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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 operators. Their
definition is based on the theory of slice-hyperholomorphic functions and on the S-resolvent
operators of the quaternionic functional calculus. 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 important 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 independent 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.

AMS Classification: 47A10, 47A60.
Key words: Fractional powers of quaternionic operators, Kato’s formula, slice-hyperholomorphic
functions, S-functional calculus, S-spectrum.

1. INTRODUCTION

The theory of holomorphic functions has several applications in operator theory. For example
it allows to define groups and semigroups of linear operators that have applications in PDE
and in other fields of mathematics and physics, see [23, 26, 41, 43, 48, 49].

Quaternionic linear operators play a crucial role in quaternionic quantum mechanics because
Schrédinger equation can be formulated just using complex numbers or quaternions, see the
fundamental paper [15] on the logic of quantum mechanics 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 holomor-
phic functions has to be replaced by the recently developed theory of slice hyperholomorphic
functions, see the books [12, 22, 31]. The notion of S-spectrum is the most fundamental con-
cept in quaternionic operator theory: the slice hyperholomorphic functional calculus (called
S-functional or quaternionic functional calculus), which is the quaternionic analogue of the
Riesz-Dunford functional calculus, is based on this notion of spectrum, see [23, 50] for the
classical case and the original papers [4, 17, 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 are 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].

1
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2 F. COLOMBO AND J. GANTNER

In this paper the authors use the right spectrum og(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 to generalize Schur analysis to this setting. The literature on classical Schur analysis
is very large, we quote the books [2, 13|, 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 have proved the Taylor expansion in the operator for the S-functional calculus,
see [16]. In this paper we address the problem of defining fractional powers of quaternionic
operators using the Cauchy formula of slice hyperholomorphic functions. To explain our re-
sults 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
[14, 38, 39, 40, 44, 45, 46, 47, 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 (0,00) C p(A),
where p(A) is the resolvent set of A. We denote by

R\ A) = (M- AL Aep(A)

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

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

Ao L / AR, A)dA

27 J,
where 7 is a piecewise smooth path in ¥\ R™ 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 v if the path does not intersect the spectrum of A.
Moreover some properties of the fractional powers depend on the resolvent equation

RN A) — R(p, A) = —(A = p) RN, A)R(p, A), - A p € p(A).

The idea of using the Cauchy formula for holomorphic functions to define functions of oper-
ators is the basis of the Riesz-Dunford functional calculus.

In the case of quaternionic operators (and also in the case of n-tuples of operators) 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 = (J;cg Cr, where S con-
sists of all quaternions I such that I? = —1 and Cj is the complex plane with imaginary
unit /. We say that a function f : U C H — H is (left) slice hyperholomorphic in U if its

restriction f; to the complex plane Cj is in the kernel of the Cauchy-Riemann operator
1/ 0 0
B (axof](x) +Iaaclfj($)> =0 forallz =29+ Iz; €UNCyandall I €8.

In a similar way, one can define right slice hyperholomorphic functions.
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FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 3

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 T' on a two sided quaternionic Banach space V is defined as

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

where s = s + 517 + 59 + s3k is a quaternion, Re(s) = sq and |s|> = s% +52+53+ sg. 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

S (s, T) := —(T? — 2Re(s)T + |s]*T)"HT — 3I), se€H\ os(T) (1.1)
and

Spl(s,T) := —(T —5I)(T* — 2Re(s)T + |s|°Z) ", se€H\ os(T), (1.2)
respectively. Let U C H be a suitable domain that contains the S-spectrum of 7. We define
the quaternionic functional calculus for left slice hyperholomorphic functions f : U — H by

F(r) = -

=5 Sil(s,T) dsr f(s), (1.3)
™ Jo(uncy)

where ds; = —dsl, and for right slice hyperholomorphic functions f : U — H, by
1
f(T)

= — f(s) ds; Sp*(s,T). (1.4)
21 Jowncey)

As one may observe, the integrals in (1.3) and (1.4) are computed on the boundary 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 a > 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 the Cauchy formula in order
to define T~¢. For a right slice hyperholomorphic function, we have

1
T %= — [ s%ds; S;'(s,T), (1.5)
2T T
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

—a 1 _ —a
T ::%ASLl(s,T)dSIS . (1.6)

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 og(T) C {s € H :
Re(s) > 0}, under further assumptions, we have

T—% = 1 / T (COS (%) T + sin (%) TI> (T% + %)~ dr.
0

This representation can be deduced from both formula (1.5) and (1.6). 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.
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4 F. COLOMBO AND J. GANTNER

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

S (s, 1)S; (0, T) = [[Sg" (s, T) — S, (0. T)lp
— 35Sz (s, T) — S (0. D (p* — 2s0p + |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 con-
siders 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)\| < 7™ — w, w € (0,7) and
MM + A)~! is uniformly bounded in each small sector |arg \| < 7 —w — ¢, for € > 0
and

AMOAI+A)7H <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 o € (0, 1) can be defined
indirectly via

A 2 ) "
(AL +4%) T 0 A2+ 2 \u®cos(mar) + p2e

(e

(uI + A)"Ldp.

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

to
1
JA) = — [ (A+2*)"HA-2)dz,
()= g7 [ A 274 - 2)ds
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(\) satisfies

the resolvent equation. The question is whether it can be expressed in the form
JA) = (A4 A*)7L,

In other words one has to show that a single-valued function J defined on a subset E of the
complex plane with values in the Banach algebra of all bounded linear operators B(X) that
satisfies the equation

JOA) = JN) = —A=N)JNJN) = A= N)JN)J(N), V A\ NeE (1.7)

is the resolvent operator of a closed linear operator A®.
In the quaternionic case the S-resolvent equation involves both resolvent operators, but de-
spite this fact we are able to prove Kato’s formula in this setting. If 7" is of type (M, w), then
we can define for p with arg(p) > ¢p > max{w, ar} the operator

sin(a)

+o0o
Fy(p,T) := - /0 t*(p* — 2pt® cos(am) + t2*) 1SRN (—t, T) dt.

The operator-valued left slice hyperholomorphic function p — F,(p,T') does not satisfy the
equation (1.7) in general, but only if A and u are real. This is however sufficient in order to
show the existence of an operator By, with S;'(p, Ba) = Fu(p, T)), which we define to be 7.
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FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 5

We point out that in order to show that F,(p,T) satisfies (1.7) on the negative real line, we
prove that it equals a Cauchy-type integral if 0 € pg(T"). In this case, we have

1 . -
Fulp. 1) = 5 [ S5 (0,5) do 505,

with
Sz (p, %) = —(s* = P)(s** — 2Re(p)s™ + |p|*) "

and T being any path that goes from ooe!? to coe™? with 6 € (¢g, ) in an arbitrary plane
C; avoiding the negative real axis and 0. If p is real, then S;zl(p, s%) is intrinsic and we
can represent Fy(p,T) also using the left S-resolvent. Once more it is then the S-resolvent
equation that allows us to show that Fi,(p,T) satisfies (1.7) in this case.

QOutline of the paper. In Section 2 we introduce the necessary definitions and results of the
theory of slice hyperholomorphic functions and the S-functional calculus. The S-resolvent
equation for unbounded operators and some results on operator-valued slice hyperholomor-
phic functions are proved here. Section 3 contains 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 the S-resolvents,
which is a fundamental fact for several proofs in this paper. Section 4 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 rep-
resentations. Section 5 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 4.

2. PRELIMINARY RESULTS

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

3
H:= {& + Zfiei 1 & € RY,
i—1

which is endowed with an associative product satisfying

e% = e% = eg = ejegeg3 = —1.
The real part of a quaternion x = Z 1 &iei is defined as Re(z) := &, its imaginary part

as z:=>"  &e; and its conjugate ST = R (x) —
Each element of the set

S:={x € H:Re(z) =0,|z| =1}
is a square-root of —1 and is therefore called an imaginary unit. For any I € S, the subspace
Cr :={xo + Izy : 1,22 € R} is an isomorphic copy of the field of complex numbers. If
I,JeSwithl 1 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 Cy, that is

H=C;+C;J and H=C;+ JC,.
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6 F. COLOMBO AND J. GANTNER

Any quaternion z belongs to such a complex plane: if we set
L Jafel, tz#0

v any [ €S, if x =0,

then z = xg + I,z1 with o = Re(x) and 27 = |z|. The set
[z] :={zo + [z1: I € S},

is a 2-sphere, that reduces to a single point if x is real.
2.1. Slice hyperholomorphic functions. As pointed out in the introduction, quaternionic
operator theory is based on the theory of slice hyperholomorphic functions, the most impor-

tant 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 Cy. The function f is called left slice
hyperholomorphic if, for all I € S,

1

5 (;)xofj(x) + Iaaxlf[(a?)> =0 forallz=x90+ 121 € UNCy (2.1)
and right slice hyperholomorphic if, for all I € S,

1

3 <aiof1(x) + 88551]0](33)[> =0 forallx=z9+Ix; € UNCy. (2.2)
A left slice hyperholomorphic function that satisfies f(U NCy) C Cy for all I € S is called

mntrinsic.
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 f7(x) €
C; commutes with the imaginary unit [ in the respective Cauchy-Riemann-operator. The
converse is not true: the constant function x +— b € H \ R is left and right slice hyperholo-
morphic, but it is not intrinsic.

The importance of the class of intrinsic functions is due to the fact that the multiplication
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).

Ifge N(U) and f € SHL(g(U)), then foge SHL(U). If g e N(U) and f € SHr(g9(U)),
then foge SHr(U).

Important examples of slice hyperholomorphic functions are power series with quaternionic
coefficients: series of the form Z;ti% x"a, are left slice hyperholomorphic and series of the
form Y7, anz™ 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(x) = c liam (s — ) Y(f(s) — f(2)) for x = xo + Iz € U,
—z

Iz 2S
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FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 7

where imc,; 5552 g(s) denotes the limit as s tends to x in Cy,. The slice-derivative of a

(
function f € SHR(U) is defined as
Os f(x) lim (f(s) — f(z))(s —x)~? forx =xo+ Iz € U.

Cr, 25—z

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(x) = aiof(ac) for z =xo+ [z.

Theorem 2.5. If f is left slice hyperholomorphic on the ball B(r,«) with radius r centered

at a € R, then
“+o00

f(z) = Z(aﬁ - a)”%agf(a) for z € B(r,a).

n=0
If f is right slice hyperholomorphic on B(r, ), then

+o0
f(z) = Z %ﬁgf(oa)(:c —a)"  forxz € B(r,a).
n=0

Slice hyperholomorphic functions possess good properties when they are defined on suitable
domains.

Definition 2.6. A set U C H is called

(i) azially symmetric if [x] C U for any x € U and
(ii) a slice domain if U is open, U NR # 0 and U N Cy is a domain for any I € S.

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 ZNCy has an accumulation point in U N Cy, then f = 0.

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 axially symmetric slice domain and

let I €S. For anyx =xo+ I,x1 €U setxy:=x0+ Izq. If f € SHL(U), then
1 1
f@) = 30U~ LI f(ar) + L (1+ LD for allz € U,

If f e SHR(U), then
flx) = flzr)(1— IIx)% + fzr)(1+ Hx)% for all z € 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 axially symmetric slice domain.
(ii) If f satisfies (2.1), then there exists a unique left slice hyperholomorphic extension of f
to [O].
(i1i) If f satisfies (2.2), then there exists a unique right slice hyperholomorphic extension of
f to [O].
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8 F. COLOMBO AND J. GANTNER

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 € C;\ R. Its left slice hyperholomorphic extension to H is x ~ b, but its right slice
hyperholomorphic extension is x + bz.

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;t(s,x) = —(2® — 2Re(s)z + |s|*) "Mz —3) fora ¢ [s]
and the right slice hyperholomorphic Cauchy kernel as
Spt(s,z) = —(x —3)(2* — 2Re(s)z + [s|*) ™" forz ¢ [s].

Corollary 2.12. The left slice hyperholomorphic Cauchy-kernel Sgl(s, x) 1is left slice hyper-
holomorphic in the variable x and right slice hyperholomorphic in the variable s on its domain
of definition. Moreover, we have Si'(s,z) = —S; ' (z, ).

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
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 f € SHr(U) and g € SHL(U),
1t is

= S; 1 (s,x) = Sp' (s, 2).

(s)dsrg(s) =0,
0Dy

where dsy = —1I ds.

Theorem 2.15 (Cauchy’s integral formula). Let U C H be a bounded azxially symmetric slice
domain such that its boundary (U N Cy) in Cy 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

f(z) = =

=— S;Y(s,z)dsr f(s) for allx € U.
21 Jowncey)

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

f(@) = =

= — f(s)ds; Sg'(s,z) forallz € U.
21 Jowncey)

The pointwise product of two slice hyperholomorphic functions is in general not slice hyper-
holomorphic. However, it is possible to define regularized products that preserve left and
right slice hyperholomorphicity. The left slice hyperholomorphic Cauchy-kernel Sgl(s, x) is
the inverse of the function x — s —x with respect to this left slice hyperholomorphic product.
Similarly, Sﬁl(s,x) the inverse of the function z — s — x with respect to the right slice
hyperholomorphic product. We therefore define S} "(s,z) and S;"(s,z) as the n-th inverse
power of the function =z — s — x with respect to the left resp. right slice hyperholomorphic
product.
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FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 9

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

Sy™(s,x) == (2% — 2Re(s)x + |s[*) " Z (Z) (—z)kgnF

k=0
and
" /n
SR (s, x) = Z <k>s”_k(—x)k(:n2 — 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. First results were stated in [5].

