Chapter 6 ®

Check for
updates

The Phillips functional calculus

In Chapter 3, we have introduced the direct approach to the S-functional calculus
for unbounded operators, which only requires the operator T to be closed and
have a nonempty S-resolvent set. As in the complex case, the price for these
weak requirements on the operator are the relatively strong assumptions that
one has to make on the class of admissible functions, namely that they are slice
hyperholomorphic on the S-spectrum of T" and at infinity. However, similar to the
classical case, additional knowledge about the operator allows us to extend the
class of admissible functions.

In this chapter we shall assume that T is the infinitesimal generator of a
strongly continuous group {Ur(t)}ier and we let w > 0 and M > 0 be the
constants from Theorem 4.3.1 such that

os(T)c{seH: —w<Re(s)<w} and |Up(t)| < Me teR.

If f is the quaternionic Laplace—Stieltjes transform of a quaternion-valued measure
poon R, that is,

f(s) = /Rdu(t) e —(w+e) <Re(s) <w+e,

then we can formally replace the exponential in the above integral by the group
Ur(t), which formally corresponds to e!” and define

77y = [ autitr (1),

The function f is now slice hyperholomorphic on og(T'), but not necessarily at
infinity.

In the complex setting the above procedure yields the Phillips functional cal-
culus, which was introduced in [35,185]. In this chapter we introduce its quater-
nionic counterpart and study its properties and its relation with the S-functional
calculus following the treatise in [110]. The presented results were published in [12].
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152 Chapter 6. The Phillips functional calculus

6.1 Preliminaries on quaternionic measure theory

Before we are able to define the Phillips functional calculus for quaternionic linear
operators, we have to recall some facts about quaternion-valued measures and
investigate their product measures. These results will be essential when we study
the properties of the quaternionic Laplace—Stieltjes transform.

In [5, Section 3], the authors showed that quaternion-valued measures have
properties similar to the properties of complex-valued measures. In particular, it is
possible to define their variation, which has analogous properties as the variation
of a complex measure, and find that the Radon—Nikodym theorem also holds true
in this setting. We recall the results that we will need in the sequel taken from [5].
Since some of these results follow by adapting the classical case, we just recall
them. We will add the proofs of the results related to the product of quaternionic
measures that are taken from [12].

Definition 6.1.1. Let (£2,.4) be a measurable space. A quaternionic measure is a
function p: A — H that satisfies

n (U, An) =D ulAn),

neN

for any sequence of pairwise disjoint sets (A, )neny C A. We denote the set of all
quaternionic measures on A by M(Q, A, H) or simply by M(Q,H) or M() if
there is no possibility of confusion.

Corollary 6.1.2. Let (2, A) be a measurable space. The set M(2, A, H) is a two-
sided quaternionic vector space with the operations

(5 + V)(A) = () + V(A),  (am)(A) = ap(A), (ua)(A) = p(A)a,
for p,v e M(Q, A, H), a € H and A € A.

Remark 6.1.1. Let j,% € S with j L 4. Since H = C; +4C;j, it is immediate that a
mapping ¢ : A — H is a quaternionic measure if and only if there exist two C;-
valued complex measures pi1, p2 such that u(A) = pui(A) +ipe(A) for any A € A.
Moreover, since H = C; 4 C;i, there exist Cj;-valued measures fi;, fiz such that
w(A) = i1 (A) + fi2(A)i for any A € A.

Definition 6.1.3. Let u € M(Q, A, H). For all A € A, we denote by II(A) the set
of all countable partitions 7 of A into pairwise disjoint, measurable sets Ay, ¢ € N.
The total variation of u is the set function

|u(A)::sup{Z,u(Ag)|: weH(A)} for all A € A.

Ayem

From the definition, we easily obtain the following lemma.
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Lemma 6.1.4. The total variation |u| of a measure u € M(Q, A, H) is a finite
positive measure on ). Moreover, |au| = |pa| = |ul||la| and |p + v| < |u| + |v| for
any p,v € M(Q, A, H) and a € H.

Recall that a measure p is called absolutely continuous with respect to a
positive measure v if y(A) = 0 for any A € A with v(A) = 0. In this case,
we write u < v. We denote by L'(£2, A, v,H) the Banach space of all H-valued
functions on 2 that are integrable with respect to the positive measure v.

Theorem 6.1.5 (Radon—Nikodym theorem for quaternionic measures). Let v be
a o-finite positive measure on (2, A). A quaternionic measure p € M(Q, A, H)

s absolutely continuous with respect to v if and only if there exists a function
fe LY QA v,H) such that

u(A) = /Af(x) dv(z), forall A€ A.

Moreover, f is unique and we have

|| (4) = /A |f(z)|dv(z), forall A€ A. (6.1)

The identity (6.1) follows as in the classical case, cf. [192, Theorem 6.13].

Corollary 6.1.6. Let p € M(Q2, A H). Then there exists an A-measurable function
h: Q — H such that |h(x)| = 1 for any x € Q and such that u(A) = [, h(z) d|p|(x)
for any A € A.

In order to define the quaternionic Laplace—Stieltjes transform and the Phil-
lips functional calculus for quaternionic linear operators, we define integrals with
respect to quaternionic-valued measures as in [12]. Let us again consider a quater-
nionic two-sided Banach space X and let v be a positive measure. We recall that

(i) X becomes a real Banach space if we restrict the scalar multiplication to the
real numbers.

(ii) H itself is a quaternionic two-sided Banach space.

