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Introducing and solving generalized Black—Scholes PDEs through
the use of functional calculus

JESUS OLIVA-MAZA@® AND MAHAMADI WARMA

Abstract. We introduce some families of generalized Black—Scholes equations which involve the Riemann—
Liouville and Weyl space-fractional derivatives. We prove that these generalized Black—Scholes equations
are well-posed in L= L°°)-interpolation spaces. More precisely, we show that the elliptic-type operators
involved in these equations generate holomorphic semigroups. Then, we give explicit integral expressions
for the associated solutions. In the way to obtain well-posedness, we prove a new connection between
bisectorial-like operators and sectorial operators in an abstract setting. Such a connection extends the
scaling property of sectorial operators to a wider family of both operators and the functions involved.

1. Introduction

Bisectorial operators play a central role in the theory of abstract inhomogeneous
first-order differential equations on the whole real line, like

W'(t) = Au(t) + f(t), teR, (1.1)

where A is a bisectorial operator on a Banach space X. The theory has been an active
topic of research during the past years. We refer to [4,24] and their references for a
complete overview, the importance, and applications of such operators.

It is well-known that sectorial operators are related to the theory of abstract first-
order homogeneous differential equations on the positive real axis with initial condi-
tions. Namely, equations of the form

V() = Av@t), t>0, v(0) =g. (1.2)
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We refer to the monographs [1,12] and their references for a precise description of
this fact.

Both families of operators are closely related. Indeed, an operator A is bisectorial
if and only if both A and — A are sectorial operator. As one may expect, both families
share multiple properties and, in particular, one can define similar functional calculus
for the two families of operators. Indeed, in this work, we make use of the meromorphic
functional calculus from sectorial operators completely developed in the excellent
monograph [18], and we adapt it carefully to the theory of bisectorial operators, which
extends the functional calculi considered in [22] and references therein.

Another connection between these two families lies in the fact that A is sectorial
whenever A is a bisectorial operator, see e.g., [4, Proposition 5.1]. In the particular
case that A generates a bounded group, then A” generates a bounded holomorphic
semigroup (see for instance [3, Theorem 1.15] or [12, Corollary 4.9]). An application
of this result is to study differential equations on the positive real line like Equation
(1.2) in terms of a possibly simpler equation on the real line Equation (1.1). One may
find a concrete example of this fact in [2], where the authors obtained properties of
the classical Black—Scholes equation

U = xzu“ + Xy, t,x >0, (BS)
through the simpler and elegant partial differential equation
Uy = —XUy, t,x > 0.

It seems natural to think that an extension of the generation result mentioned above
for A2 would be of interest, since it would be a suitable tool to study a broader family
of differential equations. For instance, it resembles the scaling property of sectorial
operators, i.e., A% is a sectorial operator if A is sectorial and @ > 0 is small enough,
see [19, Theorem 2]. As a particular case, such an extension result could lead to the
study of a generalized version of the Black—Scholes equation (BS). This equation is
of particular importance since the seminal work [9] and has been an active topic of
research in mathematical finance due to its importance in the modeling of pricing
options contracts, see for instance [14] and references therein.

Here, we define bisectorial-like operators, a family that generalizes the one of bisec-
torial operators, see Definition 2.2. This generalization is of importance, since every
generator of an exponentially bounded group is a bisectorial-like operator. The main
contribution of this paper is to give a result for such bisectorial-like operators, namely
Theorem 3.10, which extends the scaling property and which will be key to study
fractional differential equations which extend the classical equation (BS). Specifi-
cally, four new families of generalized Black—Scholes equations arise in a natural way
as an application of Theorem 3.10. At this point, we wish to observe that part of our
contribution is to show how the relations between bisectorial-like operators and sec-
torial operators that we develop here can be used successfully to solve several of those
equations extending (BS). We are not dealing with mathematical finance in this paper,
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but on the other hand, we are confident that our new generalized Black—Scholes par-
tial differential equations could be used to understand the disturbing and anomalous
behavior of the financial market.

Let us explain the method we follow to extend (BS) to a fractional differential
equation, and we will explain later on this Introduction how the extension of the
scaling property given in Theorem 3.10 is related to these differential equations. As
stated before, the classical Black—Scholes equation is studied by means of the following
degenerate differential operator:

J)x) :=—xf'(x), x>0, (1.3)

on (L' — L) interpolation spaces that we shall explain in Sect. 5. In [2], the authors
used the connection between the operator J and the classical Cesaro operator C given
by

1 X
(Cf)(X)=—f fydy, x>0,
X Jo

and its adjoint Cesaro operator C*. This connection had been first pointed out in [11]
to study the Cesaro operator C on the half-plane. In addition, the differential operator
J was also related in [21] to the generalized fractional version of the Cesaro operator
Cy on LP-spaces, for real numbers o > 0, given by

< r 1
Cah)0) = = fo (=) fdy = %(D—W)(x), x>0, (14)

and the associated adjoint Cesaro operator C given by

-0

CyHx) = Ot/ y—af(y) dy =T(a+DHW O™ Hx), x>0,
(1.5)

where D™% and W™ denote the Riemann—Liouville and Weyl fractional integrals of
order o, respectively, see Sect. 2 for more details. We notice that D~ is usually denoted
by /7% in most of the literature on fractional calculus. The connection between J and
Cq, C} is given in terms of the exponentially bounded group (G (s))ser generated by
J, with expression (G (s) f)(x) = f(e *x). More precisely, we have that

(Ca f)(x) = Ot/ et (1 —eH* NG fHx)ds, x>0,
" (1.6)
CofHx) = Ol/ (1= "G fHx)ds, x> 0.

Furthermore, (1.6) yields a representation in functional calculus of the type C, =
Sfo(J),Ck = fx(J) for some suitable holomorphic functions f,, f.° whichhave some
fractional-powers like behavior that we shall specify later in the paper. Therefore, as
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in the same way, one can write (BS) in terms of the operators C, C*, it seems natural
to construct some families of generalized Black—Scholes equations which can be
written in terms of Cy, CJ;, operators which, respectively, involve fractional Riemann—
Liouville derivatives of order o, D%, and fractional Weyl derivatives of order o, W.
This method will give rise to generalized fractional Black—Scholes equations of the
following three forms for x, t > 0:

1 2
— DO{ OlDOl o _ DO[ o ,
“E a2 (D% (x"u)) FatD (x%u) +u
1 o
= —————X“WE(x* W), 17
u; Tt 1)2x (x u) (L7
1 1
— DOt 20¢Woz onoz ,
Uy —F(oe+1)2 (x u)+—r(a+])x u

for suitable values of «, see Sect. 5 for more details, and for a fourth family of
generalized Black—Scholes equations. Then, a natural tool will be the representa-
tion of the differential operators above by the means of the functional calculus of
the bisectorial-like operator J, connecting the differential equations (1.7) with the
theory of bisectorial-like operators developed here. This connection will yield the
well-posedness and explicit integral expressions of solutions of these fractional ver-
sions of the Black—Scholes equation, of course by incorporating initial and boundary
conditions. Also, at the limiting case « = 1, we recover all the classical known results.

In order to obtain these results, Theorem 3.10 will be of particular importance,
since its statement summarizes as follows: if A is a bisectorial-like operator and g is
a suitable function whose range is contained in a sector, and which has a fractional-
power like behavior at the singularity points of the spectra of A and g(A), then g(A) is
a sectorial operator. As one may expect, the setting for sectorial operators serves again
as an inspiration for this result, and in particular, it can be regarded as an extension of
the scaling property for sectorial operators. In addition, we give supplementary results
of special importance when g(A) generates a semigroup, such as the characterization
of the closure of its domain D(g(A)) or an integral expression for the semigroup it
generates in terms of the functional calculus of A.

Interestingly, as a consequence of our results one obtains that, if A is bisectorial-like
of angle 5 and half-width @ > 0 (in particular, if it generates an exponentially bounded
group), then either (A 4+ a)¥ or —(A + a)® generate a holomorphic semigroup for all
o > Owitha # 1, 3,5, ... This is aremarkable discovery that generalizes the already
known results in this directions for the case « = 2, see for example [3, Theorem 1.15]
and [4, Proposition 5.1], or in the case A generates a bounded group, see [7, Theorem
4.6].

As afinal remark, we mention that fractional versions of the Black—Scholes equation
have been proposed and analyzed in a number of papers, see for instance [13,20,25,27].
In most of these references, authors only deal with time-fractional derivatives, that is,
replacing the time derivative u, in (BS) with a Riemann—Liouville or a Caputo-type
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time fractional derivative. Of course in this setting, the authors cannot get some gener-
ation of semigroups results due to the limitation of time-fractional derivatives. Spatial-
fractional derivatives are indeed more difficult to deal with, since spatial terms are more
complex than the time ones in the equation (BS). A spatial fractional Black—Scholes
model can be found in [10] without given further details. The fractional Black—Scholes
equation we propose here also contains fractional powers acting as multiplication,
yielding to equations which are definitely difficult to solve by more classical methods
such as the Laplace transform or the Fourier transform. Therefore, we observe that the
fractional versions of (BS) proposed in the present paper, which are solved through the
theory we developed here, seem to be notably difficult to be solved with the classical
methods.

In short, the contributions of the present paper can be regarded as centered around
two facts:

(1) The introduction of new (generalized) fractional Black—Scholes equations aris-
ing from fractional Cesaro operators in a natural manner. As we have already
observed, such equations are difficult—maybe not possible—to solve by classi-
cal methods.

(2) In order to overcome the quoted failure of usual methods, we establish a new
connection, in an abstract setting, between bisectorial-like operators and secto-
rial operators. Such a connection extends notably previous results in the field.
Actually, our approach is based on the proof of the scaling property given in
[5, Proposition 5.2], but it requires quite more general functions to operate in
functional calculi defined on the basis of more intricate integration paths, as well
as nontrivial, more involved, approximation tools.

The rest of the paper is organized as follows. In Sect. 2.1, we fix some notations
and introduce some definitions. In Sect. 2.2, we develop the functional calculus of
bisectorial-like operators and its extensions. Section 3 is devoted to the passage from
bisectorial-like to sectorial operators, where we also give a note regarding holomorphic
functional calculus for sectorial operators. In Sect. 4, we give some generation of
bounded holomorphic semigroups results by the general sectorial operators we have
constructed in Sect. 3. The complete theory and applications of the generalized Black—
Scholes equation are contained in Sect. 5. We conclude the paper with Appendix A
where some useful results have been proven.

2. Notations and preliminary results

In this section, we fix some notations, give some definitions and introduce some
well-known results as they are used throughout the remainder of the paper. We start
with some notations and definitions.
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2.1. Notations and definitions

Given any ¢ € (0, ), we denote the sector

Sy == {z e C: larg(z)| < (p}, 2.1)

and set Sp := (0, 00). If A € C, we shall let A denote the real part of A.