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 Cy. The function f is called left slice hyperholomorphic if, for any I € S,

1/ 0 0

5 (ij(x) + Iaxlf[(x)) =0 forallz=x90+ 121 € UNCy (2.3)
and right slice hyperholomorphic if, for any I € S,

1/ 0 0

3 <6$0f1(m) + 8;L'1fl(x)[> =0 forallz=x0+ 121 € UNCy. (2.4)

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 SHr(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 deriv-
ative, that is

lim (s —2)7'(fr(z) - fi(s)) (2.5)

Cras—x
exists in the topology of V for any s € U N C; and any I € S and the limits coincide for all
I €Sifsisreal.
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)_l(AfI(x) — Af1(s))

Cros—x
exists in H for any s € U N Cy 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 2.1 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 2.17 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
lim (fr(x) = fi(s))(s —a)~! (2.6)

Cras—x

replaces the notion of left slice derivative and the notion of weak right slice hyperholomor-
phicity 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].
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10 F. COLOMBO AND J. GANTNER

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 quaternionic 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.

Theorem 2.20 (Representation Formula, [5, Theorem 3.15]). Let V' be a two-sided quater-
nionic Banach space, let U be an azially symmetric slice domain and let I € S. For any
x=x0+ Ipx1 €U set xy:=xo+ Ixy. If f € SHL(U,V), then

1

f(z) = 5(1 — I 1) f(xr) + %(1 + 1) f(z7) forallx e U.

If f € SHR(U,V), then

f(x) = f(zr)(1 - Hm)% + f(@xr)(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. LetV be a two-sided quaternionic Banach space, let I € S andlet f : O — V
be real differentiable, where O is a domain in Cy that is symmetric with respect to the real
azis.

(i) If f satisfies (2.3), then there exists a unique left slice hyperholomorphic extension of f
to [O].

(ii) If f satisfies (2.4), 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 O(U N Cy) in C; consists of a finite
number of continuously differentiable Jordan curves. Let I € S and set ds; = —Ids. If [ is
left slice hyperholomorphic on an open set that contains U, then

f(z) = =

= — S;Y(s,z)dsr f(s) for allx € U.
21 Jowney)

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

f(z) = —

= — f(s)ds; Sg*(s,z) for allax € U.
21 Jowncy)

To the best of the authors’ knowledge, the proves of several fundamental results have not yet
been given explicitly for the case of vector-valued slice hyperholomorphic 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 derivative of a

left (or right) slice hyperholomorphic function with values in' V' defined by (2.5) resp. (2.6) is

again left (or right) slice hyperholomorphic. Moreover, it coincides with the derivative with
respect to the real part, that is

0

Osf(x) = —f(x

s f () o ()

Proof. Assume that f € SH(U,V), choose I € S and consider fr = fync,. The quaternionic

Banach space V' also carries the structure of a complex Banach space over the complex field

Cy, 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

for x =xo + Izq.
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holomorphic in the classical sense. Its derivative coincides with the slice derivative of f on
Cy, i.e.

0 _p-9

Osf)lunc; = f1 = 6760.)"1,
where f] denotes the usual derivative of f7, 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.

O

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

+00 1

f(z) = Z(x —a)"=05f(a) forxz € B(r,a).

= n!
If f is right slice hyperholomorphic on B(r,a), then

+oo

flz) = Z %8@]”(04)(3: —a)"  forxz e B(r,a).

n=0

Proof. Assume that f is left slice hyperholomorphic on B(r,«) and consider an imaginary
unit I € S. As in the proof of Corollary 2.23 we may consider V' as a Banach space over Cy
by restricting the scalar multiplication with quaternions on the left to C;. The restriction
fr of f to the complex plane Cj 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) NCj.
For x € B(r,a) N Cy, we obtain

—+00 “+o00

fla) = file) =Y (e — )" =i a) = Yo (e~ 0)

n=0 n=0
By Corollary 2.23, we have a‘z—nnflz(a) = % (a) = 04 f(cr). Thus the coefficients are inde-
0 0

pendent of the plane C; and the statement holds true. The case of right slice hyperholomor-
phic functions can be shown by analogous arguments.

nl 0"
n! 0xj

fr(a).

g

Finally, we also give the proof of Cauchy’s integral theorem for vector-valued slice hyper-
holomorphic 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]). Let V 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 ONCy with D; C ONCy, whose boundary consists of a finite number of continuously
differentiable Jordan curves. If f € SHr(U,V) and g € SHL(U,H) or if f € SHr(U,H) and
g€ SHL(U,V), then
(s)dsrg(s) =0,
oD,
where dsy = —1 ds.
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12 F. COLOMBO AND J. GANTNER

Proof. Assume that f € SHr(U,V) and g € SHr(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 ( (s)dsr g(s)> = Af(s)dsrg(s) =0
0Dy 0Dy

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

g

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 hyperholomorphic 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
[4, 22].

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

Definition 2.27. We define the S-resolvent set of an operator T € KK(V') as
ps(T) :={s € H: (T? — 2Re(s)T + |s|*T)" € B(V)}
and the S-spectrum of T as
os(T) i= H\ ps(T).
For se Hand T € K(V), we set
Q4(T) := T? — 2Re(s)T + |s|*Z.
If s € ps(T), then the operator
Qu(T) ™ = (T? — 2Re(s)T + |s[*T) !

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

(7).
Definition 2.28. Let T € K(V'). The left S-resolvent operator is defined as
S;(s,T) := Qy(T) 15— TQs(T) (2.7)
and the right S-resolvent operator is defined as
S (s,T) :== —(T — I5)Q4(T) . (2.8)

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

S (s, Ty =—Q(T) YT —5Z)v, forve D(T) (2.9)
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 Qs(7T)~! in (2.9) yields (2.7). For arbitrary
s € H, the operator T? — 2Re(s)T + |s|?Z maps D(T?) to V. Hence, the pseudo-resolvent
Qs(T)~t maps V to D(T?) € D(T) if s € ps(T). Since T is closed and Qs(T)~! is bounded,
equation (2.7) then defines a continuous and therefore bounded right linear operator on the
entire space V. Hence, the left resolvent Sgl(s, T) is the natural extension of the operator
(2.9) to V. In particular, if 7' is bounded, then S;'(s,T) can be defined directly by (2.9).
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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 7' and s com-
mute, that is

S (s, T) = Sp'(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, Theorem?2.5].

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 — Sgl(s,T) 18 a Tight slice hyperholomorphic
function on ps(T) with values in the two-sided quaternionic Banach space B(V'). The map
5 Sgl(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' € IK(V). If s,p € ps(T) with s ¢ [p], then
Sg'(s:T)S; (0. T)v =[[SR' (s, T) = S (. D)lp

—3[S5' (s, T7) — S (0. D)) (P — 250p + |s|*) t0, wveV. (2.10)
Proof. We recall from [22] that the left S-resolvent operator satisfies the equation
TS ', T)v=S;'(p,T)pv —v, veEV (2.11)
and that the right S-resolvent operator satisfies the equation
Spl(s,T)Tv = sSp' (s, T)v —v, veDT). (2.12)

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.

We show that, for every v € V, one has

SpH(s. T)S (0, T)(P? — 2s0p + |s|*)v =
[Sg" (s, T) = S (0, T)lpv — 5[S5" (s, T) — S (p, T)Jv. (2.13)

We then obtain the original equation (2.10) by replacing v by (p? — 2sop + |s|?)~v.
For w € V, the left S-resolvent equation (2.11) implies

Sg'(s,1)S. (p, T)pw = S5 (s, T)TS,  (p, T)w + S (s, Tw.
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14 F. COLOMBO AND J. GANTNER

Since Qs(T)~! = (T2 — 2507 + |s|?Z) " maps V onto D(T?), the left S-resolvent S; (s, T) =
Q(T)™'5 — TQ(T)~! maps V to D(T). Consequently, S;'(p,T)w € D(T) and the right
S-resolvent equation (2.12) yields

S (s, T)S; Hp, T)pw = sS5* (s, T)S; Hp, T)w — S; (0, T)w + Sp' (s, T)w. (2.14)
If we apply this identity with w = pv we get
Sr' (s, T)S. (. T)(p* = 2s0p + [s|)v
=S (5, 1) (. T)pP — 25057 (5. 1) (b, T + 15125751 (5, T) S (0. T
:sS;il(s,T)Sg (p, T)pv — SL (p, T)pv + SR (s,T)pv
- 2503};1(5,T)Sgl(p,T)pv + |5|2S§1(5,T)SL_1(p, T)v.
Applying identity (2.14) again with w = v gives
Syt (s, T)S;  (p, T) (p* — 2s0p + |s|*)v
=525 (s, T)S; Hp, T)v — sS;H(p, T)v + S5 (s, T)v — S; (p, T)pv + Sz (s, T)pv
— 250855 (5, T)S; H(p, T)v + 25057 (9, T)v — 25055 (s, T)v + |s|*Si' (5, T)S; H(p, T)v
=(s? — 2508 + |s|) S5 (5, T)S;  (p, T)v — (250 — 8)[SE* (s, T)v — S (p, T)v]
RN, ) — S7 (. Tlpo:

The identity 2s¢ = s + 5 implies 52 — 2595 + |s
the desired equation (2.13).

2 =0 and 259 — s = 3, and hence we obtain

]
Definition 2.34. Let T € K(V).

(i) An azially symmetric slice domain U is called T-admissible if o5(T) C U and d(UNCy)
is the union of a finite number of Jordan curves for any I € S.

(ii) A function f is said to be left (or right) slice hyperholomorphic on og(T) 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(os(T))

(or SHr(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.

Definition 2.35 (S-functional calculus for bounded operators). Let T' € B(V'), choose I € S
and set dsy = —1Ids. For f € SH(os(T)), we define

1 -1
JO) =g [ S T s 1)
For f € SHRr(os(T)), we define
_ 1 -1
f(T):= 5 /B(UQ(CI) f(s)dsr S (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(oo) := lim,_o f()
exists. By SHp(os(T) U {oo}) we denote the set of functions f € SHy(os(T)) that are left
slice hyperholomorphic at oo, and similarly we denote the corresponding sets of right slice
hyperholomorphic and intrinsic functions.
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Lemma 2.36. Let T € K(T) with ps(T)NR # 0, let a € ps(T)NR and set A:= (T —aZ)™*

—S;Ha,T) € B(V). We define the function ®,, : HU{oo} — HU{oo} by @4(s) = (s—a)~*
for s e H\ {a} and ®,(a) = 00 and ®o(c0) = 0. Then f € SH(os(T) U{o0}) if and only
if fod ' € SHi(os(A)) and f € SHR(os(T)U{o0}) if and only if fo @' € SHr(os(A)).
Definition 2.37. Let T € K(T'), let a € ps(T) NR and let A and @, be as in Lemma 2.36.
For f € SHL(os(T) U{oo}) or f € SHRr(os(T) U{o0}), we define

F(T) = fo® (A)
in the sense of Definition 2.35.
Theorem 2.38. Let T € K(V). If f € SHL(0s(T) U{oc}), then

and if f € SHr(os(T) U{o0}), then
1 _
AT = F0IT + 5 [ f(5)ds S51(5.7)
m (UQC])
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 2.37 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 o5(T) = os(T) if T is bounded and o5(T) = o5(T) U {oo} if T is unbounded. The
S-functional calculus has the following properties:
(1) If f,9 € SHL(es(T)) and a € H, then (fa + g)(T) = f(T)a+ g(T). If f,g €
SHr(@s(T)) and a € H, then (af + g)(T) = af(T) + g(T).
(ii) fff € /)\f(as( )))(ar;d g € SHL(@s(T)) orif f € SHRr(a5(T)) and g € N(a5(T)), then
f9)(T) = f(T
(iit) If g € N(5(T)), then o5(g(T)) = g(a5(T)) and f(g(T)) = fog(T) if f € SHL(9(a5(T)))
or f € SHr(g(@s(T))).

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(og(T) U {c0}) has a
zero of order n € Nog U {+00} at infinity.

(i) For any intrinsic polynomial P of degree lower than or equal to n, we have P(T)f(T) =

(Pf)T).
(ii) 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 [16], but since the calculations are slightly more delicate for unbounded oper-
ators, we give the proof again for the sake of completeness. Definition 2.16 and considerations
as in Remark 2.29 motivate the following definition.

