Proceedings of the Edinburgh Mathematical Society (2024) 67, 892-920
doi:10.1017/S0013091524000373

CHARACTERIZATION OF CONTINUOUS HOMOMORPHISMS ON
ENTIRE SLICE MONOGENIC FUNCTIONS

STEFANO PINTON AND PETER SCHLOSSER

(SP) Politecnico di Milano, Dipartimento di Matematica, Milano, Italy

Corresponding author: Stefano Pinton, email: stefano.pinton@polimi.it

(Received 17 June 2023)

Abstract This paper is inspired by a class of infinite order differential operators arising in quantum
mechanics. They turned out to be an important tool in the investigation of evolution of superoscillations
with respect to quantum fields equations. Infinite order differential operators act naturally on spaces
of holomorphic functions or on hyperfunctions. Recently, infinite order differential operators have been
considered and characterized on the spaces of entire monogenic functions, i.e. functions that are in the
kernel of the Dirac operators. The focus of this paper is the characterization of infinite order differential
operators that act continuously on a different class of hyperholomorphic functions, called slice hyper-
holomorphic functions with values in a Clifford algebra or also slice monogenic functions. This function
theory has a very reach associated spectral theory and both the function theory and the operator theory
in this setting are subjected to intensive investigations. Here we introduce the concept of proximate order
and establish some fundamental properties of entire slice monogenic functions that are crucial for the
characterization of infinite order differential operators acting on entire slice monogenic functions.
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1. Introduction

Extensive research has been conducted on infinite order differential operators for a con-
siderable period of time. In recent years, their significance in examining the evolution
of superoscillations as initial data for the Schrodinger equation has emerged as a fun-
damental area of study. Superoscillatory functions arise in various fields of science and
technology. In quantum mechanics, they are the result of Aharonov’s weak values, as
outlined in [1, 7]. Investigating their time evolution as initial data for quantum field
equations represents a crucial problem in the domain of quantum mechanics. Further
details can be found in the monograph [5], as well as in [2-4, 6, 13, 14, 18, 19, 37].
Moreover, we point out that superoscillations have been studied not only in quantum
mechanics but also in various fields including optics, antenna theory and signal processing.
In particular, it is believed that they can be used to improve the resolution of imaging
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and spectral analysis techniques, as they allow for obtaining detailed information about
structures at smaller scales than those allowed by conventional waves. Superoscillations
are still an active area of study, and there are still many open questions about their
nature and potential applications.

Investigating the evolution of superoscillatory functions under the time dependent
Schréodinger equation presents highly intricate problems. A natural functional analytic
framework for this purpose is the space of entire functions with specific growth conditions.
In fact, addressing the Cauchy problem for the Schréodinger equation with superoscillatory
initial data, we are naturally led to study infinite order differential operators.

In order to explain how infinite order differential operators appear in quantum mechan-
ics, it is enough to consider the simple case of the free particle for Schrédinger equation
with initial datum that is a superoscillatory function. Precisely, we consider the Cauchy
problem

V@t _ 0%t
v ot - 912 (11>
$(,0) = Fu(w,0) = S0, () (442)" " (152) " el-20/me

for a € R, a>1, v € R where F,(z,a) is a superoscillatory function outcome of
Aharonov’s weak values. In [3], it has been shown that the solution v, (z,t) can be
written as:

e (Zt)m dz2m
’l/)n(x,t) = Z m! dean(x,a)
m=0
for every z € R and t € R. To study the limit, as n — oo for ¢, (z,t) entails the
investigation of persistence of superoscillation during the time evolution. The crucial fact
is to show the continuity of the operator

d = (i)™ d2m
U(dx) ._mX::o m! da?m

on a class of functions that contains F,,(z,a). In order to study the continuity properly,
we recall that we have to extend both the operator U (%) and the function F,(z,a) to
the complex setting replacing the real variable z by the complex variable z. The natural
settings for this problem are the spaces Ay, for p > 1, i.e. the space of entire functions
with either order lower than p or order equal to p and finite type, i.e. it consists of
functions f for which there exist constants B, C' > 0 such that

|f(2)] < CePEI, (1.2)

The convergence in these spaces is defined as follows. Let (fy)nen, fo € Ap. Then f, = fo
in A, if there exists some B >0 such that

lim sup |(fn(2) — fo(2))e 27| = 0. (1.3)

n—oo zeC
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Proving the continuity of the infinite order differential operator U (%) on A; implies

that
lim U (;) F.(z,a)=U (d) lim F,(z,a).
z

n—00 dz /| n—=o

Thus, we have lim,, o ¥ (z,t) = €%*719" in A;. Taking the restriction to the real axis

for the complex variable z, we have lim,,_, o0 ¥, (2, 1) = ei‘m_iazt uniformly on the compact
sets of R for the space variable.

More generally when we investigate the Schrodinger evolution of superoscillatory func-
tions under different potentials V, we reduce the problem to the identification of infinite
order differential operators of the type

u( ) Z tszn

where 7z is a complex variable, and where the coefficients u,, (¢, z; V') depend on the poten-
tial V and also on time ¢. The identification and the characterization of these type of
operators are crucial in quantum mechanics and from the mathematical point of view it
has given a new impulse to the theory of infinite order differential operators acting on
holomorphic functions, see [9, 12].

The function theory of the spaces A, from above can also be treated in a much more
general framework where the constant order p is replaced by some function p(|z|) sat-
isfying certain properties. In the complex setting, these spaces of proximate order are
introduced in [39]. It was then generalized to several complex variables in [33]. The dif-
ferential operator representation of continuous homomorphisms between the spaces of
entire functions of given proximate order was only recently proven by T. Aoki and co-
authors in [10, 11]. In this paper, we will generalize these results for slice monogenic
functions acting on a Clifford algebra.

In this regard, there are two main theories of hyperholomorphic functions the mono-
genic and the slice monogenic function theory. It is important to mention that for these
two classes of hyperholomorphic functions we need to define different types of infinite
order differential operators involving suitable products of functions that preserve the
required notion of hyperholomorphicity. The investigation of infinite order differential
operators started in [8] and the characterization of continuous homomorphisms for entire
monogenic functions of given proximate order is studied in [27]. In the monogenic case,
entire monogenic functions have been considered by different authors in [28-31, 36, 38],
while entire slice hyperholomorphic functions are considered in [17].