Let A with domain D(A) be a closed linear operator in a Banach space X. We
shall denote by o (A) the spectrum of A, 0,(A) the point spectrum of A, and by
p(A) := C\ o(A), the resolvent set of A. We also let 5(A) := o(A) if D(A) = X
and 5 (A) := o (A)U{oo} otherwise. For A € p(A) weshalllet R(A, A) := (A I—A)~!
be the resolvent operator of A. Then, R(A, A) is a bounded linear operator from X
into X. By R(A), we shall mean the range space of A and A/ (A) shall denote the null
set (or the kernel) of the operator A.

We shall denote by £(X) the space of all bounded linear operators from a Banach
space X into X. If B € L£(X), we shall let || B|| z(x) be the operator norm of B.

Finally, we use throughout the notation 2 < g to denote h < Mg, for some con-
stant M, when the dependence of the constant M on some physical parameters is not
relevant, and so it is suppressed.

Definition 2.1. A closed linear operator A with domain D(A) in a Banach space X
is said to be a sectorial operator if there exists ¢ € [0, 7) such that o (A) C S_q, and,
for every ¢’ € (¢, 1), there exists a constant My > 0 such that

AR, A)llgx) < My forallk e C\ S, .
Next, for any w € (0, 7/2] and a > 0 a real number, we set

(—a+ Sz—w)N(a— Syr—w) ifwe,m/2)anda >0,
BSu),a =
iR ifo=m/2anda = 0.

Definition 2.2. Let (w, a) € (0, r/2] x [0, c0) and let A be a closed linear operator
in a Banach space X. We will say that A is a bisectorial-like operator of angle w and
half-width a if the following conditions hold:

e 0(A) C BSpya.

e Forall o € (0, w), A satisfies the resolvent bound

sw{mmu—aMA+mmMLAmam:A¢B%w}<w.

Given a Banach space X, we will denote the set of all bisectorial-like operators of
angle w and half-width a in X by BSect(w, a). We omit an explicit mention to X for
the sake of simplicity in our notations. Notice that a closed operator A € BSect(w, a)
if and only if both al + A and al — A are sectorial of angle 7 — w.

Next, we introduce the notion of bounded holomorphic semigroups in the sense of
[1, Definition 3.7.3].
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\ a(A)

/38, '9BS,,

Figure 1. Illustration of the spectrum of a sectorial operator (left)
and a bisectorial-like operator (right)

Definition 2.3. Let § € (0, 7/2]. A mapping T : S5 — L(X) is called a bounded
holomorphic semigroup (of angle §) if it has the following properties:

(1) The semigroup property: T (z)T (z') = T(z +7') forall z, 7 € Ss.

(2) The mapping T : S5 — L(X) is holomorphic.

(3) The mapping T satisfies: SUPyes,, 1T (w)llzcx) < oo for every 8 € (0, §).

It is known that every bounded holomorphic semigroup 7 on a Banach space X is
determined by its generator A, which is a closed linear operator whose resolvent is
given by the Laplace transform of the semigroup, that is

o0
R(%, A) =[ e MT@)dt, %r> 0. (2.2)
0

Forany é € (0, /2], itis well-known that a closed linear operator A is the generator
of abounded holomorphic semigroup of angle § if and only if — A is a sectorial operator
of angle 7 /2 — §. Even more, one has that

T(w) =exp_,(A), welSs,

where we make use of the primary functional calculus of sectorial operators and where
exp_,(2) i= exp(—w2).

Definition 2.4. For § € (0,7 /2], we say that a mapping 7 : S5 — L(X) is an
exponentially bounded holomorphic semigroup if it satisfies the bounded semigroup
property is holomorphic (namely (a) and (b) in Definition 2.3 are satisfied) and it holds
that the set {||7(w)llzcx) : w € Sy, |w| < 1} is bounded for every §’ € (0, §).

In particular, foreach 8’ € (0, §), one can find My, psy > Osuchthat || T (w) | zx) <
My ePs ™ for all w € Sy. As a consequence, one can define the generator A of an
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exponentially bounded holomorphic semigroup 7 in the same way as in (2.2) for all
A with 9A large enough.

Itis readily seen that A generates an exponentially bounded holomorphic semigroup
if and only if there is some p € R such that A — p generates a bounded holomorphic
semigroup (of possibly strictly smaller angle).

Definition 2.5. The space D7 of strong continuity of a (holomorphic) semigroup T
of angle § is defined by

Dy = {x €eX: lim T(w)x=x forall§ € (0, 8)} .
Ssr2w—0

It is well-known that the space D7 is precisely the closure of the domain of its
generator, that is, Dy = m We refer the reader to [18, Section 3.4] and [12,
Section II.4.a] for more details about holomorphic semigroups.

Next, we introduce the notion of (L! — L%)-interpolation spaces. Let E be a
Banach space consisting of functions with domain (0, co), for which the inclusions
(L'(0, 00) N L>®(0, 00)) C E C (L'(0, 00) + L>(0, 00)) hold and are continuous.
We will say that E is a (L' — L>°)-interpolation space if, for every linear operator S :
(L'(0, 00) 4+ L>®(0, 00)) — (L'(0, 00) + L>®(0, 00)) that restricts to bounded opera-
tors S|11(0.00) 1 L' (0, 00) = L'(0,00), S|1o(0,00) : L®(0, 00) — L(0, 00), then
it holds that the restriction to E, S|g : E — E, is well-defined and bounded. This
class includes many of the classical function spaces (e.g., L”-spaces, Orlicz spaces,
Lorenz spaces, Marcinkiewiecz spaces). Also, E is said to have an order contin-
uous norm if || f, || — O for every sequence of functions f,, € E converging to
0 almost everywhere and for which | f;,| is non-increasing. For more details about
(L' — L*>)-interpolation spaces, we refer to the monograph [8].

We conclude this section by recalling the definition of the Riemann-Liouville and
Weyl fractional integrals and derivatives. Let « > 0 be a real number and f a suitable
function defined on (0, co). The Riemann—Liouville fractional integral of order « of
f, denoted by D™* f, and the Weyl fractional integral of order « of f, denoted by
W™ f, are, respectively, given by

1 X
D™ f(x) = ) /O x = fdy, x>0, (2.3)
and
1 o0
W f(x) = ) / o -0*""fdy, x>0, (2.4)

where I' denotes the usual Euler—Gamma function.

The Riemann-Liouville fractional derivative of order « of f, denoted by D“ f, and
the Weyl fractional derivative of order « of f, denoted by W f, are respectively given
by

n

D® f(x) := C%D*("*a)f(x), x >0, (2.5)
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and
W f(x) == (— 1)" W =9 £(x), x>0, (2.6)

where n is the smallest integer greater than orequal to ov. We refer to the monograph [23]
and the references therein for the class of functions for which the above expressions
(2.3)—(2.6) exist.

2.2. The natural functional calculus (NFC) for bisectorial-like operators

Next, we proceed to develop a functional calculus for bisectorial-like operators
which is analogous to the functional calculus for sectorial operators presented in [18].
This functional calculus for bisectorial-like operators will extend the ones considered
in [22,24] and the references therein.

For any (¢, a) € (0, /2] x [0, 00), we have the algebra of holomorphic functions

E0(BSy.a) :={f € H®(BS,,) : fd /(D)

2(BS,, ) min{|z —al, |z +al}

|ldz| < oo,

forallg <w <m/2 and lim f(z) = O},
7—>—a,a,00

where H°(Q2) denotes the algebra of bounded holomorphic functions in an open
subset 2 C C. Itis readily seen that £ (BS, ) is an ideal of H*°(BS, ).

Given a bisectorial-like operator A € BSect(w, a) for some w > ¢, we define the
algebraic homomorphism ® : £y (BSy .) — L(X) given by

1
O(f) = f(A) = %frf(z)R(z, A)dz,

where I' is the positively oriented boundary of the bisector-like set BS,, , for any
o' € (p,w) (see Fig. 1). It is readily seen that f(A) is well-defined and does not
depend on the choice of @’. Moreover, one obtains the following result.
Lemma 2.6. The mapping ® : Eg(B Sy q) — L(X) satisfies the following properties:
(1) @ is a homomorphism of algebras.
(2) If T € L(X) commutes with the resolvent operator R(A, A) of A, then it also
commutes with each operator ®(f), where f € Ey(BSgp a).
(3) For A ¢ WWand f € &(BSy.q), one has

RO A)®(f) = O(f)R(., A) = <f(2) ) (A).
4) If

Z —_
f@) = TR Y= Jor i, & BSya,

then f € Ey(BSy,q) and
f(A) = AR, A)R(u, A) fork,u ¢ BSyq.
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Proof. The lemma is an immediate consequence of straightforward applications of
Cauchy’s theorem and the resolvent identity. See [ 16, Proposition 2.2] for an analogous
result about sectorial operators. 0

Next, we add some functions so our functional calculus contains certain class of
resolvents. Set

1 1 -
E(BS, = &y(BS, C—eapC—— f b e C\BS, ..
(BSg.a) 0(BSy.q) @ P &> ,— foranybe \BSy.q

It is easy to see that the definition of £(B S, ) is independent on the particular choice
of b.
Then, one can extend ® from £y (B Sy 4) to E(BSy 4) by defining

1 1
O (b +Z> = —R(—b, A) and ¢ (E) = R(b, A),

so that ® : &(BSy,) — L(X) is an algebraic homomorphism. Moreover,
(E(BSy,a), M(BSp,q), P) is an abstract functional calculus (see e.g., [16]), where
M(£2) denoted the algebra of meromorphic functions with domain an openset 2 C C.

Definition 2.7. Let (¢, a) € (0, 7/2] x [0, o). We introduce the following notions.

(1) A function f € M(BS,,q) is said to be regularizable by £(BS,, ,) if there exists
e € E(BS,.q) such that e(A) is injective and ef € £(BSy q).
(2) For any regularizable f € M(BS, ,) we set

F(A) = e(A) " (ef)(A).

By [16, Lemma 3.2], one has that this definition is independent of the regularizer
e, and that f(A) is a well-defined closed operator.
Finally, we set

M(BSgpa)a ={f € M(BSy,) : f isregularizable by £(BS, )},
and
H(A) :=={f e M(BSp,a)a : f(A) € LX)}
This meromorphic functional calculus satisfies the following properties.