Definition 2.41. Let T € K(V). For s € ps(T), we set
n

S;™(s,T) = <Z> (=T)5(T? — 2Re(s)T + |s|*T) 5" *

and

Sp"(s,T) = Z <Z>s”‘k(—T)k(T2 — 2Re(s)T + |s[*) ™"
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16 F. COLOMBO AND J. GANTNER

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 2.29. Furthermore, by Corollary 4.5 in [30], the
operators (—T')*. Hence, the operators S;"(s,T) and S;"(s, T) are bounded as D((—T)k) =
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

0287 (5, T) = (—1)"n! SV (s, T) and  98SH' (s, T) = (—1)"n! S5 (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 Uy, . := H\[B(e, p)], where [B(e, p)] denotes the axially symmetric hull
of B(e,p). For any s € [B(£/2,p)], the map = — S; (s, ) is then left slice hyperholomorphic
on U, . and also at infinity with Szl (s,00) = 0. We thus have by Theorem 2.38, Corollary 2.39
and Lemma 2.40 that

S (s, T) = Qs(T) 15— TO,(T)

1 S (s, @) doy Qs(x) 15 — 1/ S (s, @) doy xQs(x)
21 Jow,..ncr) 21 Jow,..ncr)

1
=— Sy (2, T)dxy S; ' (s, @),
21 Joy..nc)
where Qg(z)~! = (22 — 2Re(s)z — +|s|?)~!. By induction, one can easily see that
n+1

9eST (s, x) = (1)t S, " (s, 2) = (—1)" 'Z( ) 2)FQ, ()~ (g1

where the second equality holds because Q¢(x)~! and & commute. Since (—z)¥ is an intrinsic

polynomial, since Qg (x)~ (1) is also intrinsic and since s — Sgl(s, T') can be represented by
the above integral on a neighborhood of p, we deduce again from Theorem 2.38, Corollary 2.39
and Lemma 2.40 that

1
955, (s, T) = / ST (x, T) dar 0287 (s, x)
27 Jow,.ncn)
1 n+1
= 5= S7(z, T)dzxr (—1)"n! ( ) st )~ (1) gn+1-k
2w 8(Upgﬂ(C1) L ( Z ( )

n+1
— " |Z < ) st(T)—(n-i-l)gn-‘rl—k _ (_1)71”!5;(”4‘1)(8’1")'

g

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 hyperholomorphic setting. The
logarithmic function on H is defined as

log s := In|s| + I arccos(so/|s|) for s € H\ {(—o00,0]}. (2.15)

Note that for s = so € [0,00) we have arccos(sp/|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 Ig. It is

€8s — s for s € H

and
loge® =s for s e H with |s| <.
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The logarithmic function is real differentiable on H \ (—o0,0]. Moreover, for any I € S,
the restriction of logs to the complex plane C; coincides with a branch of the complex
logarithm on C; and is therefore holomorphic on Cy \ (—oc,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 logarithm in
the literature. In [37], the logarithm of a quaternion is for instance defined as

In|s| + I, (arccos =+ 2k7r> , |s| #0or|s|=0,s0 >0
log;, ;s 1= { Is]
’ In |s| + e;m, Is| =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 hyperholomorphic at the
real line) unless k£ = 0. But in this case this definition of the logarithm coincides with the
one given in (2.15). Indeed, the identity principle implies that (2.15) defines the maximal
slice hyperholomorphic extension of the natural logarithm on (0,+00) to a subset of the
quaternions.

We define fractional powers of a quaternion for o € R as
Y — ealogs — ea(ln|s|+ls aurccos(so/|s|))7 se H\ (—OO, 0] (216)
This function is obviously also left and right slice hyperholomorphic on H \ (—oc, 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|eTr.

Again 6 = arg(s) does not depend on the choice of I, if s € R\ {0} since p = |p|e® for any
I €Sifp>0andp=|ple™ for any I € Sif p <0.

3. REMARKS 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)~!. An heuristic approach to find this
expansion is to consider the immediate equation

Qu(T) ™" = Q(T) ™" = Qu(T) 1 (Qp(T) — Qs(T))Qp(T) " (3.1)
and transform it to
Qu(T) ™ = Qp(T) ™" + Qs(T) " H(Qp(T) — Qs(T))Qp(T) 1.

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
+oo

J(s) =D (Qu(T) — Qu(T))" Qy(T)~ "+ (3.2)
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 symmetric neigh-
borhoods

C:(p) ={s €H:dg(s,p) <e}
of p with
dS(S’p) = maX{Q‘SO *PO|7 Hp|2 - |5’2‘}

iag AR steRATINe¥ARAb this article, which may differ from the final published version. Copyright restrictions may apply.



18 F. COLOMBO AND J. GANTNER

and

1
N GREEGR

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 sg = Re(s) =
Re(sy) and |s|? = |s;|2>. Thus ds(s;,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 :
ds(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) = Qp(T) — Qs(T) = 2(s0 — po)T + (|Ip|* — |s|*)Z.

Since Q,(T) ! maps V to D(T?) and D(p, s) commutes with Q,(7)~! on D(T?), we have for
any s € Cz(p)

> o072y o)

= Z (D, )Qp(T) )" Qu(T) Y|

<ZH®pa $) (D)™ (1)

We further have
12(p. 5)Q(T) ™| <2130 — pol [|TQp(T) ™" + [l = IsI*[ [ Qo(T) "
<ds(s,p) (|7Q(T) || + 12D~
<e ([Te@ [+l ) =«
If now e < 1/ (||[TQp(T) 7| + || Qp(T)7|), then 0 < ¢ < 1 and thus

io H”D(p, S)HQP(T)i(nH)H < HQP(T)AH qun < +o0
n=0 —

and the series converges uniformly in B(V) on C.(p).
Now assume that the series (3.2) converges and observe that Q(7T), Q,(T) and Q,(T)~*
commute on D(7T?) and hence we have for v € D(T?) that

+oo
T)o =" D(p,s)" Qp(T)" "V Qu(T)u

+o00
=Y D(p, )" Qp(T) ") [-D(p, 5) + Qp(T)] v
+00

:_Z@p, n-HQ() n+1)v

Y DT =
n=0
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FRACTIONAL POWERS OF QUATERNIONIC OPERATORS 19

On the other hand vy := ZHNZOCD(p, )" Q,(T)~ 1y belongs to D(T?) for any v € V and
we have
N

Qu(T)on =(~D(p.5) + Q(T)) Y D(p. )" Qp(T) "+

n=0

Z—ZD p,8)" 1 Qu(T)~ "*1)U+Z© P, 8)" Qp(T) "

n=0
= —@(p, )N Qy(T) "Ny 4 v,

Now observe that D (p, ) = 2(30 —po)T + (|p|* — |s]?)Z is defined on D(T) and maps D(T?)
to D(T). Hence D(p, s)2Q,(T)~! belongs to B(V) and for N > 1

H_ p’ )N—l-lQ ( ) (N+1)UH
= [[-D(p. 5)" 1 Qu(T) VD (p, 5)* Qp(T) 0
<=2, )N Qp(T) V[ [|[D(p, 5)2Qp(T) 10 N=ee

because the series (3.2) converges in B(V) by assumption. Thus Q(T)vy — v and vy —
Voo := J(8)v as N — oo. Since Q4(T) is closed, we obtain that 7 (s)v € D(Qs(T)) = D(T?)
and Q(T)J(s)v =wv. Hence, J(s) = Qs(T)~! and in turn s € pg(T).

g

Lemma 3.2. Let T € K(V). The functions s — Q4(T)™" and s — TQ4(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

Jim Qs(T) Zi&n (2(s0 = o) T + (I = [s) T)" Qu(1) =Y = Q,(1) ",

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[*) Z)" Qp(T) ="V
—Z( > so—po)* (Ipf? — |s[?)" " T* Q,(1)~(+D

and T*Q,(T)~(™+1) € B(V) because Q,(T)~ "+ maps V to D(T2"+1)) and k < 2(n +1).
The function s — TQ¢(T)~! is continuous because (3.1) implies

lim (| 7Quun(T) ™" = TQu(T) || = lim [|TQusn (7)1 (Qe(T) — Quan(1))Qe(T) |-
Now observe that Q(T)~! maps V to D(T?) such that
(Qs(T) = Quyn(T))Qs(T) ™" = (2hoT + (|s[* — |s + h[*)T) Qs(T) ™
in turn maps Vto D(T). Since T and Q44 (T) ™! commute on D(T) we thus have
tim [70,.4(7) 1~ TQ,(1)"|

= lim [|Qun(T) ™" (2hoT? + (Isf ~ |s + h) T) Qu(T) 7|

<l | Q) T, (200 72421 + (s Is-+ 1) Q.7

=0.
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20 F. COLOMBO AND J. GANTNER

U
Lemma 3.3. Let T € K(V) and s € ps(T). The pseudo resolvent Qs(T)~! is continuously

real differentiable with
0 _ _ 0 _ _
—Q,(T) ™ = (2T — 250T)Q(T) ™% and ——Qu(T) ' = —25,Q,(T) %
0sg 0s1
Proof. Let us first compute the partial derivative of Q(T)~! with respect to the real part
s0. Applying equation (3.1), we have

9 6 1 — pim L -1 _ g ()t
B (M7 = lim o (Qun(1)™! = (1))

:Rglgo %Qerh(T)fl (Qs(T) = Qs1n(T)) Qu(T) ™

= i sn(T) 1 (2T — 2507 — hT) Q4(T)~*
Ralggon() ( 50 ) Qs(T) 7,

where limgsp, 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 9. —1 . -1 -1
75, (M7 = lim Qe (1) lim (2T~ 250T)Qu(T) ™ —~ hQu(T) ™)

=Q.(T) 72T — 250T) Qs(T) ™" = (2T — 250T) Qu(T) 7,

where the last equation holds true because Qg(T)~! maps V to D(T?) € D(T) and T and
Q,(T)~! commute on D(T). Observe that the partial derivative (r)%‘ZOQS(T)_1 is even contin-
uous because it is the sum and product of continuous functions by Lemma 3.2.

If we write s = sg + Iss1, then we can argue in a similar way to show that the derivative of
Q4(T)~! with respect to s is

0 1
aislgs(T)_l = lim (QerhIs(T)_l - QS(T)_l)

R3h—0 h

1

:R;ilfgo EQs-ﬁ-hIS(T)_l (QS(T) - Q3+hls (T)) QS(T)_I

= lm Qup, (1)~ (=251 — h) Qs(T) "

= lim Qupnr, (T)7F lim (=251Q4(T) " = hQ(T)™")
= —251Q4(T) 2.

Again this derivative is continuous as the product of two continuous functions by Lemma 3.2.
Finally, we easily obtain that Q(T)~! is continuously real differentiable from the fact that
Q4(T)~ 1! is continuously differentiable in the variables sq and s1: if s = & + 2?21 &e;, then
the partial derivative with respect to £y corresponds to the partial derivative with respect to
so and thus exists and is continuous. The partial derivative with respect to & for 1 <¢ <3
on the other hand exists and is continuous for s; # 0 because Qs(T)~! can be considered as
the composition of the continuously differentiable functions s — s; and s1 = Qgy41.5, (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.

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

0 0 1

—TQ,(T) ' = (272 — 25¢T)Qs(T) 2 and —TQ(T) ' = —25,TQ,(T) 2.
0sg 0s1
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Proof. If limgsy, o f(h) denotes again the limit of a function f as h tends to 0 in R, then we
obtain from (3.1) that

2 rQur) " = lm 2 (TQun(T) ™ — TQL(T) ™)

050 R>R—0 h
1
:R%i}go ETQ8+}L(T)_1 (QS (T) - Qs-l-h(T)) QS(T)_I
. 1 - -
= lim ~TQ. ()" (2hT — 2hsoT — h°T) Qu(T) !

= i T)~' (217 — 2s0T — hT) Q4(T)™!
R;}{go Qs—i—h( ) ( S0 ) Qs( ) )
because (21T — 2hsoZ — h*T) Q4(T) ! maps V to D(T) and T and Q4 (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 continuous by Lemma 3.2, we get

9 -1 _ 1 -1 7 2 -1 -1
8—50TQ8(T) _RéliﬂoQS*h(T) Riﬂo((ﬂ 2s0T) Qs(T) hTQ(T)™)

= Q,(T)1(2T? — 250T) Q4(T) ! = (25T — 27°)Q,(T) 2.

This function is continuous because we can write it as the product of functions that are
continuous by Lemma 3.2.
The derivative with respect to s; can be computed using similar arguments via

0 -1 1 1 -1 -1
e S
. 1 _ _
:Rglfgo ETQs—f—hIs (1) (Qs(T) = Quinr, (T)) Qs(T)
. 1 _ _
:Réliio ETQs—I—hIs (1)~ (—2hs1 — h?) Qu(T) 7!

- 1 1 1 B S =
_R%I}{ILOQS—HUS(T) R%l}{r_l)o( 251TQ4(T) hTQu(T)™)

= —25:TQ,(T)~2.

Also this derivative is continuous because it can be written in the form C{,%TQS(T)*1 =
—251 (TQs(T)™ ') Qs(T) ™! as the product of functions that are continuous by Lemma 3.2.
Finally, we see as in the proof of Lemma 3.3 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 (8o, s1) = T'Qs,+1s, (T) ! resp. by choosing I
appropriately if s € R.