So, let v be a positive measure. Recall that in Bochner’s integration theory, a
function f with values in X is called v-measurable if there exists a sequence of
functions f,(z) = Y ,_; aixa,(x), where a; € X and x4, is the characteristic
function of a measurable set Ay, such that f,(z) — f(x) as n — +oo for v-
almost all x € €. The next lemma follows as a simple application of the Pettis
measurability theorem, see [107].

Lemma 6.1.7. Let X be a quaternionic two-sided Banach space and let v be a
positive measure on (L, A). If f: Q — X and g : Q@ — H are v-measurable, then
the functions fg and gf are v-measurable.
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Let v be a positive measure on (£2,.4). Recall that a v-measurable function
on 2 with values in a real Banach space is called Bochner-integrable, if

lﬂﬂ@MM@<+m

Definition 6.1.8. Let X be a two-sided quaternionic Banach space, let u €
M(Q, A H) and let h : Q@ — H be the function with |h| = 1 such that du(z) =
h(z) d|p|(x). We call two p-measurable functions f: Q@ — X and g : @ - H a
u-integrable pair, if

Kﬂmmww<+m

In this case, we define

Af@g:ljwﬂM (6.2)

/diuf=/ﬂghfdlu|, (6.3)

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

and

Remark 6.1.2. Note that in the definition of the integrals in (6.2) and (6.3), we
can replace the variation of u by any o-finite positive measure v with yu < v. If h,,
is the density of u with respect to v and pj,| and p, are the real-valued densities
of |u| and v with respect to |u| + v. Then we have

= hlu| = hpy(|pl+v) and p=hwv=h,p,(|pl+v).

Theorem 6.1.5 implies hp,| = hyp, in L'(|p] + v). Therefore,

/thyng=/Q/thugpud(|u\+V)

Z//fhupugd(W‘*‘V)
aJa
Z/thp|u|9d(|ﬂ|+l/)

5/Mmem+w
Q
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Hence, the integral is linear in the measure: if u, v € M(Q, A, H), then p and v are
absolutely continuous with respect to 7 = |u| + |v|. If p, and p, are the densities
of p and v with respect to 7, then

/fﬂu+wg=/fMAmﬁmh
Q Q

=/Mww+/MwW
Q Q

=/Qfdug+/ﬂfdvg~

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

/Q f d(ap)g = / f(ap)gdlu] = /Q(fa)pgdlul - / (fa) dug.

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

We finally define the product measure and the convolution of two quater-
nionic measures as in [12]. Also these concepts will be essential when we discuss
the product rule of the quaternionic Phillips functional calculus.

Lemma 6.1.9. Let p € M(Q, A, H) and v € M(Y, B,H). Then there exists a unique
measure X v on the product measurable space (2 x 1, A® B) such that

(1 % V)(A x B) = u(A)w(B), (6.4)
forall Ae A, B € B. We call u X v the product measure of u and v.

Proof. Let j,i € S with j L ¢ and let g = p1 +ipo with py, po € M(Q, A, C;) and
v = vy + ot with vy, v, € M(T, B, C;). Then, there exist unique complex product
measures g X v, € M1 X Qa, A® B,C;) of ue and vy for £,k = 1,2. If we set

WXV = X+ iug X v+ pr X vet + Jug X vot,
then g X v is a quaternionic measure on (2 x 7, 4 ® B) and

WA (B) = pr(A)v1(B) + ipa (A (B)
+ w1 (A)va(B)i + iue(A)ve(B)i
= p1 X v1(A X B) 4+ ipg x 11(A x B)
+ p1 X va(A X B)i+iug X v2(A x B)i = (u x v)(A X B).

In order to prove the uniqueness of the product measure, assume that two
quaternionic measures p = p; + poi and 7 = 71 + 721 on (2 x 1, A x B) satisfy
p(A x B) =7(A x B) whenever A € A and B € B. Then p1(A x B) =71(A x B)
and p2(Ax B) = 19(Ax B) for A € A and B € B. Since two complex measures on
the product space (2 x 7, A®B) are equal if and only if they coincide on sets of the
form Ax B, we obtain p; = 71 and ps = 72 and, in turn, p = p1+poi = 71+ 700 = T.
Therefore, u x v is uniquely determined by (6.4). |
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Remark 6.1.3. Note that it is also possible to define a commuted product measure
uxcvon (Qx7,A® B) that satisfies

(1 %o v)(A x B) = v(B)u(A), VA€ A BeB.

This measure is different from the measure v x p that is defined on (7" x Q, B® .A)
and satisfies
(vxp)(BxA)=v(B)u(A), VvBeB,Ac A

Lemma 6.1.10. Let (2, A, u) and (Y, B,v) be quaternionic measure spaces. Then
[ xv| = |l x |v].

Moreover, if du(x) = f(z)d|p/(x) and v(x) = g(x)d|v|(z) as in Corollary 6.1.6,
then, for any C € A X B,

(05 0)(©) = [ Fa(®)dp x vl(s.0).

