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ABSTRACT. In this paper we extend the H* functional calculus to quaternionic operators
and to n-tuples of noncommuting operators using the theory of slice hyperholomorphic func-
tions and the associated functional calculus, called S-functional calculus. The S-functional
calculus has two versions one for quaternionic-valued functions and one for Clifford algebra-
valued functions and can be considered the Riesz-Dunford functional calculus based on
slice hyperholomorphicity because it shares with it the most important properties. The S-
functional calculus is based on the notion of S-spectrum which, in the case of quaternionic
normal operators on a Hilbert space, is also the notion of spectrum that appears in the
quaternionic spectral theorem. The main purpose of this paper is to construct the H*
functional calculus based on the notion of S-spectrum for both quaternionic operators and
for n-tuples of noncommuting operators. We remark that the H°® functional calculus for
(n + 1)-tuples of operators applies, in particular, to the Dirac operator.
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1. INTRODUCTION

The H®°-functional calculus is an extension of the Riesz-Dunford functional calculus for
bounded operators, see [21], to unbounded sectorial operators and it has been introduced by
A. Mclntosh in [38], see also [2]. This calculus is connected with pseudo-differential operators,
with the Kato’s square root problem, and with the study of evolution equations and, in par-
ticular, the characterization of maximal regularity and of the fractional powers of differential
operators. For an overview and more problems associated with this functional calculus see
the paper [41], the book [27] and the references therein.

One of the main motivations to study quaternionic operators is the fact that they are im-
portant in the formulation of quantum mechanics. In fact, it was proved by G. Birkhoff
and J. von Neumann [9], that there are essentially two possible ways to formulate quantum
mechanics: using complex numbers or quaternions, see [1].

The main purpose of this paper is to construct the H* functional calculus based on the
notion of S-spectrum for quaternionic operators and for n-tuples of noncommuting opera-
tors. To do this, we replace the Riesz-Dunford functional calculus by the S-functional calculus
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which is the quaternionic version of the Riesz-Dunford functional calculus, see [6, 12, 13, 20].
The S-functional calculus is based on the notion of S-spectrum which, in the case of quater-
nionic normal operators on a Hilbert space, is also the notion of spectrum that appears in
the quaternionic spectral theorem, see [7, 8, 24]. The S-functional calculus is defined for
slice hyperholomorphic functions: for the quaternionic version of the function theory see the
books [4, 20, 23] and for the Clifford algebra version see [20].

We begin by recalling some results and definitions from the complex setting, following the
paper [38] and the book [27]. Let A be a linear operator on a complex Banach space X, with
dense domain D(A) and dense range Ran(A). Let w € [0,7). We say that A is of type w if
its spectrum o(A) is contained in the sector

Sw=9{2z€C : |arg(z)| <w}U{0}
and if there exists a positive constant c,, for ;1 > w, such that

(A = =)t < 2,
2|
for all z such that |arg(z)| > p.
For this class of operators, called sectorial operators, it is possible to construct a functional
calculus using bounded holomorphic functions g for which there exists two positive constants
a and c¢ such that
l9(2)] < ﬂ
T= T3 e
where S is the interior of S,,. The strategy is based on the Cauchy formula for holomorphic
functions in which we replace the Cauchy kernel by the resolvent operator R(A, A). In the
case A is a bounded linear operator then the spectrum of A is a bounded and nonempty set
in the complex plane, so using a suitable contour «y, that surrounds the spectrum of A it is
possible to define the bounded linear operator

g(A) = - / (2T — A) ' g(2)dz. 2)
Y

2

for all z € S°, (1)

The integral (2) turns out to be convergent for sectorial operators, if we assume that estimate
(1) holds for the bounded holomorphic function g. We point out that the definition is well
posed, because the integral does not depend on the contour v when v does not intersect the
spectrum of A.

Now we extend the above calculus so that we can define operators such as A* with A\ € C or
NP APR(N, A)? with 8 € (0,2). Using the functional calculus defined in (2) and the rational
functional calculus

o1 k+1
p(A) = (AU + 437 keN, 3)
where i
z +1
('O(Z)_(l—l—zZ) » keN,
we can define a more general functional calculus for sectorial operators given by
F(A) = (p(A)7Hfe)(A) (4)

where f is a holomorphic function on S? which satisfies bounds of the type
1£(2)] < c(|2]F + |2]7F), for ¢>0, k> 0.

The calculus defined in (4) is called the H* functional calculus and has been introduced in
[38]. Note that, strictly speaking, we should write ¢y, instead of ¢, but we omit the subscript
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for the sake of simplicity. The definition above is well posed since the operator f(A) does
not depend on the suitable rational function ¢ that we choose.

Moreover, observe that the operator (fy)(A) can be defined using the functional calculus
(2) for the function fy, where p(z) = (2(1 4 22)~1)**+1. The operator (fy)(A) is bounded
but (¢(A))~! is closed, so the operator f(A) defined in (4) is not necessarily bounded. This
calculus is very important because of Theorem 5.8 that we state in the sequel.

To explain how we can extend the H®® functional calculus to the quaternionic setting we
must make precise the notions of spectrum, of resolvent operator, of holomorphicity. With
the standard imaginary units e, es obeying ejes +e9e; = 0, e% = e% = —1 and e3 := ejeq, the
algebra of quaternions H consists of elements of the form ¢ = xo+x1e1+z2e0+x3€3, for xy € R,
for £ =0,...,3. The real part, imaginary part and the square of the modulus of a quaternion
are defined as Re ¢ = x¢, Im q = x1e1 + oe2 + 2363, |q|* = 2% + 22 + 23 + 23, respectively.
The conjugate g of the quaternion ¢ is defined by § = Re ¢ — Im ¢ = x¢g — x1e1 — x2e9 — x3€3
and it satisfies

la]* = 93 = ga.
By S we denote the sphere of purely imaginary quaternions whose square is —1. Every
element ¢ € S works as an imaginary unit and with each ¢ € S we associate the complex plane
C; = {u+iv : u,v € R} so that we have that H can be seen as the union of the complex planes
C; when ¢ varies in S. In this paper for the quaternionic setting, and in the Clifford algebra
setting we use the notion of slice hyperholomorphicity, see Section 2. Regarding operators we
replace the classical notion of spectrum of an operator by the S-spectrum of a quaternionic
operator (resp. the S-spectrum of the n-tuples of operators) and the resolvent operator by
the two S-resolvent operators which are slice hyperholomorphic functions operator—valued,
see the book [20].
Precisely, we define the S-spectrum of the bounded quaternionic linear operator 1" as

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

where B(V') denotes the space of all bounded linear operators on a two-sided quaternionic
Banach space V. In the case of bounded quaternionic linear operators the S-spectrum is a
nonempty and compact set. The S-resolvent set pg(7T) is defined by

ps(T) =H\ o5(T).
For s € ps(T') we define the left S-resolvent operator as

ST (s, T) := —(T? — 2s0T + |s|*T) (T — 3I), (5)
and the right S-resolvent operator as
Spl(s,T) = —(T — 3I)(T* - 2s0T + |s|*T)~". (6)

Let U C H be a suitable domain that contains the S-spectrum of T'. We define the quater-
nionic functional calculus for left slice hyperholomorphic functions f : U — H as

1 _
f(T): o SLI(SvT) dsi f(s)v (7)
21 Jowne)
where ds; = —ids; for right slice hyperholomorphic functions, we define
1 _
F(T) =5 f(s) ds; Sg'(s,T). (8)
™ B(UO(CZ)

These definitions are well posed since the integrals depend neither on the open set U nor on
the complex plane C;, for 7 € S.
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In the following we will consider just right linear quaternionic operators (similar considera-
tions can be done when we consider left linear operators). In order to extend the S-functional
calculus to closed operators it is necessary that the two S-resolvent operators are defined not
only on the domain of T but they must be defined for all elements in the two-sided quater-
nionic Banach space V. So for closed operators we define the S-resolvent set as

ps(T) :={s €H : (T? - 2Re(s)T + |s|*Z)"' € B(V)},
which we always suppose it to be nonempty, and the S-spectrum of 1" as

os(T) = H\ ps(T).
For s € ps(T') the left S-resolvent operator is defined as

S5, T) = Qs(T)5 — TQs(T) (9)
while the right S-resolvent operator remains as in (6), we simply rewrite it in terms of Q4(7")
as:

Sg'(5,7) = —(T = I5)Qs(T) (10)
where Qs(T) := (T? — 2Re(s)T + |s|>Z)~! is called the pseudo-resolvent operator of T'.

The quaternionic rational functions that we will use are intrinsic rational slice hyperholomor-
phic functions. This class of functions is of fundamental importance and allows the definition
of a rational functional calculus that includes the operators:

W(T) = (T(I + T2)‘1)k+1, keN.