O

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 differentiable by
Lemma 3.3 and Lemma 3.4 and hence continuously real differentiable themselves.
O

Let us now give the proof of Lemma 2.32: 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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22 F. COLOMBO AND J. GANTNER

Proof of Lemma 2.32. We consider only the case of the left S-resolvent, the other one works
with analogous arguments. Applying Lemma 3.3 and Lemma 3.4, we have

0

) 0 _
aSOS s, T) aT,OQs(T) '5— %TQs(T) !
=(2T — 250T)Qs(T) 5 + Qs(T) ™! — (277 — 250T) Q(T) 2
=(2T — 250T)Qs(T) %5 + (—T% + |s°T) Qs(T) 2

Since sq and |s|? are real, we can commute them with Q4(7T")~2 and by applying the identities
250 = s + 5 and |s|?> = s5 we obtain

0
8805 Ys,T) = —T?Q4(T) 2 + 2T Q4(T) %5 — Q4(T) %5*
For the partial derivative with respect to s, we obtain
0
=957
831 s, T)
1z 9 -1
Qs( )8 = 5 —TQs(T)

881
= — 231Qs( ) 5 — QS(T)_ljs + 281TQS(T>_2
= —251Q,(T) %5 — (T?% — 2501 + |s|*T) Qs (T) 21, 4 251 T Qs(T) 2

We can now commute 2sg, 251 and |s|? with Qs(T)~! because they are real. By exploiting
the identities 2s9 = s +3, —2s1 = (s — 3)I; and |s|?> = 53, we obtain

8‘21 S, T) = (-T?Qu(T) 2 + 2TQ4(T) 5 — Qs(T) *(T)3%) I,

Hence, s — SE (s,T) is right slice hyperholomorphic as

(svtam s &sern) o

S1

O

In the sequel 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

| R(z, A)|| > m7

(3.3)
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)|| — 400 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 (3.3) cannot hold true: consider A =
Ao + InA1 with Ay > 0 and I € S and the operator T' = AZ 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[*) 1 (3 — V).

If s € Cp,, then A and s commute and the left S-resolvent reduces to S;*(s,T) = (s — \)~'Z
with [|S; (s, T)|| = 1/|s — A|. Thus, if s tends to X in Cy,, then dist(s,o5(T)) — 0 because
X € 05(T) but at the same time ||S; (s, T)|| = 1/|A — A = 1/(2)\1) < +o0.
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Nevertheless, although (3.3) 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

-1 -1
D)+ ITQT) 2 e

(3.4)

where dg(s,o5(T)) = inf

peos(T) ds(s,p) and ds(s,p) is defined as in the Lemma 3.1.

Proof. Set Cy = ||Qs(T) " |+ ||TQs(T) 1. Ifds(s,p) < 1/Cs, then p € ps(T) by Lemma 3.1.
Thus, dg(s,p) > 1/Cs for any p € og(T). Taking the infimum over all p € og(T), this
inequality still holds true such that we obtain dg(s,o5(T)) > 1/Cs, which is equivalent
o (3.4).

U

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

V21T < IS s D)+ 1|55 5, 1))
and in turn

1Qs(T) 1] < V2 sup ||S; (s1,T)] -

sr€[s]

Analogous estimates hold for the right S-resolvent operator.
Proof. Observe that Q4(T)~! = Qz(T)~! for s € ps(T). Hence, because 2sq = s+ 3, we have
S;l(s,T)S (5, )+ S; (s, ) 1, 7)
= (Q(1) 15 = TQUT) ™) (Qu(T) 5 = TQ,(T) ™)
+(Q (T) —TQs(T)™") ( s( )ls = TQ(T)7)
=(Qs(T)7's TQs( )71 2(s0T = T) Qus(T) ™"
and similarly
S E,T)S (s, T) + S; (5. 1)S. (5, T)
= (Qu(M)™'s = TQ(T) ™) 2 (50T — T) Qu(T) ™

Therefore
Sy s, T)S; (s, T) +S*1( T)S; (5. T)
+ 8.5, T)S; (s, 1)+ S; (5. 1) S, (5, T)
=(Qs(1) ™15 = TQ(T)~ 1) (s0Z = T) Qu(T) ™"
+(Q(T) s = TQT) ™) 2 (50T = T) Qu(T) ™

=2 (50 —T) Qs(T) "2 (50 = T) Qs(T) ™"
=4(T? — 250T + s2T) Qs (T) ™2 = 4Q4(T) ™' — 452Q,(T) 2,
which can be rewritten as
4Q4(T) ' =S (s, T)S (5, T) + S; (5, T)ST ' (5, T)
+ 8,15, T)S; M (s, T) + S5, T)S (B, T) + 4s504(T) 2
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Thus, we can estimate
L) = I8 6Dl 18516 ) + 187 5. D 18526,
IS E D87 6Dl + 18761 157 6. D) + 41ty
= (I8 D+ 15 G + 2000 20 . (35)
Finally observe that
2Q5(T)7131I5 :TQS(T)il - QS(T)71<80 - Issl)

—(TQs(T) ™' — Qu(T) (s0 + Iss1)) = S; (s, T) — S; ' (5, T)

such that
261001 = [20.(T) tsu ] < 155 (5. 7Y + 155 (. 7))

Combining this estimate with (3.5), we finally obtain

2| Qum)| < (IIsz s, DIl + ISz G D)

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

O
Lemma 3.8. Let T € (V). If (sp)nen 15 a bounded sequence in ps(T) with
li_>m dist(sy,0s5(T)) =0,

then
lim sup HS£1(57T)H =+o00 and lim sup HSEl(S,T)H = +00.
n]

n—o0 se[sn] n—0o0 SG[S
Proof. First of all observe that dist(s,,os(T)) — 0 if and only if dg(s,,os(T)) — 0 because
os(T) is axially symmetric. Indeed, for any n € N there exits p,, € og(T) such that
|s$n — pn| < dist(sn,08(T)) + 1/n.

If dist(sp,05(T)) — 0, then |s, — p,| — 0 and hence |s; 0 — pn,o| — 0. Since the sequence s,
is bounded, the sequence p,, is bounded too and we also have

|sn? = [pal?] < |snll5n = Dal + |sn = palPa] = 0
and in turn
0 < ds(sn,08(T)) < ds(sn,pn) = maX{‘Sn,O _pn,0|a ’|5n|2 - |pn|2{} — 0.

If on the other hand dg(s,,os(T)) tends to zero, then there exists a sequence p,, € og(T)
such that

dS(Snupn) < dS(Sn)US(T)) + 1/”
and in turn dg(sn, pn) — 0. Since og(T) is axially symmetric and d(sp, pn,1) = d(Sn, pn) for
any pn.1 € [pn), we can moreover assume that I, = I,. Then

0 < ’371,0 _pn,O| < dS(Snypn) — 0.
Since s, and in turn also p,, are bounded, this implies |s%70 - p%70| — 0, from which we deduce
that also [s7 | — p ;| = 0 because
0< ‘3721,0 —pi,o + 5721,1 —pgm‘ = ’|5n|2 - |pn|2| < ds(sn,pn) — 0.

Since 5,1 > 0 and py, 1 > 0, we conclude s, 1 — p,,1 — 0 and, since I, = I,,, also

0 < dist(sn,05(T)) < [sn —pal = \/(Sn,o = Pn0)? + (80,1 = Pn1)? — 0.
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Now assume that s, € ps(T") with dist(s,,o5(T")) — 0. By the above considerations and
(3.4), we have

1Qs, (T) M| + T Qs,, (T) ™| = +o0. (3.6)
We show now that every subsequence (s, )ren has a subsequence (Snkj )jen such that
lim  sup ||Szl(s,T)|| = 400, (3.7)
J—+00 se[snkj]
which implies limy,—, o0 SUP,c[s,] 1S;*(s,T)|| = +o00. We thus consider an arbitrary subse-

quence (sp, Jken Of (Sn)nen. If it has a subsequence (snk]_ )jen such that [|Qs,, (T)[| — +oo,
J

then Lemma 3.7 implies (3.7). Otherwise || s, (T)~1|| < C for some constant C' > 0 and we
deduce from (3.6) that ||TQSn], (T)~ || — +o00. Observe that

_ 1 1 . _
TQSnk (T) = _§SL1(Snk>T) - §SL1(57Lk7T) +5nk,0ank (T) 1’
from which we obtain the estimate

ro.. = g it Dl s o]

< sup HSEl(snk,T)H-i-C'M
SE[Snk}
with M = sup, ey |sn| < +00. Since the left-hand side tends to infinity as k& — 400, we
obtain that also SUDse[s,,, | HSL_l(snk,T)H — 400 and thus the statement holds true. The

case of the right S-resolvent can be shown with analogous arguments.
O

Definition 3.9. Let f be a left (or right) slice hyperholomorphic function defined on an
azially symmetric open set U. A left (or right) slice hyperholomorphic function g defined on
an azially symmetric open set U' with U C U’ is called a slice hyperholomorphic continuation
of fif f(s) = g(s) for all s € U. It is called nontrivial if V.= U’ \ U cannot be separated
from U, i.e. if U' #U UV for some open set V with VNU = (.

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

Proof. Assume that there exists a nontrivial extension f of Sgl(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
Sn € ps(T) with lim,, 4o S, = s such that
. -1 .
im S sw D) = lim (£ (sl = [1(3)] < oo
Moreover, also 5,, — 5 as n — +o00 and in turn
Jim 57 G T = B 1G] = 1G] < +oo.

From the representation formula, Theorem 2.20, we then deduce

. -1 . 1 1

i, sup 525D < tim 1507 n T + 1827 Gn | < +oo.
On the other hand the sequence s,, is bounded and dist(s,,os(T)) < |s, —s| — 0. Lemma 3.8
therefore implies limy,— 400 SUDge[s),] HSZl(s, T)H = 400, which is a contradiction. Thus, the
analytic continuation (f,U) cannot exist.

For the right S-resolvent, we argue analogously.
O
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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 Q4(7")~" instead of the S-resolvents.
In this case Lemma 3.7 would yield an estimate of the form (3.3) 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,+00). Any sequence (\,)nen With A, € H does obviously define a right linear, densely
defined and closed operator on #(N) via T'(a) = (Aan)nen for a = (an)nen. If (An)nen is
unbounded, then T is unbounded. Otherwise ||T'|| = sup,,en | An| = || (An)nen|loo. Indeed,

IT@)lp = o/ > 1Ananl? < [[An)nenllos pf D lanl? = [(An)nenllsollallp
neN neN

such that ||T']| < ||(An)nenlloo and, with ey, = (0m.n)neny Where dy, 5, is the Kronecker delta,

on the other hand
[Aml| = VZ [AndmnllP = IT(em)[| < [T
neN

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

os(T) = | J Ml (3.8)

neN

as one can see easily: any A, is a right eigenvalue since for instance T'(ey,) = e, A, and hence
the relation D in (3.8) holds true by Theorem 2.31, 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
s = infpen dist(s, [\n]) = infpen |51, — An| > 0, where s;, = so + I),51. As

Qu(T)(a) = ((An — s1,,)(An — 5T, )an) g
and in turn
Qu(T)Ma) = ((An — 51,) " (n = 573,) "Han) ey »

we have ||Qs(T)7!|| < 1/62 < +o0 such that s € pg(T). Thus, the relation C in (3.8) also
holds true.

Now choose a sequence (Ay, )nen such that A, 1 — 400 as n — 400 and consider the respective
operator 1" on ¢P(N). For simplicity, consider for instance A, = In with I € S. By the
above considerations, the sequence sy = I(N + 1/N) with N = 2,3,... does then satisfy
dist(sy,o05(T)) = 0 as N — +o0 and

1 1
Q T _1 :Sup — = — =
1Qan () nel [An = snl[An =38  [Av —snl[Av —3N| 24 5

(3.9)

Indeed, if n < N, then some simple computations show that the inequality
1 B 1 1 - - 1
An—snlldn =38 N+ ¥ —-nn+ N+ 2+7:  [Av—sn|[Av —35]

is equivalent to 0 < N2 — n?, which is obviously true. Similarly, in the case n > N, the
inequality
1 B 1 1 < - 1
A= snlAn =38 n—-N-%n+N+% 2+7z [Av—sn|[Av —35]

is equivalent to 4 + 1/N? < n? — N2, which holds true since 2 < N < n.
From (3.9), we see that ||Qs, (T)7!|| < 2 although dist(Sy,cs(T)) — 0. Consequently, the
pseudo-resolvent cannot satisfy an estimate that is analogue to (3.3).
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Also controlling the norm of TQ4(T)~! by the norm of Q4(7)~! in order to improve (3.4) is
not possible: if we consider the operator TQs, (T)~! in the above example, then

1
TQs (1) (a) = - n
Qo (1) (a) <n—N—}V1(n+N+}V)a>nEN
and
T <T@ (T) M) = o s
I7Quy (1)1 £ ITQuy (1) e = 57 = 420

shows that ||TQs, (T)~!|| tends to infinity although ||Q;, (T) | stays bounded.

4. FRACTIONAL POWERS OF AN OPERATOR
In the following we assume that T is a closed quaternionic right linear operator such that
(—00,0] C ps(T) and such that there exists a positive constant M > 0 such that
M
1+ s
Definition 4.1. For a € R and 0 € (0,7) we denote by ¥(0,a) the open sector
¥(0,a) :={secH:arg(s—a) >0}
and by X(0,a) the closed sector

¥(0,a) :={s e H:arg(s—a) > 6}.

1Sz (s, T)| < for s € (—o0,0]. (4.1)

Lemma 4.2. There exist constants ag > 0 and 0y € (0,7) and M, > 0,n € N, such that the
closed sector 3(6p, ag) is contained in ps(T) and such that, for n € N,

IS5 (5. 7)) < Gt for s € S0, a0) (1.2
and u
1S (s, T)|| < W for s € %(6, ag). (4.3)

Proof. By Lemma 2.43, we have
0557 (5, T) = (—1)*k! Sz "V (5, T) for keN, (4.4)

Hence, by Lemma 2.32 and Corollary 2.23, the map s — S;"(s,T) is a left slice hyperholo-
morphic function on pg(T) with values in B(V') for any n € N. From the identity (4.4) we
deduce

—1)n—1 —1)k n—1)!
95SR"(s,T) = §+n_1((nl_)1)!51§1(8,T)=( 1)(55{:_+1)1 ;

When we apply Theorem 2.24 in order to expand S;"(s,T’) into a Taylor series at a real
point a € pg(T'), we therefore get

SR (5, 7).

