arXiv:1609.01633v1 [math.CV] 6 Sep 2016

BMO- and VMO-spaces of slice
hyperholomorphic functions

Jonathan Gantner J. Oscar Gonzélez-Cervantes
Politecnico di Milano Departamento de Matematicas
Dipartimento di Matematica E.S.F.M. del I.P.N.
Via E. Bonardi, 9 07338 Mexico, D.F., Mexico
20133 Milano, Italy jogc200678@gmail.com

jonathan.gantner@polimi.it

Tim Janssens
University of Antwerp
Department of Mathematics
Middelheimlaan, 1
2020 Antwerp, Belgium
tim.janssens4@Quantwerpen.be

Abstract

In this paper we continue the study of important Banach spaces of
slice hyperholomorphic functions on the quaternionic unit ball by inves-
tigating the BMO- and VMO-spaces of slice hyperholomorphic functions.
We discuss in particular conformal invariance and a refined characteriza-
tion of these spaces in terms of Carleson measures. Finally we show the
relations with the Bloch and Dirichlet space and the duality relation with
the Hardy space H'(DD).

The importance of these spaces in the classical theory is well known.
It is therefore worthwhile to study their slice hyperholomorphic counter-
parts, in particular because slice hyperholomorphic functions were found
to have several applications in operator theory and Schur analysis.

1 Introduction

The notion of holomorphicity can be generalized in several ways to functions
that are defined on the skew-field of quaternions. The most studied notion of
generalized holomorphicity in this setting is Fueter regularity, which was intro-
duced by Fueter in 1932 in [22,23] and which lead to a rich and nowadays well
developed theory. In recent times however, the notion of slice hyperholomor-
phicity introduced in [25] in 2006 has attracted the interest of mathematicians.
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This was in particular due to its applications in the theory of quaternionic lin-
ear operators: the slice hyperholomorphic Cauchy kernel lead to the discovery
of the proper notion of spectrum for quaternionic linear operators [19]. As a
consequence, it was possible to define a generalized Riesz-Dunford functional
calculus for such operators, the so-called S-functional calculus in [19], which is
based on the theory of slice hyperholomorphic functions. Furthermore it was
possible to develop a continuous functional calculus for bounded normal opera-
tors on quaternionic Hilbert spaces in [26] and to prove the spectral theorems
for unitary and for unbounded normal quaternionic linear operators [3,4]. These
methods are fundamental in quaternionic quantum mechanics [1]. Moreover the
higher dimensional version of slice hyperholomorphicity on Clifford algebras in-
troduced in [20] allowed to develop the S-functional calculus also for n-tuples
of non commuting operators [17].

Besides operator theory, slice hyperholomorphic functions also appear in
Schur analysis. (For an overview, we refer to [2].) The theory is in particular
fundamental for the realization of slice hyperholomorphic Schur functions [5-7].

The theory of slice hyperholomorphic functions itself is nowadays developing
rapidly in several directions. For an overview we refer to [19] and [24] as well
as to [8] and [18] and the references therein.

Several Banach spaces of holomorphic functions play an important role in
complex operator theory [31]. Because of the fundamental role that slice hy-
perholomorphic functions play in quaternionic operator theory, the slice hyper-
holomorphic counterparts of these spaces are objects worth to be studied in
detail. The study of these spaces has begun recently. The slice hyperholomor-
phic Hardy spaces H?(D) on the unit ball and H2?(H") on the quaternionic
half space H™, which consists of those quaternions that have positive real part,
were introduced in [6,7] and Hardy spaces HP(D) with 0 < p < +oco on the
unit ball were studied in detail in [29]. Slice hyperholomorphic Bergman spaces
were treated in [13-16] and slice hyperholomorphic Fock spaces in [9]. Further-
more [12] contains a first study on slice hyperholomorphic Bloch, Besov and
weighted Bergman spaces and on the Dirichlet space in this setting.

The aim of this paper is to continue this work by a detailed study of the
spaces of slice hyperholomorphic functions of bounded and vanishing mean os-
cillation. First steps in this direction have been done in [11], where the slice
hyperholomorphic BMO-space appears in connection with quaternionic Hankel
operators.