In order to give the perspective of the two classes of hyperholomorphic functions,
referring to the notation introduced in the next section, we denote by R,, the Clifford
algebra with imaginary units e;, j = 1,...,n. We recall that (left) monogenic functions,
see [16, 35], are those functions f : U — R,, continuously differentiable on an open subset
U C R™*! such that
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where D is the Dirac operator defined by D = 0, + Z?:l ejazj. For the case of slice
monogenic functions, there is not a unique way to define them, but there are different
ways to introduce them and the various definitions are not totally equivalent according to
the properties on the domains on which they are defined. Precisely, we have the following
possible definitions:

(i) Via the Fueter-Sce-Qian mapping theorem, see Definition 2.1.

(ii) Slice by slice, see [20].
(iii) As functions in the kernel of the global operator introduced in [26].
(iv) Via the Radon and dual Radon transform, see [25].

The most natural definition for applications to quaternionic and Clifford operators the-
ory, see [21-23], is the definition appearing in Fueter—Sce—Qian mapping theorem which
is well summarized in terms of extensions from holomorphic functions to hyperholomor-
phic ones. Let O(D) be the set of holomorphic functions on D C C and let Qp C R*+!
be the rotation of D around the real axis. The first Fueter-Sce-Qian map Trg1 applied
to O(D) generates the set SH(€2p) of slice monogenic functions on 2p (which turn out
to be intrinsic) and the second Fueter—Sce—Qian map Trgo applied to SH(Qp) generates
axially monogenic functions on €. We denote this second class of functions by M(Qp).
The extension procedure is illustrated in the diagram:

_Aln—=1)/2
oD) ES s1(0p) TR T M),

where Trgy = A=1/2 and A is the Laplace operator in dimension n+ 1. For
more details on this important extension procedure from complex to hypercomplex
analysis see the book [24], the references therein and the paper [32] for related
topics.

The plan of the paper. In §2, we have some preliminary results on slice monogenic
functions. In § 3, we prove new results on some properties of slice monogenic functions
of proximate order. Section 4 is the heart of this paper and contains the characteriza-
tion representation of continuous homomorphisms on spaces of entire slice monogenic
functions.

2. Preliminary results on slice monogenic functions

In this section, we recall basic results on slice monogenic functions (see Chapter 2 in
[17]) and also introduce the notion of proximate order functions (see the book [33]). We
recall that R,, is the real Clifford algebra over n imaginary units ey, . .., e,, satisfying the
commutation relation

eiej = —€;e; and e? =—1, i#£je{l,...,n}

3

Any Clifford number a € R,, can uniquely be written as

a=ag+ae1+...+aney, + ...+ a2 pne1€3...65 = E A ap€q,
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where the last sum is over all ordered subsets A = {i1,...,4,} C {1,...,n} and the basis
elements are e4 = €iy - - - i Note that for A = () we set ey := 1. The Euclidean norm
of a Clifford number a € R,, is

2 . 2
af =3 Jaal®

Any element of the form

n
r=x0+tT=2x0+ E Teey
(=1

will be called paravector and we denote by R™*! the set of all paravectors. Note that no
ambiguity arises since we can identify any (n + 1)-vector (zg,x1,...,2,) of real numbers
with g + ejz1 + ... 4+ enxn. The conjugate of a paravector x is given by

n
T:=Tyg— T =Ty — ngeg.
=1
Recall that S is the sphere

S={z=ex1+... Fenzy | 22 4+... +22 =1},

where every j € S satisfies j2 = —1. Given an element x = 2 + 2 € R"*! let us define
[z] .= {y e R"™ . y =0 +jlz|, j€S},

as the (n — 1)-dimensional sphere in R"™! centred in zg € R and with radius |z|. For any
j €S, the vector space

Cj={u+jv:uveR} =R+ R
is an isomorphic copy of the complex numbers, passing through the real line in the
direction of the imaginary unit j. Finally, a subset U C R™*! is called axially symmetric,
if for every @ € U the whole (n — 1)-sphere [z] C U is contained in U.

Next we define the set of slice monogenic functions (also called slice hyperholomorphic
functions), acting on paravectors R"™! and having values in the full Clifford algebra R,,.

Definition 2.1 (Slice monogenic functions). Let U C R"*! be an azially sym-
metric open set and let U = {(u,v) € R? : u+Sv C U}. A function f : U — R, is called
left slice monogenic, if it is of the form

f(@) = folu,v) + jf1(u,v) r=u+jveU, (2.1)

where the two functions fo, f1 : U — R, satisfy the compatibility conditions

folu, —v) = fo(u,v) and filu,—v) = = f1(u,v), (2.2)
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as well as the Cauchy—Riemann equations

0 0 0 0
%fo(u, v) = %fl (u,v) and %fo(u, v) = —%fl(u, v). (2.3)

The set of left slice monogenic functions will be denoted by SM(U).

Remark 2.2. Analogously, one can also define right slice monogenic functions by
simply replacing the decomposition (2.1) by

f(s) = folu,v) + fi(u,v)j r=u+jv el

However, for the rest of the paper, we will only consider left slice monogenic functions,
although all the results can also be written for right slice monogenic functions.

Definition 2.3. Let f € SM(U). Then for any x € U we define the left slice
derivative as

Osf(z):= lim (p—=z)7'(f(p) - f(x)), (2.4)

p—ra, peC;

where for non-real x the imaginary unit j € S is chosen such that x € C; and for real ©
one may choose j € S arbitrary.

We remark that dsf(z) is uniquely defined and independent of the choice of j € S,
even if x is real. Moreover, we note that the slice derivative of f coincides with

Osf(x) = 0ny f(2) = fj(2), (2.5)

where 0, f is the partial derivative with respect to zo and fj’ is the complex derivative
of the restriction f; = f|<cj~

Theorem 2.4. For a € R, r>0 let B.(a) = {x € R"" : |z —a| < r}. If f €
SM (B, (a)), then

- 1
fla)y=> (z - a)kgaﬁof(a) z € By (a). (2.6)
k=0
We now recall the natural product of two functions that preserves slice monogenicity.