Note that, also in this case, we write 1 instead of ;. We extend the S-functional calculus
to sectorial operators in the quaternionic setting, and then we use the classical regularizing
procedure to define the extended functional calculus for slice hyperholomorphic functions f
with suitable growth conditions

F(T) = (1)) (D),
where the operator (¢ f)(T) is defined using the S-functional calculus for sectorial operators,

and (T is defined by the rational quaternionic functional calculus. The definition does not
depend on the suitable rational function v that we choose.

FExamples of operators to which this calculus applies are:
(i) The Cauchy-Fueter operator (and its variations)

0 < 0

(ii) Quaternionic operators appearing in quaternionic quantum mechanics such as the
Hamiltonian, see [1].
(iii) The global operator (see [17]) that annihilates slice hyperholomorphic functions:

3
|g|28i$0 + q jz_:ll‘j%, where g:l‘1€1+l‘2€2+$3€3.
We recall that some classical results on groups and semigroups of linear operators (see
[26, 28, 31, 37]) have been extended to the quaternionic setting in some recent papers. In [14]
it has been proved the quaternionic Hille-Yosida theorem, in [5] has been studied the problem
of generation by perturbations of the quaternionic infinitesimal generator and in [3] the natu-
ral functional calculus has been defined for the infinitesimal generator of quaternionic groups
of operators. For semigroups over real alternative *-algebras and generation theorems see [25].
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Regarding the case of (n + 1)-tuples of operators we postpone the details in Section 7. We
only mention that the H* functional calculus of (n + 1)-tuples of operators applies to the
Dirac operator. We point out that the above formulas for the quaternionic functional calcu-
lus hold also for (n + 1)-tuples of noncommuting operators. Here we just recall the notion
of S-spectrum. By V,, we denote the tensor product of the real Banach space V with the
real Clifford algebra R, we consider. In the case of (n + 1)-tuples of bounded operators
(To, Ty, ..., T),) the S-spectrum is defined as

os(T)={s€H : T? —2sqT + |s|*T is not invertible in B(V,)}
where the operators Ty act on V for £ = 0,...,n. The paravector operator
T=Ty+eiT1+ ... +e,7T},

represents the (n+1)-tuples of bounded operators (Tp, T, ..., T),) where ey, ..., e, are the units
of the Clifford algebra R,,, s is the paravector s = sg + sieq + ... + Spen, with s; € R for
¢=0,...,n and |s| is the Euclidean norm of the paravector s. With these notations in mind
also for the (n + 1)-tuples of bounded operators (g, T4, ..., T),) we can define the S-resolvent
operators and the S-functional calculus, see [15, 18, 20].

Using a different approach, based on the classical theory of functions in the kernel of the
Dirac operator, see [10, 19], A. McIntosh with some of his coauthors developed the mono-
genic functional calculus, see [32, 33, 34, 35, 36], and based on it he also developed the H*
functional calculus for commuting operators see [29].

The plan of the paper is as follows. In Section 2 we recall the main facts on slice hyper-
holomorphic functions. In Section 3 we study the rational functions in the quaternionic
setting and we define the rational functional calculus. Section 4 contains the S-functional
calculus for quaternionic linear operators of type w and some properties. Section 5 is devoted
to the definition and some properties of the H functional calculus for quaternionic operators
and in Section 6 we consider quadratic estimates that guarantee the boundedness of the H*
functional calculus. In section 7 we adapt the results of the previous sections to the case of
(n + 1)-tuples of noncommuting operators.

2. PRELIMINARY RESULTS ON SLICE HYPERHOLOMORPHIC FUNCTIONS

In this section we recall some basic facts on the theory of slice hyperholomorphic functions in
the quaternionic setting; for the proofs of the statements see the book [20] and the references
therein. We denote by S the 2-sphere of purely imaginary quaternions of modulus 1:

S:{qzx1e1+$geg—|—xgegeH|q2:_1}

and we recall that for any ¢ € S we can define a complex plane C; whose elements are of the
form ¢ = u + v for v, v € R. Any quaternion ¢ belongs to a suitable complex plane: if we

set
ig = {%’ fg70
any i €S, if ¢=0,
then ¢ = u +i,v with u = Re(q) and v = |q|, so, it follows that, the skew field of quaternions
H can be seen as
H={]cC.

1€S
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Definition 2.1 (Slice hyperholomorphic function). Let U C H be open and let f : U — H be
a real differentiable function. For any i € S, let f; == flunc, denote the restriction of f to
the plane C;. The function f is called left slice hyperholomorphic if, for any i € S,

1/0 .0 .

gQﬂﬂmwwaﬁmﬁ—n forallg=u+iveUNC, 1D
and right slice hyperholomorphic if, for any i € S,

1/0 0 ) .

3 (@4 5of@)i) =0 for allq=utiv e UNC, (12)

A left (or right) slice hyperholomorphic function that satisfies f(UNC;) C C; for everyi € S
1s called intrinsic.

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

by N(U).

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

Theorem 2.2. Let U be an open set in H and let SHL,(U), SHr(U) and N (U) the spaces
of slice hyperholomorphic functions defined above.

If fe NWU) and g € SHL(U), then fg € SHL(U).
If f e SHR(U) and g € N(U), then fg € SHR(U).
Ifge NWU) and f € SHL(g(U)), then foge SHL(U).
Ifge N(U) and f € SHRr(g(U)), then foge SHR(U).

Remark 2.3. As a consequence of the above theorem, we have that intrinsic functions on U
are both left and right slice hyperholomorphic. As we shall see, the set N'(U) is a commutative
real subalgebra (with respect to a suitable product) of SH(U) and also of SHi(U). This
fact is of crucial importance for the definition of the H* functional calculus.

It is possible to introduce slice hyperholomorphic functions in different ways, see [17]. Using
Definition 2.1, to prove the most important results of this class of functions, such as the
Cauchy formula, we need additional conditions on the open set U that we introduced below.
For any ¢ = u + i,v € H we define the set [¢] := {u +iv | ¢ € S}. By direct computations it
follows that an element ¢ belongs to [q] if and only if it is of the form § = r~'qr for some
r # 0 and that [¢] is a 2-sphere.

Definition 2.4. Let U C H. We say that U is axially symmetric if, for all u+ iv € U, the
whole 2-sphere [u + v is contained in U.

Definition 2.5. Let U C H be a domain in H. We say that U is a slice domain (s-domain
for short) if U NR is nonempty and if U N C; is a domain in C; for all i € S.

We recall that a domain is an open set that is also simply connected.
To define rational functions and the associated rational functional calculus we are in need of
a few more properties of slice hyperholomorphic functions.

Theorem 2.6 (Representation Formula). Let U be an azially symmetric s-domain U C H.
Let f € SHL(U). Choose any j € S. Then the following equality holds for all x = u+iv € U:

Plutiv) = 5[t jo) + fu—jo)] + iz [jl7— o)~ ft o)) (3)
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Moreover, for all u,v € R such that [u+ iv] C U, the functions

au,v) = 5[ fut jo) + fu—jo)] and B v) = [ilfw—go) ~ ] (14)

depend on w,v only.
Let f € SHR(U). Choose any j € S. Then the following equality holds for all x = u+iv € U:

Flutiv) = [ fut o) + fu—go)| +5[Fu— o)~ ft o)l (5)
Moreover, for all u,v € R such that [u+ ] C U, the functions

o) = 3 [flut o) + Fu—jo)] and B v) = 3 [[fu—jo) ~ fwtw)li]  (16)
depend on w,v only.

Lemma 2.7 (Splitting Lemma). Let U C H be an open set.
Let f € SHL(U). Then for every i € S, and every j € S perpendicular to i, there are two
holomorphic functions F,G : U NC; — C; such that for any z = u + v, it is

fi(z) = F(2) + G(2)j.
Let f € SHR(U). Then for everyi € S, and every j € S, perpendicular to i, there are two
holomorphic functions F,G : U N C; — C; such that for any z = u + v, it is

fi(2) = F(2) + 5G(2).

Remark 2.8. In the Splitting Lemma the two holomorphic functions F and G depend on
the complex plane C; that we consider.

The Cauchy formula for slice hyperholomorphic functions, with a slice hyperholomorphic
kernel, is the key tool to define the S-functional calculus. Such formula has two different
Cauchy kernels according to right or left slice hyperholomorphicity; these kernels have power
series expansions for |g| < |s[: Y0 ¢"s™!7™" (in the left case), and Y °° s~ 17"¢" (in the
right case). The sum of the first series leads to the definition of the left slice hyperholomorphic
Cauchy kernel; analogously the sum of the second series gives the right slice hyperholomorphic
Cauchy kernel.

