the
real part sg. Applying equation (B]), we have

Q1) = Jim (9 (7)™ — Q) )
= lim Q. (1) (Qu(T) — Quan(T)) Qu(T) !

R3h—0 h
= li sn(T)~ (2T — 250 — hT) Q4(T) 7t
im Qo (1) (2T — 2607 — D) (1),
where limgs;, 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(V), we further have

0 . . 1 - -
Go Q1) = lim 0 (1) lim (27~ 250T)Qu(T) ™" —hQu(T) )

=Q.(T) ™M (2T — 250T) Qu(T) " = (2T — 250T)Qu(T) %,

where the last equation holds true because Q4(T)~! maps V to D(T?) C D(T) and
T and Q,(T)~! commute on D(T'). Observe that the partial derivative a%OQS (T)~!
is even continuous because it is the sum and product of continuous functions by
Lemma

If we write s = sg + Iss1, then we can argue in a similar way to show that the
derivative of Q,(T)~! with respect to s is

8 -1 _ . 1 —1 —1
8_51Q5(T) —Rglhﬁio 7 (Qeynr.(T)™H = Q (1))
. 1 _ _
:Ril;?i o EQerh,s(T) "(Qu(T) = Quynr. (T)) Qs(T) !
= plim Quinr, (T)~! (=251 — h) Qs(T)~!
= Jim Quynr (1)1 lim (=251Qu(T) ™" = hQu(T) ™)
= —250,(T)"%

Again this derivative is continuous as the product of two continuous functions by
Lemma [3.21

Finally, we easily obtain that Q,(T)~! is continuously real differentiable from
the fact that Q,(T)~! is continuously differentiable in the variables so and s;: if
s =& + Zle &;e;, then the partial derivative with respect to &y corresponds to
the partial derivative with respect to sp and thus exists and is continuous. The
partial derivative with respect to §; for 1 < i < 3 on the other hand exists and is
continuous for s; # 0 because Q¢(T) ™! can be considered as the composition of the
continuously differentiable functions s + s; and s1 — Qg 11,5, (T) L. For s =0
(that is for s € R), we can simply choose I, = e; and then the partial derivative
with respect to & corresponds to the partial derivative with respect to si. (|

Lemma 3.4. Let T € K(V) and s € ps(T). The function s — TQs(T)™t is
continuously real differentiable with

iTQS(T)—1 = (2T7% — 2507)Qs(T)"* and iTQS(T)—1 = —25,7Q,(T)2.
dsg 0sy
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Proof. If limgsy,—0 f(h) denotes again the limit of a function f as h tends to 0 in
R, then we obtain from ([BI]) that

9 I -1 -1
5o 7)™ = lim o (TQuin(1)™! = TQ,(T) )

li !
= lim -
R>h—0 h
1

= 1. —
Ralhnio h

_ 7 -1 2 B -1
=_lim Q. (T)™" (27° — 250T — hT) Qu(T) ",

TQs-&-h(T)il (Qs(T) - Qs+h(T)) QS(T)71

TQu i1 (T)™ " (20T — 2hsoT — h°T) Q,(T) "

because (20T — 2hsoZ — h?T) Q(T)~* maps V to D(T) and T and Quip(T) ™

commute on D(T). Since the composition and the multiplication with scalars are

continuous operations on the space B(V) and since the pseudo-resolvent is contin-

uous by Lemma B2 we get
0

T = Jin, QD

Do (277 = 259T) Qu(T) ™" = hTQ4(T) 1)

0
= Q,(T) 1 (2T? — 250T) Q4(T)~* = (250T — 2T%)Q,(T) 2.

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

iTQS(T)—l = lim % (TQsinr, (T) ' —TQu(T) ™)

0s1 RSh—0
. 1 _ _
= R%lhrgo ETQSHLIS (T) ! (Qs(T) = Qsynr, (T)) Qs(T) !
. 1 _ _
= lim ETQM,S (T)~" (—2hsy — h?) Qu(T) ™!

B H 1 1 _ -1 =
= lim Quinr (1)) lim (-21TQu(T)! — hTQ.(T) ™)

= —251TQ; (T)_Q.

Also this derivative is continuous because it can be written in the form B%ITQS ()1
= =251 (TQ(T)™) Qs(T)~* as the product of functions that are continuous by
Lemma [3.21

Finally, we see as in the proof of Lemma B3 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,$1) —
TQqy+1s,(T) ™1, respectively by choosing I, appropriately if s € R. |

Corollary 3.5. Let T € K(V) and s € ps(T). The left and the right S-resolvent
are real continuously differentiable.

Proof. The S-resolvents are sums of functions that are continuously real differen-
tiable by Lemma and Lemma [B4] and hence continuously real differentiable
themselves. ]

Let us now give the proof of Lemma .32} the left S-resolvent is right slice
hyperholomorphic and the right S-resolvent is left slice hyperholomorphic in the
scalar variable on pg(T).
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Proof of Lemma [2.321. We consider only the case of the left S-resolvent, the other
one works with analogous arguments. Applying Lemma and Lemma [3.4] we
have

0

(980 S (

0 0
=0 (T) s — —TQyT)*
T) = 5 Q,(T) 5~ 5-TQ,(T)
= (2T — 2507)Qs(T) " ?5 + Qu(T) " — (21* — 250T) Q,(T)?
= (2T — 2507)Qs(T) %5 + (—T% + |s|*Z) Q4(T) 2.
Since s and |s|? are real, we can commute them with Q,(7)~? and by applying
the identities 2s9 = s + 3 and |s|?> = s5 we obtain

aS Y5, T) = —T?Q(T) > + 2TQ,(T) %5 — Q.(T) *5".

880
For the partial derivative with respect to s1, we obtain
0
—S5
851 s,7)
:—Q (T)"'s - iTQ (1)~!
651 s 6 s
= —2510,(T)" %5 — Qu(T) "I, + 25, TQ,(T) 2
=—251Q,(T) 2 (T2 — 2507 + |8|°Z) Qs(T) 21 + 251 T Q,(T) 2

We can now commute 2sg, 2s; and |s|? with Q4(T)~! because they are real. By
exploiting the identities 259 = s + 3, —2s; = (s — 5)I, and |s|?> = 53, we obtain

0
881

Hence, s — S;l(s, T) is right slice hyperholomorphic as

1(8‘905( )+8is (s, )18>_o.

S8, T) = (-T?Q(T) 2+ 2TQ,(T) %5 — Qs(T) *(T)5?) L.

]

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

1

Iz oy

where R(z, A) denotes the resolvent and o(A) the spectrum of the complex linear
operator A. This estimate assures that ||R(z, A)|| — +o0 as z approaches o(A) and
in turn that the resolvent does not have any holomorphic continuation to a larger
domain.

In the quaternionic setting, an estimate similar to (8.3 cannot hold true: con-
sider A = Ao + I)A1 with Ay > 0 and I € S and the operator T' = A\Z acting on
some two-sided Banach space V. Its S-spectrum og(T') coincides with the sphere
[A] associated to A and its left S-resolvent is

S (s, T) = (A2 — 250X + [s]2) 715 — M)T.

(3.3) |R(z, A)
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If s € Cy,, then A and s commute and the left S-resolvent reduces to S; ' (s, T) =
(s — N)7'Z with [|S;*(s,T)|| = 1/|s — A|. Thus, if s tends to X in Cy,, then
dist(s,05(T)) — 0 because X € og(T) but at the same time ||S;'(s,T)| —
1/IA =X =1/(2A1) < +oc.

Nevertheless, although (B3] does not have a counterpart in the quaternionic
setting, we can show that, under suitable assumptions, 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.

Lemma 3.6. Let T € K(V) and s € ps(T). Then

1
3.4 QD) M+ ITQT) M = v

(3.4 1)+ 17T | > s

where ds(s,05(T))=inf ,co g (1) ds(s,p) and ds(s,p) is defined as in the Lemma 3.1l
Proof. Set Cs := ||Qs(T) ||+ |TQs(T)71|. If ds(s,p) < 1/Cs, then p € ps(T) by
Lemma Bl Thus, ds(s,p) > 1/C; for any p € og(T). Taking the infimum over all
p € o5(T), this inequality still holds true such that we obtain dg(s,05(T)) > 1/Cs,
which is equivalent to (B4)). O

Lemma 3.7. Let T € K(V) and s € ps(T). Then

V2D < [ISp (s, D + IS. ' 5, D]
VIQs(T) 1 < V2 sup 1Sz (51, T)| -

sIEs

Analogous estimates hold for the right S-resolvent operator.

Proof. Observe that Q4(T)~! = Q5(T) ! for s € ps(T). Hence, because 2sg = s+3,
we have

and in turn

Sy (s, T)S; (s, T) + S M (s, T)S; (5, T)
1

and similarly
S HE,T)S (s, T) + SN, T)S. (5, T)
( ) s —TOQ(T) 1) 2(s0 — T) Qs(T) "
Therefore
S (s, T)S; (s, T) +S*1( 7)S; (3, 7)
+S.1(5,1)S;, ( T)+ S, (5,T)S;'(3,T)
= (Qu(T) 15— TQ(T)~ 1) (s —T)Qu(T)~"
+ (QS(T) 5— TQS< )71 2(s0Z ~T) Qs(T) ™"
=2(s50Z —T) Qu(T) "2 (50T — T) Qu(T)*
=4(T? — 25oT + s27)Qs(T) 2 = 4Q,(T) ' — 457Q,(T) 2,



1070 F. COLOMBO AND J. GANTNER

which can be rewritten as
4Q(T) ' =S (s, T)S; (s, T) + S; *(s,T) S (5, T)

+ 871 T)SL (5, T) + S (5. 1) ST (5,T) + 451 Qs(T) 2.