Definition 2.5. Let U C R™t! be open and azially symmetric. Then for any f,g €
SM(U) define their star product

f*L g:= fogo — frg91 + j(f1g0 + fogr),

with the functions fo, f1, 90,91 from the decomposition (2.1).
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Lemma 2.6. Let f(z) = Y o z%ay and g(x) = > pe, @%by, be two left slice monogenic
power series. Then their star product is given by

) 4
(frog)(@) =Y "> arbes. (2.7)

£=0 k=0

For x,s € R"™! with o ¢ [s], the Cauchy kernel for left slice monogenic functions is
given by

S (s, ) = — (2% — 250z + |s]*) Tz —F) = (s — T)(s* — 2205 + |x]?) 7 . (2.8)

With this kernel, there holds the following Clifford algebra version of the Cauchy integral
formula.

Theorem 2.7 (The Cauchy formula). Let U C R be azially symmetric, open,
bounded and the boundary O(UNC;) be a finite union of continuously differentiable Jordan
curves. If we set ds; = —jds for some j €S, then for f which is left slice monogenic on
a neighbourhood of U, there holds

1

=— Sy (s, x)ds; f(s), xeU. (2.9)
2m Jowney)

()

Moreover, the integral depend neither on U nor on the imaginary unit j € S.

After the basic facts on slice monogenic functions, we introduce the notion of proximate
order functions which will then be used in § 3 to introduce function spaces of exponentially
bounded entire slice monogenic functions.

Definition 2.8 (Proximate order). A differentiable function o : [0,00) — [0, 00) is
called proximate order function for the order p >0, if it satisfies

(1) lim, 00 o(r) =: p >0,
(2) lim,— 00 o' (r)r1n(r) = 0.

It is also possible to define proximate order for the order p =0, but the upcoming results
do not hold in this case. Any proximate order function admits the following properties.
A proof can for example be found in [33, Proposition 1.19].

Lemma 2.9 (Properties of proximate orders). Let o be a proximate order
function. Then there exists some rg > 0, such that

(i) > 72" s strictly increasing on [rg, o0),

i) lim re) =
(i) rh%rgor 00.
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Definition 2.10 (Normalized proximate order). A prozimate order function o
1s called normalized if

(i) 7+ 2" s strictly increasing on (0,00),
(i) lim re" = 0.

r—0t

For a normalized prozimate order function, it is then clear that r — (") maps (0, 00)
bijectively onto (0,00) and we denote by

¢ : (0,00) = (0,00) the inverse function of r —s ). (2.10)
Moreover, we set the numbers

14
Go=Gpoi=1 and Go=Gpom 29 e, (2.11)

(ep)t/e’

Remark 2.11. Note that by Lemma 2.9 it is possible to construct for any given
proximate order function p a normalized proximate order function p such that o(r) = 4(r)
for every r > ro large enough. One possible choice is the function

o) = o(ro) — §sin (4@(% —7)), 7€ 0,ro),
o(r), r € [rg, 00).

Next, we recall some basic properties of proximate order functions that will be used in
the following. First we prove two inequalities of the mapping r — 7¢("). The first one (i)

can be found in [10, Lemma 2.3] and the second one (ii) in [10, Proposition 1.20].

Lemma 2.12. Let o be a normalized proximate order function. Then for any € >0
there exists a constant C. > 0, such that

(i) (r+ s)elrts) < gpte (7‘9(7“) + 89(3)) + C., r,s > 0.
(ii) (sr)etm) < (14 ¢)sPre™ + C., r,s > 0.

The next lemma can be found in [10, Lemma 2.4] and it is the submultiplicativity of
the numbers Gy in (2.11).

Lemma 2.13. The sequence (Ge)een, from (2.11) satisfies
GZGk < G@+ka f, ke I\IO-

The following Lemma treats the limit behaviour of the function ¢ from Definition 2.10.
The upcoming results (i) and (ii) can be found in the proof of [33, Theorem 1.23], the
result (iii) in [33, Proposition 1.20] and (iv) in [10, Lemma 2.6].
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Lemma 2.14. Let ¢ be a normalized proximate order function and ¢ from (2.10).
Then for every s>0 and 0 < o’ < o there holds

t
. L) Y /
(IV) Elto >0: Lp(t/) § m, t,t Z tO'

3. Slice monogenic functions of proximate order

Let o(r) be a proximate order function for a positive order p>0 according to
Definition 2.8. We will now introduce some function spaces of entire slice monogenic
functions in the spirit of [10, 33], which treat the similar problem for entire functions
of several complex variables. For constant proximate order functions o(r) = p and slice
monogenic functions in the quaternions, we also refer to the results in [17, Chapter 5].
In particular, we derive basic properties of these function spaces where most of them are
already known in the complex and the monogenic setting but which are new in the case
of slice monogenic functions. Moreover, we give an alternative and more detailed proof
of [33, Theorem 1.23] in Theorem 3.7.
For any o > 0, we consider the Banach space

Agoi={f € SME®™): |fllpo == sup _[f(2)]exp(—ol]20=D) < o0}
rzeRn+1

with the norm || - ||,,-

Remark 3.1. We observe that for any proximate function o(r) and any normalization
function §(r) according to Remark 2.11, the spaces A, , and A; , coincide with equivalent
norms, see [10, Page 8].

Lemma 3.2. If 03 > 01 > 0, then the inclusion map A, o < Ay o, is compact.