+00
S"(5,T) = Y 215 — @) 0585 (0, T)
k=0
400 Ok R
=3 %(S _ a)k( 1)(7(176_—&-1)! ! 70+ (0, 1) (5)
k=0
+00
k=0
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28 F. COLOMBO AND J. GANTNER

on any ball B(r,a) contained in pg(T). Since a is real, S;" (o, T) = (S;zl(oz, T))n and thus
1S (a, T)|| < ||S§1(a,T)H”. The ratio test and the estimate (4.1) therefore imply that
this series converges on the ball with radius (1 + |«|)/M centered at « for a € (—o0,0]. In
particular, considering the case n = 1, we deduce from Theorem 3.10 that any such ball is
contained in pg(T"). Otherwise the above series would give a nontrivial slice hyperholomorphic
continuation of S;' (s, T).

Set ap = min {47, 1}. Then the closed ball B(ag,0) is contained in pg(7T) and for any
s € B(agp,0), we have the estimate

. /n+k—-1 —(n
EASEDS (" " )|s|kusR< Mo, 1))

k=0

- i ntk=1\ 1 (s
B k (4M)* (1 [s|)mt*

2n M i (n+k—1>

k

(14 |s))m — 2

4" M
-+ shm

where the last equation follows from the Taylor series expansion (1 —z)~" = > "7 (”H,:_l)zk

for |z] < 1.
Now set ¢ = m — arctan(53;) and consider the sector X(p,0) = {s € H : arg(s) > ¢}. For

any s = so+ Iss1 € X(p,0), we have 0 < 51 < |sg|/(2M) and from the power series expansion
(4.5) of Sp"(s,T') at sg, we obtain

sl <3 ("5 bl e

k=0

(@) R

( M )"i<n+k—1>1_ 2n M
1+ |so k 2k (14 |sg|)"

k=0

IN

Since |s| < |so| + |s1] < (1 + ﬁ)]s(ﬂ, we get

on " 1_|_L n2nMn
I1S7"(5, )] < L < Lt am)
f 1y (1+1s)"
(14 1+ 54) 7 1sl)
Hence, the estimate
7", D < e
T+ shn

with
My, :

1 n
1+—] 4"M"
holds true on the entire set V' = X(p,0) U B(ap,0). Now observe that the sector X (6y, ag)

with )
0y := arctan _ GoSmy
ag(—1 + cos )

is entirely contained in V and we obtain the statement for Si' (s, T).
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Since S;'(s,T) = Si'(s,T) for s € (—00,0], the estimate (4.1) applies also to the left
S-resolvent. Thus we can use analogous arguments to prove (4.3).
O

Definition 4.3. Let I € S and let 3(0y,ap) be the sector obtained from Lemma 4.2. Let
0 € (0o, m) and choose a piecewise smooth path T' in (3(6p, ap) NCy) \ (—o0, 0] that goes from
ooel? to coe™ 0. For a > 0, we define

1

T%:=—
2T T

s~ *ds; Sp' (s, T). (4.6)
Theorem 4.4. For any o« > 0, the operator T—% is bounded and independent of the choice
of I €S, of 0 € (6y,m) and of the concrete path T in C; and therefore well-defined.

Proof. The estimate (4.2) assures that the integral (4.6) exists and defines a bounded right-
linear operator. Since s +— s~ is right slice hyperholomorphic and s +— S}_zl(s7 T) is left slice
hyperholomorphic, the independence of the choice of  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 2.26.

In order to show that T~¢ is independent of the choice of the imaginary unit I € S, consider
an arbitrary imaginary unit J € S with J # I. Let 6y < 05 < 6, < 7 and set Uy :=
H\ £(6s,0) U B(ap/2,0) and U, := H\ X(6,,0) U B(ap/3,0). (The indices s and p are chosen
in order to indicate the variable of integration over the boundary of the respective set in the
following calculation.) Then U, and Uy are slice domains that contain og(7") and 0(Us N Cy)
and (U, N C) are paths that are admissible in Definition 4.3.

Observe that s — s~ is right slice hyperholomorphic on U, and that, by our choices of U,
and Us, we have s € U, for any s € 0(Us N Cy). If we choose r > 0 large enough, then
s € U, N B(r,0) and we obtain from Theorem 2.22 that

p_a dpy Sil(pa S)
r—o00 27 /a(Ume(r,O)ﬂ(CI) f

= 5 piadpJS_l(pa 5)7
21 Jow,nc,) R

where the second equations holds since p~® — 0 uniformly as p — oo in U,. For T~%, we
thus obtain

1
T7%=— s %ds; SHY(s, T
21 Jaw.ncr) r (1)
1 — —
= 2/ / p “dp; Sg'(p,s) | dsrSg'(s,T). (4.7)
(2m)? Jaw.ncy) \Jaw,nc)

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

1 1
T%=— p “dpy / S-Y(p,s)dsy SHt(s, T
21 Jow,nc,) <27T a(UsNC) w r (5 T)

1 _ _
= 5= b adpf SRl(p) T)7
21 Jaw,nc.)
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where the last equation follows as an application of the S-functional calculus and Theo-
rem 2.38 since S (p,00) = lims—00 Sp' (p, 8) = 0. Hence, the operator T~ is also indepen-
dent of the choice of the imaginary unit I € S.

O

If a € 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 2.38.

Corollary 4.5. If a € N, then the operator T~% defined in (4.6) 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 7~ 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 4.8 we however obtain an integral representation that is clearly different from
any integral representation known from the classical complex setting.

Theorem 4.6. Let n € N. For o € (0,n + 1) with o ¢ N, the operator T defined in (4.6)
has the representation

7o = (—1ynt! sin(am) n.‘ — /O o g- (g 7y g, (4.8)

T (n—a)--

Proof. Let ap and 6y be the constants obtained from Corollary 4.2. For a € (0,ap) and

6 € (0y, ), we can choose U = H \ (6, a) and integrate over the boundary d(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(—0,0
’V(t) = _J0 ( ] )
a+te ', t e (0,00)

and hence it is
0
T =— (a—tem)_a(—l)(—ew)sgl(a—tew,T) dt
27 J_ o

1 [t

+ By (a+te_w)_a(—l)e_195’§1(a—|—te_w,T) dt
0

I [t

=5 (a+te'®) 'S (a + te'?, T) dt
0

I [T

~ 5 (a+te 1) e 05 (a4 te™ 1, T) dt.

T Jo

Integrating n times by parts yields

n! 1

(n—a)--(1—a)2r

n! 1

n—a)---(1—-—a)2r

Because of the estimate (4.2), we can apply Lebesgue’s dominated convergence theorem with

dominating function

T =

+o00o
/ (a+ tew)”*o‘emS};(nH)(a +te!® 1) dt
0

+oo
/ (a+ te*m)”*o‘efwslg(nﬂ)(a +te™ 10 1) dt.
0

C(l+t"*) ift<1
t) =
) {Ct‘a_l ift >1,
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where C > 0 is a sufficiently large constant. Taking the limit a — 0, we obtain

! I [*o° —(n
T« :( )” i )2/ tn—aeIO(n—a)eIGSR( “)(te”’,T) dt
n—a)--(l—a)lr

n! 1 Foo n—a —I160(n— — —(n+1 —
_ (n_a)(l_a)%/ t Ote 19( a)e I@SR( + )(te Ie,T)dt

and then, taking the limit 6 — 7, we get

! +oo
== (n — ) - (1—a) 2—;/ tniaelﬂ(nia)szg(nﬂ)(_t’ T)dt
! +oo
+ ( ) n: (1 )21/ tnfozefhr(nfcu)S];(nJrl)(_t7 T) dt
n—a) - (1—a)2r

[ n+1SiH(O[7T) n! /+OO n—ag—(n+1),
=(=1) e S (—t, 1) at,

s

where the last equation follows from the identity —Ie!™("=®) 4 [e=I7("=®) — gin((n — a))7r =
(—=1)""Lsin(ar).
O

Corollary 4.7. For the identity operator I, it is T-“ =1 for a > 0.

Proof. If o € N, this is follows immediately from Corollary 4.5. For « ¢ N, consider n € N
with @ € (0,n + 1). Then, since S5'(s,T) = (s — 1)71Z, it is

—a na1Sin(am n! 400 n—a
%= (-1 Sr )(n—a)--'(l—a)/o (—t—l)antI

_sin(am) n! too gn-a
S e el M

By [36, 3.194], we have

_ (n-a)--(1-a) =
/0 t+1 T =Bn—a+1la)= " Sn(ra)’ (4.10)

where B(x,y) denotes the Beta function, and hence Z=% = 7.

Corollary 4.8. Let « € (0,1). Then

T — _ sin(am)

/ t St (—t,T) dt. (4.11)
0

s

Corollary 4.9. For a € (0,n+ 1), the operators T~ are uniformly bounded by the constant
My, 11 obtained from Lemma 4.2.

Proof. From (4.8), Lemma 4.2 and (4.10), we obtain the estimate

. ' +OO
7o) < Sem) i [T = M
T (n—a)--1-a)fy (1+¢t)ntl

g

Corollary 4.10. Assume that og(T) C {s € H: Re(s) > 0} and that 0y in Lemma 4.2 can
be chosen lower or equal to w/2. For o € (0,1), then

1 oo
T = / T (cos (a ) T + sin (a ) TI) (T% + %)~ dr.
™ Jo 2 2
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Proof. By our assumptions, we can choose n = 0 and § = 7/2 in (4.9). Since ¢!z = I and

e 13 = —1I, we then have
_ I > _re=l. 1 I >~ _ 7=l ~—1
T7%=— % TS (It T) dt — — t™ % 2 TS (—1t, T) dt.
2 0 27 0

Observe that
SR (HtI, T) = —(T £ tIT)(T? + %)~

Thus,
I o0

a—lﬂ

T o (—e_IaT_l”(T FHIT) + ! T (T - tII)> (T2 + t2)~1 at.

Some easy simplifications show

aflﬂ_

e U (D 4 tIT) + T (T — tIT) = —21 [cos (%ﬂ) T + 2sin (%) tI} ,

and in turn
1 o0
T7%=— / e (COS (@) T + sin (ﬂ) tI) (T? + t*)"Lat.
™ 0 2 2
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 o > 0 and let I' be an admissible path as in Definition 4.5. The
operator T~ satisfies

1
T = /Sgl(s,T) dsys™°. (4.12)
QW T

Proof. Computations analogue to those in the proof of Theorem 4.6 show that, for n € N
and o € (0,n + 1) with a ¢ N, one has

1 — —«
27r/F.S'Ll(s,T)alsIs

. ' JFOO
:(—1)"“Sln(om) n’_ i—a) /O S, (< Ty dt.

T (n—a)--

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

)anin(om) n

! oo n—a g—(n+1) -
(-1 _(1_a>/0 (o= (g Ty dt = T,

T (n—a)--
where the last equation follows from Theorem 4.6.

If @ € N, then this follows immediately from the S-functional calculus and Theorem 2.38

because s7¢ is left and right slice hyperholomorphic at infinity.
O

We recall the following lemma from [4, Lemma 3.23].

Lemma 4.12. Let B € B(V). Let G be a bounded azially symmetric s-domain and assume
that f € N(G). Then, for p € G, we have

1 _
o f(s)dsr(3B — Bp)(p* — 2s0p + |s*) ™' = Bf(p).
T Ja(aney)

Theorem 4.13. The family {T~*}a>0 has the semigroup property T—T 8 = T—o=8,
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Proof. Choose 6, and 6, such that max{6y,7/2} < 6, < §; < 7 and a, and a, such that
0 < as < ap, < ap, where ag and 0y are the constants obtained from Lemma 4.2 and a, is

sufficiently small such that By, (0) C X(,a0). Then the sets

G, =M\ (z(ap, 0) U Bap(O)) and G, =H\ (z(es, 0) U Ba5(0)>

satisfy o0g(T) C G, and G, C Gy and for I € S their boundaries (G, N Cy) and (G5 N Cy)
are admissible paths as in Definition 4.3. The subscripts p and s refer again to the respective
variables of integration in the following calculation.