Lemma 2.8. Let (¢p,a) € (0,7/2] x [0, 00) and let also f € M(BSy.a)a with
A € BSect(w, a). Then, the following assertions hold.
(1) If S € L(X) commutes with A, that is, SA C AS, then S also commutes with
f(A), ie, Sf(A) C f(A)S.
(2) 1(A) = I and z(A) = A.
(3) Let g € M(BSy a)a. Then

J(A) +g(A) C (f +8)(A), and f(A)g(A) C (fg)(A). 2.7

Furthermore, D(f(A)g(A)) = D((fg)(A)) N D(g(A)), and one has equality
in(2.7)if g(A) € L(X).
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(4) ® : H(A) — L(X) is a homomorphism of unital algebras.
(5) Let g € H(A) such that g(A) is bounded and injective. Then, f(A) =

g(A) f(A)g(A).
(6) Let ). € C. Then,

k—;f(z) € M(BSy.a)a <= A — f(A) is injective.
If this is the case, (. — f(z))_l(A) =A- f(A))_l. In particular, . € p(A) if
and only if (. — f(z))~! € H(A).

Proof. The lemma is a direct consequence of the results contained in [16, Section 3].
O

Since the inclusions £(BSy ) C E(BSy 4), M(BSyq) C M(BSy 4) hold for
any ¢ < ¢’ < w, we can form the inductive limits

EBSwal = | EBSpa), MIBSwal:= (] M(BS,a),

O<p<w O<p<w

M[BSy.ala == U M(Bsq),a)A-

O<p<w

If f € M[BSy 4la, thatis, if f is regularizable by £[BS,, 4], then we say that “ f (A)
is defined by the natural functional calculus (NFC) for bisectorial-like operators”.

2.3. Extensions of the natural functional calculus (NFC)
Letd € {—a, a} with a > 0 and consider an operator A € BSect(w, a) for which
dI — A is invertible, that is, d ¢ 0(A). Fix 0 < ¢ < w. Then, there is an ¢ € (0, a)

such that the ball B;(d) C p(A), where B.(d) := {z € C : |z — d| < ¢}. Consider
the algebra

E0(BSy,a,d,e) = {f € H™(BSyp,a\Be(d)) : lim f(z)=0and

/ /@) |dz| < oo f0ra11(p<a)/§z},
9(BS,, \B-@)) ld —zl 2
and set £(BSy.a.d,¢) '= E0(BSy,a,d4,e) ® C(1/(b—z)) for any b > a. One can extend
our elementary functional calculus ® from £(BS, ) to the algebra £(BSy 4.4,¢) by
integrating on a positively oriented parametrization of the boundary (B S,y 4 \B:(d))
for any ¢ < o’ < 7, where we avoid integration near the point d and therefore the
functions in this new algebra do not need to satisfy any regularity conditions near d.
This yields a new abstract functional calculus (£(B Sy a.4,¢), M(BSy.a), ®) which is
an extension of the former.

Since the new algebra £(BSy 4,4,¢) is larger than £(BS, ), more functions f €
M(BS,,q) become regularizable. If f is regularizable by £(BSy 4,4,¢), We say that
f(A) is defined by the NFC for d —invertible bisectorial-like operators.
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A similar extension is possible when A € BSect(w, a) is bounded. Again, let
0 < ¢ < wand let R > max{a, r(A)}, where r(A) denotes the spectral radius of A.
Then, one considers the algebra

{f € HOO(BS@“ N Br(0)): lim f(z) = lim f(z) =0and
z——a z—>a

/ - A |dz| < coforallp < o < z},
aBS,, .|zl<r/2 Min{|z — al, |z + al} 2

w ,a

and adds the spaces C(1/(b — z)) and C(1/(b + z)) for any b > a. The elementary
calculus of this algebra is constructed along the lines of the former elementary calculus.
If a function f is regularizable by this algebra, we say that f(A) is defined by the
NFC for bounded bisectorial operators.

Similar remarks apply when A € BSect(w, a) satisfies any combination of the
above properties, avoiding integration near the appropriate selection of the points in
{—a, a, co}. A minor difference appears if a = 0 and A is invertible: in that case the
two top and bottom branches merge without further consequences. Clearly, Lemma
2.8 remains valid when it is adapted appropriately to any of this NFC.

Definition 2.9. Let A € BSect(w, a) and set M4 := {—a, a, o0} N & (A). From now
on, we will denote by M[€24] the class of meromorphic functions defined on an open
set related to the larger primary functional calculus of A. Moreover, M 4 will denote
the class of regularizable functions £4 of the larger natural functional calculus of A.
For instance, if My = {—a, oo}, then M[Q4] and M 4 will refer to the calculus
of a—invertible bisectorial-like operators; if M4 = {—a}, then they will refer to the
calculus of a—invertible and bounded bisectorial-like operators, and so on.

Finally, if f € Mgy, thatis, if f is regularizable by £4 for the appropriate primary
functional calculus of A, then we say that f(A) is defined by the natural functional
calculus (NFC) of A.

Next, our goal is to give a sufficient condition for a meromorphic function f €
M(BSy,q) to be defined by the NFC of A. We will ask f to satisfy a regularity
property near the singular points M4 := {—a, a, 00} N & (A).

Definition 2.10. Let A € BSect(w, a), f € M[Q4]andd € M4 N {—a, a}.

(1) We say that f is regular at d if lim,_,4 f(z) =: ¢4 € C exists and, for small
enough ¢ > 0 and some ¢ < o,

f(@) —ca

T
/ |dz| < oo, forallw e (go, —).
d(BS, ,NB:d) | Z—d

2

(2) Similarly, if co € My, we say that f is regular at co if lim;_, o, f(z) =: coo € C
exists and, for large enough R > 0, and some ¢ < w,

/ f@)—c
3BS,y 4ilzI>R

Z

‘ |dz| < co, forall o € ((p, %) .
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(3) We say that f is quasi-regular atd € M4 if f or 1/f is regular at d.
(4) Finally, we say that f is (quasi)-regular at My if f is (quasi)-regular at each
point of My.

Remark 2.11. Note that if f is regular at M4 with every limit being not equal to 0,
then 1/f is also regular at M 4. If f is quasi-regular at M 4, then u — f and 1/f are
also quasi-regular at M4 for each u € C. A function f which is quasi-regular at M 4
has well-defined limits in C, as z tends to each point of My4.

Lemma 2.12. Let A € BSect(w, a) and [ € M[Q4]. Assume that f is regular at
M 4 and that all the poles of f are contained in C\o,(A). Then, f(A) is defined by
the NFC of A, that is, f € M. More precisely, the following assertions hold true.
(1) If My = {—a,a, o0}, then f(A) is defined by the NFC for bisectorial-like
operators.
(2) If My = {—a, oo}, then f(A) is defined by the NFC for a-invertible bisectorial-
like operators. Analogous statement is true if M4 = {a, co}.
(3) If Mg = {—a, a}, then f(A) is defined by the NFC for bounded bisectorial-like
operators.
(4) If My = {oo}, then f(A) is defined by the NFC for a-invertible and —a-invertible
bisectorial-like operators.
(5) If Mg = {—a}, then f(A) is defined by the NFC for a-invertible and bounded
bisectorial-like operators. Analogous statement is true if My = {a}.
(6) If Mo = @, then f(A) is defined by the NFC for bounded, a-invertible and
—a-invertible bisectorial-like operators.

Moreover, if the poles of f are contained in p(A), then f(A) € L(X).

Proof. The proof is analogous to the corresponding result for sectorial operators, see
[17, Lemma 6.2]. We omit the details for the sake of brevity. O

We conclude this section by giving a spectral inclusion result for bisectorial-like
operators.

Proposition 2.13. Let A € BSect(w, a), and take f € My to be quasi-regular at
My. Then,

o (f(A)) C f(c(A).

Proof. The proof follows as the case of sectorial operators, see [17, Proposition 6.3].
We omit the details for the sake of brevity. 0

3. From bisectorial-like to sectorial operators and the NFC for sectorial
operators

We start with relationship between bisectorial-like and sectorial operators.
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3.1. From bisectorial-like to sectorial operators

In this section, we present a connection between bisectorial-like operators and sec-
torial operators, namely Theorem 3.10. The method to prove this connection is based
on the proof of the scaling property for sectorial operators given in [5, Proposition
5.2], but its proof requires longer and more sophisticated techniques because of the
more intricate setting.

We start with a new definition referring to the limit behavior of a function at the
singular points {—a, a, oo}. By | f(2)| ~ |g(z)| as z — d € Cy, we mean that there
is some neighborhood 2 of d such that |g(z)| < | f(2)| < |g(2)] forall z € Q.

Definition 3.1. Let A € BSect(w, a), f € M[Q24],d € D(f), and ¢ € C.
(1) We say that f(z) — c exactly polynomially as z — d if there is « > 0 such
that | f(z) —c| ~ |z —d|* asz — d if d € C, or such that | f(z) —c| ~ |z|™¢
as 7 = oo ifd = oo.
(2) We say that f(z) — oo exactly polynomially as z — d if (1/f)(z) — 0exactly
polynomially as z — d.

Now, we fix some notations for the rest of this section. From now on, A will be a
bisectorial-like operator on a Banach space X of angle w € (0, /2] and half-width
a > 0,ie, A € BSect(w, a), and recall that M4 = {a, —a, oo} N & (A). For any
reC, feM[Qu], welet R} € M[24] be given by

A o A
R} (2) = ——— T € D(f). 3.1

Moreover, we will also consider y € [0, ) and a function § € M4 satisfying the
following conditions:
(1) R(® C S, U {oo}.
(2) g is quasi-regular at M 4. In particular, it has limits in M 4, which we denote by
cqg € Cooford € My.
(3) 2 has exactly polynomial limits at M4 N g~ ({0, oo}).

Remark 3.2. By the open mapping theorem, Property (a) implies that g does not have
any zeros (unless g = 0) or poles in D(Z). In particular, if § # 0, then both § and 3!
are holomorphic.

Next, we present a family of functions which will be crucial to prove our main result
of this section. Recall that a meromorphic function f belongs to H(A) C M4 if and
only if f(A) is a bounded operator.

Definition 3.3. Assume that we have a family of functions (f*) s, C H(A). We
say that (f ») 245, makes (Rgt) 245, e—uniformly bounded at d € M4 with respect to
the NFC of A if, for any ¢ € (0, # — y), it satisfies the following properties:

(1) |f*(z)|is uniformly bounded for all z € D(f*) and A ¢ S, 1.
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2) ||f’\ (A)ll z(x) is uniformly bounded for all A ¢ S, 1.
(3) Let I'" be an integration path for the NFC of A (see Sect. 2.3). Then, there exists
a neighborhood €4 containing each d’ € M 4\{d} for which

sup / I @IIR(z, A)llcx) |dz] < oo foreachd e M\{d).
AESy 4o N,

(4) LetI" be as above. Then, there exists a neighborhood 2, containing d for which

sup / IRE) — f@IIRG. Al ldz] < oo,
}‘¢m Ny

The following lemmas will be useful in finding the family of functions that makes
(R%) 245, e—uniformly bounded. Let d(z, 2) denote the distance between a point
ze€Candaset 2 C C.