Proof. We will show that B := {f € A, o, : ||flloc; < 1} is relatively compact in
Aoy, 1-€. any sequence (fx)reny C B has an accumulation point with respect to the norm
of Ay oy

First we will prove that the sequence (fx)ren C B admits a subsequence which
converges in the uniform convergence topology of R"*!. By the Arzeld-Ascoli theo-
rem, together with some standard diagonal sequence argument, it is sufficient to prove
that (fx)ren is equicontinuous and uniformly bounded on any compact convex subset
K C R™"L. Let us now fix one of the compact convex subsets K. Since (fx)ren C B, the
sequence is uniformly bounded on K. Moreover, we have

|fk(x)_fk(y>‘§0k|x_y|a $,yEK
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where Ci = sup i |V fi(x)| and V is the usual gradient. We choose r large enough in a
such way that K C B(0,r). It is sufficient to prove that there exists a constant Cp, only
depending on K, such that

0z, fe(x)| <Ck, €K, keN,i=0,...,n

To prove this fact we need to differentiate the integral representation formula (2.9) for
fi. Let x € K and j € S be such that there exist u, v € R with £ = u + jv. When ¢ =0,
there exists a positive constant C% which depends only on K, such that

O fo(2)] = Ory Sz (5,) ds; fu(s)|

3
‘QW a(B(0,r)NC;)

1 ‘/ 1
. i)
2m 1 Jas(o,rncy) (s—x)2

1 / 1
< — T |ds; | M (r, fx)
21 Ja(B(0.r)nc;) lz—s2

M(Tv fk)

NIRRT o
ST =

where in the last line we used (fx)ren C B and dist(K,9B(0,7)) > 0. When ¢ #0, using
the second form for S; ' (s,z) in (2.8), we observe that

aziSL_l(s,x) = (e;8% — 2x0ei5 + |x2e; — 2248 4 22,%) (5% — 2xos + |2[*) 72

Thus, when z € C;NK and s € C;NOB(0,r), there exists a positive constant C', which
depends only on K, such that

Cy

-1
0281 (50| < ot

By this inequality, there exists another positive constant C%., which only depends on K,

such that
1 _
.l = |5 [ 0,87 5,2)) s, i)
™ a(B(0,r)NC;)
1 _
= 27 ‘aiiSLl(va)HdsﬂM(ra fk)
T Ja(B(0,r)NC;)
M(Ta fk) 1"
<rCo———5 < Ck.
(r—laht = 7%

In particular, choosing Cx = max{Cl,C%}, for any =,y € K and for any k € N,
we have

|fr(x) = fr(y)| < VnCxklz —yl,
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i.e. (fr)ken is equicontinuous on K. Applying the Arzeld—Ascoli theorem and using some
standard diagonal sequence argument, there exists a subsequence which converges to
f € SMr(R™"1) in the topology of the uniform convergence on compact subsets. Without
loss of generality, we call this subsequence again by (f%)ken.

In the second step, we prove that the sequence (fx)ren is a Cauchy sequence in A4, ..
We fix § >0 and choose R >0 large enough such that

b
exp((o1 — o) |z]2U2D) < 5 forany |z[ > R.

Thus, since f, fr € B, we have

sup |fio(x) = fo(x)] exp(—o|z|¢D)

|lz|>R
= |S|11>PR|fk($) — fo(@)] exp(—a1|z|21D) exp((o1 — a2)|z]21D)
5
< 2.—-=0). .
<2.0=4 (3.1)

Moreover, by the uniform convergence of the sequence (fi)ren on the compact subset
B(0, R) of R""1, there exists a positive integer N such that for any k, £ > N we have

sup | f(z) — fo(z)] exp(—0oa|z?0*V) < sup |fi(z) — fo(z)| < 6. (3.2)
|z|<R |z|<R

Thus, combining (3.1) and (3.2), we have proved that the sequence (fx)ren is a Cauchy

sequence in A, ;.. O

Definition 3.3. (The spaces A, and A, ,1¢). We define the space

A, = li_r>n Ao
>0

i.e. Ay = Uyn0d, o and we say that o sequence (fr)ren C A, converges to f € A, if there
exists some o >0 such that (fr)ken C Apo, [ € Apo and limy 10 || fie — fllo.c = 0.
For every o > 0, we also define the space

Apot0 = hin Apotes
e>0

i.e. Agoto = NesoApote and we say that a sequence (fi)ven C Agoto converges to
f € Ag,o+0 ’LffO’/‘ any €>0 we have (fk)kGN c Ag,a—l—s, f € Ag,a+e and limk—H—OO ”fk -
fllo,o+e =0. When o =0, we denote A, 1o = Ago+0-

Note that A, is a (DFS)-space (see [15, Definition 2.2.1 and §2.6]) and Ay oto 1S @
(FS)-space. Both A, and A,y s40 are locally convex spaces.

Remark 3.4. Let p be a proximate order function and g its normalization according
to Remark 2.11. Then the spaces 4, and A, coincide and share the same locally convex
topology. The same holds true for A, ;40 and A s10.
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Definition 3.5. Let ¢ be a proximate order function and f € A,. Then we define the
type of f with respect to o as

inf{8>0: feA,s}
Next we prove a preparatory lemma for Theorem 3.7, which characterizes the order.

Lemma 3.6. Let g be a normalized prozimate order function for the positive order p.
Let f(z) =Y oy z‘ar € A,. Moreover, suppose that o > 0 which satisfies the property

1 ) 1 1 1In(p)
—In(o) > limsup (ln ag| + In(p(£ ) - — =
~In(o) > limsup 5 Injag| + In((0)) ) - - = =
where we interpret In(0) = —oo in the case 0 =0. Then, for any 7' > o, there exist
positive constants N and C such that
sup (In]ag| + ¢In(r)) <7 e L ¢ r >0, (3.3)
>N

Proof. Choose 0 < ¢’ < ¢” < 7 < 7' arbitrary. Then, by assumption, there exists
N; € N, such that

1 1
lag|?p(£) < (epa’)?,  £> Ny,
»( Z//) 1 .
Moreover, by the limit limy_, @(Z) = (pg )p from Lemma 2.14 (ii), there exists some

e )

1
N5 > Nj such that ‘?e)p < ( ,)P and hence

1 1
(epa’)P er
o0 Sy 2 34

1
|aglt <
Next, by Lemma 2.14 (i), there exists some N > Ny such that

1< t>N. (3.5)

e(5m5) p = pa’’

t ot
"
g//p‘P(,,//p) 1 L T-0
7

We will now prove that there exists a positive constant C, which does not depend on r,
and 79 > 0, such that

sup (In]ag| + ¢In(r)) < ™ L C > . (3.6)
>N
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Due to the estimate (3.4), we get

sup (In|as| +£In(r)) < sup ﬂ(% —1In (go( ﬁ )) +ln(r)>

(>N N3/>N arp
1 t
< sup t(f—ln( ( ))—i—lnr). 3.7
R3t>N \P 4 a’p (r) 3.7)
=:ur(t)

Let timax(r) be the supremum of the points where the function p,(-) attains its maximum.
We observe that this point exists and it is finite since p,-(¢) is continuous and converges
to —oo when ¢ — oo. First we prove that tyax(r) — 400 when r — +o00. We observe
that

st e

g

We assume by contradiction that ¢y (r) is bounded. Since p! (tmax(r)) < 0, we have

tmax (1) _s¢tmax(r)
tmax( ) 1 oy 90( 5 )
> — . .
In (‘P( ap )) p +In(r) — S0(75110&/);(7”)) (3.8)
p

The previous inequality gives a contradiction since the left hand side is bounded for any
r >0, instead the right hand side tends to +oo when r — —+o0.