Thus, we can estimate
QM = [[sp s D IS s D + [ s D |92 G, |
+lspE DS e D + s G D 1876 7))
+4s1Q.(1)77|
(3.5) = (52" D) + 152 G DI + 251041 7| 1251 Q@) 7.
Finally observe that
2Q:S(T)ilslls = TQS( ) Qs( ) (50 — 1 81)

— (TQs(T) ™ = Qu(T)H(s0 + Lss1)) = Sp ' (5,T) = SL'(3,T)

such that
1261 Qo(D) | = [2Qu(T) P su L[| < [IS27 (s, D[ + [IS2 G, Dl

Combining this estimate with ([B1]), we finally obtain

2[|Q(r) 7 < (I8 DIl + |52 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. ]
Lemma 3.8. Let T € K(V). If (Sn)nen is a bounded sequence in ps(T) with

nh_)nolo dist(sn,05(T)) = 0,
then
lim sup HS (s T)H =400 and lim sup HS (s T)H = +00.

n—oo E[ n—oo E[

Proof. First, observe that dist(s,,o5(T)) — 0 if and only if ds(sn,05(T)) — 0
because og(T) is axially symmetric. Indeed, for any n € N there exists p,, € o5(T)
such that
[$n — pn| < dist(sn,o05(T)) + 1/n.
If dist(sp,05(T")) — 0, then |s,, — pn| — 0 and hence |s, o — pn ol — 0. Since the
sequence s, is bounded, the sequence p,, is bounded too and we also have
“Sn|2 - \pn\zf < Isnll3% = Pnl + 80 — pullPnl — 0,
and in turn
0 < dg(sn,05(T)) < ds(spn, pn) = max {|sp.0 — Pl ||sn> = [Pal*|} — 0.

If on the other hand dg(sy,os(T)) tends to zero, then there exists a sequence
Pn € 05(T) such that

dS(Svupn) < dS(Snv US(T)) + 1/”

and in turn dg(Sp,pn) — 0. Since og(T) is axially symmetric and d(sp,pn,1) =
d(sn,pn) for any p, 1 € [pn], we can moreover assume that I, = I, . Then

0 <8n,0 — Pnol < ds(Sn,pn) — 0.



FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 1071

Since s,, and in turn also p,, are bounded, this implies \3270 —p%10| — 0, from which
we deduce that also |s2 | — p2 ;| — 0 because

0< ‘52,0 —Pi,o + 52,1 —P?LJ’ = “Sn|2 - |Pn|2‘ < ds(sn,pn) = 0.

Since s,,,1 > 0 and p, 1 > 0, we conclude s, 1 — pn,1 — 0 and, since I, = I, also

0< diSt(Sn, US(T)) < ‘Sn - pn' = \/(Sn,O - pn,0)2 + (sn,l - pn,1)2 — 0.

Now assume that s,, € ps(T") with dist(s,,os(T)) — 0. By the above consider-
ations and ([B3.4), we have

(3.6) 1Qs, () I + 1T Qs (T) M| = o0

We show now that every subsequence (sn, )ken has a subsequence (snkj )jen such
that

(3.7) lim sup [|S;'(s,T)|| = +oo,

I+ s€[sn, ]
J

which implies limy, oo SUP,e(s,,] |S; (s, T)|| = +oo. We thus consider an arbi-
trary subsequence (Sn, )ken Of (Sn)nen. If it has a subsequence (snkj )jen such that
1Qs.,., (T)|I = +oo, then Lemma B.7 implies (.7). Otherwise ||an]_ (M~ <cC
for some constant C' > 0 and we deduce from (B.6) that ||Tanj (1)~ — +oc.
Observe that

1 1 _
TQS% (T)_l = _gsLl(San) - §SL1(STU¢7T) + SnkxOQSnk (T) 17

from which we obtain the estimate

@0, )7 sup 157 5o DI+ bsnwol [ @, ()7
SE[sn,

< sup ||SL_1(snk,T)|| +CM
EIS Sny
with M = sup,,cy |$n| < 4+00. Since the left-hand side tends to infinity as k — 400,
we obtain that also sup,cjs, | 1Sz (8n,, T)|| = +00 and thus the statement holds
true. The case of the right S-resolvent can be shown with analogous arguments. [

Definition 3.9. Let f be a left (or right) slice hyperholomorphic function defined
on an axially symmetric open set U. A left (or right) slice hyperholomorphic func-
tion 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 non-
trivial if V.= U’ \ U cannot be separated from U, i.e., if U’ # U UV for some open
set V with VN U = 0.

Theorem 3.10. Let T € K(V). There does not exist any nontrivial slice hyper-
holomorphic continuation of the left or of the right S-resolvent operator.

Proof. Assume that there exists a nontrivial extension f of S; (s, T) to an axially
symmetric open set U with pg(T) € U. Then there exists a point s € U N dpg(T)
and a sequence s, € pg(T") with lim,,_, { s, = s such that

. -1 T o

lim [|S7" (sn, D) = lim | f(sn)]| = [ £(s)I] < +oc.

n—-+oo
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Moreover, also 5,, — 5§ as n — +o00 and in turn

lim [|S7 (5w T) = tim (70l = I7E)] < +oo.

n—-+0oo

From the representation formula, Theorem 220, we then deduce

lim sup HS s, T) H < lim ||S sn,T)H + ||SL_1(§,T)|| < +o0.

n—>+oo n—-+oo

On the other hand the sequence s,, is bounded and dist(s,,05(T")) < |$p—s| — 0.

Lemma [B.8] therefore implies limy, o0 SUP,e(s,] ngl(s,T)H = +oo, which is a
contradiction. Thus, the analytic continuation (f,U) cannot exist.
For the right S-resolvent, we argue analogously. ([l

Remark 3.11. We suspected that it might be possible to improve the above results
by finding an estimate of the form (3.3) for the pseudo-resolvent Q,(T)~! instead of
the S-resolvents. In this case Lemma [B.7] would yield an estimate of the form (B3]
for the norm of the S-resolvents on an entire sphere instead of a single point. This
is, however, not possible as the following example shows: consider the space ¢P(N)
of H-valued p-summable sequences with p € [1,4+00). Any sequence (A, )nen With
An € H does obviously define a right linear, densely defined and closed operator on
P(N) via T(a) = (Apan)nen for a = (ap)nen. If (An)nen is unbounded, then T is

unbounded. Otherwise ||T'|| = sup,,cy |An] = [[(An)nenlloo- Indeed,
IT@)p = 2> [Ananl? < [An)nenlloo 2/ lanl? = [[(An)nenllsollally
neN neN
such that |T|| < ||(An)nenlloo and, with e, = (dpn)nen where 0, 5, is the Kro-

necker delta, on the other hand

Al = { /Z [Andm,nll? = IT(em)|| < T
neN

for any m € N such that also ||(An)nenlloo < ||T]]. The S-spectrum of T is

(3.8) os(T) = (J Ml

neN

as one can see easily: any A, is a right eigenvalue since for instance T'(e,,) = e, A,
and hence the relation D in (3.8) holds true by Theorem 23T] the axial symmetry
and the closedness of the S-spectrum. If on the other hand s does not belong to
the right-hand side of (3.8), then d, = inf,endist(s, [\n]) = infren [s1,, — An| >0,
where sy, = so+ I, s1. As

Qs(T)(a) = ((/\" = sy, ) (A — Tm)a")neN

and in turn
Qu(T)(a) = (A = 51,) " A = 552,) ") ey »

we have ||Qs(T)7Y|| < 1/6%2 < +oo such that s € pg(T). Thus, the relation C in
B3) also holds true.

Now choose a sequence (A,)nen such that A, 1 — +00 as n — +o00 and consider
the respective operator T on ¢P(N). For simplicity, consider for instance A, = In
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with I € S. By the above considerations, the sequence sy = I(N + 1/N) with
N =2,3,... does then satisfy dist(sy,05(T)) — 0 as N — 400 and

1 1 1
3.9) [|Qsy(T) 7! =su = — = :
(3:9) 1Qun (1)l = S0 o TR =53]~ P — s [P — 5] 2+ 5z

Indeed, if n < N, then some simple computations show that the inequality
1 B 1 1 < - 1
A —snlAn =38 N+x-nn+N+%x 2457 |[Av—sn|[Av — 35

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

1 I R N 1
‘)\n_sN‘|/\n_ﬁ| n—N—%n—l—N—i—% 2—1—# |/\N—SN||)\N—W|

is equivalent to 4 + 1/N? < n? — N2, which holds true since 2 < N < n.
From (3.3), we see that || Qs (T) 1| < 2 although dist(Sy, os(T)) — 0. Conse-
quently, the pseudo-resolvent cannot satisfy an estimate that is analogue to ([B.3]).
Also controlling the norm of TQ,(T)~! by the norm of Q.(T)~! in order to
improve (3.4)) is not possible: if we consider the operator TQ,, (T)~! in the above
example, then

—1 _ n 1
TQsy(T) (a) = (n_N_%J(njLNﬂL%)an)neN

2
2N + +
shows that ||TQ;, (T) ™} tends to infinity although || Qs (T)~!|| stays bounded.

and

1T Qun (T)7H| < I TQun (T) ™ (en)l| = — +00

4. FRACTIONAL POWERS OF AN OPERATOR

In the following we assume that T is a closed quaternionic right linear operator
such that (—o0,0] C ps(T) and such that there exists a positive constant M > 0
such that
M

. -1 <

|
Definition 4.1. For ¢ € R and 6 € (0,7) we denote by X(6, a) the open sector
¥(0,a):={s€H:arg(s—a) > 0}
and by (6, a) the closed sector

Y(0,a) :={scH:arg(s—a) > 0}.

for s € (—o0,0].