The S-resolvent equation (2.10) and Proposition 4.11 imply

o 1 Ca _ _ _
7o — (%)2/ s dsy sRl(s,T)/ S\ (p,T) dpr p~°
a(GsNC;) 2(GyNCr)
1 . B _ .
(22 /a(G e o /a(G nc )SRI(&T)P(PQ — 2s0p + |s|*) " 'dpr p~°
s I P I
1 . B _ _
-~ (2n)? /a(c ey o /8(6‘ nc )SLl(p’T)p(p2 = 2o+ Jo) " dpr 27"
s I D I
1 . . B B
-~ (2n)? /3((; ey dor /a(G nc )SSRl(SaT)(PQ —2sop + [s[*)"tdpr p~”
s I P I
1 . . L
T 2n)p /6(0 ey dor /a(G nC )SSLl(p’ T = 2s0p +16l")"dpr 57"
s I j2 I

But since the functions p +— p(p? — 2sop + |s|?)"'p~? and p — (p? — 2s0p + |s|>)"p~F are
holomorphic on an open set that contains G/, N1 C; and since they tend uniformly to zeros as
p — o0 in G, Cauchy’s integral theorem implies

1 . B B _
5 / i ds[/ Si' (s, T)p(p* — 2s0p + |s[*) " tdpr p7 =0
(2m)2 Jaa.ncy) 8(GHNCr)
and
1 _ _ _
—2/ s« dsI/ §SR1(S,T)(p2 — 2s0p + |s)?) "Ldp; pP = 0.
(2m)? Jaa.nen) 8(GpNC;)

It follows that
T TP

1 / _ -1 2 2y—1 -8
- s dsy [ S T~ 2sop +[sP) o p
2m)? Jaa.ney) aGynCr) ¢ (4.13)

1
2 / s dSI/ 59, (0. T) (" — 250p + |s|*) " dpr ™"
(2m)* JoG.ncy) B(GpNCr)

+

Quite technical estimates, which can be found in Appendix B, justify the application of
Fubini’s theorem in these integrals such that we can exchange the order of integration and

obtain

1 / s % ds
I
(27T)2 8(GSQ(CI)

: / 5S. (0, T) — S; (0, T)p)(p* — 2s0p + |s|*) Ldpr p7.
8(GpNCr)

T 78 =
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Using Lemma 4.12 with B = S;!(p, T, we finally get
—a e 1 _ —a -
TT P =~ St (. T)dpr p~* p™°
2T Jo(Gynen)
1

== Spt(p. T)dpy p~*~ 7 =T77F.
21 JaGyney)
Lemma 4.14. The semigroup (T~%)>0 is strongly continuous.
Proof. We first consider v € D(T'). For a € (0, 1), we have
SR, Tyv — St (t, T)v = Sp' (¢, T)S (¢, T)(Tv — Tv) ift € R.
Hence, we deduce from Corollary 4.8 that

7oy 70y — _SOT) / 08 (—t, T dt + sin(ar) / oSN (—t, Tyvdt
T 0 T 0
_ _sin(am) / 72821 (t, T)SE(t, I)(Tw — Tv) dt 223 0
Q 0

because sin(amw) — 0 as a — 0 and the integral is uniformly bounded for a € [0,1/2] due
o (4.1). Since Z=* =T by Corollary 4.7, we get T"% — v as o — 0 for any v € D(T).

For arbitrary v € V and € > 0, there exists v, € D(T") with ||[v — v.|| < € because D(T) is
dense in V. Corollary 4.9 therefore implies

lim ||Tv —v|| < lim |Tv — T™ % || + || T~ %ve — ve|| + ||ve — ||
a—0 a—0

< (My+1)ljo — v
< (M +1)e.
Since € > 0 was arbitrary, we deduce that T~%v — v as @ — 0 even for arbitrary v € V.

This is equivalent to the strong continuity of the semigroup (7%)q>0.
O

Proposition 4.15. The operator T~ is injective for any a > 0.
Proof. For ac > 0 choose 8 > 0 with n = a4+ 3 € N. Then T-°T~% = T~" and in turn

T"T—BT—® = T, which implies the injectivity of 7.
O

The previous proposition allows us to define powers of T" also for a > 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 o, 3 € R. Then the operators T*T? and T*# agree on D(T") with
v = max{a, 8, + f}.
Proof. If o, 8 > 0 and v € D(T®P) then, since T~ (@8 = 78T~ by Theorem 4.13, we
have
ToTPy =TT (TP~ T Py = (TTPT—PT )T Py = T Hy,
The other cases follow in a similar way.
O

With these definitions it is possible to establish a theory of interpolation spaces for strongly
continuous quaternionic semigroups analogue to the one for complex operator semigroups.
Since the proofs follow the lines of this classical case, we only state the main result and refer
to [26, Chapter II] for an overview on the theory.
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Definition 4.18. Let (U(t))¢>0 be a strongly continuous semigroup with growth bound wy < 0.
For each o € (0,1] we define the Favard space

F, = {vEV:sup i(Z/l(lt)v—v) <oo}
>0 || ¢

with the norm

1
[v]lF, = sup || (U(H)v —v)
t>0 ||t
The subspace
1
Xq = ||v||F, :=sup —a(U(t)v — )
>0 ||t

of Fy, is called the abstract Hélder space of order .

Proposition 4.19. Let A be the generator of a strongly continuous semigroup (U(t))i>o with
growth bound wy < 0 and let o, 5 € (0,1) such that « > 3. Then

Xo = D((=A)"7) = X3,
where — denotes a continuous embedding.

We point out that in contrast to the classical case discussed in [26] the interpolation 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 function z — 27 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 setting 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(A4) but in
ps(—A) since Re(s) < wp < 0 for all s € og(T).

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

Kato showed in [44] that certain fractional powers of generators of analytic semigroups are
again generators of analytic semigroups. Analogue results can be shown for quaternionic lin-
ear 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
we (0,7) if

(i) the open sector ¥(w,0) is contained in the S-resolvent set of T and ||sSg'(s,T)| s
uniformly bounded on any smaller sector ¥(0,0) with 6 € (w, ) and
(ii) M is the uniform bound of |[tSg'(—t,T)|| on the negative real azis, that is

[tSEH(t, T)| < M,  fort € (—0,0). (5.1)

Note that this definition is different from the notion of sectorial operators used in [26]. More-
over, note that if (5.1) holds true then, as in Lemma 4.2, the power series expansion of the
right S-resolvent implies the existence of a sector ¥(fy,0) and a constant M; > 0 such that

1S (s, T)|| < M/|s| for s e X(6,0).

Hence, (5.1) is sufficient for 7' to be an operator of type (M,w) for some w € (0,7). In
particular any operator that satisfies (4.1) is of type (M,w) with w < 6y, cf. Lemma 4.2.
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Proposition 5.2. Let T be of type (M,w) with M > 0 and w € (0,7). Let 0 < a < 1 and
let m > ¢o > max(am,w). The parameter integral

. +o0
pa(p,T)zsm(M) /0 £ (p% — 2pt® cos(am) + £2) LS (—¢, T) dt. (5.2)

s

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

Proof. For any compact subset K of 3(¢g,0), we have min,cx arg(p) > am and thus there
exists some dg > 0 such that

‘pQ — 2pt® cos(am) + tQO“ =|p— to‘ell’m‘ Ip— to‘e_lpa”| > 0k (5.3)
for p € K and t > 0. For the same reason, we can find a constant Cg > 0 such that
1 1

2 « 2a]~1 20
su — 2pt% cos(am) + t t““ = su <C
te[O,Foo) ‘p P ( ) ‘ telo, poo) ’t% - €]Pa7r‘ ‘t% — e—Ipom‘ K
peEK peEK
and hence
‘pQ — 2pt® cos(am) + tza‘_l < Ckt™2* te[l,00), pe K. (5.4)

Now consider p € ¥(¢p,0) and let K be a compact neighborhood of p. The integral in (5.2)
converges absolutely and hence defines a bounded operator: because of (5.1) and the above
estimates, we have for s € K, and thus in particular for p itself, that

i +o0 M
’|Fa(37T)|| §SIH(C¥7T)/ ta}82—2StOCCOS(Oé7T)+t2a‘ ITdt
n 0
M) [0 g MO [ g
(5K7r 0 e 1

Using (5.3) and (5.4), one can derive analogous estimates for the partial derivatives of the
integrand p +— t%(p? — 2st® cos(ar) + t2*) "1 (¢, T) with respect to pp and p;.

Since these estimates are uniform on the neighborhood K of p, we can exchange differentiation
and integration in order to compute the partial derivatives aipOFa(p,T ) and a%lFa (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 < o < 1 and w € (0,7) and assume
that 0 € ps(T). Moreover, let ¢g and Fo(p,T) be defined as in Proposition 5.2. If T is a
piecewise smooth path that goes from ooe!® to coe™ in (2(pg,0) N Cy) \ (=00, 0] for some
I €S and some 6 € (¢o, ], then

Fo(p,T) = 1/Fs;<p,sa)dsfs,;1(s,T). (5.5)

2

Proof. First of all observe that the function s +— SEI (p, s*) is the composition of the intrinsic
function s — s defined on H \ (—o0, 0] and the right slice hyperholomorphic function s —
Sp'(p, s) defined on H\ [p]. This composition is in particular well defined on all of H\ (-0, 0],
because s maps H \ (—o0,0] to the set {s € H : arg(s) < an}, which is contained in the
domain of definition of Sjgl (p, s*) because arg(p) > ¢o > am by assumption. By Corollary 2.2,
the function s — Sﬁl(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 (5.5) converges absolutely. It thus follows from Theorem 2.26 that the value of the
integral in (5.5) is the same for any choice of I' in (X(¢0,0) N Cy) \ (—o0,0] and any choice
of 0. Let us denote the value of this integral by J,(p,T).
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Since 0 € pg(T), the open ball B(e,0) is contained in pg(T) if € > 0 is small enough. For
0 € (¢o,m), we set U(e,0) =H\ (X(0,0) U B(e,0)). Then

1
Jalp, T) = / Spt(p,s%) dsy Sg*(s, T).
21 Jow (e,0)nC))

We assumed that 0 € pgs(T), and hence the right S-resolvent is bounded near 0, which allows
us to take the limit ¢ — 0. We obtain

1
Ja(p, T) =/ Spt(p,s¥) dsy SR (s, T)
21 J-a(s(0,0)nC1)
1 +oo
== Spt ( ,t%’a9> el?(—1)S3! (te“’,T) dt
0
1 oo S—l a,_—ITab —16 -1 10
+7 n p,t% e N(=1)Sy (te’”,T) dt
m™Jo
1 oo _
=5 ; (p2 — 2t% cos(af) + tzo‘) ! (p — tae_lae) (31‘9(—1)5’}51 (tew,T) dt
1 oo _
+ o (p2 — 2t% cos(af) + t2o‘) ' <p - taelag) e*w(—j')SE1 <t€719,T) dt.
0

Again an estimate analogue to the one in the proof of Proposition 5.2 allows us to take the
limit as 6 tends to m and we obtain

+o0
Jalp, T) = — % (p* — 2t* cos(ar) + tza)_l (p — te~1om) ™ (—1)SR! (te!™, T) dt
0
1 e 2 o} 20\ —1 o Tam\ —Im -1 I
top | 072 cos(am) +#7) T (p — 176 TT) e (=D)S - (te T dt
_sin(am)

+oo
- /0 t(p* — 2pt cos(am) + t**) 1SR (—t,T) dt = Fo(p, T).

O

Lemma 5.4. Let T be of type (M,w) with M >0 and w € (0,7). Let 0 < o < 1 and let ¢y
and Fy(p,T) be defined as in Proposition 5.2. We have

Fa(/ﬁ, T) - Fa()\v T) = ()‘ - M)Fa(,ua T)Fa()‘v T) fOT’ )‘7 JURS (—OO, 0] (56)
Proof. Assume first that 0 € ps(T). Any real A commutes with Sp'(—¢,T) and thus we have

sin(a)

F,(\,T) =

™

+oo
/ S’L_l(—t, T)(A% — 2Xt% cos(am) + t2%) Lt dt
0

because Sgl(—t, T)=(—tZ—-T)"t = S;'(~t,T) as t is also real. Computations analogue to
those in the proof of Lemma 5.3 show that Fi,(\,T") can thus be represented as

1
F,(\T) = 27T/Fs;l(s,T) ds; S (N, 5%), (5.7)

where T' is any path as in Lemma 5.3.
Now let € > 0 such that B(e,0) C pg(T'), choose I € S and set

Us :=H\ X(6,,0) U B(es,0) and U, :=H)\ X(6,,0) U B(ep,0)

with 0 < 5 < g, < e and ¢9 < 0, < 0s < m. Then U, C Us and I's = d(Us N Cy) and
I'y = 0(Up N Cy) are paths as in Lemma 5.3. Moreover, since T' is of type (M,w) with
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0 € ps(T), we can finde a constant C such that [|Sy'(s,T)| < C/(1 + |s|) for s € (—00,0].
By Lemma 4.2 we may choose ¢, €5, 0, and 05 such that

M,y

SHl(s, )| <
”R(37 )H_l—l—\s|

,s€Ts and |S;'(p,T)

,peT, (5.8)
for some constant M; > 0. Lemma 5.3 and (5.7) then imply
1 . ~ _ RPN
Fo(pu, T)Fo (N, T) = (27r)2/ g Spt(u,s*)dsy Spt (s, T)S; (0, T) dpr S; M (A, p®).
sJlp

Applying the S-resolvent equation (2.10) yields

Fop, T)Fa(X,T)

:<271r>2 / : /F Sp (s 5%) dsr S (s, T)p(v* — 2s0p + [s2) ™ dpr ST (A )
- (271T)2 / . /r Sp* (1, s%) dsr Sp (0, T)p(p® — 2s0p + [s%) ™" dpr S (A, p%)
_ (271r)2 /s /rp Sty 5%) dsy 585 (5, T) (> — 2s0p + |s2) " dpr ST (N, p®)
+ (271r)2 / /rp Sz_zl(l% s) dSI§SL_1(P,T)(p2 — 2sop + |s*) "L dpr SN, p%).