Definition 2.9. The left slice hyperholomorphic Cauchy kernel is
SpH(s,9) = —(¢* — 2Re(s)q + |s|*) "' (¢ =3)  forq & [s]
and the right slice hyperholomorphic Cauchy kernel is
Sg'(s,9) = —(¢ =3)(¢° = 2Re(s)g + [s]*) ™" for g & [s].
So we can state the Cauchy formulas:

Theorem 2.10. Let U C H be an axially symmetric slice domain such that its boundary
(U NGC;) in C; consists of a finite number of continuously differentiable Jordan curves. Let
1 €S and set ds; = —ids. If f is left slice hyperholomorphic on an open set that contains U,
then

1
flag) = o S; ' (s,q)dsi f(s) for all g € U.
21 Jownc)
If f is right slice hyperholomorphic on an open set that contains U, then
1
flg) = — f(s)ds; S;zl(s,q) for all g € U.
21 Jownc)

The above integrals do not depend neither on the open set U nor on the complex plane C; for
1 €S.
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Theorem 2.11. The left slice hyperholomorphic Cauchy kernel SL_l(S, q) s left slice hyper-
holomorphic in the variable q and right slice hyperholomorphic in the variable s in its domain
of definition (a similar result holds for S}_zl(s, q)). Moreover, we have S}_zl(s, q) = —Sgl(q, s).

In the sequel we will be in need of the following theorem:

Theorem 2.12 (Cauchy’s integral theorem). Let U C H be an open set, let i € S and let D;
be an open subset of U N C; with D; C U NC; such that its boundary OD; consists of a finite
number of continuously differentiable Jordan curves. For any f € SHr(U) and g € SHL(U),
1t 1s
(s)dsig(s) =0,
aD;
where ds; = —1 ds.

3. RATIONAL FUNCTIONS AND THEIR FUNCTIONAL CALCULUS

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'). In the quaternionic setting, in particular for
unbounded operators, we have to specify if we are considering a left-linear or a right-linear
operator. When some properties of a quaternionic operator depend just on linearity we simply
say (quaternionic) linear operator and we do not specify the type of linearity. In analogy with
the complex case, we say that a linear operator, whose domain D(T) :={v eV : Tv e V},
is closed if its graph is closed.

Definition 3.1. We define the S-resolvent set of a linear closed operator T as
ps(T) :={seH : (T? —2Re(s)T + |s|*7)"! € B(V)},
where
T? — 2Re(s)T + |s|*T : D(T?) -V,
and the S-spectrum of T as
os(T) :=H\ ps(T).

If we consider bounded linear operators the S-spectrum is a compact and nonempty set in
H, but in the case of unbounded operators the S-spectrum can be every closed subset of H,
also an empty set. In the sequel, when we consider unbounded operators we will assume that
the S-resolvent set is nonempty.
Forn =0,1,2, ..., the powers of an operator 7" are defined inductively by the relations 7° = Z,
T' =T and

D(T™) ={v : veD(T" "), T" v eD(T)},

T =T(T" 'v), veDTm).
For ap € H, £ =0,...,m, the polynomial

Pm(Q) = Z afqéy
/=0

of degree m € N, is right slice hyperholomorphic. The natural functional calculus for poly-
nomials is obtained by replacing ¢ by the right (resp. left) linear operator 7. We obtain the
right (resp. left) linear quaternionic operator

Ppn(T) => a,T": D(T™) - V.
/=0
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Analogous considerations can be done when we consider a left hyperholomorphic polynomial
Pn(q) = >0 q‘ay of degree m € N and the right (resp. left) linear quaternionic operator

Pn(T)=> T'as: D(T™) -V
=0

is obtained replacing ¢ by a right (resp. left) linear quaternionic operator 7.

An important ingredient in the definition of the H functional calculus is the rational func-
tional calculus. To define the quaternionic H° functional calculus we have to define the
rational functional calculus for intrinsic functions. As we have already observed in Remark
2.3, this class consists of functions that are both left and right slice hyperholomorphic. Thus
we first give the definition of rational left slice hyperholomorphic functions and then we con-
sider the subset of rational intrinsic functions.

Suppose that U C H is an axially symmetric s-domain and let f and g : U — H be left
slice hyperholomorphic functions. For any ¢,5 € S, with ¢ L j, the Splitting Lemma 2.7
guarantees the existence of four holomorphic functions F,G, H, K : U NC; — C; such that
forall z=ax 4wy e UNC;

fi(z) = F(2) + G(2)j  ¢i(2) = H(2) + K(2)j. (17)
We define the function f; xg; : UNC; — H as
fixgi(2) = [F(z)H(2) = G(2)K(2)] + [F(2) K (2) + G(2)H (2)]4. (18)

We now note that the Representation Formula provides an extension operator denoted by
ext, see [20], and so can give the following definition:

Definition 3.2. Let U C H be an axially symmetric s-domain and let f,g: U — H be left
slice hyperholomorphic. The function

(f*9)(q) = ext(fixgi)(q)

defined as the extension of (18) is called the slice hyperholomorphic product of f and g and
is denoted by f % g.

Remark 3.3. Let U be an axially symmetric s-domain. The sets SHz(U) and SHr(U)
equipped with the operation of sum and *-product turn out to be non commutative, unital,
real algebras. N'(U) is a real subalgebra of both of them.

Example 3.4. In the case f and g have power series expansion: > ° ;¢"a, and > 7, ¢"by,
respectively for a,, b, € H, then the slice hyperholomorphic product becomes

()« () = Y on-an )
n=0 n=0 n=0 k=0

Remark 3.5. For more comments on the slice hyperholomorphic product and all its conse-
quences see the book [20].

Let f be as above, and let its restriction to C; be as in (17). We define the function f; :
Un (CZ — (CZ as

[i(2) = F(2)F(2) + G(2)G(2), (20)

and we set

f2(q) = ext(f7)(q).
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Definition 3.6 (Slice inverse function). Let U C H be an azially symmetric s-domain and
let f:U — H be a left slice hyperholomorphic function. We define the function f~* as

F7a) = (@) (),

where f¢(q) is the slice hyperholomorphic extension of

fi(z) = F(z) — G(2)].
The function f~* is defined on U outside the zeros of f*.

Let Q(s) be a polynomial (with quaternionic coefficient on the right); then @ ~*(s) is a rational
function. Given a polynomial P(s), the quaternionic rational functions are of the form

R(s) = (P> Q7")(s),
or
R(s) = (Q7" = P)(s),
so, in principle, one should make a choice between right quotient (first case) or left quotients

(second case). In case Q(s) has real coefficients, the two choices are equivalent, and this will
be the case we will consider in this paper.

Definition 3.7 (Rational functional calculus). Let R = P % Q™" be a rational function and
assume that R has no poles on the S-spectrum of T'. LetT" be a closed densely defined operator.
We define the rational functional calculus as:

R(T) = (P Q7)(T)
(or R(T) = (Q7" % P)(T))-
The operator R(T) is closed and densely defined and its domain is D(7") where
m := max{0, deg P — deg Q}.

Remark 3.8. For our purposes, we will consider intrinsic rational functions defined on U.
In this case

R*Rl = RRl = RlR = Rl *R,
for every R and R; intrinsic rational functions. Moreover, if P(s) and Q(s) are intrinsic poly-
nomial then (P Q~*)(s) = (PQ1)(s) = (Q~'P)(s). Intrinsic rational functions constitute
a real, commutative, subalgebra of both the real algebras SH(U) and SHr(U).

Example 3.9. An important example of intrinsic rational function, useful in the sequel, is
s

Yr(s) = <1+82

Note that, for the sake of simplicity, from now on we will write 1 (s) instead of 1 (s).

We recall that slice hyperholomorphic rational functions have poles that are real points and /or
spheres. This is compatible with the structure of the S-spectrum of 1" that consists of real
point and/or spheres, see p.142 in [20].

With ¢ as above, we have

)k, keN.

W(T) = (T(I+ T2)‘1>k, keN.

We summarize in the following the properties of the rational functional calculus. The proofs
are similar to the classical results and for this reason we omit them.