Since we just have proven that .y (1) " 2% o there exists some 7o such that tmax (1) >
N for any r > ro and hence also p).(max(7)) = 0 has to be satisfied for any r > ro. This
means that the inequality (3.8) becomes an equation, i.e.

o (lo(ltny) 1 )
n{-—¢ = - - .
reA o p ip((tma(nd)

In view of Lemma 2.14 (i), we have

. 1 tmax(r) .
Th%rgoln (rw( ap )) =0

Next we choose €,17 > 0 such that (1 + n)(1 + €)?7 < 7’. By the previous limit, we can
enlarge 7o > 0 such that

tmax
w(aé?)§ﬂ+dn ">

By applying the inverse function ¢ =!(r) = 72" to both sides of the this inequality and
by Lemma 2.12 (ii) with the above chosen 7, we get

tmax(r) < 0" p((1+€)r)e0HI) < 0" p(1+1)(1+€)re) + 0" pCy. (3.9)
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Moreover, rearranging the equation p..(tmax(r)) = 0 and using the second inequality
in (3.5), we have that

tmax (1) 7 tmax(r)
tmax 1 e () — o
In (o ( ,,(T))) DR SSRGS WO (3.10)
a’p P ﬂ%) po
Using the inequalities (3.9) and (3.10) in (3.7), we obtain for every r > r
sup (ln lag| + Eln(r)) = pr (tmax (1))
>N
1 tnax (T)
= tmax(r)<; —1In (gp( e )) + ln(r))
" (r) 7 1 T—a"
< (0"p(L+m)(1+ €7t +0"pCy) (o~ In(r) + =T+ In(r))
< 7're 4 'C,. (3.11)
Since In(r) is increasing we furthermore get the estimate
sup (In|a¢| + ¢In(r)) < sup (In|ae| + ¢In(rg)) < T’rg(TO) +7'Cy, e (0,rg]
(>N >N
Hence, choosing ¢/ = T'rg(m) + 7'C,), we finally have
sup (In|ag| + £In(r)) < 7'r¢™) 40" 7> 0. O
>N

Next we prove the main theorem of this section, a characterization of functions in
the spaces A, ,40 with respect to the order, their growth condition and their Taylor
coefficients.

Theorem 3.7. Let o be a normalized proximate order function, o > 0 and f(x) =
22:8 ztay € SMp(R"*1). Then the following four statements are equivalent:

1 f S AQ,O’+07'
Sup|g <y In(1£ (@)

2) limsup, , IG)

gy

Mb\»ﬂ IA

(1)
(2)
(3) limsup,_,.. e T o(£) < (epor)
(4) inf{8>0:feA,5} <o.

Remark 3.8. Note that using the numbers (G¢)sen, from (2.11), one can alternatively
write (3) as

I
limsup(Jae|G,r) € < 0.
£—r 00
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Proof of Theorem 3.7 We start with (1) = (2). Since f € A, ;40, there exists for
any € >0 a D, > 0 such that

|f(x)| < Deexp((o + €)]z|¢U=D)  for all z € R*+1, (3.12)
Taking the logarithm on both sides of (3.12) we have
In(|f(@)]) < (D) + (o + )fa]2(=D.
Let r >0 be arbitrary, this implies that

sup In(|f(x)]) < In(De) + (o +€e)re™.

lz|<r
Since (") — 400 as 7 — 400, we have

. SUP|z|<r In(|f(=))
lim sup o)
r——+o00 r

<o+e (3.13)

Because inequality (3.13) holds to be true for any € >0, we get (2), i.e.

SUP|gz|<r 1H(|f($)|) <o

lim sup o) <
r T

r—4oo

For the implication (2) = (4), let 7 > o, which by the assumption (2) also means that
Sup|x‘§7‘hﬂ\f($)ﬂ

Q) . Then we can choose ¢ > 0 such that for any |z| > 7
”

T > limsup,._,
we have

|f(@)] < exp(r]a|2D).

Thus there exists a positive constant C' such that |f(z)] < Cexp(r|z|2ID) for any
r € R" ie. f € A,,. Since this is true for every 7 > o, this shows (4).

Now we prove (4) = (3). Assuming that (4) holds to be true, then for any € >0 there
exists 8> 0, such that 8 < o+ € and f € A, 3. Then for any r >0, we can estimate the
Taylor coefficients ay of f using the Cauchy integral formula

0,8 eXp(BTQ(T))
rt '

Lo - If
al < 5 [ e do <
0

Using this inequality with the specific value r = gp(ﬁ%), i.e. the one r>0 such that

re(r) = é7 gives

1105 exp(2)

lag| < 7
£\
@(ﬂp)
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Taking this inequality to the power % and multiplying (1), it becomes

I
1f1l,,5¢7(£)

1
p(O)ar? < 7
SD(@)
1
Taking now the lim sup,_, ., and using the limit lim,_, el — (Bp)? from Lemma 2.14

7
@( Bp )
(ii), gives

bh—‘

lim sup (6)[ag| ¢ < (eBp)? .

£——+o0

However, since 8 < o + ¢ and € > 0 is arbitrary, there also holds

1 1
limsup ¢(£)[ar| ¢ < (epo)?,

{— 400

which is exactly (3).