Proof. Let f: @ —» H and ¢g: T — H with |f| = 1 and |g| = 1 be functions as in

Corollary 6.1.6 such that
A= [ re)dlulcy

v(B) = /B o(s) dlv|(s),

for all A € A and B € B. Moreover, let r = (t,s) and let h(r) = f(t)g(s). Then
the function C' +— [, h(r)d(|p| x |v|)(r) defines a measure on (2 x 7, A x B) and
Fubini’s theorem for positive measures implies

| nwyaus i) = [ [ g e dvics)

:/ f(f)d\ul(t)/ 9(s)dlv[(s) = p(A)v(B).
A B

and

The uniqueness of the product measure implies 1 x v(C) = [ h(r) d(|p| x [v])(r),
for any C' € A x B. Since |h| = |f]|g| = 1, we deduce from (6.1) that

uxvI(©) = [ Il dlul x 14)(r) = (1l x (C)

forall C € A x B. O

Splitting the measure p into two complex components and applying the re-
spective result for complex measures, we obtain the transformation rule for inte-
grals with respect to a pushforward measure stated in the following lemma.
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Lemma 6.1.11. Let (2, A, u) be a quaternionic measure space, let (1, B) be a mea-
surable space and let ¢ : Q@ — 1 be a measurable function. If a function f : T — X
with values in a quaternionic Banach space X is integrable with respect to the
image measure u?(B) := p (¢~ *(B)) and fo¢ is integrable with respect to pi, then

/de;ﬂ’ :/waédu- (6.5)

Definition 6.1.12. We denote the Borel sets on a topological space X by B(X).
In particular, we denote the Borel sets on R, C and H by B(R), B(C) and B(H),
respectively.

We recall that, for any Borel set F € B(R), the set
P(E) := {(u,v) €R?: u+ve€ E}

is a Borel subset of R2.

Definition 6.1.13. Let p,v be quaternionic measures on B(R). The convolution
i * v of pand v is the image measure of p x v under the mapping ¢ : R? —
R, (u,v) — u + v, that is, for any E € B(R), we set

(n* V)(E) = (n x v)(P(E)).
The following corollary is immediate.

Corollary 6.1.14. Let p,v,p € M(R,B(R),H) and let a,b € H. Then
(1) (n+v)xp=pxpt+vspand px (V+p)=p*xv+puxp and
(ii) (ap)*xv =a(p*v) and p* (va) = (u*v)a.

Then we prove the following results.

Corollary 6.1.15. Let u,v € M(R,B(R),H). Then the estimate

[x v[(B) < (Jul * [v])(E)
holds true for oll E € B(R).

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

Do uxv)(EDl =Y |(ux v)(P(E))

Ejem Ejem

< Z lux v|[(P(Ep)) = [p x v|(P(E)),

Ejem

and taking the supremum over all possible partitions 7 € II(E) yields

[ v[(B) < [px v|(P(E)) = (lul x [V)(P(E)) = (lul * [V[)(E). 0
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Corollary 6.1.16. Let p,v € M(R,B(R),H) and let F': R — X be integrable with
respect to p* v and such that fj:; j;o I1E(s+ )|l d|p|(s) d|v|(t) < +o00. Then

/RF() (pxv)( // (s+t)du(s) dv(t).

Proof. Our assumptions and Deﬁmtlon 6.1.13 allow us to apply Lemma 6.1.11

with ¢(s,t) = s+t. If p(A) = [, f(t)d|p|(t) and v(A) = [, g(s)d|v|(s), then the
product measure satisfies
(o 0)(B) = [ 7)ot dul x (s

by Lemma 6.1.10. Applying Fubini’s theorem yields

/F /mu>=AFww»mmwww
=4Fwwﬁvwmwdmxwmw
= [ Pl 05)a(t) diel(s) divle)

// (s + 1) du(s) du(t). O

6.2 Functions of the generator of a strongly continuous
group

In the following we assume that T' € K(X) is the infinitesimal generator of the
strongly continuous group {Ur(t)}iecr of operators on a two-sided Banach space
X. By Theorem 4.3.1, there exist positive constants M > 0 and w > 0 such that
U7 (1) < Me!!l and such that the S-spectrum of the infinitesimal generator T
lies in the strip

W, ={seH: —w<Re(s)<w}

Moreover, we have

+oo

Sp(s,T) = / e S Ur(t)dt, Re(s)>w
0

and o

Spl(s,T) = —/ e S Urp(t)dt, Re(s) < —w.
Definition 6.2.1. We denote by S(7T') the family of all quaternionic measures p on
B(R) such that

/ dlp|(8) e < oo
R
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for some € = ¢(p) > 0. The function

with domain
Wete ={s€H: —(w+e)<Re(s)<(w+e)}
is called the quaternionic two-sided (right) Laplace-Stieltjes transform of p.

Definition 6.2.2. We denote by X(7') the set of quaternionic two-sided Laplace—
Stieltjes transforms of measures in S(T').

Lemma 6.2.3. Let p,v € S(T) and a € H.
(i) The measures ap and p+ v belong to S(T) and

Clap) = ally), L{u+v) = L(n) + L),
(ii) The measures px v belongs to S(T'). If v is real-valued, then
L(p*v) = L()L(@V).

Proof. Let € = min{e(u),e(v)}. Lemma 6.1.4 implies

/d|au| elflete) — Jq| / d|p e+ < 400
R R

and
/d\u+u|e't'(°’+€) g/d|u|e‘t|(“+5>+/d|y|e|t|(“+€) < +o0.
R R R

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

The variation of the convolution of y and v satisfies |u*v|(E) < (|u|*|v|)(E)
for any Borel set E € B(R), cf. Corollary 6.1.15. In view of Corollary 6.1.16, we

have
/d|u*y|(7~)e(m+s)\r\ S//C”MKS) d|V|(t)e(w+e)\s+t|
R rRJR

S/QM@éWﬂM/ﬂwmAWﬂw<+m
R R

—st

Therefore, uxv € S(T). If v is real-valued, then v commutes with e~** and Fubini’s

theorem implies for s € H with —(w +¢) < Re(s) <w +¢

£l )(e) = [ )iy //@ 1) dur(u) e~

:/du(t) et /dz/(u) e T = L(p)(s) Lv)(s). O
R R
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Theorem 6.2.4. Let f € X(T) with f(s) = [ du(t) e™**, for any s in the strip
Wete :={s€eH: —(w+e)<Re(s) <w+e}.