Proposition 3.10. Let T be a linear quaternionic operator single valued on a quaternionic
Banach space V. Let P and @Q be intrinsic quaternionic polynomials of order n and m,
respectively. Then

(i) If P £ 0 then P(T)Q(T) = (PQ)(T).
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(ii) If P(T) is injective and Q # O then
D(P(T)™) ND(Q(T)) € D(P(T)'Q(T)) N D(Q(T)P(T) ™)
and
P(T)7'Q(T)v = Q(T)P(T)"'v,  ¥u e D(Q(T))ND(P(T)™).
(iii) Suppose that T is a closed linear operator with ps(T) # 0. Then P(T) is closed and
P(os(T)) = o5(P(T)).
For rational functions we have

Proposition 3.11. Let T be a linear quaternionic operator single valued on a quaternionic
Banach space V with ps(T) # 0. Let 0 2 R = PQ~! and Ry = PlQl_l be intrinsic rational
functions. Then we have:
(i) R(T) is a closed operator.
(ii) R(o5(T)) C a5(R(T)), where 35(T) = o5(T)U{o0} denotes the extended S-spectrum
of T.
(iii) R(T)R:(T) C (RR1)(T) and equality holds if

(deg(P) — deg(Q))(deg(P1) — deg(Q1)) = 0.
(iv) R(T) 4+ Ri(T) C (R+ R1)(T) and equality holds if
deg(PQ1 + P1Q) = max{deg(PQ1),deg(P1Q)}

4. THE S-FUNCTIONAL CALCULUS FOR QUATERNIONIC OPERATORS OF TYPE w

As we have mentioned in the introduction we want to show that, at least for a suitable subclass
of closed densely defined operators, we can extend the formulas of the S-functional calculus
for bounded operators. In order to do this we need to define the S-resolvent operators as
follows. Let T be a closed linear operator on a two-sided quaternionic Banach space V' and
assume that s € pg(T) # 0, then the operator

Qs(T) := (T? — 2Re(s)T + |s|*T) 7!
is called the pseudo-resolvent of T
We will denote the set of all closed quaternionic right-linear operators on the two-sided

quaternionic Banach space V by K(V); in the case of left-linear operators we will use the
notation Kr (V).

Definition 4.1. Let T € K(V'). The left S-resolvent operator is defined as

S (5.7) = Qu(D)s = TQ(T), s € ps(T), (21)
and the right S-resolvent operator is defined as
SpM(s,T) = —(T = I35)Qs(T), s € ps(T). (22)

In the sequel we will work just with right linear operators and the above S-resolvent opera-
tors are slice hyperholomorphic functions operator-valued and S} ' (s, T)v and Sp'(s, T)v are
defined for all v € V.

Remark 4.2. We point out that in the case T € Kr(V') the S-resolvent operators have to be
defined as
SZI(SaT) = QS(T)(E_T)7 s € PS(T), (23)

and the right S-resolvent operator is defined as

Sp'(s,T) :=3Qs(T) = TQs(T), s € ps(T). (24)
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The S-resolvent equation has been proved in [6] when the operator T" is bounded. For the case
of unbounded operators one has to be more careful with the domains of the operators that
are involved, see [11]. The resolvent equation of the S-functional calculus and the following
Lemma 4.4 will be important in the proofs of some properties of the S-functional calculus
for operators of type w.

Theorem 4.3 (S-resolvent equation, see [11]). Let T € (V). For s,p € ps(T) with s ¢ [p],
1t 18
Sy (s, T)SL (0. T)o =[Sk (s, T) = S (. Dlp

S D)~ ST T — 2s0p + ), wev. )

We recall the following lemma from [6].

Lemma 4.4. Let B € B(V). Let U be an azxially symmetric s-domain and assume that
feN(U). Then, for pe U, we have

1 _

— f(s)dsi(sB — Bp)(p® — 2sop + |s|) ™" = Bf(p),

21 Jownc)
where ds; = —ids.

We can now consider the main definitions for the H* functional calculus for quaternionic
operators.

Definition 4.5 (Argument function). Let s € H\{0}. We define arg(s) as the unique number
0 € [0, 7] such that s = |s|e%s.
Observe that § = arg(s) does not depend on the choice of i, if s € R\ {0} since p = |p|e” for

any i € S if p > 0 and p = |p|e™ for any i € S if p < 0.
Let 9 € [0, 7] we define the sets

Sy={seH | |arg(p)| <V or s =0},
Sy={scH]| |arg(p) < v}. (26)
Definition 4.6 (Operator of type w). Let w € [0,7) we say the the linear operator T :
D(T)CV =V is of type w if
(i) T is closed and densely defined
(ii) os(T) C Sy U {OO}
(iii) for every ¥ € (w, ] there exists a positive constant Cy such that

1571 7)) < €2 for all non zero s € 83,

5]

C
1Sz (s, T)| < ﬁ for all non zero s € SY.
S
We now introduce the following subsets of the set of slice hyperholomorphic functions that
consist of bounded slice hyperholomorphic functions.

Definition 4.7. Let p € (0,7]. We set

S?—[%O(SS) ={f¢€ S’HL(SS) such that ||f]|~ := sup |f(s)] < oo},
s€SY
SHE(S,)) = {f € SHr(S)) such that | f]le = sup |f(s)] < oo},
s€Sy
NOO(SS) ={fe€ /\/’(52) such that ||f||ec := sup |f(s)| < oo}.

0
sES)
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In order to define bounded functions of operators of type w, we need to introduce suitable
subclasses of bounded slice hyperholomorphic functions:

Definition 4.8. We define the spaces

0y _ oo/ 0 0
\PL(SM) = {f S SHL (SU) such that 3 « > 0, c>0 |f(8)| S m, fOT all s S SN}’
0 oo/ 0 c’S’a 0
\I/R(SU) = {f € S%R (SN) such that 3 o > 0, c>0 ’f(S)‘ < m, fOT’ all s € Sﬂ}’
U(S0) = 00 (g0 = < I 1 0y
(Sy) =1{f e N*(S,) such that 3 a >0, ¢>0|[f(s)] < T s for all s € S}

The following theorem is a crucial step for the definition of the S-functional calculus, because
it shows that the following integrals depend neither on the path that we choose nor on the
complex plane C;, i € S.

Theorem 4.9. Let T be an operator of type w. Let i € S, and let 82 be as in (26). Choose
a piecewise smooth path 1" in SB NC; that goes from ocoe® to coe™, where w < 6 < p. Then

the integrals

1
%/FSZI(S’T) ds;(s),  for all € \I’L(Sg), (27)

1
o /F b(s)ds; SN (s, T),  for all 4 € Up(SY), (28)

depend neither on I nor on i € S, and they define bounded operators.

Proof. We reason on the integral (27) since (28) can be treated in a similar way.

The growth estimates on ¢ and on the resolvent operator imply that the integral (27) exists
and defines a bounded right-linear operator.

The independence of the choice of 8 and of the choice of the path I' in the complex plane C;
follows from Cauchy’s integral theorem.

In order to show that the integral (27) is independent of the choice of the imaginary unit
i €S, we take an arbitrary j € S with j # 1.

Let B(0,7) the ball centered at the origin with radius r; let ag > 0 and 6y € (0,7), n € N,
we define the sector X(6p, ag) as

X(0p,ap) :={s € H: arg(s — a,) > 0,}.

Let 6y < 05 < 6, < 7 and set Uy := X(05,0) U B(0,a0/2) and U, := X(6,,0) U B(0,ap/3),
where the indices s and p denote the variable of integration over the boundary of the respective
set.

Suppose that U, and U, are slice domains and 0(Us N C;) and 9(U, N C;) are paths that are
contained in the sector.
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Observe that 1(s) is right slice hyperholomorphic on Uy, and hence, by Theorem 2.10, we
have

9T = 5 / PSRIOEDETAC ) (29)
1
- o /6 e ( /6 oo, V) S >> ds; S7(s,T) (30)
1 1
sty RRLCLD <g /8 o, S0 d5i ST T)) (31)
! ¥(p) dp; Sg(p. T). (32)

271 Jaw,ney)

To exchange order of integration we apply the Fubini theorem. The last equation follows as
an application of the S-functional calculus for unbounded operators, see [20, Theorem 4.16.7],
since Sp'(p,00) = lims_y00 Sp' (P, 8) = 0. So we get the statement.

O

Thanks to the above theorem the following definitions are well posed.

Definition 4.10 (The S-functional calculus for operators of type w). Let T' be an operator
of type w. Let i € S, and let 52 be the sector defined above. Choose a piecewise smooth path

I'in SB N C; that goes from ooe® to coe™, for w < 6 < p, then

W)= 5 [ ST Dy dsile). or all v WL(S)). (33)
%/1/; )ds; S5'(s,T),  for all 1) € UR(SH). (34)

Remark 4.11. For functions ¢ that belong to \I/(Sg) both representations can be used,
moreover

0
=5 / P(s)ds; S /S s,T)ds;p(s),  for all ¢ € U(S,).
If T is an operator of type w, then ¢(T'), defined in (55) and (56), satisfy:
() +bp)(T) = a(T) + bp(T),  for all 1, ¢ € VL(S)),
(av) +bp)(T) = a(T) + bp(T),  for all ¢ € WR(S)).
These equalities can be verified with standard computations.