For the last implication (3) = (1) let 7 > o and choose 7 > 7’ > 0. We want to show
that f € A, ; by estimating in a suitable way ZLOS lag||z|¢. In what follows we are going
to split the previous summation in three parts. We know that

lim sup In (ap(f)|a4|%) <In ((eap)%) .

— 400

Thus by Lemma 3.6, there exist positive constants N and C' such that

sup (In|ag| + £In(r)) < 7re™ 4O r > 0.
>N

Moreover, let p; > p and fix x € R"™! with r := |z| > 7o for some 79 > 0 large enough.
Then define m,. := [2eTp17r?1|. As it is shown in (3.4) in such a way that for any ¢ > m,

we have
pi 2 1 2 1 2 1 2 1
1 1 - - - -
lag|? < (epm)?1 — < < =2 I>m, (3.14)
o(0) Plaerpy) — #(rP1) = p(re) r
Hence we have
N— “+o00
|f(2)] < Z |ael|® + Z ladlzl + > lanllzl’.
£=0 {=mqpr+1

We want to estimate all the three terms of the previous summation. Since the number
of terms in the first summation is finite and it does not depend on |z|, there exists a
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positive constant C’’ that depends only on N such that for any r >0 we have

N—

=

|ag||z| < C" exp(r'[a|o0*D).
/=

For the second summation, using (3.3), we get

my
> lagllz]® < mpe€ exp(r|a]21D).
(=N

For the third equation, we use (3.14) to obtain the estimate

—+o0 [e'e)
> adlzf <D 27 =2,
l=mp+1 =0

Summing up the three previous inequalities, there exists a positive constant C' such that

|f(@)] < C" exp(7’|2]#07V) +m, C" exp(r'|z]207V) + 2
< (C" 4+ CC™ + 2) exp(r|z]el=D).

Here C >0 was chosen independent of r large enough such that
myexp (— (1 —7)re") < C,

which is possible since m, = |2eTp1rf1| grows polynomially in . Since this is true for
every |z| > rq, this implies f € A, -. O

The following proposition is a direct consequence of Theorem 3.7.

Proposition 3.9. Let ¢ be a normalized proximate order function and f(x) =
ZLOS ztay € SMp(R™1). Then the following four statements are equivalent:

1) fe Ay
sup . In z
2) limsup, _, %W < 00;

3) limsup,_, [aelp(£) < oo
4) inf{f>0:fe€A,s} <oo.

~~ o~~~

In §4, we will need some estimates on the norms of monomials, which will be provided
in the following lemma.
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Lemma 3.10. Let o be a normalized proximate order function. Then for every 0 <
o' < o, there exists a constant C(o,0") such that

G
2]l < C(0,0)

L
=~ m, le No. (315)

Proof. First of all, by Lemma 2.14, there exists some ty > 0, such that

t
7

€ /
0 S o) tt > to. (3.16)

Let now ro := ¢(tg). Since lim;_, », ¢(t) = oo, there exists another constant t; > 0 such

that
1
p(0) > rolepa)p,  £>t. (3.17)
Let now ¢ > t;. Then for every |z| > 7 we set t := |z[2(*]) and get
14 L

LN ED 2| (ep) ? () e(t)(ep)? 4

——exp(—ol|z|?*V) = ————exp ( — ol|x|® _ Y \P)T —ot

GZ ( | ‘ ) 90(6)[ ( ) 90(6)[

Since t = |z|e(z) > rg(’“o) = to, we are allowed to use (3.16) and estimate this equation
by

4
IgL exp (= olal2=) < (,)26 = llzr >0 (3.18)
o

For |z| < rg on the other hand, we use (3.17) to get

L
|| ) o rlep)? 1
——exp (—o|z|° <7 =—p-< ) |z] < 1o, > t. (3.19)
el V<G = o <
Combining now (3.18) and (3.19) gives the estimate
¢ ¢ olley < Gt
lz|lp.c = sup |z|"exp ( — olx| ) < —, 0> 1.
VS
zern+1 o'p
Finally, choosing the constant
¢
¢ '
C(o,0') := max Orgnezgl Hx”éi’zg, 15,
gives the stated estimate (3.15) for every ¢ € Ny. O
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Lemma 3.11. There exists a constant k depending only on p for which the following
statement holds: For any o >0, we can take C(o) such that for any f € As o, and any
{ € Ny, the inequality

) (2ko)t/P
0,0 G@,Z

210, 1@l < (o)1) (320)

holds.

Proof. Let x € R*! and j € S, u,v € R such that £ = u + jv. Then the Cauchy
estimates for the restriction f ‘Cj give for any s >0

2!
i max
8% |€|=s,£€C;

|08, f ()] < |f(z+€)|

il i
< ?||f|g,o‘ \E\max ~exp (0|x+€|9(| +§|))

:s,ﬁECJ

2!
< -
< glf
14
-

0.0 exp (o (|| + 5)2071+2))

< e exp (250 () 4 529)),

where in the last inequality we used Lemma 2.9 (i). Choosing now the special value
5= SD<W+;W))’ ie. s205) = w%%)’ we can further estimate

£ l
———— I llo0e™ exp (27F0r2) 4 =), LN,
<p(2p+eﬂp)l p

0, ()| <

By Lemma 2.14 (ii), there exists some N € N such that

o)t ‘ ¢
# <25(2°*op)p,  L>N.
L
<‘0(2p+5crp)

Hence we can choose a larger constant (7 such that this inequality holds for all
{ € Np, i.e.

‘
———— < 12" *0p)p,  LeN,.
¢(5rr2,,)

This leads to the estimate

|
|8ﬁ0f(x)| <G (pé)g ((2p+1+8600)%)ZHJCHQ,JGUCE exp (20 gre™)
! ¢
= Cleaceg(2p+l+ea)ﬁ Hf| 0.0 €XD (2/)+:sarg(r))7 { € N,.
J4
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This is exactly the stated inequality (3.20) for £ > N. O
In view of the above stated properties, we can now prove the following crucial results.
Proposition 3.12. For an entire left slice monogenic function f(x) belonging to Ay o+o
for o >0, its Taylor expansion Y ,o,x‘a; converges to f(x) in the space A,qsio. In

particular, the set of Fueter polynomials is dense in A, o and also dense in A,.