The plan of the paper is as follows: in Section 2 we give a brief introduction
to the theory of slice hyperholomorphic functions and recall the results that we
need later on. In Section 3 we define Carleson measures, vanishing Carleson
measures, and their slice decompositions and give a detailed discussion of the
relations between these two concepts. Carleson measures and their slice decom-
positions also appeared in the context of Hardy spaces in [28] and were in this
context originally introduced in [11].

In Section 4 we introduce the slice hyperholomorphic BMO-space and show
several of its properties: we discuss the relation between slicewise and global
BMO-norms and show that the space is invariant under i-composition with slice



hyperholomorphic Mobius transformations. Moreover we show that it is possi-
ble to define a norm that is equivalent to the BMO-norm and invariant under
i-composition with slice hyperholomorphic Moébius transformations generated
by a fixed complex plane. Finally, we give a refined characterization of slice
hyperholomorphic BMO-functions in terms of Carleson measures.

Section 5 studies the slice hyperholomorphic VMO-space and gives several
characterizations of functions in this space. In particular we show that it is—
as in the complex case—the BMO-closure of the set of slice hyperholomorphic
polynomials, which coincides also with the closure of the set of those slice hy-
perholomorphic functions that can be extended continuously to the boundary
of the unit ball. Then we also characterize the functions in this space in terms
of Carleson measures and we discuss power series with Hadamard gaps in this
setting.

Finally, we show in Section 6 that several relations between the BMO-space
resp. the VMO-space and other function spaces also hold true in the slice
hyperholomorphic setting. Precisely, we discuss the Bloch and the Drichlet
space and show that the duality relations with the Hardy space H!(ID) hold
true in our setting.

2 Preliminaries

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

the form = = &y + 23:1 &rep with & € R, which is endowed with a product such

that 1 is the multiplicative unit and the imaginary units e, es and es satisfy

e? = —1 and ese,, = —eneq for v, 0 € {1,2,3} with £ # ¢. The real part of a

quaternion x = &y + 23:1 &oep is defined as Re(x) := &, its imaginary part as

x = Z?Zl &eep and its conjugate as T := Re(x) — 2. Each element of the set
S:={z €H:Re(x) =0, x| =1}

is a square-root of —1 and is therefore called an imaginary unit. For any i € S,
the subspace C; := {xg + iz : x1, 22 € R} is isomorphic to the field of complex
numbers. For i,7 € S with ¢ L j, set k =145 = —ji. Then 1, i, j and k form an
orthonormal basis of H as a real vector space and 1 and j form an orthonormal
basis of H as a left or right vector space over the complex plane C;, that is

H=C;+C;j and H=C,; + jC,.
Any quaternion x belongs to such a complex plane: if we set

o {z/lzI, if 2 #0

“7 lanyi€s, ifx =0,
then = = x¢ + iyz1 with 29 = Re(z) and x; = |z|. The set
[z] .= {mo +ix1 : i € S},

is a 2-sphere, that reduces to a single point if z is real.



Definition 2.1. A set U C H is called
(i) axially symmetric if [x] C U for any = € U and

(i) a slice domain if U is open, U NR # 0 and U N C; is a domain for any
i€S.

Definition 2.2. Let U C H be an axially symmetric open set. A real differ-
entiable function f : U — H is called (left) slice hyperholomorphic if it has the
form

f(x) = a(zo, 1) +iz6(20,71), Vo =m0+is21 €U (1)

and the functions « and g, which take values in H, satisfy the compatibility
condition

azg, —21) = a(zo,z1)  Blzo, —21) = —B(w0, 71) (2)

and the Cauchy-Riemann-system

0
8—170@(900,301) = 3_:171ﬁ($0’$1) (3)
0 B, 1) = —alws,a1)
6,’E0 Lo, T1) = axla To,T1)-

If in addition the functions v and S take values in R, then f is called intrinsic.
The sets of slice hyperholomorphic and intrinsic functions on U are denoted
by SH(U) and N (U), respectively.

Remark 2.3. In the literature slice hyperholomorphic functions on H are often
also called slice regular. Moreover, it is also possible to define the notion of right
slice hyperholomorphicity, in which case the functions have the form f(x) =
axo, 1) + B(xo,x1)is, such that the functions a and 8 satisfy (2) and (3).
This leads to an equivalent theory.