Theorem 4.12. Let T be an operator of type w. Then
(W)(T) = &(T)p(T),  for all & €VU(S)), ¢ VL(S)),

(Wo)(T) = (T)p(T),  for all € UR(S)), » € U(S)).

Proof. We prove the first relation the second one follows with similar computations. Let
os(T) C Uy and Uy be two open sectors that contain the S-spectrum of 7" and such that
UyU0U; C Uy and Uy UOU, C 82. Take p € 0(U1 NC;) and s € 9(Us NC;) and observe that,
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for i € S, the S-resolvent equation (25) implies

1 . .
W) = o [l ds ST [ S ) )
(2m)2 Jawanc,) B(ULNC;)
1 . .
(2 /a(U nc )1/)(3) o /a(U nc;) Sg' (s, Tp(p* = 2sop + |sI*) ™" dpi ()
2 i 1 7
1 _ _
- (2n)? /a(U NC;) vl /a(U NC;) S Thple” ~ Zo0p + o) s ()
2 i 1 7
1 . _
BCISE /6(U oy V) dsi /aw . )55}31(8,3’7)(192 — 2s0p + [s*) "' dpi (p)
2 i 1 7
1 . .
CGE /a(U ncy) vl i /a(U nc )ESLl(p’ T)(p* = 2s0p +|s*) " dpi ¢(p).
2 i 1 7

But since the functions
p = p(p* = 2s0p + [s*) " o(p)
and
p— (0° = 2s0p + Is*) "' o(p)
are holomorphic on an open set that contains G; N C;, Cauchy’s integral theorem implies

1 _ _
o [ v ds [ S s e 2sup+ o) s () = 0
(2m)2 Jawanc,) A(ULNC,)
and
1 —a—1 2 2\—1
—W S )¢(8) ds; S 55k (5, T)(p" — 2s0p + |s|7) " dp; w(p) = 0.
2 1 1 i
It follows that
1 _ _
Y(T)p(T) = e /a(U o Y(s) dsi /aw e S;Hp, T)p(p* — 2s0p + |s|*) " dp; ¢(p)
2 7 1 7
1 _ _
+ W /8(U . )1/1(3) ds; /8(U - )§SL1(p,T)(p2 — 2s0p + ]3]2) Ldp; o(p),
2 7 1 7
which can be written as
1 o _
Y(T)p(T) = 5 Y(s) dsi 55, (p,T) — S;* (p, T)p]
(2m)% Jawsncy) A(UINCy)

x (p* — 2s0p + |s|%) " Ldp; o(p).
Using Lemma 4.4 we get

H(T)p(T) = —

T o
1
21 Jawinc,)

/ S; ' (p, T)dpi ¥(p) ¢(p)
A(U1NC;)

ST (p, T)dpi (V) (p) = (We)(T)

which gives the statement.
O

Remark 4.13. We point out that the spectral mapping theorem holds for this functional
calculus. Precisely: if ¢ € \IJ(SS), then ¥(og(T)) = o5(1p(T)). If is important to observe that
the spectral mapping theorem holds just for intrinsic functions. The analogue convergence
theorem at p. 216 in the paper of A. McIntosh [38] holds also here, in fact it is based on the
principle of uniform boundedness which holds also for quaternionic operators. We will not
give the proof of this theorem because it is very similar to that classical case.
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5. THE H® FUNCTIONAL CALCULUS BASED ON THE S-SPECTRUM

To define the H° functional calculus we suppose that 7" is an operator of type w and moreover
we assume that it is one-to-one and with dense range. Here we will consider slice hyperholo-
morphic functions defined on the open sector 82, for 0 < w < p < 7 which can grow at

infinity as |s|* and at the origin as |s|™* for k¥ € N. This enlarges the class of functions to
which the functional calculus can be applied. Precisely we define:

Definition 5.1 (The set Q). Let w be a real number such that 0 < w < w. We denote by )
the set of linear operators T acting on a two sided quaternionic Banach space such that:

(i) T is a linear operator of type w;
(ii) T is one-to-one and with dense range.

Then we define the following function spaces according to the set of operators defined above:

Definition 5.2. Let w and p be real numbers such that 0 < w < p < m, we set
fL(SS) ={fe€ S’HL(SS) such that |f(s)] < C(|s|* +|s|7%) for some k>0 and C >0},

]:R(Sg) ={f¢€ S”HR(SS) such that |f(s)| < C(|s|* +|s|™%) for some k>0 and C > 0}.
.7:(82) ={f EN(SE) such that |f(s)| < C(|s|* + |s|~%) for some k>0 and C > 0}.

To extend the functional calculus we consider a quaternionic two sided Banach space V', the
operators in the class €2, and:
e The non commutative algebra F. L(Sg) (resp. F, R(SB)).
e The S-functional calculus ® for operators of type w
O WL(S)) (resp. WR(S)) — B(V), @ :¢— ¢(T).

e The commutative subalgebra of F L(SS) consisting of intrinsic rational functions.

e The functions in ]:L(Sg) have at most polynomial growth. So taken an intrinsic
rational functions v the operator ¢(7T") can be defined by the rational functional
calculus. We assume also that (7" is injective.

Definition 5.3 (H° functional calculus). Let V' be a two-sided quaternionic Banach space
and let T' € Q. For k € N consider the function

v(s) =

For f € ]:L(Sg) we define the extended functional calculus as

S k+1
1+ 32>

F(T) = (1) (D). (35)
For f € fR(SS), and T left linear we define the extended functional calculus as
F(T) = (fo)(M)(@(T)) (36)

We say that 1 reqularizes f.

Remark 5.4. In the previous definition the operator (f)(T") (resp. (fv¢)(T)) is defined
using the S-functional calculus ® for operators of type w, and ¢ (T") is defined by the rational
functional calculus.

Theorem 5.5. The definition of the functional calculus in (35) and in (36) does not depend
on the choice of the intrinsic rational slice hyperholomorphic function .
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Proof. Let us prove (35). Suppose that ¢ and ¢’ are two different regularizers and set
A= ((T) " (@ f)T) and  B:= (' (T)" @' f)(T).

Observe that since the functions v and v’ commute, because there are intrinsic rational
functions, it is

H(DW(T) = (') (T) = (YP)(T) = ¢'(T)(T),

S0 we get

It is now easy to see that

A= (D) (Wf)(T) =

= @W'(T) W HT) =

where we used the fact that from the product rule, see Proposition 3.11, we have that the
inverse of ¢(T) is (1/v)(T"). The proof of (36) follows in a similar way. O

We now state an important result for functions in fL(Sg) (the same result with obvious
changes holds for functions in F, R(Sg)).

Theorem 5.6. Let f € f(SB) and g € ]-"L(Sg). Then we have
FT) +9(T) < (F +9)(T),
F(Mg(T) < (f9)(T),
and D(f(T)g(T)) = D((f9)(T)) N D(9(T))-

Proof. Let us take 11 and 1o that regularize f and g, respectively. Observe that the function
1 = 11y regularize f, g, f + g and fg because ¥, ¥9 and f commute among themselves.
Observe that

F(T) +g(T) = (D) @) + (1)) (g)(T)
C WD) HWHT) + (Dg)(T)]
= (WD) [(f + 9lT) = (f +9)(T).

We can consider now the product rule

F(M)g(T) = (P1(T)) " (W FYT) (2(T)) " (1h2g)(T)
C (a(1)) " (2(T)) "M (1 /)T (429)(T))]
= (2T (1) [ (T)a(T) (f9)(T)
= (Q(T) " (W f9)(T) = (f9)(T),
where we have used v := ¥113. Regarding the domains it is as in that complex case. g

Remark 5.7. We point out that in this case there is no spectral mapping theorem because
the operator f(T') = (¢(T))~'(¢f)(T) can be unbounded even when f is bounded.

The following convergence theorem is stated for functions in SH}’ (82) but it holds also for
functions in SH¥ (S)) and is the quaternionic analogue of the theorem in Section 5 in [38].
The proof follows the proof of the convergence theorem in [38, p. 216], we just point out that
the convergence theorem is based on the principle of uniform boundedness that holds also for
quaternionic operators.
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Theorem 5.8 (Convergence theorem). Suppose that 0 < w < pu < w and that T is a linear
operator of type w such that it is one to one and with dense range. Let f, be a net in SHEO(SS)
and let f € SHF(S))) and assume that:

(i) There exists a positive constant M, such that ||fo(T)| < M,
(il) For every 0 < d < A < o0

sup{|fa(s) — f(s)| such that s € SS and § <|s| <A} — 0.
Then f(T) € B(V) and fo(T)u — f(T)u for all u € V., moreover || f(T)|| < M.