Lemma 3.4. Let ¢ > 0. We have that d(z, C\S,+¢) 2 |z| for all z E and that
d(w,@) 2 lw| for all w ¢ S, .. As a consequence, |w/(w — 2)| and |z/(w — 2)]
are uniformly bounded for all 7 € g and w ¢ Sy .

Proof. The first two inequalities follow from the fact that d(z, C\S) 1) = |z| sin(y +

& — |arg(z)]) > |z|sine and d(w,g) = |w]|sin(|argw| — y) > |w]|sine. The
other inequalities follow from what we have already proven, and that |z — w| >
max{d(z, C\Sy+e), d(w, S,)} forallz € S, and w ¢ Sy 4. O

Lemma 3.4 will be used very frequently throughout the paper. We will not make no
further reference to it for the sake of brevity. In particular, as an immediate application,
we have the following result.

Lemma 3.5. Let ¢ € S_y\{O}, e € (0,1 —y)and f € M[Q4] such that R(f) C
S, U {oo}. Then,

A
‘R}m - E‘ < min{1, | £(z) — cl}.
R} )| < minf1, 7@,
R} @) — 1] S min{1, ]2~ £ @1,

where all inequalities hold for all z € D(f) and ) ¢ S, 1.

Proof. Tt follows from Lemma 3.4 that all the above functions are uniformly bounded.
Now, let ¢ € S_),/O. Applying Lemma 3.4, one gets that

hon A x f@=—c| _|f@—c -
R} (2) A—c‘_‘k—f(z) PR S‘ Py ‘Slf(z) cl,
forall z € D(f), A ¢ m Likewise, one obtains that
A — L‘ < -1 A —1l = ‘& < -1
IR} (2)| = 'A—f(z) SIMf@IT, IRp() — 1= =@ | ° A7 f @I,

forall z € D(f), A ¢ S, 4. The proof is finished. O
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The following lemma gives an integral bound which will be very useful to prove
Proposition 3.7.

Lemma 3.6. Let I C R be a measurable subset and let (f,), : I — C be a family
of complex-valued functions. Let Fy, F, : I — R™ be some positive functions which
are integrable with respect to the measure dx /x, and let r, > 0 for all indices v, and
Spotm >0forn=1,...,Nym=1,..., M for some N, M € N. Assume that

A Smin § Fi(x) + ) ()™, Fa(x) + Y (rx) ™™ ¢, (32)

n<N m<M

forall x € I and all indices v. Then,
dx
sup | |fu(x)|— < oo.
v I X

Proof. By adding terms of the type (r,x)™ to the first expression inside the minimum
in (3.2), and terms of the type (r,x) ™", one can assume that N = M and s,, = 1, for
alln =1, ..., N. It follows that

/I|fv(x)|d7x §/I(F1(X)+F2(x))d7x+/;min nizjv(rux)s”,'gv(rvx)*s" a;_x

By the integrability condition on Fp, F», it suffices to bound the second term for all
indices v. By bounding the integral on I by the integral on (0, 00), and a simple change
of variable, one gets that

/1 min § > (X)) d% = / ~ min PIEAND I ‘i_x

n<nN n<N 0 n<N n<N
1 00
= Z (/ x5l dx +/ xS dx) < 0.
n<N 0 1
The proof is concluded. O

In order to prove the main result of this section, some integrals related to resolvent
operators need to be bounded. The techniques to bound them vary from one case to
another, as shows the proposition below.

Proposition 3.7. For each point d € M, there exists a family of functions (f*) ¢S,
that makes (Rg) 7S, e—uniformly bounded at d with respect to the NFC of A.

Proof. We will proceed by examining all the possible cases. Throughout the proof ¢
is any appropriate number in (0, 7 — y) whenever it appears. Also, b > a for the rest
of the proof. We proceed in several steps.
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Step1l:Letd =aandc, € E\{O, oo}. We claim that the family of functions given
by

e b*—a’ a+z
a,cq '_)»—Ca 2a bz_zz’

7 € D(¥),

makes (R%) 245, e—uniformly bounded at a. Indeed, it follows from Lemma 3.4 that

| fa): ¢, (2)] 1s uniformly bounded for all z € D( fa’\’ ) = D(g)and A ¢ S, 1. Moreover,
. € H(A) with

a,cqy

r bE—a?
A—cy 2a

[ (A) = (A +al)R(2, AD),

so || aA’Ca (A)llz(x) is also uniformly bounded for all A ¢ m (recall that o (A2) =
o (A)?). It is clear that the integrability property (c) in Definition 3.3 holds, since
again A/(A — c,) is bounded and (z + a)/ b* — %) is integrable with respect to
IR(z, A)llz(x)ldz| at the neighborhoods of —a and oo. Finally, we have that

V2 —a? z7+4a

-1
2a b2—72

A
A
Rg(Z) - %

—C4

S18@) —col + 1z —al,

RA@) - f1,@)] =

' A

A—cCq

where the first estimate is obtained by an application of Lemma 3.5, and the second
one by using Lemma 3.4 and Taylor’s expansion of order 1. Since g is regular at a
with limit ¢, it follows that |[R%(z) — f, (2)] satisfies the integrability property (d)
in Definition 3.3 and the claim is proven.

Step 2: Next,letd = aandc, = 0.Sincea € M4 ﬂ§_1 ({0, oo}), it follows thatin a
neighborhood €2, containing a and a real number @ > 0, we have that |g(z)| ~ |z—a|“
for all z € , ND(Z). We consider the family of functions given by

, AVe o b2 —a? a4z

Ja0@) = e ta: 20 R 7€ D).

Let us show that ( f, ako) £S5y e satisfies the desired properties. First of all, it is clear that

If‘io(z)l is uniformly bounded for all z € D(fak)o) =D(g) and A ¢ S, ;.. Moreover,
fl, € H(A) with

N b* —a?

Jao(A) = ———(A+aDR®*, AR, A = al).

Thus, it follows from the definition of bisectorial-like operators that || fax, o@Mllzx) is
uniformly bounded for all A ¢ S, .. It is readily seen that it satisfies Property (c) in
Definition 3.3, since |A|/¢/(|A|V/* +a — z) is uniformly bounded.
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Next, we consider |R§‘~ @—f Cka 7O(z)| in Q,ND(Z). On the one hand, by the triangle
inequality and various applications of Lemmas 3.4 and 3.5, we get
—a’|a+z |a|1/
2a  |b2—Z2|| MV +a—z
SIME@IT + M —al T S AT @ - a7

+ Ve — a7

b2
IRAQ) — f20(0)] < |REG)| +

forall z € Q, ND(g) and & ¢ Sy, 4. On the other hand, it follows that
|RE(2) — f10()] < IR — 1|+ | 1o (2) — 1I.

Another application of Lemma 3.5 yields that |R§(z) — 1] S IMNZ@)| S Al
(z—a)|*forall z € Q, ND(g) and A ¢ S, ;.. Moreover, one gets that

2 —d? a+z b2 —d? a+z

A A
|fa,0(z) -1 = fa,O(Z) - 2a b2—72 20 b2—_72 -1
a—2Z
< | 7% g < |y Ve, _ _
N‘W”a_z‘ﬂz al S 7V — )| + 1z — al,

forall z € 2, ND(g) and A ¢ Sy+.. Summarizing, if we set U; (z) := |A|/*|z — al,
then we obtain that

IR¥2) — fro@I Smind > U@/ lz—al+ Y Un) ¢,
JE{la} je{la}

forall z € Q, ND(Z) and A ¢ S,+.. An application of Lemma 3.6 together with
the bound of the resolvent of a bisectorial-like operator yields that ( f ak o ¢S, satisfies
Property (d) in Definition 3.3, so in fact ( fak,o) 45, makes (R%) €5, e—uniformly
bounded at a with respect to the NFC of A.

Step 3: Next, let d = a and ¢, = oo. By hypothesis, in a neighborhood €2,
containing a, and a real number & > 0, we have that |g(z)| ~ |z — a|™% for all
7 € Q, ND(). Set

@ a-z b —a*> a+z
a,00\%) += |)\|—1/a+a_z 2a b2 —7z7%’

z € D(3).
Similar reasoning as in the above cases together with the observation that
(al = AYR(A ™V A—al) =1 — 3"V R(a~V* A —al),

leads to the fact that the family ( faA’ o) ¢S, satisfies Properties (a), (b) and (c) in Defi-

nition 3.3. By Lemma 3.4, it easily follows that | £ . ()| < |A|"/*|z — a|. Therefore,
the triangle inequality and an application of Lemma 3.5 yield

IR¥(2) — floo@I = WV @ =) + 1z - a)l,
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forall z € Q, ND(g) and & ¢ Sy 4. This implies that

Aoy _ ok Aoy a—-z
‘ a—7z b2 —a? a+z '
+ —1
A~V 4 a7 2a b2 —72
a—z
< |RAz) — —— —al,
“‘g(Z)|x|—W+a—z‘+IZ ¢

where we have used again the Taylor expansion of order 1 and the fact that |(a —
2)/ (A7 + a — 7)| is uniformly bounded. In addition, it follows that

MATVY +%(2)(a — 2)

) — — 9% -
e = e a2 | T [G g e a0
A1/
< ~
=~ =F@ (T a =)

‘ g()(a—72)
O —2@)(A~Ve +a—2)
S —a) T Yz - )

forall z € Q, ND() and 1 ¢ m, where we have used various applications of
Lemmas 3.4 and 3.5 in the last step. Finally, reasoning as in the case before with
Lemma 3.6, one obtains that ( f;t o) ¢s, satisfies also Property (d) in Definition 3.3.

Step 4: Similar reasoning as in Step 1 shows that if either —a, co € My with
C_q,Coo € E\{O, oo}, the families of functions given by

A b2 —a? a—z

A .
f—a,cﬂ, (2) :== A—c. 2a p2 — 72’ FAS] D(g)
A oa?—7?
fého»coo(z) = A —Cxo b2_Z2’ ZED(@’

make (Rg) AES, e—uniformly bounded at —a and oo, respectively, with respect to the
NFC of A.