Lemma 4.2. There exist constants ag > 0 and 6y € (0,7) and M, > 0,n € N,
such that the closed sector (0y, ag) is contained in ps(T) and such that, forn € N,

M .
4.2 S (s, 7| € ——=— € X(6o,
(12) IS5 (D € e for s € S0
and

n M, -
(4.3) 157" (s, )| < for s & 5By, a0).

(L+[s))"
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Proof. By Lemma 2.43] we have

(4.4) 0ES (5, T) = (~1)*k! Sz (s, T) for ke N.

Hence, by Lemma and Corollary 223 the map s — S;"(s,T) is a left slice
hyperholomorphic function on pg(T) with values in B(V') for any n € N. From the

identity (&4l we deduce

()
(n—1)!

When we apply Theorem 2:24]in order to expand Sj"(s,T) into a Taylor series at
a real point a € pg(T), we therefore get

(-D)*k+n-1)

D o= (ktn
(n—1)! Sa " (s, 1):

955" (s, T) = 95! Sz'(s,T) =

+
3

S2"(5,T) = 3 215 — @) 0585”0, T)
k=0 "
= —1)k n — . —
(4.5) _ > %(S _ a)k( 1) (Il(lkjl)' ! SR(kJ'_n)(Oé,T)
+o00 _
_ (_1)k <n+llz 1) (s_a)kslg(nJrk)(a,T)
k=0

on any ball B(r,a) contained in pg(T). Since a is real, S5"(c,, T) = (Sz'(a, T))n
and thus || S (o, T)|| < ||Sz* (a, T)||". The ratio test and the estimate (@) there-
fore imply that this series converges on the ball with radius (1 + |«|)/M centered
at « for a € (—00,0]. In particular, considering the case n = 1, we deduce from
Theorem B.10 that any such ball is contained in pg(T"). Otherwise the above series
would give a nontrivial slice hyperholomorphic continuation of S}gl(s, 7).

Set ag = min {37,1}. Then the closed ball B(ag,0) is contained in pg(T) and

for any s € B(ao,0), we have the estimate

-n - +k—1 —(n
ISz <s,T>HSZ(” ! )|s|’“||SR< 0.1

k=0
o _ n+k
SZ n+k—1 1 Mn+k(1+|5|)
2\ k) @DET (T s
DALY R (n+k—1> 1
= T oF
(1+1s|) = k 2
4?’LM'IL
(s

where the last equation follows from the Taylor series expansion (1 — 2)™" =
S (TR 2R for |2 < 1.

Now set ¢ = 7 —arctan(}7) and consider the sector X(p,0) = {s € H : arg(s) >

¢}. For any s = so + Iss1 € X(p,0), we have 0 < s1 < |so|/(2M) and from the
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power series expansion (Im) of S;"(s,T) at s, we obtain

kE—1 n
(”* 1] 185" s0, )|

<Z<”*’“‘1>('S°'> (=)

M \" /n+k-— ) on M
< | — — ==
- <1+|80|) kz_:o( k 28 T (14 [so])"

Since |s| < [so| + [s1] < (1 + 537)]s0], we get

157" (s, )| <

. 2" M™ 1+ 50) " 2n
||SR (S7T)|| S 1 1 n = ( (fA_T_)lsl)n
(1 + (1 + 557) |s|)
Hence, the estimate
. M,

[Sz" (s, )| < 1+ [sh"
with X
1 ke

M, 1+ — ) 4"M"

()

holds true on the entire set V = 3(p,0) U B(ag,0). Now observe that the sector

2(00, ao) with
ap sin ¢
By := arct —_—
o=t (o o)

is entirely contained in V' and we obtain the statement for Sgl(s, T).
Since S;'(s,T) = Si'(s,T) for s € (—o0,0], the estimate () applies also to
the left S-resolvent. Thus we can use analogous arguments to prove (L3). (]

Definition 4.3. Let I € S and let X(6, ag) be the sector obtained from Lemmal2
Let 6 € (0, 7) and choose a piecewise smooth path I' in (3(6g,ag) NCy) \ (—o0, 0]
that goes from coe!? to coe™%. For a > 0, we define

1
(4.6) T = — [ s*ds; Sp'(s,T).

2T T
Theorem 4.4. For any o > 0, the operator T—% is bounded and independent of

the choice of I € S, of 8 € (6g,m) and of the concrete path I in C; and therefore
well-defined.

Proof. The estimate (£2]) assures that the integral (L) exists and defines a
bounded right linear operator. Since s +— s~ is right slice hyperholomorphic
and s — Sgl(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 for operator-valued slice hyperholomorphic
functions, Theorem

In order to show that T~ is independent of the choice of the imaginary unit
I € S, consider an arbitrary imaginary unit J € Swith J # I. Let 0y < 0, < 6, <7
and set Us := H \ £(6,,0) U B(ao/2,0) and U, := H \ ¥(6,,0) U B(ag/3,0). (The
indices s and p are chosen in order to indicate the variable of integration over the
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boundary of the respective set in the following calculation.) Then U, and Us are
slice domains that contain og(T) and d(Us; N Cy) and (U, N Cy) are paths that
are admissible in Definition E3]

Observe that s — s~ is right slice hyperholomorphic on U, and that, by our
choices of U, and Uy, we have s € U, for any s € 9(Us N Cy). If we choose r > 0
large enough, then s € U, N B(r,0) and we obtain from Theorem that

1
s* = lim —/ p~“dps Sp'(p,s)
r—o0 27T 8(UpnB(r,0)NCr)
1

= 5 p_adszil(pu 8)7
21 Jow,ncy) R

where the second equation holds since p~™* — 0 uniformly as p —+ oo in U,. For
T—<, we thus obtain
1
21 Jow.ncy)
1
wn =g/ | b dns S ) ) dsr S35,
(2m)? Jow.ner) \Jaw,nc,)

We now apply Fubini’s theorem. The estimate that justifies this is very technical
and is therefore moved to Appendix [A] at the end of the paper. By exchanging the
order of integration, we get

T s “dsr Sp'(s,T)

1 1
T%=— p~“dpy —/ S-Y(p,s)ds; S5t (s, T)
21 Jow,nc,) (27T ow.ncy) "

1 _ _
:2_ p adpJSRl(puT)7
T Jo(Uu,nC.)
where the last equation follows as an application of the S-functional calculus and
Theorem 238 since Sp'(p, 00) = lims 00 Sg' (p, s) = 0. Hence, the operator T~
is also independent of the choice of the imaginary unit I € S. O

If @ € N, then s7* is right slice hyperholomorphic at infinity. The following
corollary then immediately follows as an application of the S-functional calculus
and Theorem 238

Corollary 4.5. If a € N, then the operator T~% defined in (&) coincides with
the a-th inverse power of T'.

If we follow the arguments of the proof of Theorem 5.27 in [26] Chapter II], we
obtain an integral representation of T~% that is almost identical to the one derived
in [26] for the complex case; the only difference is the different constant in front of
the integral. This is due to the different choice of the branch of the logarithm that is
used in [26] in order to define the fractional powers. As pointed out in Remark [2.44]
it is not possible to define different branches of the logarithm in a quaternionic slice
hyperholomorphic setting.

In Corollary .8 we, however, obtain an integral representation that is clearly
different from any integral representation known from the classical complex setting.
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Theorem 4.6. Let n € N. For a € (0,n + 1) with a ¢ N, the operator T defined
in (L8) has the representation

(48) T = (~pymrSinem) n!

T (n—a)--

+o00o
—a) /0 sy (=, ) .

Proof. Let ap and 6y be the constants obtained from Corollary For a € (0, ag)
and 0 € (0g, ), we can choose U = H \ X(60,a) and integrate over the boundary
O(U NCy) of U in Cy for some I € S in the integral representation of T-%. The
boundary consists of the path

) = a—tel? te(—o0,0],
v a+te 19 te€(0,00),

and hence it is

1 0
T-%=— (a—te") (=) (—e")Si  (a — te’ , T) dt
21 J_ o
Lot 10 10 g1 10
+% ; (a+te )" (=1)e 'S (a+te™ "7, T)dt
I [t
=5 (a+te'®) Sy (a +te!?, T) dt
T Jo

I [t

~ 5 (a+te )y~ 105 a+te™ ™0, T) dt.
T Jo

Integrating n times by parts yields

n! 1
(n—a)---(1—a)2r
n! 1
(n—a)---(1—a)2r

T =

—+o0
/ (a+ te[@)n—aefesg(nJrl)(a 1 tel, T)dt
0

+oo
/ (a+ tefm)"fo‘efmSE(n—H)(a +te” 19T dt.
0

Because of the estimate ({2, we can apply Lebesgue’s dominated convergence
theorem with dominating function

C(L+tmo) ift <1,
t =
1®) {Ct—a—l ift > 1,

where C > 0 is a sufficiently large constant. Taking the limit a — 0, we obtain

(4.9)
| T +o00o (n
T—¢ :( ) n (1 )2_/ tn—aeIQ(n—a)eIQSR( +1)(t6107T) dt
n—a)--(1—a)2r J,
+oo
_ (n a) n! (1 a) ZL / tn—ae—le(n—a)e—[@s];@”rl)(te—IQ7 T) dt
—a)---(1— 7 Jo
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and then, taking the limit 6 — 7, we get

—a n! I e n—a_ Ir(n—a) g— 1
g :_(n—a)...(l—a)%/o e mnme) g (g, ) dt
! I [t —(n
Fama e ), U s e a
. | +00
_(—qynrSintam) o / T e )P
T e fy D
where the last equation follows from the identity —Je!™("=®) 4 Je=Im(n—a) —
sin((n — a))m = (=1)"* L sin(ar). O

Corollary 4.7. For the identity operator Z, it is T=* =T for a > 0.