In the following section we discuss the boundedness of the H* functional calculus.

6. QUADRATIC ESTIMATES AND THE H® FUNCTIONAL CALCULUS

Let H be a right linear quaternionic Hilbert space with an H-valued inner product (-, -) which
satisfies, for every «, g € H, and =z, y, z € H, the relations:

(x,y) = (y, ),
(x,z) >0 and |z||?:=(z,2) =02 =0,
(ra+yB,z) = (z,2)a + (y,2)0,
(z,ya + 28) = afz,y) + Bz, 2).
Definition 6.1. We will call a subset N C H a Hilbert basis if

(x,y) = 0 forx,y € N so that z #y, (37)
(z,2) = 1 forx € N so that x # 0, (38)
{x eH:(x,y) =0 for ally e N} = {0}. (39)

With a choice of the Hilbert basis N a quaternionic Hilbert space on one side (left or right)
can always been made two-sided. Thus it is not reductive to consider a quaternionic two-sided
Hilbert space and repeat what we have done in the case of a Banach space to define a H*
functional calculus.

The crucial tool to show the boundedness of the H* functional calculus are the so called
quadratic estimated, see [38].

Definition 6.2 (Quadratic estimate). Let T be a right linear operator of type w on a quater-
nionic Hilbert space H and let ¢ € \I/(SS) where 0 < w < p < w. We say that T satisfies a
quadratic estimate with respect to ¥ if there exists a positive constant 5 such that

o0 dt
/ [ T)ul?S < 8, for all we H,
0

where we write ||u|| for ||ulx.

Let us introduce the notation
UH(S)) ={y € U(Sy) : ¢(t) >0 forallte (0,00)}
and
Pi(s) =(ts), te(0,00).

Theorem 6.3. Let 0 < w < p < w and assume that T is a right linear operator in €.
Suppose that T" and its adjoint T* satisfy the quadratic estimates with respect to the functions
Y and Y € \P+(SB). Suppose that f belongs to SHEO(SB). Then the operator f(T') is bounded
and there exists a positive constant C such that

IA(D)| < Clifllse for all  f € SHF(S)).
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Proof. We follow the proof of Theorem at p. 221 in [38], and we point out the differences.
We observe that we choose the function 1, ¥ and 7 in the space of intrinsic functions \I’+(82)
because the pointwise product

(s) = p(s)¥(s)n(s)

has to be slice hyperholomorphic and moreover 7 has to be such that

o dt
JAECE
0
dt

R
forls) = [ (0 NOF
15
Using the quadratic estimates it follows that there exists a positive constant C' such that

1fe.r(T) < Cllflloo

the Convergence Theorem 5.8 gives the formula

f(T)u = lim hm fer(T)u forall we™

e—0R—

For f € SH(S)) let us define

where (n,f)(T") is defined by the S-functional calculus
1 _
(e f)T) = oy /FSLl(s,T) ds;mi(s)f(s), forall fe \I/L(Sg),

since i f € \I’L(SS) because 7, is intrinsic. Precisely, the quadratic estimates and some
computations show that there exists a positive constant Cz such that

[(fe.r(T)u,v)| < Cg sup |[(nf)(T)|[[[ull]|v]].

te(0,00)
Since
1 _
(e )T < —\If\loosup/ 1S5 (s, T)[dsi [mi(s)]
sl

< 5-su =1

< pufuoo/ s
From the above estimates we get the statement. O

7. THE CASE OF n-TUPLES OF OPERATORS

The notion of slice hyperholomorphicity can be given for Clifford algebra-valued functions, see
[20]. In this section, we recall the main results on this function theory and on the operators
that we will consider later, without giving the details of the proofs (which can be found in
[20]).

7.1. Preliminaries on the function theory. Let R, be the real Clifford algebra over n

imaginary units ei,...,e, satisfying the relations e;e; + eje; = 0 for i # j and e = —1.
An element in the Clifford algebra will be denoted by )" ,eazs where A = {i;...4,} €
P{1,2,...,n}, i1 < ... < i, is a multi-index and eq = e;,€;,...€;,, ¢g = 1. An element
(0,21, ...,7,) € R"! will be identified with the element

T =20 +Z =T+ E Tj€j,
j=1
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a so-called paravector, in the Clifford algebra R,,. The real part xy of z will also be denoted
by Re(x). The square of the norm of z € R"*! is defined by |z|*> = 22 + 23 + ... + 22 and
the conjugate of z is

n
T =29g— L =2Tg— E Tje;.
j=1

Let
S:i={z=ex1+...4eqzy : 22 +... +22 =1}

2

Observe that for i € S, we obviously have i> = —1. Given an element = = z¢ +z € R**!, we

set

.: {z/\&\ ifz#0

any element of S if z =0,
then 2 = u + i,v with u = 29 and v = |z|. For any element 2 = u + i,v € R""!, the set
[z] == {y e R"™ : y=wu+iv, i €S}

is an (n — 1)-dimensional sphere in R"*!. The vector space R + iR passing through 1 and
i € S will be denoted by C; and an element belonging to C; will be indicated by u + iv with
u, v € R.

Since we identify the set of paravectors with the space R*™!, if U C R"*! is an open set, a
function f: U C R"*! — R, can be interpreted as a function of a paravector z.

Definition 7.1 (Slice hyperholomorphic functions). Let U C R™™! be an open set and let
f:U —= R, be a real differentiable function. Let i € S and let f; be the restriction of f to the
complex plane C;.
The function f is said to be left slice hyperholomorphic (or slice monogenic) if, for every
i €S, it satisfies
1/0 . o, .
3 <%f2(u +iv) + z%fl(u + zv)> =0
on UNC,;. We denote the set of left slice hyperholomorphic functions on the open set U by
SMLU).
The function f is said to be right slice hyperholomorphic (or right slice monogenic) if, for
every i € S, it satisfies
170 . 0 .
3 <%fz(u + ) + %fz(u + w)z) =0
on UNC;. We denote the set of right slice hyperholomorphic functions on the open set U by
SMg(U).
A left (or right) slice hyperholomorphic function that satisfies f(U NC;) C C; for any i € S
is called intrinsic. The set of all intrinsic functions will be denoted by N (U).

Remark 7.2. We use the same symbol N (U) to denote intrinsic functions for the quater-
nionic case and for the Clifford algebra case, the meaning is clear from the context and no
confusion arises.

Remark 7.3. Let x be a paravector, then any power series of the form 2, ztay with

a¢ € Ry, for £ € N, is left slice hyperholomorphic and any power series of the form ), bex!
with by € R,,, for £ € N, is right slice hyperholomorphic. In the case ay, or similarly b, (for all
¢ € NU{0}) are real numbers the power series define intrinsic functions, where they converge.
They are both left and right slice hyperholomorphic.
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Lemma 7.4 (Splitting Lemma). Let U C R™*! be open and let f : U — R, be a left slice
hyperholomorphic function. For every i = i1 € S, let ia,...,i, be a completion to a basis of
R,, that satisfies the relation i,is + 51, = —20, . Let f; be the restriction of f to the complex
plane C;. Then there exist 271 holomorphic functions Fu : UNC; — C; such that for every
zeUNCG;

n—1
filz) = > Fa(2)ia
|A|=0
where ig =g, - - - iy, for any nonempty subset A = {l; < ...<{ls} of {2,...,n} and iy = 1.
Similarly, if g - U — H is right slice hyperholomorphic, then there exist 2"~' holomorphic
functions G4 : U NC; = C; such that for every z € U NC;

Slice hyperholomorphic functions have good properties when they are defined on suitable
domains whose definition mimics the one in the quaternionic case.

Definition 7.5 (Axially symmetric slice domain). Let U be a domain in R"*1. We say that
U is a slice domain (s-domain for short) if U NR is nonempty and if U N C; is a domain in
C; for alli € S. We say that U is axially symmetric if, for all z € U, the (n — 1)-sphere [x]
s contained in U.

The crucial result of slice hyperholomorphic functions is the representation formula (or struc-
ture formula), first proved in [16].

Theorem 7.6 (Representation Formula). Let U C R™ ™! be an azially symmetric s-domain
and let f € SMp(U). Then for any vector x = u + iyv € U the following formula hold:

Fla) = g [Fu+ iv) + flu— )] + 3 [iailfu— i) — fu+ i0)]] (40)
If f € SMg(U) then
Fla) = g [t iv) + Flu—iv)] + 5[17 0w —iv) — Flut i)l (41)

The proof of the following Cauchy formula is based on the Representation Formula.