Proof. For the former statement, it suffices to show that

o0
D et agl|gore
£=0

is finite for any € > 0. By Lemma 3.10, there exists a positive constant Cy such that for
any £ > 0 we have

2| g.re < Colo +€/2)7/7 G

On the other hand, by Remark 3.8, there exists a positive constant C'; such that for any
¢ > 0 we have

|CL@|G@,K < 01(0' + 6/4)6/’).

Therefore, we have

0o 0 L/p
o+¢€/d
> latarlgore < CoCr Y </) < 0.

= iz Nt

For the latter statement in the case f € A, 19, it follows from the former one with =0
that

{——+o00

lim quaq = f(x)
<t

in the space A, 4+¢. In the case f € A,, there exists 0 >0 such that f € A, ;40. Then
the same convergence holds in the space A, ;1o and therefore also in the space 4,. O

Lemma 3.13. Let ¢ be a prozimate order function, o,7 > 0, f € Ay, g € Agr.
Then f*r, g € Agotr and

n+t4
1f*L gllootr <272 I fllocllgller

where n is the number of imaginary units in the Clifford algebra R,,.
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Proof. Due to Definition 2.1, the function f € SM(R"™!) does admit the
decomposition

flu+tjv) = fo(u,v) +jfi(u,v),  wveER,jES,
where for any arbitrary j € S, the functions fy, f1 are given by

flu+jv) + f(u—jv)
2

folu,v) =

and

flu—jv) = flu+tjv)
2 )

fi(u,v) =

for any u,v € R. Hence, since f € A, ,, the functions fy, fi admit the estimates

j ] 1
|f0(u,1})| < |f(u +]U)| _5 |f(u _]U)| < ||ng,a' exp (O'(U,Q + UZ)%p((uQ-H)Z)Q))’

. . .
(i) < LUZINEITRETON gy e (a2 4 02y Be(020092)),

The same obviously holds true for the decomposition g(u+ jv) = go(u,v) + jg1(u,v), i.e.

1
1 2.,.,2\5
900, 0)| < lgllor exp (7u? + 02y he(@?+92)),
1
1 2 2\5
910 0)] < lgllor exp ((u? + 02 be(0492)),

Altogether, for every x € R"*! with the decomposition = u + jv, we then get for the
star product

|(f * 9) ()|
= fO(u, U)go(u, U) - fl (u’ U)gl (u’ U) +](f0(u’ 1})91 (u’ U) + fl (u7 U)go(’u, U)) ’

1 2,.2 1
< 423 f g llglor exp (o (u? + 023075092 )
1
X exp (T(u2 + UQ)%Q((“2+“2)2)>
i D!
= 2 | f i 9l oir exp (0 + )] 201 ),

where # € R™! and the factor 2% in the second lines comes from the fact

that for two Clifford numbers a,b € R, the modulus of the product estimates as
n

jab] < 28 [al}b. O

The results of this section will be used to characterize continuous homomorphisms
in terms of differential operators in the sense that will be specified in the next
section.
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4. Differential operators, representations of continuous homomorphisms

In this section, we study continuous homomorphism from A,, and A4,, and those from
Ay o and Ay, o where g;(r) (i = 1, 2) are two proximate orders functions for positive
orders p; = lim,_, o 0;(r) > 0, satisfying

re1 = O(re2(M) asr — oc. (4.1)

Definition 4.1. Let p; (i =1, 2) be two proximate orders functions for orders p; > 0
satisfying (4.1). We take normalization g, of 01 as in Remark 2.11 and we define G, 4
as in (2.11). We denote by Dy, ., the set of all formal right linear differential operator
P of the form

P = ZUg*Laﬁo

£eNq

where the sequence (ug())een, C Ay, satisfies

G4
YA > 0,30 >0,3C > 0, V¢ € N, [|te] om0 < C%/\‘Z. (4.2)

We denote by Dy, 050 the set of all formal right linear differential operator P of the
form

P = ZUg*Laio

£eNy

where the sequence (ue(w))een, C Ay, satisfies

G4
Vo > 0,31 >0, 3C > 0, V¢ € Ny, [|ue]| g0 < C%V. (4.3)

Note that in the latter case, each ug belongs to A, 1o.
For the following remark see also [10, Remark 4.4].

Remark 4.2. By adding In(c)/In(r) for a constant ¢ > 0 (with a suitable modification
near 7 =0) to a proximate order function go(r) with order py, we get a new proximate
order function g5 (r) for the same order ps satisfying

02(r) = 02(r) + In(c)/ In(r)
for r>1, that is,

ro2(r) — Cr@z(’“),

eventually. Then || - ||z5,0 and || - |lgy,co become equivalent norms for o >0, and the
spaces Ag, and Ag, 1o are homeomorphic to A,, and A,, 1o respectively. By taking c
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sufficiently large, we can take go as
01(r) < 02(r), forr>ro

for a suitable g, and we can choose normalizations 91 of p; and g5 of go as

(i) 61(r) < g2(r) for r > 0.

Since a proximate order function and its normalization define equivalent norms, we
have

(7) || - [|59,0 and [ - [ g9,co are equivalent for any ¢ >0,

(i) D@1—>92 = Dé1—>é27 D@1—>9270 = Dé1—>é270'

Note further that Theorems 4.3 and 4.4 below are not affected by the replacement of
o1 and g2 by 91 and 9.

Theorem 4.3. Let g1, 02 be two proximate orders functions satisfying (4.1). Then
all continuous linear operators T : A, — A,, are characterized by operators of
the form

T .= . 44
2 o (44

with coefficients (ug)ren € SM(R"L) satisfying

G
Ve >0,30,C > 0: [[ug]|py,0 < C Z!“g{ (4.5)

i.e. Dy 50, 18 the set of all continuous operators from A, to A,,.

Proof. Due to Remark 4.2, we may assume that o1(r) < g2(r) for every r > 0, which

implies 4,, » € Ay, o for every o >0 and

||f||9270' S Hf“@l,da f € Agl,cr
Step 1. For the first implication, let T be an operator of the form (4.4) with

coefficients (ug)een satisfying (4.5). Let >0, then by (4.5) there exists o,C > 0
such that

Go b
HUZHAgz,O’ < 0%587 e N.