Proof. If a € N, this follows immediately from Corollary For a ¢ N, consider
n € N with @ € (0,74 1). Then, since Sz'(s,T) = (s — 1)7'Z, it is

e n1 Sin(am) n! too qn-a
=y (n—a)~--(1—a)/0 i1yt T
__sin(am) n! too oo
IR (n—a)~'(1—a)/0 (t + 1)n+1 di1.

By [36] 3.194], we have
m—a)---(1-a)
n! sin(ra)’

+oo tn—a
4.1 — _dt=B(n-— 1 =
(4.10) /0 T d (n—a+1,a)

where B(x,y) denotes the Beta function, and hence Z=* = 7. O
Corollary 4.8. Let a € (0,1). Then

_ sin(am)

(4.11) T = / t= SR (—t,T) dt.

0 0

Corollary 4.9. For a € (0,n+ 1), the operators T—% are uniformly bounded by
the constant M1 obtained from Lemma B2

Proof. From (48], Lemma L2 and ([@I0), we obtain the estimate

_ sin(a) n! ‘oo o My
T < i L, T VS
==l < 7 (n—a)~~~(1—a)/0 (14 t)n+1 +

O

Corollary 4.10. Assume that os(T) C {s € H : Re(s) > 0} and that 0y in
Lemma can be chosen lower or equal to w/2. For a € (0,1), then
1 oo
T = —/ T (cos (E)T+sin (E) TI) (T? 4+ 7%)"tdr.
™ Jo 2 2

Proof. By our assumptions, we can choose n = 0 and § = 7/2 in ([£0). Since
e!s =T and e '% = —1I, we then have

I e Iafl I o0 Iafl
T = o/, t~%e 1T TSN (I, T) dt — E/o t=%e! T TS (1t T) dt.
Observe that
SpH (I, T) = —(T + tIT)(T? + )71
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Thus,
I [ a—1 ae

N (—e*IT’T(T FUIT) + e T (T - tII)) (T2 +12)~L dt.

T Jo
Some easy simplifications show

_Je=in re=1,. T . T

—e T (T +tIT)+e 7 (T —tIT) = =21 [cos (7) T + 2sin (7) tI} ,

and in turn

1 o0
T = —/ ¢ (cos (%) T + sin (%) tI) (T% + %)~ dt.
0

™

O

Observe that s — s™% is both right and left 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 4.11. Let a > 0 and let T’ be an admissible path as in Definition E3l
The operator T~ satisfies

1
(4.12) T = %/Szl(s,T) dsys™“.
r

Proof. Computations analogous to those in the proof of Theorem show that,
forn € Nand a € (0,n+ 1) with « ¢ N, one has

1
p S (s, T)dsys™®
r
_(_1\n+1 Sin(aﬂ—) n! /-1-00 —(n+1), n—a
=(-1) i a o (=a) ), S (—t, T)t"~*dt.

But for real ¢ one has S;'(—t,T) = (—t — T)~' = Sp'(~t,T), and in turn this
integral equals

(=1)

where the last equation follows from Theorem
If « € N, then this follows immediately from the S-functional calculus and
Theorem [2.38] because s~ is left and right slice hyperholomorphic at infinity. [

ni18in(am) n!

“+oo
n—a g—(n+1) —t.T — T«
- (n—a)~~~(1—a)/0 eeSET(— T) dt ’

We recall the following lemma from [4, Lemma 3.23].
Lemma 4.12. Let B € B(V). Let G be a bounded axially symmetric s-domain and
assume that f € N(G). Then, for p € G, we have

1 _

o f(s)ds1(3B — Bp)(p® = 2s0p + |s|*) ™! = Bf (p).

21 Joa(aner)
Theorem 4.13. The family {T~*}o4>0 has the semigroup property T=*T—F =
T—5,

Proof. Choose 6, and 6, such that max{6y,7/2} < 6, < 05 < 7 and a,, and a; such
that 0 < as < a, < ag, where ag and 6y are the constants obtained from Lemma [4.2]

and a,, is sufficiently small such that B,,(0) C X(o,ao). Then the sets

G, =H\ (2(9,,, 0) U B, (o)) and G, =H\ (2(95, 0) U B, (o))
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satisfy 0s(T) C Gp and G, C Gy and for I € S their boundaries 9(G, N Cy) and
0(Gs N Cy) are admissible paths as in Definition 3l The subscripts p and s refer
again to the respective variables of integration in the following calculation.

The S-resolvent equation (ZI0) and Proposition Il imply

1
T8 = 5 / s™% dsy S;Cl(s,T)/ SL_l(p, T) dp; p~"
(2m)2 Jo(G.ney) 8(G,NCr)

— - / g dSI/ Sgl(s, T)p(p? — 2s0p + |s|*) " Ldp; p’
9(GsNCy) A(GpNCr)

(2m)
1 . B B B
~ 752 / ° dsl/ S5 (p T)p(p® — 2s0p + |s]*) " dpr p™°
(2m)2 Jo(G.ncy) 2(G,NCr)
1 _ _ _
- 3 / s~ ¢ dsl/ 585 (s, T)(p* — 2s0p + |s|*) tdpr p~”
(2m)2 Jo(G.ncy) 2(G,NCr)

1

a2 / s ds[/ 55, (p, T)(p* — 2s0p + |s*)~"dpr p~°.
(2m) 8(G<NCr) d(GpNCr)

But since the functions p +— p(p?—2sop-+|s|?) "'p~? and p > (p®—2s0p+]s|?) " 1p~"
are holomorphic on an open set that contains G, N C; and since they tend uniformly
to zeros as p — oo in Gy, Cauchy’s integral theorem implies

1

—2/ s~ ¢ dsI/ SEI(S,T)p(p2 —2sop+ |s)?) Ydpr pP =0
(2m)% Joc.ney) a(G,NCy)

and

1
o sds [ ST~ 2sop [s) My =0
(2m)% Joc.ney) a(G,NCy)

It follows that

(4.13)
T« T7F
1 . - - -

= _—2/ ° ds[/ Si (0, T)p(p® — 2s0p + |s]*) " dpr p™”

(2m)% Jaca.ner) 8(GpnCr)

1 _ _ _
—l——2/ s« dsl/ ESLl(p,T)(p2—230p+|s|2) Ydpr p~P.

(2m)2 Jo(c.nc) 8(G,NCy)

Quite technical estimates, which can be found in Appendix [Bl justify the applica-
tion of Fubini’s theorem in these integrals such that we can exchange the order of
integration and obtain

N 1 _
T@Tﬁz(%)Q/ s~ dsy
9(GsNCy)

: / 557 (0. T) — S; (0, T)p)(0” — 2s0p + |s[)~dpy p~°.
(G,NC)
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Using Lemma with B = S;l(p, T), we finally get
e - L
21 Jaa,ncr)

1

27 Jae,nen)

Sy (p,T)dpr p~* p~”

S;l(p7 T)dpr p @B =178,

Lemma 4.14. The semigroup (T~ %)a>0 is strongly continuous.
Proof. We first consider v € D(T). For a € (0,1), we have

SpHt, Ty — Sp'(t, T)v = Sg'(t,T)Sx' (t,T)(Tv — Tv) ift € R.
Hence, we deduce from Corollary .8 that

Ty _ 7oy — _S(aT) / S5 (—t, Tyvdt
T 0
sin(ar) / oS (—t, v dt
T 0
_ _sin(am) / =St T)S (4, T) (Tv — Tv) dt “=3 0
™ 0

because sin(amr) — 0 as @ — 0 and the integral is uniformly bounded for a € [0,1/2]
due to (). Since Z=* =T by Corollary 7] we get T~ %v — v as a — 0 for any
v e D(T).

For arbitrary v € V and € > 0, there exists v, € D(T) with ||v —v.|| < € because
D(T) is dense in V. Corollary [ therefore implies

lim [|Tv — || < lim ||Tv — T %ve|| 4+ |T~%ve — ve|| + |Jve — v
a—0 a—0

< (My+1)flo = ve|

< (M1 + 1)5

Since € > 0 was arbitrary, we deduce that T-%v — v as a — 0 even for arbitrary
v € V. This is equivalent to the strong continuity of the semigroup (I'"%)a>0. O

Proposition 4.15. The operator T~ is injective for any a > 0.

Proof. For a > 0 choose 8 > 0 with n = a + 3 € N. Then T-#T~% =T~ and in
turn T"T~AT~* = T, which implies the injectivity of 7. (]

The previous proposition allows us to define powers of T" also for o > 0.

Definition 4.16. For a > 0 we define the operator T as the inverse of the operator
T—%, which is defined on D(T*) = ran (T~?).

Corollary 4.17. Let a, 3 € R. Then the operators T*T? and TP agree on
D(T") with v = max{a, 8, + S}.