Theorem 7.7 (The Cauchy formula with slice hyperholomorphic kernel). Let U C R™H!
be an azially symmetric s-domain. Suppose that O(U N C;) is a finite union of continuously

differentiable Jordan curves for every i € S and set ds; = —ids.
If f is a (left) slice hyperholomorphic function on a set that contains U then
fa)= 5 S (s, 2) s £ () (12)
T Jo(Uunc,)
where
S;t(s,x) = — (2% — 2Re(s)z + |s]*) Mz —3), z¢]s]. (43)

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

f(2) =

== f(s)dsi S5 (s, x) (44)
21 Jawncy)

where
Spt(s,z) = (v — 5)(2? — 2Re(s)z + |s]*)7L,  z & [s]. (45)
The integrals depend neither on U mor on the imaginary unit i € S.
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7.2. Preliminaries on operator theory. In the following we will assume that V is a real
Banach space. We denote by V,, the two-sided Banach module over R,, corresponding to
V®R,. For p =0,1,...,n let T, : D(T,,) — V be linear operators that do not necessarily
commute among themselves, where D(7),) denotes the domain of T}, which is contained in V.
To define the H* functional calculus for the (n + 1)-tuple of linear operators (7o, 171, .., T},),
we will consider the so-called operator in paravector form

T=Ty+eiT1+...+e, 1},

whose domain is D(T') = (,_, D(T},).

The case of n-tuples of operators is obviously contained in the previous case by setting Ty = 0,
namely when we take (0,77, ..,7,). In the following we will consider n+ 1-tuples of operators,
including operator Tp, because from the point of view of our theory there are no additional
difficulties.

We denote by B(V') the space of all bounded R-homomorphisms from the Banach space V'
into itself endowed with the natural norm denoted by || - [|gny. Let T4 € B(V). We define
the operator

T = ZTAeA
A

and its action on the generic element of V,

v = E VBER
B

as

T(v) = ZTA(UB)eAEB-
AB

The operator T is a right-module homomorphism which is a bounded linear map on V,,. The
set of all such bounded operators is denoted by B(V,,). We define a norm in B(V},) by setting

IT N5 = > ITallze)-
A

We denote by KC(V},) the set of those paravector operators T' that are linear and closed. The
notion of S-spectrum, S-resolvent set and of S-resolvent operator can be defied in the Clifford
setting as follows.

Definition 7.8. The S-resolvent set ps(T') of T is defined as
ps(T) == {s e R"™ . Q. (T) € B(V,)}

where

Qs(T) := (T? — 2Re(s)T + |s]*T) 71, (46)
and

T? — 2Re(s)T + |s|*Z : D(T?) — V.
The S-spectrum og(T') of T is defined by

os(T) = R\ pg(T).

In the case of n-tuples of operators when 7' is bounded, i.e. all the components 7}, are
bounded, then the S-spectrum is a nonempty compact set in R"*1. When at least one of the
operators T, is unbounded then pg(T) can be every closed subset of R"™1. In this case, we
will always assume that the set pg(T") is nonempty.



THE H* FUNCTIONAL CALCULUS 23

Definition 7.9. Let T € K(V,,). The left S-resolvent operator is defined as

Sp'(s.T) = Qu(T)5 — TQs(T), s € ps(T) (47)
and the right S-resolvent operator is defined as
Spl(s,T) = —(T - I5)Qs(T), s € ps(T). (48)

The S-resolvent equation for the case of unbounded operators T has been considered in [11]
for the quaternionic operators but its proof can be easily adapted to the the case of n-tuples
of operators. Let T' € K(V,,). For s,p € ps(T) with s ¢ [p], it is

Sg'(s,1)S. (. T =[[Sz (5, T) = S; (0. T)lp

— E[S;zl(s,T) — Szl(p,T)]] (p2 — 250p + ]3]2)_111, v eV, (49)

7.3. The rational functional calculus. In the Clifford algebra setting, the definition of
slice hyperholomorphic rational function is slightly more complicated than in the quaternionic
case. To introduce it, we need some preliminary definitions and results.

We begin by defining the slice hyperholomorphic product, which is more involved than in the
quaternionic case.

The slice hyperholomorphic product.

For any i € S set @ = i; and consider a completion to a basis {i1,...,i,} of R, such that
gt +ipip = —20g¢. The Splitting Lemma 7.4 guarantees the existence of holomorphic func-
tions F'4,G4: UNC; — C; such that for all z = u + v € U N C;, the restriction to C; of f
and g, denoted by f; and g; respectively, can be written as

fi(z) =Y Fa(2)ia,  gi(2) =) G(2)is,
A B

where A, B are subsets of {2,...,n} and, by definition, iy = 1. We define the function
fixgi: UNC; — R, as

Firg)(z) = 3 (1) Fa()Ga(z) + 3 (—1) 5" Fa(2)Ga3)
|Aleven |Alodd
+ Y Fa(2)Gp(2)iaip+ Y.,  Fa(2)Gp(2)iaip. (50)
|Aleven, B#£A |Alodd,B#A

Then (f; * g;)(z) is obviously a holomorphic map on C;, and hence its unique slice hyperholo-
morphic extension to U, which can be constructed according to the Representation Formula
7.6, is given by

(f * g)(@) := ext(fi x g;)().
Definition 7.10. Let U C R"*! be an axially symmetric s-domain and let f,g: U — R,, be
left slice hyperholomorphic functions. The function

(f * g)(x) = ext(fi* gi)(x)
defined as the extension of (7.3) is called the s-monogenic product of f and g. This product
is called x-product of f and g.

An analogous definition can be made for right slice hyperholomorphic functions. Since we
will concentrate on intrinsic rational functions in the sequel, which are both left and right
slice hyperholomorphic we will limit ourselves to the left case.

The x-inverse function.
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Let U C R™"! be an axially symmetric s-domain and let f : U — R, be a left slice hy-
perholomorphic function. Let us consider the restriction f;(z) of f to the plane C; and its
representation given by the Splitting Lemma

fi(z) = Fa(2)ia. (51)
A
Let us define the function ff: UNC; — C; as

1) = 3 Fa(2)ia
A
= Z Fy(2)ig — Z FA(Z)iA — Z Fa(Z)ia+ Z Fy(z)ia,

|A|=0 |A|=1 |A|=2 |A|=3

where the equivalence = is intended as = (mod4), i.e. the congruence modulo 4. Since any
function F'4 is obviously holomorphic it can be uniquely extended to a slice hyperholomorphic
function on U, according to the Representation Formula. Thus we can give the following
definition:

Definition 7.11. Let U C R"! be an axially symmetric s-domain and let f : U — R,, be a
left slice hyperholomorphic function. The function

fx) = ext(f7)(x)
is called the slice hyperholomorphic conjugate of f.

Using the notion of x-multiplication of slice hyperholomorphic functions, it is possible to
associate to any slice hyperholomorphic function f its symmetrization denoted by f*. Let
U C R"! be an axially symmetric s-domain, let f : U — R,, be a slice hyperholomorphic
function, and let is restriction to C; be as in (51). Here we will use the notation [f;]p to
denote the “scalar” part of the function f;, i.e. the part whose coefficient in the Splitting
Lemma is ¢y = 1. We define the function f*: UNC; — C; as

fi o= 1[fr* filo
- [(Z Fp()Ip)( Y. FaE)la— > Fa()Ia— Y FaG)la+ Y. FA(z)JA)}O.
B

|A|=0 [Al=1 |A|=2 |A|=3

The function f; is holomorphic and hence its unique slice hyperholomorphic extension to U
motivates the following definition:

Definition 7.12. Let U C R*"! be an azially symmetric s-domain and let f: U — R,, be a
slice hyperholomorphic function. The function

[P () = ext(f7)(x)
defined by the extension of 7 = [fix fflo from UNC; to the whole U is called the symmetriza-
tion of f.

The following lemma is important for the definition of the *-inverse.

Lemma 7.13. Let U C R"! be an azially symmetric s-domain and let f,g be left slice
hyperholomorphic functions. Then

fPg=[1"*g=gxf".
Moreover, if Zys is the zero set of f°, then
(f) g = ()" xg=gx(f)" on U\ Zp.
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Definition 7.14. Let U C R™! be an azially symmetric s-domain. Let f : U — R, be a
left slice hyperholomorphic function such that for some i € S its restriction f; to the complex
plane C; satisfies the condition

fix [ has values in C;. (52)
We define the function:
= ext((fF) 1)
where f7 = [fi * fflo = fi * f{, and we will call it slice hyperholomorphic inverse of the

function f.

The next proposition shows that the function f~* is the inverse of f with respect to the
x-product:

Lemma 7.15. Let U C R™" be an azially symmetric s-domain. Let f : U — R,, be an
s-monogenic function such that for some i € S we have that f; x f{ has values in C;. Then on

U\ Zyss we have:
fref=fef =1
Remark 7.16. Note that the x-inverse of a slice hyperholomorphic function f is defined

under the additional assumption that that for some i € S we have that f; * f{ has values in
C;. This assumption is automatically satisfied, for all ¢ € S, by the intrinsic functions.