Step 5: Let either —a, co € M4 with polynomial limits ¢,, coo = 0 of exactly
order @ > 0, that is, |g(z)| ~ |z + a|* near z = —a and |g(z)| ~ |z|~% near z = oo,
respectively. Proceeding as in Step 2, one has that the families of functions given by

|)\.|1/ot bZ_a2 a—z
AYVe +a+z 2a b2—z%
b—z a*—7?
" ~
= 3 ED ’
fOO,O(Z) |A|—l/a +b —z b2 _ Z2 < (g)

frao(@ = 7€ D(g),

satisfy the desired properties.
Step 6: Finally, assume that either —a, oo € M4 with polynomial limits ¢,, coo =
oo of exactly order & > 0, i.e., |g(z)| ~ |z + a|~® near z = —a and |g(z)| ~ |z|*
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near z = 00, respectively. Analogous computations as in Step 3 yields to the fact that
the families of functions given by
a+z b*—a*> a—z

A
— , z€D(y),
f—a,oo(z) |)\'|—l/oz +a+z 2a b2-72 ‘ (g)

|)\'|l/a a2_Z2
Ao +b—zb? =22

fooo@) = 2 D).
make (Rg) 25, e-uniformly bounded at —a and oo, respectively, with respect to the
NEFC of A. The proof is complete. U

Remark 3.8. If M4 is a proper subset of {—a, a, oo} one can slightly simplify the
families of functions given in the proof of Proposition 3.7. More precisely, ford € M4,
one can eliminate the terms in f {} that make the functions uniformly bounded and
integrable in the rest of the points in My4. For instance, if M4 = {a, oo}, then the
behavior of the functions near —a is irrelevant. Thus, if ¢, ¢ {0, oo}, then the family
of functions given by

A b—a
A—cab—1z

. 2€D(®),

also satisfies the desired properties.

Remark 3.9. Let (f, ;‘) €S, be a family of functions that makes (R%) A5, € —uniformly
bound at each d € M4 with respect to the NFC of A. From the bounds appearing in
the proof of Proposition 3.7, one obtains that in fact (R — 3"y, /1) € & for all

L¢S,.
We are now ready to state the main result of this section.

Theorem 3.10. Let (w, a) € (0, 7/2] x [0, 00) and B € [0, ). Let A € BSect(w, a)
in a Banach space X and g € M g. Assume the following:

(1) Foranyy > B, one can find ¢ € (0, ) such that g(BSy 4) C g U {o0}.

(2) g is quasi-regular at M 4.

(3) g has exactly polynomial limits at M4 N g~ ({0, oo}).
Then, g(A) is a sectorial operator of angle B.

Proof. Our result will follow once we have proven that g(A) is a sectorial operator of
angle y for all y > . Indeed, if that is true, we will have that

B> inf {y : g(A) is sectorial of angle y},
v€l0,m)

which implies that g(A) is a sectorial operator of angle 8, see the beginning of [18,
Section 2.1].

Indeed, let y > B and set g := gls,,., where ¢ € (0, @) is chosen such that
R(Z) C S, U{oo}. Notice that §(A) = g(A). Now, the spectral inclusion 5 (g(A)) C
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$ U {oo} holds by Proposition 2.13. It remains to prove the bound for the resolvent.
More precisely, we have to show that for all ¢ > 0,

sup AR, g(A)lzcx) < oo.
)‘¢Sy+£

By Lemma 2.8, it follows that AR(A, 3(A)) = Rg&(A) for all A ¢ S,. Also, by
Proposition 3.7, we have that for each d € M4, there exist some families of functions
(fH, ¢5; Which make (R%), ¢5; €-uniformly bounded at d with respect to the NFC of
A. We have that

IARGLEMeco < || R = D i@ + Y0 1] o -

deMy L(X) deMy
3.3)

By Property (c) in Definition 3.3, one has that SUp; g5, I fdA(A) llzx) < oo for each
d € M 4. It remains to uniformly bound the first term.

Let I" be an integration path for the primary functional calculus of A, and (24)gem,
some appropriate open sets for which d € €24 and the uniform integral bounds of
Definition 3.3 hold for each (fé\)x¢§~ Since (R(% — ZdeMA fdA) € &y (see Remark
3.9), one has that

RE— > fi] ) 5fr RER) = Y f1@|IRG A)lcw) ldzl.

deMy £(X) deMy
(3.4)

Next, we split the integral on I" to the sum of integrals on I' N Q4 for each d € My,
and I'\ (Ude My Qd). Notice that by Property (b) in Definition 3.3 and Lemma 3.5,
| f3(z)| and |R§(z)| are uniformly bounded. Thus,

RE) = Y 1 @|IRGE Alle ldz|
d/EMA

sup /
AESyte I\ (Udenm, Q)

< / IRG. Al e Idz] < oc.
M\ (Ugem 24)
Finally, for each d € M 4, one has that
sup / R - Y 0| IR Al Izl
1Sy e Y TN d'eMy

< sup Y. / 1f3 IR G, Al zex) ldz
MESyte d’eMy\(a) T8

+ sup f
¢S, 1 /TN

RE@ - f1 @] IRG Do 14z,



10 Page 22 of 40 J. OLIVA-MAZA AND M. WARMA J. Evol. Equ.

But, these two supremums of the integrals are finite by Properties (c) and (d) in
Definition 3.3, respectively. Combining these estimates with (3.3)—(3.4), we get the
resolvent bound, and as a consequence g(A) = g(A) is a sectorial operator of angle
y for all y > B. The proof is finished. g

The following corollaries are immediate consequences of Theorem 3.10. The first
one has been already stated in [7, Theorem 4.6] for the particular case where —A
generates a bounded group.

Corollary 3.11. Leta > 0, A € BSect(7r/2, a), and let « > 0 with o not an odd
number, soo € 2n — 1, 2n 4+ 1) for a unique n € N. Then, for any ¢ > 0, there exists
p = Osuch that pI + (—1)" (A +al)* is a sectorial operator of angle 7w |5 — n| +e.
Moreover, if a = 0, then we can take p = 0.

Corollary 3.12. Let0 < w < % and a > 0. Let A € BSect(w, a) in a Banach space
X and g € M. Assume that there are B € [r/2, w) and b > O such that the following
hold:

(1) Foranyy > B, one can find ¢ € (0, w) for which g(BSy.4) C ﬁy’b.
(2) g is quasi-regular at M 4.
(3) g has exactly polynomial limits at M4 N g~ ({=b, b, 0o}).

Then, g(A) is a bisectorial-like operator of angle m — 8 and half-width b.

3.2. The natural functional calculus for sectorial operators

Most proofs which we have presented in this text are generic, and as a consequence,
the results shown here will hold for functional calculus analogous to that in Sects. 2.2
and 2.3. In particular, it is straightforward to adapt the preceding results to the case of
NFC of sectorial operators that can be found in [17], where the reader can find the def-
initions of the appropriate versions of the function spaces £(S,), £0(Sy), M(Sy) A»-..
For instance, one obtains the following version of Theorem 3.10 adapted to this NFC.

Theorem 3.13. Let 0 < w < 7w, B € [0, ), A a sectorial operator of angle w in
a Banach space X, and g € My in the sense of the NFC for sectorial operators.
Assume that the following hold:

(1) Foranyy > B, one can find ¢ € (w, w) such that g(Sy,) C S_y U {oo}.

(2) g is quasi-regular at {0, 00} NG (A).

(3) g has exactly polynomial limits at {0, oo} N & (A) N g~ ({0, co}).
Then, g(A) is sectorial of angle B.

4. Some generation results of holomorphic semigroups and their properties

As a consequence of the bijection between generators of bounded holomorphic
semigroups and sectorial operators, the results obtained in Sect. 3 encourage us to study
the properties related to the holomorphic semigroup generated by —g (A) whenever A
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is a bisectorial-like operator, and g a meromorphic function satisfying the hypothesis of
Theorem 3.10 with an angle strictly smaller than 7. We state explicitly this connection
in the following result.

Corollary 4.1. Let A, B, g be as in Theorem 3.10. In addition, assume that B €
[0, w/2). Then, —g(A) generates a bounded holomorphic semigroup T, of angle
T

7 h

Proof. Thisisanimmediate consequence of Theorem 3.10 and the fact that an operator
B is sectorial of angle 8 < 7 if and only if —B is the generator of a bounded
holomorphic semigroup of angle 5 — B, see for example [12, Theorem 4.6] or [18,
Proposition 3.4.4]. O

The lemma below will be useful in the proof of our main results within the case
where either al — A or al + A is not injective. Its proof is analogous to the related
result for sectorial operators (see e.g., [16, Lemma 4.3]).

Lemma 4.2. Let A € BSect(w, a), g € My with quasi-regular limits at My, and
assume that d € o, (A). Then, g has a finite limit cq at d.

Proof. First, we have that the limit ¢y of g at d exists in C,. Indeed, this is clear if
d ¢ Ms. And if d € My, by hypothesis g is quasi-regular at d € M4, and therefore
has a limit ¢; € Cqo.

Second, let e € & be a regularizer for g, so eg € £ and e(A) is injective. One can
easily check that e(A)x = e(d)x for all x € N'(dI — A). This implies that e(d) # 0.
Since eg € &£, we have that g has a finite limit ¢ := g(a) at a, and the assertion follows.
O

Recall that the space of strong continuity D7 of a (holomorphic) semigroup T
generated by A is precisely D(A). The following result characterizes the space D7 in
our setting. Let us point out that the result holds even if the angle of sectoriality B of
g(A) is greater or equal than 7.

Proposition 4.3. Let A, g be as in Theorem 3.10. If g7'(c0) N My = @, then
D(g(A)) = X. Otherwise,

DigAy= () REI-A),
deg=1(c0)NMy

where R(col — A) := D(A).

Proof. First of all, notice that if g~ '(co) N My = @, then g~ '(c0) = @ (see
Remark 3.2), so by the inclusion of the spectra (Proposition 2.13), g(A) € L(X)
and D(g(A)) = X.
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Letd € M4. Note that if d ¢ g~!(00), then g is regular at d with g(d) € C. For
any b > a, consider

2—a? a+z

g(a) 2 172——227 ifd:a,
b*—a*> a—z .
fa’(Z) = g(—a)Tm, ifd = —a,
a2—z .
g(oo)—b2—z2’ if d = c0.

Then, g — fy is regular at d with limit O, and the behavior of g — f; at Ma\{d}
remains the same as the behavior of g at those points. Moreover, since f;(A) € L(X),
it follows that

D(g(A)) = D(gs(A)) where go(2):=g@)— Y  fa2).
dgg=1 (00N M

Thus, we can assume that g has regular limits equal to 0 at M\ g~ (c0).
Now, we proceed by showing both inclusions C, D of the statement, starting with
the latter one. For all # > 0 small enough (for which b ¢ o (tA)), set
(@ —2)"(a+2)"b">

he(2) = (ta—omtatoebtiye °° P @D

withng =0ifd ¢ g’1 (00) N M 4 and the rest ny € N large enough so that i, g € £.
Then, h;g(A) € L(X) with D((h;g)(A)) = X, and note that i, | € M, since
op(A)N g*1 (00) = ¢ (see Lemma 4.2). Therefore, g(A) D (htg)(A)h;1 (A), which
implies that D(g(A)) D D(ht_l(A)) = R(h;(A)) for all > 0 small enough.