Proof. If a, > 0 and v € D(T*?) then, since T~(@+#) = T-AT~* by Theo-
rem [A13] we have

TTPy = ToTP (T PT=T By = (ToTPT—PT=*) T By = T+Py,

The other cases follow in a similar way. (|
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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, we only
state the main result and refer to [26, Chapter II] for an overview on the theory.

Definition 4.18. Let (U(t));>0 be a strongly continuous semigroup with growth
bound wy < 0. For each « € (0, 1] we define the Favard space
1
t—a(Z/{(t)v —v)|| < oo}

Fa:z{UEV:sup
>0

with the norm

t

1
ol =sup | @0y~ o)
>0
The subspace
1
Uty —v)
of F, is called the abstract Holder space of order «.

Xo = |v||lr, = sup‘
t>0

Proposition 4.19. Let A be the generator of a strongly continuous semigroup
(U(t))t>0 with growth bound wy < 0 and let o, B € (0,1) such that o > . Then

Xo = D((-A)"%) = Xg,
where — denotes a continuous embedding.

We point out that in contrast to the classical case discussed in [26] the interpo-
lation spaces must be defined using the powers of —A instead of A. This is due
to the following fact: in the complex setting one may choose a branch of the func-
tion z — 2z~ that is defined and holomorphic everywhere except for the positive
real axis. Since the spectrum of the operator is then contained in the domain of
holomorphicity of 2z~ by assumption, one can use this branch to define fractional
powers of the operator and in turn the interpolation spaces. In the quaternionic set-
ting this is, however, not possible because the logarithm and in turn the fractional
powers s — s~ % are single-valued. They are defined and slice hyperholomorphic
everywhere except for the negative real axis, which does not necessarily lie in pg(A)
but in pg(—A) since Re(s) < wy < 0 for all s € o5(T).

5. KATO’S FORMULA AND THE GENERATION OF ANALYTIC SEMIGROUPS

Kato showed in [44] that certain fractional powers of generators of analytic semi-
groups are again generators of analytic semigroups. Analogue results can be shown
for quaternionic linear operators, but therefore we need a modified definition of
fractional powers of an operator.

Definition 5.1. A densely defined closed operator T is of type (M, w) with M > 0
and w € (0,7) if:
(i) the open sector ¥(w,0) is contained in the S-resolvent set of T and
|sSk"(s,T)| is uniformly bounded on any smaller sector ¥(6,0) with 6 €
(w, ) and
(ii) M is the uniform bound of |[tS;"'(—t,T)|| on the negative real axis, that is,

(5.1) ISRt T)| < M for t € (—o00,0).



FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 1083

Note that this definition is different from the notion of sectorial operators used
n [26]. Moreover, note that if (5] holds true then, as in Lemma 2] the power
series expansion of the right S-resolvent implies the existence of a sector X (6, 0)
and a constant M; > 0 such that

1SR (s, T)| < My/|s| for s € $(6p,0).

Hence, (&1 is sufficient for T' to be an operator of type (M, w) for some w € (0, 7).
In particular any operator that satisfies () is of type (M,w) with w < 6y; cf.
Lemma [£2]

Proposition 5.2. Let T be of type (M,w) with M > 0 and w € (0,7). Let
0<a<1andletm™> ¢y > max(am,w). The parameter integral

. +o0
(5.2)  Fu.(p,T) = M/ t(p? — 2pt* cos(am) + **) LS (=, T) dt
™ 0

defines a B(V')-valued function on (o, 0) in p that is left slice hyperholomorphic.

Proof. For any compact subset K of ¥(¢g,0), we have min,cx arg(p) > ar and
thus there exists some dx > 0 such that

(5.3) |p? — 2pt® cos(ar) + 2| = |p — t*e»*7| |p — t*e~ 7| > 6k

for p € K and t > 0. For the same reason, we can find a constant Cx > 0 such
that

2 « 20|~ ,2a 1 1
su — 2pt® cos(am) +t t*Y = su <C
temfm ‘p D (am) ‘ te[ofx) |t% _efpaﬂ'| z _eflpowr} K
pPEK pPEK
and hence
(5.4) ’pz — 2pt® cos(amr) —|—t2a’71 <Cgt™2* tel,00),p€K.

Now consider p € 3(¢p,0) and let K be a compact neighborhood of p. The
integral in (B.2]) converges absolutely and hence defines a bounded operator: because
of (&) and the above estimates, we have for s € K, and thus in particular for p
itself, that

. too Y
[Fa(s, Tl SM / t* ‘82 — 25t cos(am) + tza‘ ' 4 dt
™ 0
Msinfom) [* oy gy Moo [ oty o,
(SK’]T 0 T 1

Using (0.3) and (5.4), one can derive analogous estimates for the partial derivatives
of the integrand p + t%(p? — 2st® cos(ar) + t2*)"1S, (=, T) with respect to po
and p;.

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
%Fa (p,T) and %Fa (p,T) of F,(-,T) at p. The integrand is, however, left slice
hyperholomorphic and therefore also F, (p,T') is left slice hyperholomorphic. O

Lemma 5.3. Let T be of type (M,w) with M > 0, let 0 < a < 1 and w €
(0,7) and assume that 0 € ps(T). Moreover, let ¢o and Fy(p,T) be defined as in
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Proposition 5.2 If T is a piecewise smooth path that goes from ooel® to coe 1 in
/4 p p g

(2(¢0,0)NCyp) \ (—00,0] for some I €S and some 6 € (¢o, 7|, then

(5.5) amﬂ:i/%mwmﬁﬁﬂw
27TF

Proof. First, observe that the function s — Sgl(;m s%) is the composition of the
intrinsic function s — s* defined on H \ (—o0,0] and the right slice hyperholo-
morphic function s — S;'(p,s) defined on H \ [p]. This composition is in par-
ticular well defined on all of H \ (—o0,0], because s* maps H \ (—o0,0] to the
set {s € H : arg(s) < ar}, which is contained in the domain of definition of
Sp'(p, s*) because arg(p) > ¢y > ar by assumption. By Corollary 2] the func-
tion s — Si'(p, s%) is therefore right slice hyperholomorphic on H \ (—o0,0].

An estimate similar to the one in the proof of Proposition [5.2] moreover assures
that the integral in (B.A]) converges absolutely. It thus follows from Theorem
that the value of the integral in (53] is the same for any choice of T in (X(¢o,0) N
Cr) \ (—0,0] and any choice of #. Let us denote the value of this integral by
Ja(p,T).

Since 0 € pg(T), the open ball B(e,0) is contained in pg(T) if € > 0 is small

enough. For 0 € (¢g, ), we set U(e,0) =H\ (X(0,0) U B(e,0)). Then

1
%mﬂ:—/ S (pys) ds1 S (s, T).
21 Jow(e,0)ncy)

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
3a(p7 T) = _/ SEI(Pa SO{) dSI Sél(S,T)
2 J_a(s(0.0)ncs)
1 [t
=—— Sg*(p,t*e'?) ! (—=1)Sy" (te'®,T) at
2m J
1 [t
2_ S};l (p7 taeflae) 6710(—1)81;1 (teIG,T) dt
™Jo
1 [t _
:_2_ (p2 — 2% cos(ab) + t2o¢) 1 (p . ta@—la@) 619(_1)51;1 (te“’,T) dt
™ Jo
o0
4+ (p2 _ opc cos(a@) + tz(y)*l(p _ t(yelae) 6_1‘9(—1)51}1 (te_m,T)dt.

21 0
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Again an estimate analogue to the one in the proof of Proposition allows us to
take the limit as 6 tends to m and we obtain

| 1
Jalp, T) = 5 / (p2 — 2t% cos(am) + t%‘) (p — t”‘e_I‘”)
0
(185"

x e'™(—I)Sy" (te'™,T) dt

1 +oo 2 o 20\ — 1 o Tam
+ — (p* — 2t* cos(am) + 2*)  (p — t%e'*7)

2T 0

x e I™(=1)Sz" (te™ 1™, T) dt
. +o00
= sin(ar) / t(p® — 2pt* cos(am) + 1**) LSRN (=1, T) dt
™ 0
= Fa(pv T)
|

Lemma 5.4. 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 B2l We have

(56) Fa(/‘vT) - Fa(>‘a T) = (>‘ - M)Fa(,uvT)Fa(Aa T) fO’f‘ Av“ € (—OO, O}

Proof. Assume first that 0 € ps(7T). Any real A commutes with Sp*(—¢,T) and
thus we have

Fu(\T) = sin(a)

—+oo
/ STH(—t, T)(A? — 2Mt* cos(am) + t2*) 1> dt
m 0
because Sp'(—t,T) = (—tZ — T)~' = S;'(~t,T) as t is also real. Computations
analogous to those in the proof of Lemma (3] show that F,(\,T) can thus be
represented as
1
(5.7) F,(\T) = — / S (s, T)dsy S; (N, s%),
2 r
where I' is any path as in Lemma (53]
Now let £ > 0 such that B(e,0) C ps(T'), choose I € S and set

U, := H\%(6,,0)UB(c,,0) and U, :=H\X(8,,0)U B(z,,0)

with 0 < g5 < g, < e and ¢g < 0, < 5 < 7. Then U, C U, and I's = 9(Us; N Cy)
and I'y, = 0(U,NCy) are paths as in Lemmal5.3] Moreover, since T is of type (M, w)
with 0 € ps(T), we can finde a constant C' such that ||Sz' (s, T)|| < C/(1+ |s]|) for
s € (—00,0]. By Lemma .2l we may choose €, €5, 6, and 65 such that