(i) The function f is right slice hyperholomorphic on the strip W, 1.
(ii) For any n € N, the measure u™ defined by

W(B) = [ du(t) (<0 for B € B(R)
belongs to S(T) and, for s with —(w+¢) < Re(s) < w + ¢, we have

057 1(s) = [ drye= = [ aue) (o, (6.6)

where Js f denotes the slice derivative of f.

Proof. In the proof we will make use of the same kind of arguments as in [110,
Lemma 2, p. 642]. For every n € N and every 0 < £; < ¢ there exists a constant
K such that

|t|n€(w+€1)\t| < Kewtaltl ¢ ¢ R,

Since p € S(T'), we have

[ i@ et = = [ aj e =t < i [ dlaf) et < o
R R R

and so pu™ € S(T'). The function f is a right slice function as, for s = u + jv,

£6) = [ duyerc = [

A Rd,u(t)e* “ cos(v) — / du(t)e™ " sin(v)j

R
when we set

au,v) ::/Rd,u(t)e_t“ cos(v)

and
B(u,v) = — / du(t)e” " sin(v)
R
satisfy the compatibility condition (2.4). For any s = u + jv € W, 1, we have
) 1 ) e—pt _ e—st
lim (fj(p) = fi(s))(p—s)"" = lim [ dp(t) ——

Cjop—s Cjop—s R p—S

If p is sufficiently close to s such that also p € W, ., then the simple calculation

1
|e—pt _ e—stl _ ’/ e—ts—tf(p—s)t(p_ 8) df‘ < |t|€(w+s)|t\|p _ S|,
0
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yields the estimate
|e—pt _ €_St‘
Ip— s
which allows us to apply Lebesgue’s theorem of dominated convergence in order
to exchange limit and integration. We obtain

LJim (50) = E)m=97" = [ dut) 0e = [t (o

R

< ‘t|e(w+5)|t‘,

Consequently, the restriction f; of f to the complex plane C; is right holomorphic
and, by Lemmas 2.1.5 and 2.1.9, the function f is in turn right slice hyperholo-
morphic on the strip {s € H: —(w +¢) < Re(s) < w+ ¢}. Moreover, (6.7) implies

051(s) = [ du' (1)

for —(w+¢) < Re(s) < w + e. By induction we get (6.6). O

Definition 6.2.5 (The Phillips functional calculus). Let T' € K(X) be the infinites-
imal generator of the strongly continuous group {Ur(t)}icr of operators on a
two-sided Banach space X. For f € X(T) with

f(s)= /Rdu(t) e " for — (w+e) < Re(s) <w+e,
and p € S(T), we define the right linear operator f(7") on X by
70) = [ dute)tn (o). (63)
Remark 6.2.1. In particular for p € H with Re(p) < —w the function s — Sgl(p, s)

belongs to S(T). Set dpi,(t) = —X[o,400)(t)€™? dt, where x4 denotes the character-
istic function of a set A. If Re(p) < Re(s), then

+o00
L)) = [ dugltye s == [ et it = =5, sp) = 55" p.)
R 0
and

LD = [ dp(OU(=1
=— /+Oo ePU(—t)dt
0

0
= —/ e PU(t)dt = SR (p, T).

For p € Hwith w < Re(p) set dpu,(t) = X(—o0,0)(t)e' dt. Similar computations
show that also in this case Si'(p,s) = L(up)(s) € S(T) if Re(s) < Re(p) and
L(up)(T) = S5 (p, T).



162 Chapter 6. The Phillips functional calculus

Theorem 6.2.6. For any f € X(T), the operator f(T), defined in (6.8), is bounded.
Proof. Let f(s) = [ du(t)e™st € X(T) with p € S(T). Since U (t)|| < Me!!],

we have

AT < [ di® r(=0ll < M [ dlul(tye™ < +oc. o

Lemma 6.2.7. Let f(T) be the operator defined in (6.8). Let f = L(p) and g = L(v)
belong to X(T') and let a € H.

(1) We have (af)(T) = af (T) and (f + g)(T) = F(T) + g(T).
(ii) If g is an intrinsic function, then v is real-valued and (fg)(T) = f(T)g(T).

Proof. The statement (i) follows immediately from Lemma 6.2.3 and the left lin-
earity of the integral (6.8) in the measure. In order to show (ii), we assume that
g = L(v) is intrinsic. Then the measure v is real-valued and Lemma 6.2.3 gives
fg=L(u*v) e X(T). We find

(f9)(T)v = / (5 v) (r) Uz (—7)
://d,u(s)dy(t)MT(—(s—l-t))
RJR
- / dyu(s) Ur(—s) / dv(t)Ur(—t) = F(T)g(T),
R

R

where we use that U (—s) and v commute because v is real-valued. |

6.3 Comparison with the S-Functional Calculus

A natural question that arises is regarding the relation between the Phillips func-
tional calculus introduced in Definition 6.2.5 and the S-functional calculus for
closed operators. In this section we show that the two functional calculi coincide
if the function f is slice hyperholomorphic at infinity. In order to prove this, we
need a specialized version of the Residue theorem that fits into our setting.