Intrinsic functions play an important role in the theory of slice hyperholomorphic
functions because composition and multiplication with such functions preserve
slice hyperholomorphicity, which is in general not true.

Corollary 2.4. Let U be an axially symmetric open set.
(i) If f e N(U) and g € SHL(U), then fg € SHL(U).
(i) if g e N(U) and f € SHL(g(U)), then fog e SHL(U).

An identity principle with a slice wise condition holds true, but only on axially
symmetric slice domains.

Theorem 2.5 (Identity Principle). Let U be an azially symmetric slice domain,
let f € SHL(U) and let Z; be the set of zeros of f. If there exists i € S such
that Zy; := Z; N C; has an accumulation point in U; := U N C;, then f = 0.



The most important examples of slice hyperholomorphic functions are polyno-
mials and power series with coefficients on the right, i.e. of the form f(z) =
E:Z% x"a, with a, € H. A power series of this form is intrinsic if and only if
the coefficients are real.

Conversely, any slice hyperholomorphic function can be expanded into a

power series at any real point.

Definition 2.6. Let f € SH(U). The slice derivative of f is the function
defined by

Osf(s):= lim (p—s)""(f(p) = f(s)), (4)

Ci,2p—s

where limc, 5,5 g(p) denotes the limit of g(p) as p tends to s in C,,.
Corollary 2.7. If f € SHL(U) then 0sf € SHL(U) and dsf(s) = ais[)f(s).

Remark 2.8. Observe that dsf(s) is well defined: since it coincides with the
derivative with respect to the real part of the variable, it does not depend on
the choice of the imaginary unit is in (4) if s is real.

We also adopt the following notation:

Definition 2.9. Let f be a function defined on a set U C H and let ¢ € S. We
denote the restriction of f to the complex plane C; by f;, i.e. fi := flunc,-

Remark 2.10. In this paper, a subscript ¢ always indicates the restriction of
a function, set or variable to the complex plane C; that is determined by the
imaginary unit 4. In order to avoid confusion, we do not denote indices in sums
etc. by the symbol i (neither by j or k, which also refer to imaginary units).
Moreover, we denote the imaginary unit in the usual complex field by ¢ in order
to distinguish it from imaginary units in the field of quaternions.

Using the above notation we can formulate the so called Splitting Lemma.

Lemma 2.11 (Splitting Lemma). Let U C H be azially symmetric and let
i,j € Swithi L j. If f € SHL(U), then there exist holomorphic functions
f1, f2: UNC; = C; such that f; = f1 + fa].

Another important result is the representation formula, which allows to recon-
struct the function f from its values on a single complex plane.

Theorem 2.12 (Representation Formula). Let U C H be axially symmetric
and let i € S. For any x = xg +i,x1 € U set x; := xo +ix1. If f € SHL(U).

Then
1

fla) = 5 (1 —ig) f(2:) + %(1 +ia) f (T3). (5)

As a consequence of the representation formula, every H-valued holomorphic
function on C; that is defined on a suitable domain has a slice hyperholomorphic
extension.



Lemma 2.13 (Extension Lemma). Let O C C; be symmetric with respect to
the real axis and let [O] be its axially symmetric hull, i.e.

[O] = {,TO +igx1 20 +ixy € O, € S}

If f: O — H satisfies
1/ 0 0
5 (5 ) +igf(@) =0, ©)

then there exists a unique slice hyperholomorphic extension ext(f) of f to [O].

Remark 2.14. The slice hyperholomorphic extension of a function f is ob-
viously given by (5). If however f is a power series f(z) = ZI::J z"ay, with
ay, € H, then ext(f) is simply obtained by extending the variable from a com-

plex to a quaternionic one, i.e. ext(f)(z) = > s"a,.

Remark 2.15. Originally, slice hyperholomorphic functions were defined as
functions that satisfied (6) for all ¢ € S. With this definition, the representation
formula holds true only on axially symmetric slice domains, where it implies
that such functions can be represented in the form (1). Most important results
for slice hyperholomorphic functions are however based on the representation
formula such that the theory was often only developed on axially symmetric
slice domains. Definition 2.2 in contrast includes in general less functions, but it
allows to develop the theory also for functions, whose domains are not connected
or do not intersect the real line. This is in particular important in operator
theory. On axially symmetric slice domains both definitions are equivalent.