M

M
— . seT,, d [IS7Yp, 1| < .pel,,
Tt and [|S; " (p, T)|| < pely

5.8 S, T)|| < M

for some constant M; > 0. Lemma 53] and (&.7) then imply
Fa(p, T)Fa(A,

A T)
1 L i o
:—(27_‘_)2/1; /1" SRI(N,S )dsISRl(S7T)SL1(p7T)dp]SLl(A,p )
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Applying the S-resolvent equation (2.I0) yields
Fy (/L, T)Fa(AN,T)

e //s (1,5%) ds1 S5 (5, T)p(w? — 2500 + |s[2) ™ dpr 5" (0 p%)

Y, s) dsp Sp M (p, T)p(p® — 2s0p + |s*) " dpr S; M (N, p)

- 2/ / Sty s®) dsy 385 (s, T)(p* — 2s0p + |s[*) " dpr S; (N, p%)
(2m)? Jp, T,

1 o ) L
+ (271.)2/ / SRI(/%S )dSISSLl(p7T)(P2—280p+|8|2) ldeSLl()\,p ).
r.Jr,

The functions

p e (P = 2s0p + |s*) 1SN p%)
and

p = p(p* = 2s0p + Is|?) 1S (A, %)
are holomorphic on U, N C; and tend uniformly to zero as p tends to infinity in Uj,.
We therefore deduce from Cauchy’s integral theorem that the first and the third
of the above integrals equal zero. The estimate (5.8]) allows us to apply Fubini’s
theorem in order to exchange the order of integration such that we are left with

69 FalwDROT) =5 [ p B3 S )

- (3S; (. T) — S, T)p) (0 — 2s0p + [s*) ™Y | dpr ST p).

We want to apply Lemma[ T2l and thus define the set Us ,. := U;NB(r,0) for r > 0,
which is a bounded axially symmetric slice domain. Its boundary 9(Us , N Cy) in
Cy conmsists of [y, := I's N B(r,0) and the set C,. := {ref® : —0, < p < 0,}. If
p € T, then p € Uy, for sufficiently large r because U, C Us. Since the function
s+ Sp'(p,5%) = (u— s*)~! is intrinsic because p is real, we can therefore apply
Lemma and obtain for any such r

S e, T)SE" (1, p%)

1 _ S _ _
=5 Sg(w,s¥)dsy (387 (p,T) — S;(p, T)p) (p* — 2s0p + |s|*) "
8(Us,rn(cl)

1 U - B B
:_WA SRI(/JHS )dS] (SSLl(p7 T) - SLl(puT)p) (p2 - 280p+ |S|2) !

1 e _ -
_ﬂ'/c Sp! (. s%)dsy (387 (0, T) — S; ' (p, T)p) (p* — 2s0p + |s*)

As r tends to infinity the integral over C, vanishes and hence

St (P, T)Sg (1, p%)
:rggloo 27r/ Sp!(p,s¥)dsy (387 (0, T) — S; (p, T)p) (p* — 2s0p + |s*) "

:_w/ Sp' (. s%)dsy (387 (0, T) — S;* (p, T)p) (p* — 2s0p + |s*)
Is



FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 1087
Applying this identity in (5.9]), we obtain
Fo(p, T)Fo(\T) = %/F St (p.T) dpr Sg'* (1. p*)Sp " (A %)
»
because Sgl(u, p®) and dp; commute as p is real. Since A is also real, we have

1 1
S—l ’poc S—l A’pa —
RS ) =

1 1 1 _ _ _
= )\_,u (M_pa - A_pa) = ()\_ /.L) ' (SLl(/J’7p(y) - SLl()‘vpa))
and thus, recalling (&), we obtain

FQ(M)T)FQ(AaT)

2w 2w
:(/\ - N)_l (Fa(MaT) - ]:a(/\a T)) .

If 0 ¢ ps(T), then we consider the operator T'+¢Z for small ¢ > 0. This operator
satisfies 0 € pg(T + €Z) = ps(T) + € and hence (5.8) applies. Moreover, for real ¢,
we have

=A—p) (i /F S5 (p, T) dpr ST (1 p%) — e /F S;1<p,T)deS;1<A,p“)>

SpH(—t, T +¢T) = Sp'(—(t +¢),T).

The estimate M M
Sp(=t, T +T)|| < <=
ISz (~6T+eD) < - < 5
therefore allows us to apply Lebesgue’s dominated convergence theorem to see that

sin(a)

+oo
F.(p,T+eI) = / t*(p* — 2pt™ cos(am) + tzo‘)fngl(—t, T+eT)dt
0

0

co sin(am) [T, o 20y —1 g1

— —— t*(p~ — 2pt® cos(am) +t°*) " S (=t,T)dt = Fo(p,T).
m 0

Consequently, we have
Fo(pu, T)— F,(\T) = g1_r)r(13 Fo(p, T +€Z) — F,(A\, T +€1)
= iig%(/\ —WEy(p, T+ eD)Fo (A T+ eZ) = (A — p)Fo(p, T)Fo (A, T)
for A\, pu € (—00,0] also in this case. O

Theorem 5.5. Let T be of type (M,w), let o € (0,1) and let ¢ > max(am,w).
There exists a densely defined closed operator B, such that

Sg' (. Ba) = Fa(p,T)  forp € 3¢, 0),
where Fy(p,T) is the operator-valued function defined by the integral (B3). More-
over, B, is of type (M, aw).

Proof. From identity (5.8) it follows immediately that F,,(u, T) and F, (A, T) com-
mute and have the same kernel. Rewriting this equation in the form
(5.10) Fo(p,T) = Fo(AT) (T4 (A= p)Fa(p, T))

shows that ran (F,(u,T)) C ran (F,(A,T)) and exchanging the roles of p and A
yields ran (F,,(u, T)) = ran (F,,(A\,T)). Hence, ran (F,(u,T)) does not depend on
w1 and so we denote it by ran (F,(-,T)).
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‘We show now that

(5.11) lim pF,(u,T)v=v forallveV,

Ropu——o0

where limps,—— oo Fo (i, T)v denotes the limit as p tends to —oo in R. From
(E10)), we easily deduce that ran (F(-,T)) is dense in V' because

V= U ran (Fo(p, T)) = m-
HE(—00,0]

We consider first v € D(T). Since

+o0 a1 _
5.12 g T 0
( ) /0 /~L2 —2ut> COS(CWT) + {2 ,usin(()m) or i <0,

it is

sin(ar) [T —ptet 1
Fo(p,T)v—v = -’ tSzY(—t, T dt.
#Ea(p, Tho — v ™ /0 u? — 2ut® cos(am) + 2 (5 Jo+v)

For —u > 1 and t € (0,00), we can estimate
_Mta—l —,uto‘_l
u? —2ut cos(am) + 2 p2sin(am)? + (pcos(am) — )2
—/Jtail ta—1
~ p?sin(an)? ~ sin(amr)?’

and due to (51) we have [|tSp'(—t,T)v + v|| < (M + 1)|v||. On the other hand,
since v € D(T), it is

(5.13) tSt(—t, T)v +v = —Sz'(=t,T)Tv

and in turn, again due to (&I, we can also estimate ||tS;" (=t, T)v +v|| < || To| /¢
such that we can apply Lebesgue’s dominated convergence theorem with dominating
function

. K t*~t fort e (0,1),
sin(ar)?
o=
Wt for t € [1, +OO),

with K > 0 large enough, in order to exchange the integral with the limit for
@ — —oo in R. In view of (EI3]), we obtain

li Fo(u, T)v —
o K alp, T)v—v

. +o00 a—1

t

_ _M/ lim  — o S (—t, T)Tvdt = 0.
T 0 Rou——oo u? — 2ut® cos(am) + 2

For arbitrary v € V and € > 0 consider a vector v. € D(T) with |lv — v < e.
Because of (1) and (5I2), we have the uniform estimate

— i e te M
G14)  lFale 7)) < 20T Mo
v o M2 —2ut®cos(am) + t2 t
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Therefore
. < . B
polim lpka(p Thv —vll < T lpFo ( T)flo = ve|
+ HFOt(,uvT)UE - UE” + ||U5 - UH
< (M +1)e.

Since € > 0 was arbitrary, we deduce that (511 also holds true for arbitrary v € V.

Overall, we obtain that ran (F,(-,T)) is dense in V. The identity (GI1]) more-
over also implies ker(F,(-,7T)) = {0} because v = limrs,——oc Fa(p, T)v = 0 for
v € ker(Fy(-,T)).

We consider now an arbitrary point py € (—00,0). By the above arguments,
the mapping Fy(po,T) : V — ran (F,(-,T)) is invertible. Hence, we can define
the operator By 1= poZ — Fo (10, T) ™! that maps D(B,) = ran (F, (i, T)) to V.
Apparently, B, has dense domain and Slgl(uo, B,) = Fy(10, Ba). For p € (—00,0],

we can apply (BI0) and (&.6]) to obtain
(WL — Bo)Fu(p, T) = (1 = 110)Z + (10T — Ba)) Fa (110, T)(Z + (o — 1) Fo (11, T))
=T+ (1 — po) (Fa(po, T) + (o — 1) Fa (10, T) Fo (11, T) — Fo (1, T)) = T.
A similar calculation shows that Fj,(u, T)(uZ — By)v = v for all v € D(B,). We
conclude that Sy* (i1, Ba) = Fu (i, T) for any p € (—00,0). Since p = Fy(p, T) and
p Sgl (p, B, are left slice hyperholomorphic and agree on (—o0, 0), Theorem 219
implies Sgl(p, B,) = F,(p,T) for any p € £(0, ¢o).