Lemma 6.3.1. Let O C H be an azially symmetric open set, let f: O\ [p] — H be
right slice hyperholomorphic and let g : O — X be left slice hyperholomorphic such
that p = u + jv € O is a pole of order ny > 0 of the H-valued right holomorphic
function f; = flonc,. If € > 0 is such that B.(p) NC; C O, then

TLf*l

: F(s)ds; g(s) = D Res, (fi()(s — ") (05*9(r)
k=0

2m 9(B<(p)NC;)
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Proof. Since f is right slice hyperholomorphic, its restriction f; is a vector-valued
holomorphic function on O N C; if we consider H as a vector space over C; by
restricting the multiplication with quaternions on the right to C;. Similarly, since
g is left slice hyperholomorphic, its restriction g; := glonc; is an X-valued holo-
morphic function if we consider X as a complex vector space over C; by restricting
the left scalar multiplication to C;. Consequently, if we set p = dist(p, d(0O NC;)),
then

+o0 too
fi(s) = Z ar(s —p)* and g;(s) = Z(s —p)*by, (6.9)
k=—nj k=0

for s € (B,(p)NC;)\{p} with a;, € H and by, € X. These series converge uniformly
on 9(B.(p) N C;) for any 0 < & < p. Thus,

1

2 Jogs.ne,)

1 = ~ :
(Z Ag—n; (5 — p)k”f> ds; Z(s — p)’b;

27 Jogs.mncy)

f(s)ds;g(s)

k=0 §=0
+oo k 1 . _
:ZZak_j_nf (2/ (Sfp)kfjfnf de (Sp)J> bj
k=0 ;=0 ™ Ja(B:(p)NC;)
ny—1
=D agnbs,
=0
since ifa(BE(p)ij)(s —p)F " dsj equals 1 if Kk —ny = —1 and 0 otherwise.
Finally, we observe that a_, = Res, (f;(s)(s —p)*™!) and b, = £9s"g;(p) by
their definition in (6.9). O

In order to compute the integral in the S-functional calculus, we recall the
definition of the strip

Wei={seH: —c<Re(s)<c} forc>0

and we introduce the set 9(W.NC;) for j € S. It consists of the two lines s = ¢+ j7
and s = —c — j7 with 7 € R.

Proposition 6.3.2. Let o and ¢ be real numbers such that w < ¢ < |a|. For any
vector y € D(T?), we have

1
21 Jaw.ncy)

Proof. We recall that

Ur(t)y e (a—s)"2ds; Sp' (s, T)(aZ — T)%y. (6.10)

Sp'(s,T) :/ e “Ur(t)dt, Re(s)>w.
0
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Since [|Ur(t)|| < Me“!!l| we get a bound for the S-resolvent operator by
ISR (s, D =M [ el Rt Re(s) > (6.11)
0

which assures that ||S;" (s, T)|| is uniformly bounded on {s € H : Re(s) > w + ¢}
for any € > 0. A similar consideration gives a uniform bound of ||S;'(s,T)| on
{s € H: Re(s) < —(w + ¢)}. Thanks to such bound, the integral in (6.10) is well
defined since the (a — s)~2 goes to zero with order 1/|s|? as s — co. We set

Flty = -

e (a—s)"2ds; Sp' (s, T)(aZ — T)%y
21 Jaw.ncy)

for y € D(T?). We show that F(t)y = Ur(t)y using the Laplace transform and we
first assume ¢ > 0. If Re(p) > ¢, then

o0
/ e PLF(t)y dt
0
_ 1
27
1

271 Jow.nc;)

_pt/ e (a—5)"%ds; Sp'(s,T)(aZ — T)?ydt
B(W.NC;)

(/O+°° e—ptetsdt> (a—s)"2ds; S5t (s, T)(aZ — T)?y

Now observe that

/ Pt dt = 571 (p, 5),
0

so we have

/ e PLR(t)y dt
0

1

= — Szt (p,s)(a—s)"2ds; Sp' (s, T)(aZ — T)%y

21 Jaw.nc;)

We point out that the function s — Sgl(p, s)(a—s)~2 is right slice hyperholomor-

phic for s ¢ [p] U {a} and that the function s — S;'(s,T)(aZ — T)?y is left slice

hyperholomorphic on pg(T). Observe that the integrand is such that (a — s)~2

goes to zero with order 1/[s|? as s — oo. By applying Cauchy’s integral theorem,

we can replace the path of integration by small negatively oriented circles of radius
0 > 0 around the singularities of the integrand in the plane C;. These singularities
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are a, pj = po + jp1 and p; if j # +j,. We obtain

/ e PPE(t)y dt
0

1
= o Si'(p,s)(a—5)7" ds; Sp' (s, T) (e — T)%y
21 Jaws(anc;)
1
— St (p,s)(a — )2 ds; S5 (5, T) (o — T)y
21 Jows(p)ne,)
1

- S};l(pvs)(a—s) dS]S (S T)(OZI—T)2y
2 Jowsmnne,)

Observe that the integrand has a pole of order 2 at a and poles of order 1 at p;
and p; (except if j = £3j,). Applying Lemma 6.3.1 with f(s) = Si'(p, s)(a —s) 72
and g(s) = Si' (s, T)(aZ — T)?y yields therefore