Finally, we recall some results on Hardy spaces of slice hyperholomorphic func-
tions from [29].

Definition 2.16. Let 0 < p < 400 and let D denote the unit ball in H. The
Hardy space HP(D) of slice hyperholomorphic functions on D consists of all
functions f € SH (D) such that

1
1 2m ) » P
;= sup lim ( — N ae) < +oo. 7
e = suplin (5 [ 17 ()" db) " < o0 @
For 1 < p < +00, the space HP(D) is a quaternionic Banach space. Moreover,
due to the representation formula, it is sufficient that

1
) 1 2 ; D
}1/(1% (%/0 ‘f (Te 9)|p d6‘) < 400

for one i € S in order to have f € HP(D). Finally, a slice hyperholomorphic
function belongs to this space if and only if its components obtained from the
Splitting Lemma belong to the respective complex hardy space as the following
lemma shows.



Lemma 2.17. Let f € SH (D), let i, € S with i L j and write f; = f1 + fo5
with holomorphic components f1, fo according to Lemma 2.11. For (0 < p < +00,
we have f € HP(D) if and only if f1,fa belong to the complex Hardy space
HE(D;) of holomorphic functions on the unit ball D; in the complex plane C,.

One moreover has for p > 1 that

I fellzmsy < 1 fllrm) S Mfillzm + 1 fillazm,)- (8)

3 Carleson measures on D

We introduce now the concept of Carleson measures on D and discuss them in
the slice hyperholomorphic setting. These measures were introduced in [11] in
order to study Hankel operators on the Hardy space H?(ID). They were also
studied in the context of general Hardy and Bergman spaces on D in [28].

Definition 3.1. For h > 0, 6y € [0,27) and i € S let S;(6p, h) be the Carleson
box in the plane C; defined by

Si(0o,h) == {re” €D; : |0 — 0| <h,1—h<r<1}.

The set
S(00, h) := | Si(0o, )
i€S
is called a symmetric box.

Definition 3.2. A nonnegative Radon measure p on D is called a Carleson
measure if there exists a constant C' > 0 such that for all h > 0 and all 0 <
90 S s

1(S(0o, h)) < Ch. (9)

We recall an observations made in [11]: a finite Radon measure p on the unit
ball D can be decomposed uniquely as u = ug + fi such that supp(ur) C DNR
and (D NR) = 0. If v is the measure on the Borel sets B(S) of the sphere S
that is defined by

V(E) := fi ({xo +iz1 € Df i € E}) VE € B(S),
with D = {x¢ +ix; € D : 21 > 0}, then the Disintegration Theorem [10,
Theorem 2.28] implies the existence of a family of probability measures (1] );es
such that p; is defined on D} and such that
dﬂ(mo +ir) = du;’_ (zo + i:Cl)dl/(i)

that is

/D f(x) dii(x) = /S ( [ 1) dum)) 0



for all f € L*(D, ). With this notation we have

[ s@ duta) - [ @) dns@) + / ( 5 f<x>du:<x>> avli).  (10)

S

Observe that each of the measures ,u;r defines a measure on the entire ball D,
which is obtained by setting

pi (B) = puH (END)) VE € B(D,).

Definition 3.3. Let u be a nonnegative Radon measure on . A slice-decom-
position of p is a triple (MR, v, (uj)leg) consisting of a measure ug on D with
supp(ur) C R, a measure v on S and a family of probability measures (i );es
such that ,u;r is defined on ]D):r and such that p can be decomposed as

dp(zo +ix1) = dug(zo +i21) + dp (2o + ix1)dv(i)
as in the above discussion.

Remark 3.4. We point out that the measures u; are not unique: if ﬂ;r is
another family of measures with the above properties, then u = .5 only for
v-allmost all 7. Hence, we can replace ,uj by an arbitrary probability measure
on D if v(i) = 0.

Remark 3.5. In [11] the authors do an additional step: they set p; := u;” +u’,
for each ¢ € S and obtain in this way a measure define on the entire unit ball
D; in C;. Moreover u; = p—;. Thus they write (10) as

F@du@) = [ f@) dus(e) + 2 F(&) dua(r) ) dv(i).
D RND 2 S D;

This formula holds if v is invariant under the transformation ¢ — —i because

then
/ ( +f($)duf(x)> (i)
s \/;

_%/< . f(@du:(x)) du(i>+§/s (/

i

1 ' 1 |
=3 /S< ot f(x) duf(ﬂ) dv(i) + §/s </ID>*1- f(x) dufi(g;)> du (i)

_%/S< [ 5@ dui(:z:)> du(i).