The rational functional calculus.
Consider a left slice hyperholomorphic polynomial

m
Plx) = Za:gag, where a; € R,
£=0
in the paravector variable z. The natural functional calculus is obtained by replacing the
paravector operator x by the paravector operator T' =Ty + Tie1 + ... + They:

P(T) = ZTZCLg, where a; € R,
(=0
whose domain is D(P(T)) = D(T™).

Let Q(s) be a polynomial in the paravector variable s satisfying the condition (52), i.e.
Q; * QF has values in C; for every ¢ € S. Then Q™ *(s) is a rational function. If we use the
s-multiplication and if P(s) is a polynomial then rational functions are of the form

R(s) =P(s)* Q" (s)
or

R(s) = Q7" (s) « P(s).
In the sequel we will be interested in the functional calculus for intrinsic rational functions,
SO

P(s)

s)

Let R be a rational function and assume that R has no poles on the S-spectrum of T'; suppose
that T is a closed densely defined paravector operator and define

R(T)=P(T)*« Q *(T).
This operator is also closed and densely defined and its domain is D(7T"™) where

m := max{0,deg P — deg Q}.

P(s)* Q7" (s) = Q77 (s) x P(s) =
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We point out the Propositions 3.10 and 3.11 holds also in this setting and we do not repeat
them.

7.4. The S-functional calculus for n-tuples of operators of type w. The S-resolvent
operators, on which the S-functional calculus for n-tuples of operators is based, are defined
as follows: for T" € K(V') the left S-resolvent operator is

Sp1(5,T) = Qs(1)5 = TQs(T), s € ps(D), (53)
and the right S-resolvent operator is
Sp'(s,T) = —(T = I5)Qs(T), s € ps(T), (54)

where

Qs(T) := (T?* — 2Re(s)T + |s|*T) " .
The argument function for p € R"*1\ {0} is denoted by arg(p) and it is the unique number
6 € [0, 7] such that p = [p|e?”. Observe that # = arg(s) does not depend on the choice of i,
if s € R\ {0} since p = [p|e for any i € Sif p > 0 and p = |p|e™ for any i € S if p < 0.
Let 9 € [0, 7] and us define the sets

Sy ={s € R"™ . s=0or |arg(p)| <V}
Sy ={scR"™ : |arg(p)| <9}
Definition 7.17 (Paravector operators of type w). Let w € [0,7) we say that the paravector
operator T : D(T) C V,, = V,,, where T =Ty + Tie1 + ... + Then, is of type w if

(i) T is closed and densely defined,
(ii) og(T) C Sy U {0},
(iii) for every ¥ € (w, | there exists a positive constant Cy such that

HSZI(SaT)H < Co for all non zero s € SY,

5]

1S5 (s, T)|| < %’9 for all non zero s € SY.
We now define suitable subsets of the set of slice hyperholomorphic functions. Let p € (0, 7].
We set
SMP(S)) = {f € SML(S)) such that ||f||s :== sup |f(s)| < oo},

s€S?
SME(S,) = {f € SMR(S,)  such that ||flloo == sup |f(s)| < o0},
seS)
NOO(SS) ={f¢€ N(Sg) such that || f]leo := sup |f(s)] < oo}
seS)

To define the S-functional calculus for paravector operators of type w we need the following
definition.

Definition 7.18. Let p € (0, 7], we set

0y _ 0o (g0 cls|® 0
VL(S,) =1{f € SMT(S,,) such that 3a >0, c>0 |f(s)| Sm, for all s € S},
0y _ 00/ g0 cls|® 0
Vr(S,) = {f € SME(S,,) such that 3 a >0, ¢>0 [f(s)] §m, for all s € S},
cls|

U(S)) = {f e N®(S)) such that 3 >0, ¢>0 |f(s)] < : for all s € S}

P
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The analogue of Theorem 4.9 in the Clifford algebra setting allows to define the S-functional
calculus for paravector operators of type w. Thus, with the identification of the (n 4+ 1)-tuple
(Ty, T, ..., T),) of linear operators with the paravector operator T' = Ty + They + ... + Then,
we obtain the S-functional calculus for n 4+ 1-tuples of operators and, as we discussed, also
for (0,71, ...,T,).

Definition 7.19 (The S-functional calculus for n-tuples of operators of type w). Leti € S,
and let 52 be the sector defined above. Choose a piecewise smooth path ' in 82 NGC; that goes

from coe to coe™, for w < § < p, then

W(T) = % / ;s T)dsi(s),  for all &€ Uy(SY), (55)

=5 / P(s)ds; Sp'(s,T),  for all ¢ € Ug(S)). (56)
The definition is well posed since the two integrals above do not depend neither on I" nor on
i €S.
If ¢ belongs to \I’(SO) both the representations (55) and (56) can be used and

0
=5 / P(s)ds; S /S s, T)dsi(s), forall e ¥(S,).

As in the quaternionic case, the S-functional calculus satisfies the following properties.
Theorem 7.20. The operators (T defined in (55) and (56) are bounded linear operators:

(av) +bp)(T) = aty(T) + bp(T),  for all 3,0 € VL(S)),

(av) +0p)(T) = at(T) + bp(T),  for all 3, € VR(S)).
and moreover

W) (T) =d(T)p(T),  for all € U(S)), ¢ e VLS,

W) (T) =(M)p(T),  for all € VR(S)), » € U(S)).

7.5. The H* functional calculus. We are now in the position to state the H*>° functional
calculus for n 4 1-tuples of operators:

Definition 7.21. Let w and p be two real numbers such that 0 < w < p < m and we make
the following assumptions on the linear operator T

(i) T is an operator of type w;

(ii) T is one-to-one and with dense range.
We define

fML(Sg) ={fe€ SML(SS) such that |f(s)| < C(]s|*+|s|7%) for some k> 0and C > 0},
]:MR(SS) ={f¢€ SMR(SS) such that |f(s)| < C(|s|*+]|s|~%) for some k> 0and C > 0}.
.7-"./\/((82) ={fe NM(Sg) such that [f(s)] < C(|s|* + |s|™*) for some k >0 and C' > 0}.

Definition 7.22. For k > 0 let us set
S k+1
W(s) = <1+s2> ’
For f € fML(SB) we define the functional calculus

F(T) = (1) (@ )(T),
where the operator (f)(T) is defined using the S-functional calculus, and (T') is defined by
the rational functional calculus.
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The independence of the definition from the regularizing function v and the product rule
holds also here.

Remark 7.23. We point out that in this case there is no spectral mapping theorem available
and the operator f(T) = (¥(T))~*(f4)(T) can be unbounded also when f is bounded.

The analogue of the convergence theorem 5.8 holds in the Clifford algebra case, and it can
be considered the paravector case version of the theorem in Section 5 in [38].

Remark 7.24. We conclude by pointing out that some examples of operators to which the
S-functional and the H°°-functional calculi apply are the Dirac operator

0 0
D—ela—xl—i-...-l-ena—xn

and the global operator that annihilates slice hyperholomorphic functions, see [17]:
0 - 0
— |2 .
G(z) = |z| O +z jEZl xj Do

Remark 7.25. In a Hilbert space a quadratic estimate is essentially contained in the Plancherel
theorem. On Lipschitz perturbations of the classical spaces, including the real line and the Eu-
clidean spaces, there are no Plancherel theorems, and the boundedness is technically difficult.
In later contexts the quadratic estimates are consequences of the Coifman-MclIntosh-Meyer
(CMcM) Theorem. In fact, people found direct proofs, not via quadratic estimates.

The papers [30] and [22] are equivalent, providing two simplest, independent and direct proofs
of the boundedness of the H* functional calculus of the Clifford Dirac differential operators
D = Dyey + -+ + Dype, and the non-homogeneous D = Dy + D, where Dy, k =0,1,...,n is
the partial differential operator with respect to the k-th variable.

The paper [39] deals with the equivalence relationship between the three forms of the func-
tional calculus, viz., the Cauchy-Dunford form, the Fourier multiplier form under the Fourier
transformation theory on Lipschitz curves and surfaces of Coifman and Meyer, and the mono-
genic singular integral operator form. Indeed, the operators in the functional calculi all form
bounded operator algebras. For Lipschitz perturbations of the spheres in the complex plane,
in the quaternionic space, in the Euclidean n-space, as well as perturbation of the n-complex
sphere, and of the n-torus, analogous H° functional calculi were established. They all cor-
respond to the associated spherical Dirac differential operators, see e.g. [39] and [40] and the
references therein.
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