/000 e P F(t)ydt = —Resq (S;Cl(p, s)(a—s)7?) SpH (e, T)(aZ —T)%y

—Res, (Sz'(p,s)(s —a)™1) (0sSk" (o, T)(aZ — T)?y)
~ Resy, (S} ) — 9)?) i <pJ,T><aI—T>2y
— Resp; (Sg'(p, s) (o — 8)7%) S (77, T)(eZ — T)%y

We calculate the residues of the function f(s) = S;'(p,s)(a — s)72. Since it has
a pole of order two at o, we have

0

o
} o N2 O -1 — ()2
Resa(f;) = ., lim —-fi(s)(s —a)” = c lim =-S5k (ps)=(p—a)",

where the last identity holds because « is real, and
Resa(f5(s)(s — ) = _ i f;(s)(s — a)’ = S5 (0, ).
jOs—a

The point p; = po + jp1 is a pole of order 1. Thus, setting s;, = so + jps1 € C;,
for s = so + js1 € C;, we deduce from the representation formula that

Res,,(f;) = lm f(s)(s—p)) = lim S5 (p.s)(o— 92— p))

. _ 1 o1 ~
= tm {SRl(p,Sjp)(lJpj)2+SRl(p,sjp)(1 +dpd)g | (s = pi)(a=9)7

1
— ; P VS I o Ny — )2
= dm (p—s;,) (1= 5pd)(s = pj)g (o —p5)

+ lim (p—55,)" 1+ jpi)(s — pj) 5 (o —pj) 7

Cj3s—p;

N =

(a0 —p;)~2

N =

_ [ lim  (p—s;,)" (1= jpj)(s — p;)

Cj3s—p;
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We compute

lim (p— Sjp)il(l — JpJ)(s — pj)

Cj3s5—p;

= lim (p—s;,) 7 (1= Gpi)(s0 = po) + (p = 55,) 7 (1= Gpd)i (51 — p1)
jI8—=P;

= im (- 83,) " (50 = po) (1 = jpg) + (0 = 55,) " (51 = p1)(J + Jp)

= lim (p—s5,) " (s0 — po)(1 = jpi) + (p— 55,) " (s1 — p1)jp(—jpi + 1)

jIS—Dj
= Célsrgpj(p - sjp)_l(s() —po + Jp(s1 —p1))(1 = jpj)
= dm (0= s5,)7 5, = )1 = Gpd) = —(1=Gpi)

and finally obtain

—2

Resy, (/) = =3 (1= o) (@ = p;)

Replacing j by —j in this formula yields

Lt e - B2

Resp;(f5) = =3

Note that these formulas also hold true if j = £j,. In this case either Res,, (f;) =
—(a—p;)~? and Resp;(f;) = 0 because p; is a removable singularity of f;, or vice
versa. Moreover,

S, T)(aZ —T)*y = (aZ —T) HaZ - T)’y = (aZ - T)y

and
0S5 (a, T)(aZ = T)’y = —(aZ = T) *(aZ - T)’y = —y

because « is real and so S;' (o, T) = (aZ — T)~!. Putting these pieces together,
we get

/000 e P R(t)ydt = —(p— @) 2Sz'(a, T)(aZ — T)?y
+ SE'(p, @) SR (e, T)(aZ — T)%y

4500 Go)a— ;) 2S5 (b, T)aZ ~ T
0+ G0 5) 2S5 (7. T) (0T~ 1)y

=-(p—a) (I -Tly+(p—a) 'y
+(p—a) 2S5 (., T)(aZ — T)%y

where that last identity follows from representation formula because the mapping

p (a—p) 2S5 (p, T)(aZ — T)%y
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is left slice hyperholomorphic. We factor out (p — ) =2 on the left and obtain

/Oooe_ptF(t)ydt:(p—a)_Q(—(aI—T)y—i—( —a)y+ Sy L(p, T)(aZ —T)? )
=(p—a)?(py— 20y +Ty+ Sz'(p,T)(aZ —T)%).

Recall that we assumed that y € D(T?). Hence, Ty € D(T) and so we can apply
the right S-resolvent equation twice to obtain
7 (p, T) (0T — T)%y
= Sp' (0, T)(T?y — 2aTy + o®y)
=pSp' (0, T)Ty — Ty — 2apS* (0, T)y + 2ay + o*Sp* (0, T)y
=p*Sg' (0, T)y — py — Ty — 2apSz" (p, T)y + 2ay + oSz (p, T)y
= (p—)’Sg (. T)y — py + 20y — Ty.

So finally

/OOO e P F(ydt =(p — a)(p — @)’SE' (p. Ty = Si' (p, T)y-

Hence,
/ e_ptF(t)ydt=S§1(p,T)y=/ e P U (t)ydt,
0 0

for Re(p) > ¢, which implies F(t)y = Ur(t)y for y € D(T?) and t > 0 as a con-
sequence of the quaternionic version of the Hahn—Banach theorem (see Corollary
12.0.7).