The functions p — (p? —2sop+[s[2) LS. (A, p®) and p = p(p® —2s0p +|s|2) 1S 1 (A, p?) are
holomorphic on U, N C; and tend uniformly to zero as p tends to infinity in U,. 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

1 1 U
Fa(M’T)Fa()\’T):Qﬂ/F [%/F Spt(u, s%) dsy

- (3S. (0, T) = S, T)p) (0% — 2s0p + |s|2) 71 [ dpr S;H (N p¥). (5.9)

We want to apply Lemma 4.12 and thus define the set Uy, := Us; N B(r,0) for r > 0, which
is a bounded axially symmetric slice domain. Its boundary 9(Us, N Cr) in Cr consists of
[, := s N B(r,0) and the set C, := {rel¥ : -0, < ¢ < 6;}. If p € T, then p € Uk,
for sufficiently large r because U, C U,. Since the function s — Sp' (i, s%) = (u — s*)7!is
intrinsic because p is real, we can therefore apply Lemma 4.12 and obtain for any such r

S:Hp, T)Sg" (1, p™)

1 B N o - )
“or SRl(M,S ) dsy (SSLl(p, T) — SLl(p,T)p) (p2 — 2s0p + |S|2) 1
T Jo(Us,»NCy)
1 _ o o B )
:%A SRl(:U’vS )dSI (SSLl(p7T) _SLl(p,T)p) (p2 —250p_|_ |S|2) 1

1 . - . )
+27r/0 Sg'(u,s%)dsy (87 (p, T) = SpH(p. T)p) (0 — 2s0p + |s[*) .
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As r tends to infinity the integral over C) vanishes and hence
St (p, T)Sg' (1. p%)

. 1 _ o o _ _
= lim — [ Sg'(p,s")ds; (3S;'(p,T) = S;' (0, T)p) (p° — 2s0p + |s|*) ™
r—+oo 27 Tsr

1 . o - -
~a [ M) ds (57 (0. T) = S (0. T) (07 = 250p + ).

Applying this identity in (5.9), we obtain
1 _ - ay o— o
Fuli TIENT) = 5 [ 8707 dpr S5 ™) S 00

p

™

because Sgl(,u, p®) and dp; commute as p is real. Since also A is real, we have
1 1
S*l ’ (e} S*l )\7 oy
R PSP =T s

1 1 1 e
:/\_M<M_pa_)\_pa):()‘_ﬂ) 1(SL1(M7p>_SL1()‘7p ))
and thus, recalling (5.7), we obtain

Fou, T)Fo (A, T)

- 1 - - (e} 1 — - (e}
=(A—pw 1<2 /SL1<p,T)dpzsL1<u,p)— /SL1<p,T>deSL1<A,p ))
s r, 2w r,

:()‘ - M)_l (Fa(F% T) - ]:a()" T)) .

If 0 ¢ ps(T), then we consider the operator T'+ €Z for small ¢ > 0. This operator satisfies
0 € ps(T +eZ) = ps(T) + € and hence (5.6) applies. Moreover, for real ¢, we have

SRt (—t, T +eT) = Sp*(—(t +¢),T).
The estimate

M M
SN =t, T+el)|| < — < —
IS7! (T +eD)l < 77— < -
therefore allows us to apply Lebesgue’s dominated convergence theorem to see that

sin(ar)

—+00
Fo(p, T +€I) = / t*(p* — 2pt® cos(am) + t**) " SR (—t, T + eT) dt
0

T
e—0 sin(am)
=

T

/+OO t(p? — 2pt® cos(am) + t**) 1SR (—t, T) dt = Fu(p, T).
Consequently, we have ’

Fo(u, T) — Fo(\,T) = ig% Fo(u, T+ €eZ) — Fo(\, T +€7)
= ii_rg%()\ — W) Fo(p, T+ eL)Fo(\T +€Z) = (A — p)Fo(u, T)Fy (N, T)

for \, p € (—o0, 0] also in this case.
O

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

Sz'(p.Ba) = Fu(p,T)  for p€ X(¢,0),

where Fy(p,T) is the operator-valued function defined by the integral (5.5). Moreover, By, is
of type (M, aw).
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Proof. From identity (5.6) it follows immediately that F,(u,T) and F,(A,T) commute and
have the same kernel. Rewriting this equation in the form

Foz(:U’aT> :Fa(A7T) (I+()‘_M)FQ(M7T)) (510)

shows that ran (F,(u,T)) C ran(F4(\,T)) and exchanging the roles of p and A yields
ran (Fo(pu,T)) = ran (Fo (A, T)). Hence, ran (F,(p,T)) does not depend on p and so we
denote it by ran (F,(-,T)).

We show now that

lim pFo(p,T)v=v forallvelV, (5.11)
Ropu——o00

where limps,— oo Fo (@, T)v denotes the limit as p tends to —oo in R. From (5.11), we
easily deduce that ran (F,(-,T)) is dense in V because

V= U ran (Fy (1, T)) = ran (F(-,T)).
HE(—00,0]

We consider first v € D(T'). Since

+o00 ta_l i
dt == n(am) rns0 5.12
/0 p? — 2ut® cos(am) + 2« psin(am) or p <0, (5.12)
it is
sin(arm) [T — et »
MFa(Mv T)U — UV = — T /0 ,U2 — 2ute COS(O(?T) T 20 (tSR (—t’ T)U + ’U) dt.

For —pu > 1 and t € (0,00), we can estimate

_'utoéfl _utafl _Iutafl po—1

= <
p? = 2ut® cos(am) + t2@  p2sin(am)? 4+ (pcos(amw) —t*)? — p?sin(am)? —

sin(am)?

and due to (5.1) we have [|tSi'(—t,T)v +v|| < (M + 1)[[v|. On the other hand, since
v e D(T), it is
tSp'(—t,T)v +v = —Sg' (—t,T)Tv (5.13)

and in turn, again due to (5.1), we can also estimate ||tSy'(—t,T)v +v|| < || Tv| /¢ such that
we can apply Lebesgue’s dominated convergence theorem with dominating function

K
, 2t°‘_1, for t € (0,1)
sin(a)
f(t) = K . )
——t7Y 1
sin(om)Qt , forte[l,400)

with K > 0 large enough, in order to exchange the integral with the limit for g — —oo in R.
In view of (5.13), we obtain

lim  pFo(p, T)v — v

Rop——o00
: +oo a—1
t
_ _sin(am) / lim " 5= Sp!(—t, T)Twdt = 0.
T 0 Rau——oo u? — 2ut® cos(am) + t2

For arbitrary v € V and ¢ > 0 consider a vector v. € D(T) with ||[v — v.|| < . Because of
(5.1) and (5.12), we have the uniform estimate

_ : “+oo o
s ) < AT [ ! Mup—m (519
T o M2 —2ut*cos(am) + t2 ¢
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Therefore
polmluFa(p, T —vl < | dim AflpFo(p, Tl = vell + [| Fa (i, T)ve — vel| + [ve — v
Spu—+—00 Rop——o0
< (M 4+ 1)e.

Since € > 0 was arbitrary, we deduce that (5.11) also holds true for arbitrary v € V.
Overall, we obtain that ran (F,(-,T)) is dense in V. The identity (5.11) moreover also implies
ker(Fo(-,T)) = {0} because v = limps,——oo Fo(p, T)v = 0 for v € ker(Fo(-,T)).

We consider now an arbitrary point pug € (—o00,0). By the above arguments, the mapping
Fo(po,T) : V. — ran(Fu(-,T)) is invertible. Hence, we can define the operator B, :=
w0 — Fo(po, T)~! that maps D(B,) = ran (F,(uo,T)) to V. Apparently, B, has dense
domain and Sy' (1o, Ba) = Fa(po, Ba). For p € (=00, 0], we can apply (5.10) and (5.6) to
obtain

(WL — Ba)Folp, T) = (1t — p10)Z + (110Z — Ba)) Fu(p0, T)(T + (o — p) Fa (1, T))
=1+ (H - NO) (Fa(MOaT) + (MO - N)Fa(NUaT)Fa(MvT) - Foé(l'L’T)) =1

A similar calculation shows that Fy,(u, T)(uZ — Ba)v = v for allv € D(B,). We conclude that
Sﬁl(u, B,) = Fo(p,T) for any p € (—00,0). Since p — F(p,T) and p — S}_zl(p, B,) are left
slice hyperholomorphic and agree on (—o0,0), Theorem 2.19 implies Sél(p, B,) = F.(p,T)
for any p € 3(0, ¢p).

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 C;. 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 ¥(aw,0) N C;. Since this sector
is symmetric with respect to the real axis, we can apply Corollary 2.21 and obtain a left slice
hyperholomorphic continuation of Sgl(p, B,) to the sector ¥(aw,0). By Theorem 3.10, this
implies in particular that ¥(aw,0) C pg(T).

The above considerations showed that we can represent Sﬁl(p, B,) for p € ¥(w,0)NCy using
Kato’s formula (5.2). Rewriting this formula as a path integral over the path vo(t) = te!™ t €
[0, 4+00), we obtain

_1 sin(ar) 2~ Ima _1
SR (p,Ba) N T /YO (zae*IZQﬂip)(zaip)SR (Z?T) dz,

where z denotes a complex variable in C; and z — 2z is a branch of a complex a-th power
of z that is holomorphic on Cy \ [0,00). To be more precise, let us choose (rel 9>a = raelta
with 6 € (0,27). (This is however not the restriction of the quaternionic function s +— s®
defined in (2.16) to the plane Cy, cf. Remark 2.44!)

Observe that for fixed p the integrand is holomorphic on Dy := X(w,0) N C;. Hence, by
applying Cauchy’s Integral Theorem, we can exchange the path of integration g by a suitable

path 7, (t) = te! (™% 't € [0, 00) and obtain

/ e S-4(2T) d (5.15)
e (e =)z —p) PR |

sin(ar)

Sél(p, Ba) - =

s

On the other hand, for any k € (—w,w), such integral defines a holomorphic function on the
sector Dy, := {p € C; : a(r — k) < argp < 2m — a7 + k)}, where the convergence of the
integral is guaranteed because the operator 7' is of type (M,w). The above argument showed
that this function coincides with Sgl(p, B,) on the common domain Dy N D,, and hence
D S}_zl(p, B,) has a holomorphic continuation Fj to

D= U Dy ={p € C;:alr—k) <arge,(p) <27 —a(r — K)}.
KE(—w,w)
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This set is symmetric with respect to the real axis and, as mentioned above, we deduce
from Corollary 2.21 that there exists a left slice hyperholomorphic continuation F' of Fy to
the axially symmetric hull [D] = X(aw,0) of D. Consequently, ¥(aw,0) C ps(Ba) and F
coincides with Si' (-, By) on S(aw, 0).

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

D.s={peCr:0+a(r—kr) <argp<2r—a(r+k)—0}
with £ € (~w,w) and small 6 > 0. For p € D, s with ¢ = arge,(p) € (0,27), we may
represent pSlgl(p, B,) by means of (5.15) and estimate

+00 ,',,a
S—l I(ﬂ'*f{) T d
/0 |(Taefl(7r+n)a _ p) (Tozel(rrfn)a _ p)| H R (Te ’ )H T

|p| sin(a)

IpSE" (P, Ba)| < -

_ Iplsin{am) / o r
oo o |(re = [plel@HmERQ) (ra — |plel(G=(r=r)a))]

The operator T is of type (w, M) and hence exists a constant M, > 0 such that HSél (re!™=5) 7| <
M /r. Substituting 7 = r®/|p| yields

. Too
PS5 (0. Ba)ll < sm:m) /0 (r — ef(¢+(ﬂ+f€)a)]\)4(i = TG I
This integral is uniformly bounded for
pe(0+alr—kr),2r —a(mr+ k) —0)
such that there exists a constant that depends only on x and § such that
IpS(p, Ba)|| < C(k,d) for p € D,p.

Now consider a sector %(6,0) with 6 € (wa, 7). Then there exist (k;,0;),7 = 1,...,n such
that X(0,0) N C; C U;_; Ds, s, and hence

-1 . .S
IPSk (P, Ba)|| < € := max C(si,0;) for p € 5(6,0)NCy.

1SR (re! =) )| dr.

For arbitrary p = po + Ipp1 € £(6,0) N Cy, set pr = po + Ip1. Then the Representation
Formula, Theorem 2.20, implies

_ 1 _ 1 1
IpS5! (0. Tl < 101~ BDprSE (or, Ba)ll + 30+ LIPTSR! (77, Ba)| < 20

Finally, the estimate ||tS;'(—t, Ba)|| < M/t follows immediately from (5.14).

Definition 5.6. Let T € K(V) be of type (w, M). For o € (0,1) we define T := B,.
Corollary 5.7. Definition 5.6 is consistent with Definition 4.16.