Finally, in order to show that B, is of type (M, aw), we choose an arbitrary
imaginary unit I € S and consider the restriction of Sgl( -, By) to the plane Cj.
This restriction is a holomorphic function with values in the left vector space B(V)
over C;. We show now that this restriction has a holomorphic continuation to the
sector X(aw,0) N Cy. Since this sector is symmetric with respect to the real axis,
we can apply Corollary [Z.21] and obtain a left slice hyperholomorphic continuation
of Sgl(p, B,,) to the sector ¥(aw,0). By Theorem BI0] this implies in particular
that X(aw,0) C ps(T).

The above considerations showed that we can represent Sgl(;m B,) for p €
¥ (w,0) N Cy using Kato’s formula (52). Rewriting this formula as a path inte-
gral over the path o (t) = te!™,t € [0, +00), we obtain

_ sin(am)

a,—Irta
-1 _ ¢ -1
SR (p, BO‘) B ™ ‘/YO (ZO‘6*I20¢7T _p)(za _ p) SR (Z7T) dZ,

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
(7,610)“ = r®el% with 6 € (0,27). (This is, however, not the restriction of the
quaternionic function s — s* defined in (ZI8]) to the plane Cr; cf. Remark [2Z44])

Observe that for fixed p the integrand is holomorphic on Dy := %(w,0) N Cy.
Hence, by applying Cauchy’s integral theorem, we can exchange the path of inte-
gration 7o by a suitable path 7, (t) = te!(™%) t € [0, 00) and obtain

4 _ sin(am) zoe~ I 1
(6515)  Sghp.Ba) = ¢ L S )
On the other hand, for any k € (—w,w), such integral defines a holomorphic func-
tion on the sector D, := {p € C; : a(r — k) < argp < 27 — a7 + &)}, where
the convergence of the integral is guaranteed because the operator T is of type
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(M,w). The above argument showed that this function coincides with Sy'(p, Ba)
on the common domain Dy N Dy, and hence p — Sgl(p, B,) has a holomorphic
continuation F7 to

D= U D, ={peCr:a(r—r) <arge,(p) <21 —a(r —K)}.

KE(—w,w)

This set is symmetric with respect to the real axis and, as mentioned above, we
deduce from Corollary 2.27] that there exists a left slice hyperholomorphic contin-
uation F' of Fy to the axially symmetric hull [D] = ¥(aw,0) of D. Consequently,
¥(aw,0) C ps(B,) and F coincides with Sg' (-, By) on ¥(aw, 0).

In order to show that ||pSgr(p, Ba)| is bounded on every sector 3(6,0) with
0 € (wa,0), we consider first a set

D.s:={peCr:d+alr—kr)<argp<2r—oa(r+k)—3J}

with x € (—w,w) and small 6 > 0. For p € Dy s with ¢ = argc,(p) € (0,27), we
may represent pS]Sbl(p7 B,) by means of (BI5) and estimate

. +oo
S B < ) | '
Hp R (p7 )H = T o |(T.aefl(7r+ﬁ)a _p) (Tael(frfn)oc _p)‘

e}

X |15 (re! T, T) | dr

_ Ip[sin(am) /+°° o
B ™ o |(re — |plel ¢+ tr)a))(pa — |p|el(¢=(r=r)a))]
x| St (re’ ™), T)|| dr.

The operator T is of type (w, M) and hence exists a constant M, > 0 such that
|SE! (re!™=%) T)|| < M/r. Substituting 7 = r*/|p| yields

sin(am) M,

+oo
A e e

ISz (b, Ba)|| <

This integral is uniformly bounded for
pe(+alr—k),2r—a(r+r)—14)

such that there exists a constant that depends only on x and § such that
[pS(p, Ba)|l < C(k,8) forp € Dys.

Now consider a sector X(6,0) with § € (wa,w). Then there exist (k;,0;),i =
1,...,n, such that (0,0)NC; C U, Dy, s, and hence

IpSz"(p, Ba)|l < C := max C(ki,d;) for p € £(6,0)NCy.
1<i<n

For arbitrary p = po + I,p1 € X(6,0) N Cy, set pr = po + Ip1. Then the Represen-
tation Formula, Theorem 2.20 implies

_ 1 _ 1 a1
IpSz* (v, T)|| < Sl - LD)p1Sz" (pr, Ba)l + S+ L1)prSg ' (1, Ba) | < 2C.

Finally, the estimate ||tSz'(—t, By )| < M/t follows immediately from (I4). O
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Definition 5.6. Let T € (V) be of type (w,M). For a € (0,1) we define
T := B,,.

Corollary 5.7. Definition is consistent with Definition TGl
Proof. Let T € K(V), let « € (0,1) and let T be the operator obtained from
Definition 58l If [|Sz" (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 (5.2)) for the right S-resolvent of 7. We obtain

. +oo
(T*)™' = =Sz (0,T%) = —M/ t=Sp N (—t,T), dt =T,
m 0
where the last equality follows from Corollary 4.8 |

As an immediate consequence of [35 Theorem 5.6] and Theorem .5, we obtain
the following Corollary.

Corollary 5.8. Let T € K(V) be of type (w,M). If a € (0,1) with aw < 7/2,
then —T% is the infinitesimal generator of a strongly continuous semigroup that is
analytic in time.

APPENDIX A. ESTIMATE FOR APPLYING FUBINI’S THEOREM IN (7))
We want to show that we can apply Fubini’s theorem to exchange the order of

integration in ([, i.e., in

a 1 o _ _
(A1) T7%= W/aw e </8(U . )p dps Sz'(p, 8)) dsy Si' (s, T).
s I P J

In order to show that the integrand is absolutely integrable, we consider the pa-
rameterizations I'y and T', of (U N Cy) and 9(U, N C;) that are given by

Li(r):=re ! r€lag/2 +00),
[
To(r) = {TO(r) i= e~ 50 ", 1€ (—ao/2,a0/2),
50) o re, e (ool
and
DH0) =t 07, 1 faof3,+00),
360,
Lp(t) =4 T(0) := e =", t € (~ao/3.a0/3),
ST
Then

1
(Qw)z/r/rHp_adpJS;(p,s)dslSgl(sz)H

(A.2) = X ] s e ds S5 1))

Tve{—,0,+}
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and it is sufficient to estimate each of the terms in the sum separately. Applying
Theorem 2.8 allows us to estimate

1 2

1
- pr—s| = Ipr —sil’

1 1
A.3 S-Hp,s)| < |1 —IJ|——— + =1+ 1J

where p; = po + Ip; for p = pol,p1. Hence, for 7,v € {+,—}, by applying (€2,
we have

/ / |lp~*dps Sx*(p,s)dsr Sg' (s, T)||

oo oo 2 M

:/ / e ———dtdr
20 Jao |tefp! — rebsl| 1+
+ +oo t—

@ 2M,
= dt dr
2 Jao ‘t—re(es*(’r')fl 1+7r
+oo  ptoo ty~
b 1 2M
— (7") dt 1 dr
ag  Jag |- 6(057017)]‘ plta 1 4 p
2 3 T
oo oo e 1 2M,;
= dr.

20 Jaoo |p—e@—0)| T
2 3r

The modulus of y — e(?s=%)1 can be estimated from below by the absolute value of

its real part or by the absolute value of its imaginary part and, therefore,

S e S50 8) dss S 7|

oo oo —a 1 2M
< / / £ dp—=—dr
w Sy op—cos(fs—0p) T r*1l+r

+oo 2 —«
" 1 2M,
———du — d
* 0 /;gesin(ﬁp—ﬁs) Prater @
o0 —« +o0
1 2M
= / ok du il L ar
o p—cos(6s —6,) w  r*l4r

=:C1<+00 =:C2< 400

too 1 PR ay”™® 1 1 2M,
+ i - 1—a pl—a | ra dr
e sin(fp, —0) \1—a  (1—-a)3-r rel+r

2M, 2l [FC e
sin(fp —0,) 1 —a Jao 1+
+ 2M1 aéfa Too

sin(0, — 0,) (1 —a)3'=* Jeo  r(1+47)

=10y + dr

dpdr

where each of these integrals is finite.
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For 7 = 0 and v = +, we can again use (A3) to estimate

/FO /F+ P~ dps Sz (p, s)ds; Sz (s,T)|

ag

2 _20s, 05 M
S/ (te P @e ao I)‘—ldtdr

a 72 1+

Qo
2 2
e 2 6, M
/ L dt dr
‘te“’v _anggT £l
2
~20,M e
: / / dt dr.
144 o } %fos r—0,)1

Since 0 < 05 < 0, <, the distance ¢ of the set

204
{%e(aor 0) —a0/2<r<a0/2}

to the positive real axis is greater than zero, and hence,
/ / [P~ dps Sg*(p,s)dsr Sg' (s, T)||
o Jrf

ag p— +oo
<2 Afl/ / t—dtd +29 Ml/ /
1+ %

20 a0M; [ 20 a0M; [T ta
= Zea0sL / e de 0L 1/ = dt,
5(1+70) = 1+§ ag t_§

where again these integrals are finite. A similar computation can be done for the
case T =0and v = —.
For 7 = + and v = 0, we apply once more (A.3) and obtain

//Hp “dpy Sy (p,s)dsr S (s T)H
rfJrg

ag
< /3 (ao) b |SE! a—oeiaggp‘]t,refesl My
a0 _ag \ 3 3 1+7r
+oo
1 1
<2 (%) o Ml/ / _ ——dtdr
&) %ea—o"lt —pebsl +r
+o0o 20
ag 3 1 1
:2(—) 0,M / dt dr.
3 ! 20 J_ e an (&tfes)l 147
3 T—?e @0
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Estimating the modulus of the denominator from below with the modulus of its
real part, we obtain

/r*/ro Hp O‘dpJS (p,s)dsr Sy (s T)H

—a +oo 3 1 1
<2 (a_o) ele/ / — dt dr
3 L ‘r—%—“cos(a—:t—es)ll‘i'r

Foo 1 1
<2 “0 0 Ml/ / —— ——dtdr
3 T07“—7014—7“

4@0 Qo / 1 1
— (= 0, M ——d
3 (3) ! a0 r—%Ql—i—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.