In addition, since both al 4+ A and al — A are sectorial operators, we have that

lim h,(A)x = x, forallx € (| R@I-A4),
t—0
deg"(oo)ﬂMA

see [18, Proposition 2.1.1 (c)], which yields that

(| RW@I—A) C Rk (A)) C D(g(A)),
deg=!(c0)NMy

and the inclusion D of the assertion follows.

Let us prove the reverse inclusion C. Assume that oo € g~!(0c0) N M4. Then,
lg(2)| ~ |z]* as z — oo for some a > 0. It follows that (1 + g(z))~" regularizes
(z+a)"‘/ forany o’ € (0, @), which implies that D(g(A)) C D((A+a1)°‘/).Reasoning
similarly with —a, a, one obtains that for any o’ > 0 small enough,

DAY cC [ R - A,

deg=1(0c0)NMy
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where R ((col — A)“/) :=D((al + A)"‘/). Then, our proof will finish if we show that
RUdI — A)¥) C R(I — A). Assume that d = oo. It follows from Theorem 3.10
that (al + A)¥ is a sectorial operator for a small enough &’ > 0. Moreover, al + A is
also a sectorial operator, and (al + A)"‘, = fy(al + A) (where f(z) = z"‘/) by using
the NFC of sectorial operators (see [18, Section 2.3]). Then, by the composition rule
for sectorial operators (see e.g., [18, Theorem 2.4.2]), one has that f1 o ((al +A)“/) =
al + A. Reasoning analogously as in the proof of the inclusion D, one gets that

D(al + A) = D((fia) (@l + A)*)) D D((al + A)*),

as we wanted to prove. The cases d € {—a, a} are solved in an analogous way, by
using the operators (al + A (al — A, respectively. The proof is finished. [

Corollary 4.4. If X is reflexive, then D(g(A)) = X.

Proof. By [18, Proposition 2.1.1 (h)], one has that
X=DA)=N(@l —A) &Rl —A) =N@al +A) &Rl + A

if X is reflexive. Since o, (A) N g_1 (00) = @ (see Lemma 4.2), the statement follows
by an application of Proposition 4.3. U

Recall thatexp_,, (z) := exp(—wz) forall z, w € C. Since Ty (w) = exp_,, (g(A)),
it is natural to conjecture that T, (w) = (exp_,, 0g)(A). The theorem below answers
this question positively. Its proof is inspired by the composition rule for sectorial
operators given in [16], but carefully adapted to cover all our cases. Indeed, one
could easily generalize the result below to a composition rule from bisectorial-like to
sectorial operators, addressing a larger class of functions. However, this would require
to introduce several new definitions and additional cumbersome notations. Thus, in
order for the paper to be accessible for a broad class of mathematicians, we will limit
to our specific cases.

Theorem 4.5. Let 8, A, g be as in Corollary 4.1, so that —g(A) generates a holo-
morphic semigroup Tq of angle 5 — B. Then, for any w € Sy/-—p, we have that

(exp_,, 08) € My and
T (w) = (exp_,, 08)(A). 4.2)

Proof. First of all, the claim is trivial if g = 0, so we will assume that g # 0. Fix
w € Sy/2—p. Then, it is straightforward to check that (exp_,, og) is regular at M 4, so
Lemma 2.12 yields that (exp_,, og) € M(A).

Now set fy,(2) 1= exp_,,(z) — (1 +2)~!. Then, Suw € ElSpl. As—1 ¢ 0(g(A)) C
@, an application of Lemma 2.8 (f) yields that (f,, o g) € My and (1 + 2) (A =
(I + g(A))~!. Therefore, our statement will follow if we prove that (f, o g)(A) =
Juw(g(A)).
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Recall that, for d € C, we denote by ¢y the limit of g(z) as z — d whenever it
exists. In particular, it exists if d € 0,(A), see Lemma 4.2. Let b > a, and for any
A %, set

Z 1 z+db—-d

, € D(g).
A—egb—z 20 €P®

Gu(@) == —= —
r -8 deo,(A)N{—a.a)

Since A € p(A),onehasthat G, € M 4.Moreover, G, € H*(D(g)) withG, (d) =0
for all d € o0,(A) N {—a, a}. Furthermore, it is readily seen that one can find a
regularizer e € £ independent of A, for whicheG;, € &. Indeed, to check the regularity
of eG;, at the points d’ € M4, one can add to e powers of the function (z —d’) /(z —b)?
ifd" ¢ o,(A). Otherwise, the regularity is obtained by the bounds in Lemma 3.5 (recall
that in this case, ¢ys # oo by Lemma 4.2).

Then, let T/ be an appropriate path for the NFC of the sectorial operator g(A) and
the function f,,.

It follows that

1
fu(g(A) = e(A)~e(A) fu(g(A)) = E(A)_I% /F/ Jw()e(A)g(A) dx
1
=e(A)*IT/ Juw () (e(2)Gi(2))(A) dr
Tl Jr

b—d 1 A
+ Z ~—— (I + ARDb, A) — Md/\.
2d 27wi Jrr A —cq
deop(A)N{—a,a}

By Cauchy’s integral theorem, one has that the last term is precisely

b—d
> — [l + ARG, ).
deop(A)N{—a,a}

Now, let us compute the first term. Let I be an appropriate path of the NFC of the
bisectorial-like operator A. Since G, € &y, one has that

1
g / Fu() ()G ()(A) dA
oL Jr/
Py e — / Fu®) / e(2)G1.()R(z, A) dzdh
Qri)s Jr r

=e(A)”!

= [eoren) [ pmc@dd @3
2ri)= Jr r

Let us go on with the proof before checking the hypothesis for Fubini’s theorem that
we have applied in the last equality in (4.3). By Cauchy’s theorem, it easily follows
that

1 +db—d
- fr SuWG@d = fulg@) = Y Sl :

b—z 2d
deop(A)N{—a,a}
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From this, we can conclude that in fact

e(A)!

Qi) /Fé’(Z)R(Z, A) /F JwuR)Gy(2)drdz

b—d
= (fwog)(A) — Z Tf(cd)(dI—I—A)R(b, A),
deop(A)N{—a,a}

and our assertion follows.
Let us check now that indeed Fubini’s theorem can be applied. For that, we have to
check the integrability of the function

Sw) AG1(2) e(z)

F(A, z):= : >
(3. 2) A min{|z — al, |z + al}

on IV x T. First, f,(1)/A is clearly integrable on I’ and, by Lemma 3.5, AG; (z) is
uniformly bounded on I'" x T". Now, one can assume that m is integrable
on I' if and only if {—a, a} N o,(A) = . Otherwise, one has to check a uniform
bound for the integral of F (A, z) on the intersection of I' with a neighborhood of
d €op(A)N{—a,a}.

So let d € 0,(A) N {—a, a}. Recall that in this case, ¢y € % with ¢g # oo. If
cqg # 0, then LG, is of the same type as the function appearing in Step 1 in the proof
of Proposition 3.7, and proceeding as there, one can easily check the integrability
condition.

Thus, we can assume that ¢; = 0. So, one has that

lg(2)]
A —g(2)]

where the |z — d| term is the result of applying a Taylor expansion of order 1 in a
similar way as in Step 2 in the proof of Proposition 3.7. It is readily seen that the |z —d|
term does not entangle the bound of F (4, z). Moreover, for any § € (0, 1), one has
that

AGL(2)] S + |z —d|, as 7 — d,

(eg®)(2)
z—d

Aﬁg(z)l—ﬁ
r—g(2)

Jw@) 8@ e
A A—gl@)z—d

Ju@)

A1+8

It is easy to see that f,,(1)/A!T9 is still integrable on I'/, and that the middle term
is uniformly bounded. Moreover, since ¢4 = 0, we have by hypothesis that |g(z)| ~
|z —d|* as z — d for some a > 0. Thus g°(z) < |z — d|*®, so the last term is
integrable in I". The proof is finished. O

5. Generalized Black—Scholes equations on interpolation spaces

In this section, we apply the theory developed in the previous sections to introduce
and study generalized Black—Scholes equations on (L! — L>)-interpolation spaces.
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Throughout the following, without any mention, E will denote a (L', L®)-
interpolation space on (0, 00).
We recall that

Ge® f)x) == fle'x), x>0,teR, fekE,

defines a group of bounded operators Gg = (Gg(1)):er on E with [Gg (D)l gy <
max({1, e’} for t € R, and which is strongly continuous if and only E has order
continuous norm. Then, the lower and upper Boyd indices n g 1E are defined by

. loglGE(—DllciEy — . logIGE®) | c(E)

m ) m - >

= —1i =1
U t—00 t NE t—00 t

and they satisfy 0 < N, < ng < L.
Let Jg be the operator on E given by

D(E) = {f €E :feACue(0,00) and — xf'(x) € E}
Jef)(x) == —=xf'(x), x>0, feDWg),

(5.1

with spectrum given by
o(Jp) ={»€C:n, <NRr =7g},

see [2] for more details about the operator J£ and the classical Black—Scholes equation
on exact (L' — L)-interpolation spaces. Note that Jg is the generator of the group
G g whenever E has order continuous norm.

However, as the authors indicate in [2], every (L' — L>)-interpolation space can be
equivalently renormed so that it becomes exact (e.g., [8, Proposition III.1.13]). Thus,
we may apply the results in [2] to arbitrary (L' — L)-interpolation spaces, without
requiring them to be exact.

In particular, one has that, for any ¢, € > 0, both (QE + g) I+ Jg and (ﬁE + E) I—
JE are sectorial operators of angle % (see e.g., [18, Section 2.1.1]). Therefore, Jp —
%MI is a bisectorial-like operator of angle 7 /2 and half-width w
However, to avoid cumbersome notations we will write f(Jg) to refer to fx (Jg — k)
for k = w and fx(z) = f(z + k). Notice that one may take ¢ = ¢ = 0 if
N = 0 and g = 1, respectively, or if E = L? with 1 < p < oo.

In [2], the authors make use of the operator Jg to study the classical Black—Scholes
partial differential equation in (L', L°°)-interpolation spaces. Recall that the classical
Black—Scholes equation is the degenerate parabolic equation given by

U = xzuxx +xuy, x,t>0. 5.2)

In fact, we can rewrite (5.2) as u; = J}%u, where JE is the operator defined in (5.1).
Next, we introduce the fractional operators that generalize the Black—Scholes equa-
tion (5.2). On the one hand, we will consider fractional powers of the operator Jg.
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If @ € (0,n), n € N, it follows that D(J;) C D(J§) (see [18, Proposition 3.1.1
]). If in addition 0 < « < 1, an application of Fubini’s theorem to the Balakrish-
nan representation of J§ f together with the resolvent identity yields that, whenever
np > 0,

—1 o —a
JEf)(x) = m/ (log %) f'(s)ds, feDUg), x> 0.