Moreover, for f € A, one has f € A, , for some 7 >0 and we can estimate

(oo}
TSNy pazer+iy <D lluese 05 Fll,, o yoer+i,
=0

oo
4
<4 urllog o108y £l o141,
£=0
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¥4
<4CZ 91 E 0f||9112p1+17—

Al
=G 0201t )]Z
Vi
<4cy ’?—}e‘far)ilm\gl .
/! G,
=0 1.4
[e3e] 1 p
=4CC(T)||fllgy.r ¥ (e(201F27)21)",
=0

_1
Choosing ¢ < (2°1+27)7 21 | the right hand side is finite and we showed that T is bounded
as an operator from A, - to A92,0+2f’1+1r' Since f was arbitrary, this also proves the
continuity of T as an operator from A, to A,, according to the Definition 3.3.
Step 2. For the second implication, let 7' : A, — A,, be an everywhere defined
continuous operator. Then, thanks to the theory of locally convex spaces, there exists for

every 7 >0 some 7’ > 0, such that
ITfllgyrr < Crllflloyrr f € Apy i (4.6)

(see [34, Chapter 4, Part 1, 5, Corollary 1]). Let us now define the functions

4
) = ;;} (i) T(z®) *p, (—2)*F. (4.7)

For any >0 choose 19 := (%)pl and any 7 > 7. Then the functions u, admit the
estimate
¢
1 l _
Il 47 < 5 3 ()1 w1 00 a1
g4 g
2 2 _
Z( )HT Mg r 5 Fllgr
k=0
44
C(r)2 =z 1 _
= o Z (k) ”xk”m,‘r‘lxe k”mﬂ'
k=0
+4 ¢
C
< (e, TO Z< >GkG(Z—k
0\ Pl k=
+ 044
< C(r)C(r,11)2 2 GgQZ C(r)C(r,m)2 2 Gy ,
- A - 4l
n!TOp1
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This estimate shows that the functions u, satisfy the assumptions (4.5). Next consider a

M
function f(x) = Y. z™a,, be a polynomial. Then
m=0

E Ug(.]j) *r 3£Of(x) = E E Ug(x) *7, aﬁoxmam
=0
oo 0o 1 ¢ ¢ m' . s L
=2 EZ <k>(m—€)'T(x ) x (=) " g 2™ an,
l=0m=¢ k=0 '

é(l)“ (Z) @) T(z%) xr, 2™ Fap,

m—k
(~1) (mé_ k) (Z‘) T(2*) %, ™ Fay,
m=0 k=0 ¢=0

Il
[~
[~]z

=%}

3

=

o
/~
& 3
~
=

8
=

*

h

8

3

-
S
3

(4.8)

1
[~
=
8
3
Q
3
1
~
3
1[]e
8
3
S
3
N——
[l
~
=

Since the polynomials are dense by Lemma 3.12 and the operator T is continuous, the
same result holds for any function f € A,,. O

Theorem 4.4. Let 91,02 be two prozimate order functions satisfying (4.1). Then all
continuous linear operators T': Ay yo — Agy 10 are characterized by operators of the
form

T := Z’U/f x7, WA (49)
£=0 Oz
with coefficients (ug)ren € SM(R™L) satisfying

G
Vo >0,36,C > 0: g gy,0 < c%’%f, (4.10)

i.e. Dy 5000 18 the set of all continuous operators from A, 1o to Ay to-

Proof. Due to Remark 4.2, we may assume that g1(r) < g2(r) for every r > 0, which
implies A,, , C Ay, » for every o >0 and

||fHQQ7U S ”f”gl,oa f € AQLT'

We proceed in two steps.
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Step 1. For the first implication let T be an operator of the form (4.9) with coefficients
(ug)een satisfying (4.10). Let o >0. Then with the coefficients ¢, C > 0 from (4.10) we

1 . .
choose 0 < 7 < PTFIT Then we obtain the estimate

0 4
Z lwe %1, 8w0f|\9270+2p1+1 < 2 2 Z ||W||92 o'”a.LOfHQQ op1+1,
ten ten

n+4
<2 00.0,7) Y Juallogo 08 £l gsr,
£eNg

Gyt
<o) Y BNy
£eNy P1
L

=C'n, 0,7 flloy.r Z ebf(er+2)p1,

£eNq

14

¢
(20112 7)P1
¢

for f € A, ~. Note that the last sum is finite due to the choice of 7. This implies that
P Ay vo — Agy,+o is a continuous operator.

Step 2. For the second implication let P : Ay yo — Ay, +0 be a continuous operator.
Then for every >0 there exist 7>0 and C(g) > 0, such that P : A, » — Ay, e is
continuous with

||PfH92,E < O(€)||f||91,7> VS AQLT’ (4.11)

(see [34, Chapter 4, Part 1, 5, Corollary 1]). Defining the functions u, as in (4.7), they
admit the estimate

—k i
+4 xX P(x
luellogr < 2%5% Y I ea /2l PE ey 012

= (€= k)Ik!

<y 17 llgy.0/2C (1) 2 |y g

= k)]
S Clro, 0 /275 TGk C(r)Clro, )70 P Gy (4.12)
= (€ — B)K!
k<t
< C(r)Clry,0/2)Cr0 ) S (1) St i
=~ T1 T0,0 T0, T1 k 7 To
k<t

Copt oy -
= C(n)C(m0,0/2)C(ro,m)~ 41527 /1.

Here we used Lemma 3.13 at the first inequality, (4.11) at the second with ¢ = /2,
Lemma 3.10 twice with 0 < 79 < ¢/2 and 0 < 79 < 71 at the third and Lemma 2.13 at
the fourth. Therefore, by defining

A= 27’0_1/p1,
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we have

GQ Lp
lutllay.r < €' =25

for any ¢. Since o > 0 can be chosen arbitrarily, the functions u, satisfy all the conditions
in (4.10). Moreover, the operator P admits the representation

oo
P = E Uyp *7, 850
£=0

in the same way as in (4.8) for polynomials. Since the polynomials are dense due to
Lemma 3.12 and the operator T is continuous, the same result holds for any function
f S A91,+0' Thus P € D91_>927O' ]
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