Proof. Let T € K(V), let a € (0,1) and let T be the operator obtained from Definition 5.6.
If |Sg*(s,T)|| < K/(1 + |s]) for s € (—00,0], 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 T*. We obtain

sin(ar

+0o0
(T*)™ = =S3'(0,T%) = ) /O oS (—t,T), dt = T~°

™

where the last equality follows from Corollary 4.8.
O

As an immediate consequence of [35, Theorem 5.6] and Theorem 5.5, we obtain the following
Corollary.
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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 (4.7)
We want to show that we can apply Fubini’s theorem to exchange the order of integration in
(4.7), i.e. in

o 1 Y B -
te (2m)? /a(U ncy) </<9(U nc )p s S (0 S)> ds1 55'(5,T): (A1)
st plCg

In order to show that the integrand is absolutely integrable, we consider the parameterizations
I's and I'), of 9(Us N Cy) and 9(U, N Cy) that are given by

THr) i=re %l 1€ lag/2,+00)
205
D(r) = S T(r) = %oe’ﬁl’” r € (—ao/2,a0/2)

I (r) :=rell, r € (—o0, —ap/2]
and
Lr(t) == te= 07 t € [ap/3,+00)
30
Tp(t) = §TO(t) := e 0"t € (—ao/3,a0/3) -
L, (t) = tefr’, t € (—o0, —ag/3]
Then
1 —« -1 —1
(2ﬂ)2/ /1“ [P~ dps Sg' (p,s)dsr Sg' (s, T)|
= > / / P~ dps Si' (p,s)ds1 Sg'(s,T)|| (A.2)
Tve{—,0,+} g JIg

and it is sufficient to estimate each of the terms in the sum separately. Applying Theorem 2.8
allows us to estimate

1 1 1 1 2
S p, )| < =1 = IJ|——— + 2|1 + [J|— < ,
| R( )| 2’ | ’ "pI_S’ |p1—81|

A3
pr—sl 2 (A-3)

where pr = po + Ip; for p = polppi. Hence, for 7,v € {+, -}, by applying (4.2), we have

S s S5 09 s S 0.7
s P

400 p+oo 2 M oo oo e 2M
:/ / o - dtdr:/ / L dt dr
o Jao |tefrl —refsl| 147 s Jaoo |t — el | 147

67

_ /+oo /+oo (%)_ ” 1 2M, o /+oo /+oo e ” i 2M, 0
ag ag ‘E _ e(es—ep)f‘ T1+Ol 1 +7r ag ag ‘N _ e(es—ep)f‘ rel ¥r .
2 3 r 2 3r
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can be estimated from below by the absolute value of its real

44
(0s—0p)T

The modulus of u
part or by the absolute value of its imaginary part, and therefore

//Hp_“dpJS;gl(p,S)dSIS;gl(S,T)H
w 1 2M too 2 - 1 2M
1dr+/ / _”7@— L dr
@  Ju sin(6, —0s) " rel+r

+oo
< du
_/a / —6089—0) Hoa1 s
o1 2M

Lar

2 u—cos(@s—Qp) @ rel4r
=:C1<+00 :202‘2_’_00
+oo 1 9l-a l—a 1 1 oM
+ / . < ___ % : > 1 2M
s sin(@p —0,) \1—a (1—a)3l-arl=a jral tr
2M1 21701 +oo rQ
=Gy + — / dr
12 sin(fp —0s) 1 —a Joo 147
2M 1—a oo 1
; ! %o / ———dudr
sin(f, — 65) (1 — a)31—2 @ r(l+r)
where each of these integrals is finite
For 7 =0 and v = +, we can again use (A.3) to estimate
/ / pra dpy Sgl(p, s)dsy S}_%l(s, T) H
ro Jry
M
601 dtdr

+00 26
_ ag —=spJ
alg 1 t J0p7 v ag
/0/ R ( © 1+ %
2
ag 400
2 2 0, M
g/ / e T o dt dr
_70 TO telep — %67037'1 + 2
WM, [2 [T o
1@ [ oy [ =, )I dt dr
2 /-5 7F ‘t “°e< ag 7P

Since 0 < 65 < 6, < m, the distance § of the set
205 .
{aoe< ao " ep)l t—ap/2<r< ao/Z}

to the positive real axis is greater than zero, and hence

/Fo /p P~ dps S5 (p, s) dst Sz (5. 7))

%)Ml/ /aot_dtd 2(’Ml/ /%o dtdr
1+a0 a9

S
20.a0 M too y-a
sQ0 1/ o,
a

20sa0 M ao
L iiea § / O dt+ = -
1) (1 + 7) ETU 1 + o t— 35

where again these integrals are finite. A similar computation can be done for the case 7 =0

0
and v = —.
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For 7 = + and v = 0, we apply once more (A.3) and obtain

//HpadpJS§1(p,s)dsIS}_zl(s,T)H
r¥Jry

5

+o0 2 ap\ —
< — 0
- /% /_ao ( 3 ) P

—30p M
S}gl <C;0€ ag Jt,re_051> ﬁdtdr
3
—a oo 20 1 1
<2 (%) ale/ /3 dt dr
3 o J_ao |, e ol 1T
2 3 ge an — reYs
ag\ oo 1 1
=2 (%) "o, / - dt dr.
3 ag [ _ag a0 (—pt—05>1 1+r
2 3 |r— el

Estimating the modulus of the denominator from below with the modulus of its real part, we
obtain

/ / P~ dps Si*(p,s)ds; Sz' (s, T)||
rfJry

—a +oo 20 1 1
<2 (%) ele/a /3 = o dedr
2 - ‘r—@cos<a—0”t—95)) "

3

—a +oo 20 1 1
<2 (%) ele/ S~ dtdr
m 7(1
2

gr—%’l—l—r
3

dag [ag\ —« oo 1 1
E (3) ele/aQO 7«—%01+rdr’

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 (A.1) 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 (4.13)

We want to show that we can apply Fubini’s theorem to

T 717"

1 / —a / —1 2 2\—-1 -8
=— s~ % dsy ST (p, T)p(p* — 2s0p + |s|*) “dpr p
(2m)2 Ja.nen) aG,ncn - (B.1)

1 _ o _ _

+2/ s O‘dsf/ 55 (p, T)(p* — 2s0p + |s|*) *dpr p 8,

(2m)? Joa,neh) A(GyNCy)

For 7 € {s,p} we therefore decompose (G, NCy) =T, _U I'r,oU I'; ;. with
| {—7’6107,7“ € (—oo, —aT]}
o= {aTe_M,H € (—97797)}

It = {re‘wT,r € [aT,—i—oo)}
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such that

T 17"

1 a _ _ _
= D _(27r)2/ s~ dsr | SN (p, T)p(p* — 2s0p + |s]*) " dpr p~’

u,ve{+,0,—} Iy r3 (B2)
1 . o B _

+ Z (277)2/ s dS[/ 557 (p, T)(p* — 2s0p + |s|?) "Ldpr p~°.

u,ve{+,0,—} s Ty

Since p and s commute, we have (p? —2sop+ [s|*) ™t = (p— s) "1 (p—3)~! and thus for u = +
and v = +

/ s« dsI/ SL_I(p, T)p(p2 — 2sop + \s|2)’1dp1 ph
rs ry

400 +o00
= [ ettty [ s e ),
as a

P

-1 -1

Using the estimate ||S; (s, T)|| < M1/(1 + |s|) obtained from Lemma 4.2 and setting C' =
SUPyeo, 400y M1t/ (1+1) < +oo, we find that the integral of the norm of the integrand is lower

or equal to
e t=P dt dr
as ap 14+t ’t — rel(6p—0s) |t — rel(0p+0s)

00 p—(atp) ptoo 1 1 P
< - v
—C/as 2 /aP [ = el =0 [ = ¢I0,+05) <T) dtdr

T

SC/Jroo T_(DHFB)/JFOO 119 0 119 9 7 dg dr (B.3)
as T 0 ‘g—e(Pfs) }é‘—e(p+s)

C +oo 1 1
- -B
S(a+ﬁ)a?+5/o € = I [ — droc %

We set 1o = maxcos(6), & 65) and p1 = min|sin(6, F 6,)| and observe that p; > 0 since we
chose /2 < 0, < §; < . Estimating |f — e!OE05)| from below by the modulus of its real
and imaginary part, we finally obtain that the above integral is bounded by

C 2 3 C 400 g—ﬂ
S d
(a+ B)aS™ /0 SUAA (a+ B)ast? /2 (&€ — o)

because 0 < 5 < 1.
The second integral in (B.2) with u = + and v = + is

5 d§ < 00

/+ s *dsy /+ ESZl(p, T)(p2 — 2sop + ]3\2)*1 dprp~"
I r

p

+oo +o0
:/ T—aela956—105<_1)/ remSSZl(temp,T)-
as ap
-1 -1
: (te_wp - T6_105> (te_wp - rews) e 10 (—1)t=PelP% qdt dr.

Using again the estimate ||S; (s, T)|| < M1/(1 + |s|) obtained from Lemma 4.2 and setting
C' = supse(o,400) M1t/ (1+1) < +00, We can estimate the integral of the norm of the integrand
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+oo  p+oo 1 1 ﬁ
/ / 1+t‘te—l =0s) — | ‘te_[9+9)—7" dt-dr

+oo Myt ¢~ (@th) - 1 1
< 2 / (*> F TG, [T — o—I@, ey 4t
a 1+t T a t }— e 1(tp—0s ‘f — e~ 1(0p+0s

+o0o y—(a+p) ptoo
ap t 0 ‘{ — e Op=

An integral of this form appeared in (B.3) and we have already seen that it is finite. Similar
estimates also hold for all terms in (B.2) with u,v € {+, —}.
For v = + and v = 0, we have

/F+ s~ %dsy /FO S, T)p(p* — 2s0p + |s[*) " tdprp™”
s P

oo 19 19 10
_ —a o -
—/ r~%e / S (ape "7, T)ape™ "7
Qs

-1
. <ape_w — re 10 > <ap -0 _ 7‘6103) ape_m(fl)2a;56m9 do dr

and, again using the estimate ||S; (s, T)|| < My /(1 + |s|) obtained from Lemma 4.2, we find
that the integral of the absolut value of the integrand is lower or equal to

dé dt.

‘g I(6p+05)

oo % Myay " 1 1
/ r—a/ 17p T gy dodr.
as 0, 1+a, ‘r—ape s » s
Since m/2 < 6, < §, < m, the distance § between the set
{ape—l((?—&-@s)’ 0 € [0y, ep]} U {ape—l(é)—es)’ 0 € [—bp, ep]} (B.4)

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

by
/asmp o /ep M1 d9+/+oo r” /ep Mgy < oo
as Op 1+ ap o2 as+2ap (’l“ - ap)2 —0p 1+ ap

For the second integral in (B.2) with u = + and v = 0, we have

/F+ s “dsy /FO ESL_l(p,T)(p2 — 280p + |S|2)71 dplpfﬁ

P

e Iafs ,—10 KT 16
:/ r%e e S<_I)/9 re'’* S (ape™ ", T)-
as —

P

-1 -1
. <ape_w — T6_103> <ape_w — 7‘6105) ape_w(fl)2a;56m9 do dr

Using the estimate ||S; (s, T)|| < My /(1 + |s|) obtained from Lemma 4.2, we can estimate
the integral of the absolute value of the integrand by

/+oo L /9p azl)—ﬂMl 1 1 o
r T
as —g, 1+ap ‘a e—1(0-0s) _ r| {ape—f(9+95) _ 7"

as+2ap Op ﬁM +o0 l-« Op ﬁM
s/ rla/ i @ ML g4 +/ d 2/ % L df dr < 4o,
as —0p 1+ ap 0 as+2ap (T - ap) —0p L+ ap
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where § > 0 is again the distance between the set in (B.4) and the positive real axis. Similar
estimates hold true if v = — and v = 0.
If u =0 and v = +, then

/O s~ dsy /+ ST (p, T)p(p* — 2s0p + |s*) " dpr p~*
I ry

0 +oo
:/ as—aelaease—lﬁ(_l)Q/ S;l(te_lep,T)te_Ies‘
—0s a

P
-1 -1
. (te*w?’ — a36719> (te*w” — asew> 67195(—1)15756[’89” dt do.

Once more the estimate ||S; (s, T)|| < M1/(1 + |s|) obtained from Lemma 4.2 allows us to
estimate the integral of the absolute value of the integrand by

/95 Lo [T Myt 1 1

+=P dt do

—6, as 0y LA t[t—asel @0 [t — a,elOt0)]

95 -‘rOO t—ﬂ
SC/ ai_o‘/ ———— dtdf < +o0,
—0s ap (t - a’s)

where again C' = supycjo 100) M1t/(1 +t) < +00 and the second inequality follows because
as < ap. For the second integral in (B.2) with u = 0 and v = +, we similarly have

/ 5 dsy / 5571 (p. T) (% — 250p + |s2) " Ldpy p°
ro ry

0s +o00
:/ aso‘elaeasem(—f)2/ asemsSL_l(te*wP,T)‘
- a

Os
-1 -1
. (te_wp - ase_w) (te_wp - asew) e~ 10 (—D)t=PelP% dt ap.

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

/ /+OO L ! t B dtdo
1+t ‘t — azel(0p—0 | |t — asef(epw)‘
oo 4= (1+5)
<C/ / T ——— dtdf < +o0,
_ as

where the last 1nequahty follows again because as < a,. Similar estimates hold for the case
u=0and v=—.

Finally, the integrals in (B.2) with u = 0 and v = 0 are absolutely convergent since, in this
case, we integrate a continuous and hence bounded function over a bounded domain.
Putting these pieces together, we obtain that we can actually apply Fubini’s theorem in (4.13)
resp. (B.1) to exchange the order of integration.
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