If n £ = 0, then one cannot apply Fubini’s theorem to obtain the above expression.
However, one can use the fact that (Jp +el)*f — Jgfin E ase | 0 (see [18,
Proposition 3.1.9]), together with

—1 00 —a £
(Jg +eD? f)(x) = m/ (1og j—c) (;—C) F'(s) ds, (5.3)

forany f € D(Jg) and x, e > 0.

Next, let « > 0 be a real number and recall that we denote by D™ the Riemann—
Liouville fractional integral of order «, and by W™* the Weyl fractional integral of
order «, see (2.3) and (2.4), respectively.

Similarly, D* denotes the Riemann-Liouville fractional derivative of order «, and
W¢ the Weyl fractional derivative of order «, defined in (2.5) and (2.6), respectively.

Also, if m* is the multiplication operator by x* for any s € R, we have that the

generalized Cesaro operator C,, of order «, and its adjoint C};, are given, respectively,
by

Co=T(a+1m™I™ and D*= D *) ', C=T@+HW *m™,

see (1.6) and (1.6). Note that these operators are injective due to the fact the operators
D% W~% and m™“ are injective. Moreover, by equality (1.6) again, one has that C,
defines a bounded operator C, g when restricted to our (L' — L°°)-interpolation space
E with i < 1, since

o0
Coif =aBU - Jp,a) =a / (1 — e\ Gp(s) fds. f € E,
0

where the integral above is understood in the pointwise sense, and where we have
applied Proposition A.3, and B denotes the usual Beta function.

Similarly, C} defines a bounded operator C‘;", £ onany (L' — L>)-interpolation space
E with g > 0, satisfying C;‘, g = aB(Jg, @). As a consequence, one obtains that

D} = (Cap)” ' = (@BU — Jg, )" and W := (C} )" = (@B(Jg. @) ",

are closed operators on E whenever gy < 1 and n g > 0, respectively. The above
identities appear in [21] for a family of Sobolev spaces on (0, 00).
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5.1. Generation results of holomorphic semigroups of fractional powers operators

The identity Jg = W}E =1- D}; holds whenever the operators are well-defined
on E (see e.g., [2]). In particular, we have that

(J)? = —DL)? = Wg)? = WL — D}). (5.4)

This motivates us to study different fractional versions of the Black—Scholes equation
(5.2). In this section, we make use of the theory we developed in the preceding sections
to obtain that the operators

(JE)™, (I —D%?* W%, W — D), (5.5

are indeed generators of exponentially bounded holomorphic semigroups on E for
suitable values of «.
We start with the operator (Jg)%.

Proposition 5.1. Let E be a (L' — L*)-interpolation space, n € N and o €
(n - %,n—i— %) Then, the operator (—1)"T'(Jg)*® generates an exponentially
bounded holomorphic semigroup T(_jyn+1(j, 2« of angle 7 (% — | — nl), which is
given by

(T(_1)11+1(JE)2a (w)f) ()C)
- % / S / A (2)" exp(= 1" wi®) duds, x>0,
0 5 Jooo X

forany w € Sﬂ( ) and f € E. In addition, D((Jg)*) = D(Jg).

1
7 —la—n|

Proof. That the operator (—1)"*!(Jg)>® generates an exponentially bounded holo-
morphic semigroup with the given angle follows from Corollary 3.11. The expression
given for T_jyn+1(,)2¢ is an immediate consequence of Theorem 4.5 and Proposition

A.3. The assertion about D((Jg)2*) follows from Proposition 4.3. [l
Next, we have the following result for the operator (I — D%)z.

Proposition 5.2. Let E be a (L' — L®)-interpolation space with 7 < 1, n € N and

o€ (n — %, n 4+ %) Then, the operator (—1)"+! (I—D%)2 generates an exponentially

bounded holomorphic semigroup T(,l)n+1(,,D%)z of angle (% — o — n|), which is

given by

(Tpru—per ) f) @

L[ f(s) [ sy ot B 1 2
T o 0 s /;OO (;) cxp <( D w(l a]]ﬂ%(l—iu,a)))duds’

) and f € E. In addition, D((I — D%)?) = D(Jg).

forx >0, we Sn(%_‘a_”‘
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Proof. First, recall that D% = (aB(I — Jg, @)}, so (I — D"é)2 = —aB —
JE, a))_l. It follows that

<1_ 1 )2_(1_ 1 N1+a—@)2
oB(1—z,0)) Ma+1) I'Ad-2) '

which is holomorphic in C\{1, 2, 3, ...}. In addition, for %, z € C, one has that

[(z+A) A -1
@ =* (1+0(|z| )), as |z] — oo, (5.6)

whenever z # 0, —1,—2,...and z # —A, —A — 1, -1 — 2..., (see e.g., [26] for
more details). As a consequence, one gets that

(1 - ! )2 _ o™ (1 + 0(|z|—‘)) as |z] — oo
aB(l — z, @) o ' ’ ’

Thus, for any g € (0,7 (3 — o — nl)), onze can find a p > 0 large enough such that
the function p + (—1)"*! (1 — m) satisfies the hypothesis of Corollary 4.1,

ie, (=T — D%)Z generates an exponentially bounded holomorphic semigroup
of angle (% — | — n|). The rest of the statement follows by a similar reasoning as
in the proof of Proposition 5.1. 0

We have the following generation result for the operator (Wg)z.

Proposition 5.3. Let E be a (L' — L™)-interpolation space with N, >0.n€Nand
o € (n — %, n+ %) Then, the operator (—1)”+1(1/\/j'§)2 generates an exponentially
bounded holomorphic semigroup T(_l)n«i»l(Wg)Z of angle w (% — o — nl), which is
given by

(T<—1)"+1(Wg)2(w)f> (x)
— % /OOO f(s) /_oo (s>iu+<3 exp ((_1)n+1w (@B(iu + 8, a))fz) duds,

N X

forx >0, w € Sn( ) and f € E, where § is any number 5 > 0. In addition,

1
-

D(Wg)?) = D).

Proof. The proof is analogous to the proof of Proposition 5.2, using that W§ =
(«B(Jg, «))~!. The only difference comes out that one cannot apply Cauchy’s The-
orem and translate the inner integral path in u to make § = O since the Euler—Beta
function B(0, o) has an essential singularity for any non natural number «. O

Finally, we have the following generation result for the operator Wi (I — D%).
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Proposition 5.4. Let E be a (L' — L™)-interpolation space with N > Oandngp < 1,
and let o > 0. Then, W(I — D%) generates an exponentially bounded holomorphic
semigroup Ty« ;- of angle 7, which is given by

zu )
(Tww De )(w)f (x) = / f(s)/ !

w
1- duds,
*P (aIB%(b‘ +iu,a) < aB(l -6 — lu,tx))) s

for x > 0, w € S%, and f € E, where § € (0, 1) is any number. In addition,
DOV — D)) = D).

Proof. The proof is analogous to the proof of Propositions 5.2 and 5.3. Here, the
statement is valid for any « > 0 since, by (5.6), we have that

— 1 SC Lo, skl
— as — OQ.
Bz, a) oB( -z, a) 2o < ¢
The proof is finished. g

5.2. Generalized Black—Scholes partial differential equations

Let Bg be a closed linear operator on a Banach space E, and consider the following
abstract Cauchy problem:

ueC(0,00); E), u(t)eDBg), t>0,

u/([) = BEM(I), t >0, (ACP())
limu(t) = f € E.
tl0

We say that the Cauchy problem (AC Pp) is well-posed, if for for any f € E, there
exists a unique solution u.

We are ready to state the following result concerning the well-posedness of the frac-
tional Black—Scholes equation. Before that, let us state explicitly how these equations
look like. Let n € N, @ > 0, and recall that D% and W¢ denote, respectively, the
Riemann-Liouville and Weyl fractional derivatives of order « acting on the spatial
domain.

(1) Inthe case Bg = (—1)"t1(Jg)2*, we have the following situation:
o If np > 0, one can use the Balakrishnan representation, to obtain

n+1 —2a+n ,
(=", (x) = )/ tog > Ul(s)ds, 1.x > 0.

o If N = 0, one has to proceed as in (5.3) to obtain

(=1 g () = lim ——— / log e (—) U'(s)ds. tx>0.
WIrid—ow) s "
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In both cases, n € N is the whole part of 2« and U,, := (Jg)"U.
) If B = (=)t — D%)z, one obtains the equation

1 2
—1)" My, = ———— DY(x*D* (x“u)) — ————D* (x* , x>0,
=D"" uy NCESIE (x (x“u)) NCES) (x%u) +u x>

(3) If B = (=11 (V%)2, one gets the equation

1
(=), =

= —x“W&*“W%), t,x>0.
T(a+1)2

(4) The case B = W (I — D%) leads to the equation

1 1
U= ——— WU — ——— D*X**W%), t,x>0.
[(a+1) C(a + 1)2

We have the following result.

Theorem 5.5. Let E be a (L' — L°)-interpolation space with order continuous norm,
n € N, and a > 0. Then, the following assertions hold.

(1) Ifa € (n— %, n+ 1), then (AC Py) is well-posed with Bp = (—1)"+1(Jp)*.
(2) If g < land a € (n — %,n + %) then (AC Py) is well-posed with Bp =
(_l)n-i-l(l _ D%)Z.
(3) IfQE > 0and a € (n — %,n + %) then (AC Py) is well-posed with B =
(—l)"+1(W%)2.
(4) Ifngp <1 andQE > 0, then (AC Py) is well-posed with Bg = Wg(I — D%).
In any case, the solution u of (AC Py) is given by u(t) = Tp,(t)f fort > 0. In
addition, identifying u(t, x) = u(t)(x), we obtain that u € C°°((0, co) x (0, 00)).

Proof. In all cases, BE is the generator of a holomorphic semigroup with D(Bg) =
D(JE) by Propositions 5.1, 5.2, 5.3, and 5.4. Moreover, Tp,. is strongly continuous
since one has that D(Jg) is dense in E if and only if E has order continuous norm
(see e.g., [2, Remark 4.2]). Then, the assertions follow immediately by the relation
between the well-posedness of a Cauchy problem, and the fact that B generates a
strongly continuous semigroup (see for example [1, Proposition 3.1.2 and Theorem
3.1.12]).

Regarding the regularity result, one has that u(¢) is E-holomorphic in ¢ in (0, co)
since T, is a holomorphic semigroup. Even more, it satisfies u(t) = Te(t)f,
u® () = (Bp)*u(r), and that u® (1) € D((Bg)") for all k,n € Nandt > 0
(see [1, Chapter 3]). Now, reasoning as in the proof of Proposition 4.3 with any of the
operators B yields that D(Bg) C D((Jg)?) for sufficiently small ¢ > 0. In addition,
since D(Jg) C ACioc(0, 00), we have that D((Jg)/t!) c €/ (0, 00). As u® (1) e
D((Bg)") C D((Jg)™) forall k, n € N, one obtains that u® (r) € C*(0, co) for all
k € Nand ¢t > 0. The proof is finished. 0
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Remark 5.6. As stated in the above proof, T, is strongly continuous at 0 if and only
if E has order continuous norm. Hence, Theorem 5.5 does not hold for a general
(L' — L*)-interpolation space. To address all interpolation spaces, we follow the
ideas given in [2] and consider the Kothe dual E* of E, given by

o0
E* = {g : (0, 00) — C measurable and / [f(x)g(x)| dx < oo forall f e E}
0

Every g € E* defines a bounded (order continuous) linear functional ¢, on E,
given by

(fs 0g)E, E* 2=/0 f(x)g(x)dx forall f e E.