Applying the same reasoning to the semigroup {U(—t)};>0, with infinitesimal
generator —7T, we see that

1
Uty = o— (o —s)"?ds; Sy’ (s, ~T)(aZ +T)%y
21 Jow.nc,)
1
= — e *(a+s)2ds; Sp'(s,T)(aZ + T)?y,
27 Jow.nc;)

where the second equality follows by substitution of s by —s because
Spl(=s,-T) = —Sg'(s,T).
Replacing a by —« and —t by ¢, we finally find

Uty = L / e (a—s)"2ds; Si' (s, T)(aZ — T)%y
21 Jaw.nc;)

also for ¢t < 0. O
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Proposition 6.3.3. Let a and c be real numbers such that w < ¢ < |a|. If f € X(T')
is right slice hyperholomorphic on W,, then, for any y € D(T?), we have

1

21 Jow.nc;)

f(M)y = fs)(a—s)~ dsJ Si (5 T)(aZ — T)Qy. (6.12)

Proof. We recall that f can be represented as

75) = [ dnttye

with g € S(T'). Using Proposition 6.3.2, we obtain

L F($)(a — )2 ds; S5 (s, T)(oZ — T)2y

27 Jow.nc;)

_ L /ﬁmwf“m 5)=2 ds; S5 (s, T)(aZ — T)y
21 Jow.nc;)

_ i et (o — s s o —T)?
—/Rdu(t) <2ﬂ /B(ij) (a—s)"2ds; Sg*(s,T)(aZ — T) y)
:/Rdu(t)uT(—t)y:f(T)y

Note that Fubini’s theorem allows us to exchange the order of integration as the
S-resolvent S (s,T) is uniformly bounded on 9(W. N C;) because of (6.11). So
there exists a constant K > 0 such that

/Hdu “a —s)"2ds; Spt(s, T)(@Z —T) yH
B(W.NC;)
1

—ne(s 1
<5 /dlu\( )e Rt ———— S5 (s, T) ||| (aZ — T)?yllds
A(W.NCy) \04 |

<K d cItl
/Wm@ / @) +| I

This integral is finite because, as p € S(T), we have

/d|,u|(t) et < foo, 0
R

Theorem 6.3.4. Let f € X(T') and suppose that f is right slice hyperholomorphic
at infinity. Then the operator f(T') defined using the Laplace transform equals the
operator f[T] obtained from the S-functional calculus.

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

g(s) = f(s)(a— )7
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is right slice hyperholomorphic and, since f is right slice hyperholomorphic at
infinity, tends to zero with order 1/|s|?> as s tends to infinity. The S-functional
calculus for unbounded operators thus satisfies

o1 =g+ [ gls)ds; Syl T),
B(Wuﬂ(Cj)

By Theorem 3.5.1, we have for y € X that
1

fITN(eZ —T) %y = —
27 Jow.nc;)

F(s)(a = s)*ds; S5 (s, T)y.

But by Proposition 6.3.3, it is
1

=_— f(s)(a—s)%ds; Sg' (s, T) (o — T)*a,
21 Jow.nc;)

f(T)x

for x € D(T?). Setting y = (aZ — T)?z, we conclude

f[Tly = f(T)y, forye D(T?).

Since D(T?) is dense in X and since the operators f[T] and f(T) are bounded we
get f[T] = f(T). o

6.4 The Inversion of the Operator f(7')

We study the inversion of the operator f(T') defined by the Phillips functional
calculus via approximation with polynomials P, such that lim,,_,~ P, (s)f(s) = 1.
In general, the pointwise product P,(s)f(s) is not slice hyperholomorphic and
therefore we must limit ourselves to intrinsic functions. The main goal of this
section is to deduce sufficient conditions such that

lim P,(T)f(T)y=vy, foreveryycec X.

n—-+oo

Lemma 6.4.1. Let T € K(X) such that ps(T) "R # 0. If D(T) is closed, then
D(T™) is dense in X for every n € N.

Proof. If a € ps(T) NR, then
DT =D(aZ-T)")=(aI -T)"X.

Therefore, a continuous right linear functional y* € X* on X vanishes on D(T™)
if and only if the functional y*(aZ — T')~™, which is defined as

<y* (OZI - T)ina y> = <y*a (OéI - T)iny>
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for y € X, vanishes on the entire space X. We prove the statement by induction.
It is obviously true for n = 0, so let us choose n € N and let us assume that it
holds for n — 1. By the above arguments, a functional y* € X* vanishes on D(T™)
if and only if

v -T) "=y (aZ-T) """Vl -T)"!

vanishes on X, which is in turn equivalent to y*(aZ —T)~ (=1 vanishing on D(T).
Now observe that by assumption D(T') is dense in X. Hence, Corollary 12.0.8
implies that a functional 2* € X* vanishes on D(T) if and only if it vanishes on all
of X. We conclude that y* € X* vanishes on D(T™) if and only if y*(aZ—T)~ (1)
vanishes on all of X*, which is in turn equivalent to y* vanishing on D(T"~!). Since
D(T™ 1) is dense in X by the induction hypothesis, Corollary 12.0.8 implies again
that a functional z* € X* vanishes on D(T™1) if and only if it vanishes on all of
X. Therefore, we finally find that y* vanishes on D(T™) if and only if it vanishes
on all of X* and a final application of Corollary 12.0.8 yields that D(T™) is dense
in X. O

Lemma 6.4.2. Let P be an intrinsic polynomial of degree m and let f and P, f
both belong to X(T). Then f(T)X C D(T™) and

P(T)f(T)y = (Pf)(T)y, forallye X.

Proof. We first consider the case y € D (Tm“). Let o, c € R with w < ¢ < || and
let j € S. The function Pf is the product of two intrinsic functions and therefore
intrinsic itself. By Proposition 6.3.3, Lemma 6.2.7 and Remark 6.2.1, we have

(@Z =T)""™(Pf)(T)y

-5 (a = )" P(s)f(s)( — s) " ds; Sg* (s, T)(aZ — T)°y
A(W.NCy)

We write the polynomial P in the form P(s) = > ;. ax(a — s)* with aj, € R. In
view of Proposition 6.3.3, Lemma 6.2.7 and Remark 6.2.1 we obtain again

(@ =T)""™(P)(T)y

m

— )£ () (o — s s s o —T)?
=Y u /Wnc)(a )k F(s) o — )2 ds; S5 (s, T) (0T — Ty

m

= ak(aZ —T)""Ff(Tyu=(aZ -T)"™ > ar(aZ —T)*f(T)y
k=0

k=0

= (@ =T)""P(T)f(T)y.