Putting these pieces together, we obtain that the integrand in (AJ)) is absolutely
integrable, which allows us to apply Fubini’s theorem in order to exchange the order
of integration.

APPENDIX B. ESTIMATE FOR APPLYING FUBINI’S THEOREM IN (£I3))
We want to show that we can apply Fubini’s theorem to
(B.1)
T~ 7"
1

=— 5 / s« dsI/ Sgl(p, T)p(p* — 2s0p + |5|*) " dp;s p?
(2m)2 Jac.neo) 8(G,NCr)
1 _ _ _
+ o3 / s~ dsI/ ESLl(p,T)(p2—2sop+|s|2) Ydpr p~ 5.
(2m)2 Jac.neo) 8(G,NCr)

For 7 € {s,p} we therefore decompose (G, NCy) =T, _U I't,oU I'; | with
Iy ={-re’ re(-00,—as]},
%= {a.e % 60¢(-0.,0,)},
rf={re’’ O re| lar, +00)},

such that

(B.2)
T 778

1 . B _ B
= Z _W/ s dSI/ S p, T)p(p* — 2s0p + |s|*) Ldpr p~7°
ry »

w,v€{+,0,—}

1
E - —a ) 1 -B
" (2m)2 /I‘Qu 5 dsr /F’p 551 ( D sop + [s%) " dpr p

w,vE{+,0,—}
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Since p and s commute, we have (p? —2sop + |s[?) ™! = (p—s)"}(p—3) ! and thus
foru=+and v=+

/1“+ 5% dst /F+ S; (p. T)p(p* — 2s0p + |s|*) " 'dpr p~°

+ +oo
:/ r—aela&e—lés(_I)/ Sgl(te—léva)

s P

x te 1% (te™ 1% — 1"67[05)71 (te= 10 — rews)il e~ 10 (—n)t=PelP% at dr.

Using the estimate ||S;'(s,T)|| < M;/(1 + |s|) obtained from Lemma and
setting C' = supyc(o,4o0) M1t/(1 + 1) < 400, we find that the integral of the norm
of the integrand is lower or equal to

+oo +oo 1 8

t=Pdtd

/ / 1 +t ‘t—ref 0s) pt0s "
+oo p—(a+h) 1 1 AN

<C - 3 /a 2_61(9 e ( ) dt dr
too . —(a+B) ptoo 1 1
. < -8

(B.3) _C/as . /0 E= T [ = A0 ¢ P dedr

C “+o0 1 1
= a1 A)act? =B ge.
~ (a+Bagt? /o €= eI@ =01 ¢ — eI Crto, §7d¢

We set p19 = maxcos(d, £ 6,) and p; = min |sin(§, :F )| and observe that p; > 0
since we chose 7/2 < 0, < 0; < w. Estimating ‘ﬁ 1(6p£0, )‘ from below by the

modulus of its real and imaginary part, we finally obtam that the above integral is
bounded by

+o0 B
v Bgey_ C© &7
(a+B) a*%/ < £+(a+5) a”/z (€= mo)?

dé < o0

because 0 < f < 1.
The second integral in (B:2)) with u = + and v = + is

/ Sfadsf/ 55 (0, T)(p* — 2s0p + |s*) "t dprp™”
rt r

p

—+oo +oo
—_ / rfaelaesefles(_l)/ reIGSSL_l(tewP,T)
a a

s P

x (te~ 10 — re_IQS)_l (te™ 1% — 7‘6105)_1 e 10 (—D)t=PelP% at dp.

Using again the estimate ||S;'(s,T)|| < M;/(1 + |s|) obtained from Lemma
and setting C' = sup;c 4o0) M1t/(1+1) < +00, we can estimate the integral of the
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norm of the integrand by

Foeo pheo 1 1 s
/a / 1 -l-t |te‘1(9 —0s) —7"| ’te‘l(g p+0s) —7"| ddr

too £yt ¢ (etB) oo I-a 1 1
< Sttt (_) dr dt
o L1t 12 a t |f — e 16y L _ o= 1(6p+0s)
+00 1—(a+pB) +o0
t 1 1
SC/ / £ de dt.
ap 3 0 |§ —€ ( P ‘E

An integral of this form appeared in (B3] and we have already seen that it is finite.
Similar estimates also hold for all terms in (B.2) with u,v € {+, —}.
For u = + and v = 0, we have

/ s dsf/ S (. T)p(p* — 2s0p + |s|*) L dprp™”
r ro

+
_ —a Tab, —19 16
—/ r~% / Sy Hape™ T)aye™

a

s

X (ape_w —re 1% ) (ape™” O _ relf: )71 ape —19(_1)2(1;56159 de dr

and, again using the estimate ||S; (s, T)|| < M;/(1+|s|) obtained from Lemma[2]
we find that the integral of the absolute value of the integrand is lower or equal to

+o00 . 0p Mlagiﬁ 1 1 W0 d
' g, 1+ap |r—a e—1(6-96.) |r—a e~ 1(6+6s "
a » P P

s

Since 7/2 < 6, < 05 < , the distance § between the set
(B.4) {a e 1(0+0:) g ¢ [-9,,,@]} U {ape*(e*"s),e € [-0,, 9,,}}

and the positive real axis is greater than zero and hence the above integral can be
estimated by

as+2ap M1a2 B 1 +o0 p— 0p M1a2—6
/ r_o‘/ —r— drd@—i—/ — / —L —dfdr < +oo.
a —p, 1+ap 0 as+2ap (r—ap)® o, 1+ap

s

For the second integral in (B:2)) with u = 4+ and v = 0, we have
/ SiadSI/ 587 (p, T)(p* — 2s0p + |s|*) L dprp™”
rf ro

+oo 0,
:/ 7,70461(19867195(_[)/ TelessL—l(apefIG’T)
a —

s 9?

X (ape_w - re_wS)_l (ape_w — remb')_l ape_w(—l)2a;Bel'89 de dr
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Using the estimate || Sy (s, T)| < M;/(1 + |s|) obtained from Lemma B2} we can
estimate the integral of the absolute value of the integrand by

400 0p al—,BM 1 1
/ rl_o‘/ P ! T 0 190 do dr
a —6, 1—|—ap ‘a/pe_ (60— s)—fr’ ‘a/pe— 0+ s)_r‘

s

as+2ap 0p al—,@‘M 1
g/ rl_a/ i — dbdr
as —0, 1+ ap 1)

+o0 pl-o 0p al—ﬁMl
—|—/ 5 / P df dr < 4o0,
as+2ap (T - a‘p) —0p 1+ Gp

where § > 0 is again the distance between the set in (B.4) and the positive real
axis. Similar estimates hold true if u = — and v = 0.
If wu=0and v =+, then

/ 57 ds]/ S (. T)p(p* — 2s0p + |s|*) " tdpr p~°
ro i

p
0 +oo
:/ as—(yelaease—le(_I)Q/ Sgl(te_w”,T)te_mS
_03 ap
X (tepr - ase*m)i1 (te*mP - asem)71 e 10 (—I)t=PelP% dt dg.

Once more the estimate ||S;*(s,T)|| < M;/(1 + |s|) obtained from Lemma
allows us to estimate the integral of the absolute value of the integrand by

o oo Myt 1 1
e’ 1 s
/ o a 1+t ‘t — asef(%*@)’ ]t — a,el(6:10) ’t dt d

-0,
0 +o0 t—ﬁ

§C/ ai_‘)‘/ ————— dtdf < +o0,
—6. a, (t—ay)

P

where again C' = sup;c(g 4.) M1t/ (14t) < 400 and the second inequality follows
because as < a,. For the second integral in (B:2) with u = 0 and v = +, we
similarly have

/ s~ dsg /+ 58 M p, T)(p* — 2s0p + |s[*) " dp; p~"°
re

I'p

8 +oo
:/ as_o‘emgase_m(—l)2/ ase® St (te 1% T).
a

—0s »

: (tefmp - a86719)71 (tepr - asew)i1 e 10 (=1 t=PelP% qt dg.

As above, we can estimate the integral of the absolute value of the integrand by

6 +oo
s M- 1 1
/ a?—a/ : 1(6,—0 et dtdo
ay 1+t‘t—ase(r>_)Ht—ase(ﬁ‘)’

-6,
05 oo 4—(148)

gc/ ai—a/ ———— dtdf < +oo,
—0, a (t — CLS)

I4

where the last inequality follows again because as < ap. Similar estimates hold for
the case u =0 and v = —.
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Finally, the integrals in (B:2)) with « = 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 ([{I3)), respectively (B, to exchange the order of integration.
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