In this way, we can identify E* with a subspace of the dual E’ (and under the present
assumptions on E, this subspace is norming for E). It is known that when equipped
with the norm || g|| g« = [l@g || £/, then E* is a (L', L°)-interpolation space on (0, 00).

Next, we consider the following abstract Cauchy problem:

u e C'(0,00); E), u(t) e D(Bg), t>0,

u'(t) = Bpu(t), 1>0, (ACP))
liﬂ)l(u(f),(ﬂ)E,E* = (f.9)ep~, f € Eandforallg € E*.

t

Again, we say that (AC Py) is well-posed if, for any f € E, there exists a unique u
which is a solution of (AC Py).
We have the following result.

Theorem 5.7. Let E be a (L' — L™®)-interpolation space, n € N, and o > 0. Then,
the following assertions hold.
(1) Ifa € (n— 3, n+ %), then (AC Py) is well-posed with Bg = (—1)"*! (Jg).
(2) If g < land ifa € (n — %, n—+ %) then (AC Py ) is well-posed with B =
(_1)n+1 I - D%)Z'
(3) IfﬂE > 0andifa € (n - % n+ %), then (AC Py) is well-posed with B =
(_1)n+l(Wg)2_
(4) Ifng <1 andﬂE > 0, then (AC Py) is well-posed with B = Wy (I — DY).
In any case, the solution u of (AC Py) is given by u(t) = Tp,(t)f fort > 0. In
addition, identifying u(t, x) = u(t)(x), we obtain that u € C°°((0, 0o) x (0, 00)).

To prove the theorem, we need the following lemma.

Lemma 5.8. Let a > 0 and let A € BSect(/2, a) on E be such that A generates
an exponentially bounded group (G (t));cr for which ||G(t)| < eall fort € R. Let
g € My satisfy all the hypothesis in Corollary 4.1. Assume furthermore that the
following hold:

(1) g is quasi-regular in {—a, a, oo} with g(a), g(—a) # oo.
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(2) The group (G(t))ser is o (E, E*)-continuous, that is, 1im,_.o(G (1) f, ¢) g+ =
(f,@)E.E* forall f € E and ¢ € E*.

Then, the semigroup (T,(t));>0 generated by the operator —g(A) is also o (E, E*)-
continuous, i.e.,

ltiil(}<Tg(t)f, p)e.er = (f.@)E.e+ forall f € Eand ¢ € E*.

Proof. Note that, even though G g is not strongly continuous, Jf, is the generator of the
integrated semigroup ¢ fé GEg(s)ds, see [2]. As a consequence, if we ask for the
regularity conditions at {—a, a, oo} instead of just M 4, the results given in the appendix
of this paper are true both in the weak Koethe sense and in the pointwise sense. Then,
Proposition A.3 yields (T,(¢) f, o) g g+ = ffooo(G(s)f, ©)E. E*Mn, (ds) for f €
E,¢ € E*, where h;(z) := exp(—tg(2)), and up, € M,(R) is given in Lemma
A.1. By Lemma A.1 again, one obtains that

/ ha(ds) = f ¢ 1,(ds) = hy (0) = exp(—1g(0)).

Then, for any f € E and ¢ € E*, we have that

(Tot) f, @)+ — (fs ) 5.5+ = / (G f — fo @) en, () ds

—00

+ (8O — 1) (f, ) £ (5.7)

‘We have to prove that the integral term in (5.7) tendsto O as ¢ | 0. Since by assumption
(G(1))er is o (E, E*)-continuous, we have that lim, jo(G(t) f, )£, Ex = ([, @) E E*.
Thus, for any & > 0, there exists § > 0 such that |(G(s) f — e'™ f, ) E E+| < e forall
|s| < 8. Hence, for some C > 0 independent of # and &, we have that

lim sup
tl0

<Ce

/ (G)f = [ @) e Ex1an, (5) ds

+ lim sup
tl0

/II 6(G(S)f— [ @) e E-un, (5) ds

Let us work with the above integral when s > &, leaving the case s < —4§, which is
completely analogous.
By Lemma A.1, one gets that

/ B(G(S)f—f, P)E.E* Wh, (S)ds

=/ (G f — [ o)E E* / e e 8D grds
5> r,

2mi

- / (GO f — fo o) e / 5 <efg<z> —efg<a>”+—“) deds.
§>8 T 2mi Iy b+z
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where we have used Cauchy’s theorem in the last equality and the fact that for b > a,
we have that

dz =0, foralls,t > 0.

e—tg(a) / e %S b+a
r. b+z

Now, applying the Lebesgue dominated convergence theorem, we obtain that

lim sup
110

/ S(G(S)f—ﬁ ©)E,E* bh, (5)ds

1 z—a
GG f —f, - — e % dzds
£>; o) f f¢»aEznlﬁ; -

where we have used again Cauchy’s theorem in the last equality. To check the hypothe-
sis of the dominated convergence theorem, one has to bound the following expression:

=0,

e 18 _ e—tg(a)m

b+z
by an integrable function for all ¢ € (0, &), where &’ is any number &’ > 0. Since
Ng(z) > 0implies that sup, ¢ .cr, le™'¢ @] < oo, an easy bound of the term between
|(+)| leads to

F,(s, 7) := e *0—a@)

, §>6,zely4,

s

Fi(5,2) S e "™ min {1, 2 —al+18() — g(@)] }

b+ z|
which is easily seen to be integrable by integrating first on s and then in z (recall that
the function g is regular at a). The proof is finished. g

Proof of Theorem 5.7. Once we have proven that T, (t) f is o (E, E™)-continuous on
tast | Oforall f € E, the assertions follow by a similar reasoning as in the proofs
of Theorem 5.5 and [2, Theorem 5.8]. Then, for the operators we are considering,
we only have to check the exponentially bound condition of Lemma 5.8. But, except
for the case n =0 and Br = (Jg)*®, we can always assume that they are satisfied
since the functions gg,., for which B = gp, (Jg), are holomorphic in strictly wider
bisectorial-like sets than the ones with singular points in 7, N TE- If this is the case,

given any & > 0, we have that |G (1)| £(r) < max{eZe™", e@E+e)} forall 1 € R.
And regarding the case Ny = = 0, onestill has that |Gg(¢) || cg) S 1fort < O(seee.g.,
[2]). Then, we can applg/ Lemma 5.8 to obtain that T, (¢) f is o (E, E*)-continuous.
The proof is finished. 0

It is easy to check that when o = 1, all the different generalized Black—Scholes
equations presented above yield the classical Black—Scholes equation given by (BS).
In this case, the above results retrieve the ones obtained in [2, Section 5]. In particular,
one gets the formula for the semigroup T, , given by

(T (w) f) (x) = f ) / - exp ) duds
_ _mw—mw fs) o
= e ) exp( ™" ) . ds, x>0, 5%w >0,
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where in the last equality we have made use of the integral identity [15, Formula
3.233(2)].

Remark 5.9. The above results do not cover (in general) the case « = 1/2,3/2,
5/2,.... This is closely related to the odd powers of a generator of a group (see
Corollary 3.11 and [7, Theorem 4.6]). Indeed, one can prove that when o« =
1/2,3/2,5/2, ..., the considered operators for Bg, except the last one W%(l — D‘é),
are bisectorial-like operators of angle 7. Unfortunately, this is a necessary but not
sufficient condition to determine that they generate semigroups.
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Appendix A. Functional calculus of generators of exponentially bounded groups

In this appendix, we give some auxiliary results in the case where A is the gener-
ator of an exponentially bounded group (G(¢));cr on a Banach space X satisfying
IGOlcx)y S explalt]) for all t € R and some a > 0. It is well-known that in
this case, A € BSect(xr/2, a), see for example [18, Section 2.1.1]. The following
results are completely analogous to the ones given in [6, Theorem 5.2] for the primary
functional calculus of strip operators or in [18, Section 3.3] for the NFC of sectorial
operators.

It should be mentioned that through this appendix, we will only work with the NFC
for bisectorial-like operators, not including the different NFCs presented in Sect. 2.3.
The reason for this is that in order to successfully apply some identities, we will need
that the integration paths of the NFC leave the spectrum of A completely on one side.
This is enough to cover all the results that use the appendix.
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First, recall the integral representation for the resolvent of the generator A of an
exponentially bounded group (G (t));cr given by

o0
R(z,A) = / e 'Gt)dt, if Rz > a,
* (A1)
R(z, A) = —/ e IG@t)dt, it Nz < —a.
—00

Next, forany a > 0, let M, (R) be the set of Borel measures x on R for which el is
u-integrable. It is readily seen that M, (R) is closed under translation and convolution.
Moreover, for any u € M, (R), one can define its Fourier transform F given by

o]

(Fu)(z) = / e u(dr), forall z € BSz/2.4-

—00

Lemma A.l. Let a > 0 and f € E[BSy/2,a]l ® CL. Then, there exists a (unique)
measure |1y € My(R) suchthat f(z) = Fur(—2z) forallz € BSy /2.4, whichis given
by pp(dt) = Yyp(t)dt + cdo(dt), where ¢ = f(o0) and

e f()dz, t <0,

3
V) =1k (A2)
— e f(z)dz, t>0,
2]‘” ry

and where T is any path of integration for the NFC of bisectorial-like operators,
.:=I'Nfz< —aand'y =T NNRz > a.

Proof. The proof is the same as in the case of sectorial operators (see [18, Lemma
3.3.1]). We omit the details for the sake of brevity. 0

Remark A.2. Let f be as above, and assume furthermore that | f(z)| < |z|~(7%) as
z — oo for some ¢ > 0. An easy application of Cauchy’s theorem to (A.2) yields that

oo

V() = %/ e fGiu)ydu, teR.

—00

Proposition A.3. Let A be the generator of an exponentially bounded group (G (t)):cr
on X satisfying |Gl cx) S e“"'for some a > 0, so that A € BSect(w/2, a). Let
w € My(R) be such that f(z) := Fu(—z) € M[BSz2.ala. Then,

f(A) =/ G (1) p(dt).

Proof. The proof follows as in the case of sectorial operators (see [18, Proposition
3.3.2]). We omit the details for the sake of brevity. 0
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