Consequently, (Pf)(T)y = P(T)f(T)y for y € D (T™*?).
Now let y € X be arbitrary. Since D(T™*2) is dense in X by Lemma 6.4.1,
there exists a sequence y,, € D(T™*"?) with lim,, o0 yn = y. Then f(T)y, —
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f(@)y and P(T)f(T)yn = (Pf)(T)yn — (Pf)(T)y as n — +oo. Since P(T) is
closed with domain D(T™), it follows that f(T)y € D(T™) and P(T)f(T)y =
(PI)T)y- 0

Definition 6.4.3. A sequence of intrinsic polynomials { P, },en is called an inverting
sequence for an intrinsic function f € X(7T) if

(i) Puf e X(T),
(ii) |Pn(s)f(s)| < M, n € N for some constant M > 0 and

hm P.(s)f(s)=1

n—+
inastrip Wy ={s€H: —(w+e) <Re(s) <w+e},
(iii) (P f)(D)]| < M, n € N for some constant M > 0.

Theorem 6.4.4. If {P,},cn is an inverting sequence for an intrinsic function f €
X(T), then
i P,(D)f(T)y =y, Yy X.

Proof. First consider y € D(T?) and choose a € R with w < |a|. Then Proposi-
tion 6.3.3 and Lemma 6.4.2 imply

Po(T)f(T)y = (Puf)(T)y

- — Po(8)F()(a— )2 ds; S5 (s, T)(aZ — T)%y
21 Jow., nc,)
for arbitrary j € S and ¢, € R with w < ¢, < |a| such that P, f is right slice
hyperholomorphic on W, . However, we have assumed that there exists a constant
M such that |P,(s)f(s)] < M for any n € N on a strip —(w+¢) < Re(s) <w +e.
Moreover, because of (6.11), the right S-resolvent is uniformly bounded on any set
{s € C; : |Re(s)| > w+ ¢’} with &’ > 0. Applying Cauchy’s integral theorem we
can therefore replace 9(W,, N C;) for any n € N by (W, N C;) where ¢ is a real
number with w < ¢ < min{|a|,w + €}. In particular, we can choose ¢ independent
of n. Lebesgue’s dominated convergence theorem allows us to exchange limit and
integration and we obtain

P, (T)f(T)y = 1 /(W . )(a —5) " 2ds; Sgl(s,T)(ozI —T)y =y.

2

If y € X does not belong to D(T?), then we can choose for any ¢ > 0 a
vector y. € D(T?) with ||y — y.|| < e. Since the mappings (P, f)(T) are uniformly
bounded by a constant M > 0, we get

(P f)(T)y =yl
< My = yell + [(Paf)(T)ye — yell + llye — yll
"I Mlly — yell + lye — yll < (M +1)e.
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Since € > 0 was arbitrary, we deduce lim,—, o ||(Pof)(T)y — y|| = 0 even for
arbitrary y € X. g

Corollary 6.4.5. Let X be reflexive and let P, be an inverting sequence for an
intrinsic function f € S(T). A vector y belongs to the range of f(T) if and only if
it is in D(P,(T)) for all n € N and the sequence {Pp(T)y}nen is bounded.

Proof. It y € ran f(T) with y = f(T)x then Lemma 6.4.2 implies y € D(P,(T))
for all n € N. Theorem 6.4.4 states lim,_, 1 o, P,,(T)y = x, which implies that the
sequence (P, (T)y)nen is bounded.

To prove the converse statement consider y € X such that {P,(T)y}nen is
bounded. Since X is reflexive the set {P,,(T)y }nen is weakly sequentially compact.
(The proof that a set E in a reflexive quaternionic Banach space X is weakly
sequentially compact if and only if £ is bounded can be completed similarly to
the classical case when X is a complex Banach space, see [110, Theorem I1.28].)
Hence, there exists a subsequence {P,, (T)y}ren and a vector x € X such that

(y", P (T)y) — (y*, )

as k — +oo for any y* € X*. We show y = f(T)z. For any functional y* € X*,
the mapping y* f(T'), which is defined by

" f(T),w) = (v, f(T)w),

also belongs to X*. Hence,
(" f(T)Po, (T)y) = (y" f(T), P (T)y) = (" f(T), ) = (y*, f(T)z).

Recall that the measure p with f = £(u) is real-valued since f is intrinsic. There-

fore it commutes with the operator Py, (T'). Recall also that if w € D(T™) for some

n € N, then U (t)w € D(T™) for any t € R and U7 (¢)T"w = T"Ur(t)w. Thus,
P, (U ()y = U (t) Poy (T)y

because P,, has real coeflicients. Moreover, we can therefore exchange the integral
with the unbounded operator P, (T) in the following computation

F(T) Py, (T)y = / dpu(8) Ur(—t) Poy (T)y
— P, (T) / dp(t) Ur(—t)y = Poy (T)f(T)y.
R
Theorem 6.4.4 implies for any y* € X*
(', 0) = Jim (4", P (T)f(T)y) = T (", F(T) P (T)y) = (&, F(T)a)

and so y = f(T)z follows from Corollary 12.0.8. O
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