If however v is not invariant under the transformation i — —i this formula does
not hold. An easy counterexample is the measure y = §, with a € D not real
and ¢, denoting the Dirac measure at a. A slice decomposition of u is then

f(x) duL@)) dv(—i)



given by ug = 0, v(i) = ;, and puj = d, if i = i, and pj = &, with b; € D}
arbitrary if ¢ # i,. Then

/’< +(I)du?@ﬂ>dV@)— T dba() = f(@
s \J/D} D7,

L[, i)t

=2/ (2)d(6a + 0p_,,) = %f(a) + %f(b—ia)-

but

N | =

In this paper, we therefore chose to work directly with (10) in order to obtain
more general statements.

Definition 3.6. A slice-decomposition of a finite Radon measure p is called a
slice Carleson decomposition if the measures p;” for i € S and the measure ug
are Carleson measures on I); with a common Carleson bound, that is if there
exists a constant C' > 0 such that forallh >0and all0 <0y <mand allie S

pg (Si(60,h)) < Ch and pt (Si(6o,h)) < Ch. (11)

Corollary 3.7. If a finite Radon measure p on D has a slice Carleson decom-
position, then it is a Carleson measure.

Proof. If (ur,v, (117 )ics) is a slice Carleson decomposition of j, then we have
for 6y € [0, 7] and A > 0 by (10) and (11) that

u@wmm=m@mwm+éwwmmmww
<Ch+ /Ch (i) = C(1 +1(S)h,
S

where i( is an arbitrary imaginary unit in S. Hence, p is a Carleson measure.
O

Example 3.8. Let i,, € S for n € N such that i, # i,, for n # m and define

n—1.
Tn,

—+o0
3
W= Zn_fzsan with a, =
n
n=0

where §, denotes the point measure at a point a. Obviously u is a finite Radon

measure on D with (D) = > n~% < 4o00. A slice decomposition of y is
—+oo

3 . . .
neo N~ 20;, and uj = 0q, if i =i, for some n € N

given by urg =0 and v =
and pu =4 1, otherwise.

Each of the measures p; is a Carleson measure on D;: for i # i,,,n € N one
can choose C' = 2 in (11) and for i,, the Carleson bound is C' = n. This however



shows that it is not possible to find a global slicewise Carleson bound C' such that

(11) holds for all constants 7 in S. Thus the considered slice decomposition is

not Carleson. (Since the measures u;:, which create the problems, are uniquely

defined because v(i,) # 0, this holds even for any slice decomposition of y.)
Finally, for h = 1/n, we have

/L(S(%’%)) Zk_fn—-i_fnzl In+k)~

k=n £=1 k=0
+oo
ZZ ((C+1)n)"2n=nz) 73
£=2

Since the last expression tends to infinity as n tends to infinity, it is obviously
not possible to find a bound such that (9) holds true. Thus the measure p is not
a Carleson measure on D although all of the measures i are Carleson measures
on D;f. We therefore find that the condition of uniformity in (11) cannot be
relaxed without losing the validity of Corollary 3.7.

Example 3.9. Let \; denote the Lebesgue measure on H = R* let p €
LY(D, \y) with p(s) > 0 almost everywhere and let u(s) = p(s)d\4(s) be the
measure with density p with respect to A4. If we write the vectorial part of the
variable s in spherical coordinates, we have for any function f € Ly (D, ) that

[ #6)dnts) = [ fs)ots)ana(o)
21
:/ / - f(so—i-i(t?,(p)sl)p(so—I—i(@,gﬁ)sl)s% sin(6) dA2 (s, s1) d dp,

where (6, p) = sin(0) cos(p)e1 + sin(f) sin(p)ez + cos(f)es and Ao denotes the
two-dimensional Lebesgue measure. Hence,

/ f(s)du(s) = / ( ) f(so+is1)p(so + is1)s3 dAa(so, Sl)) do(i), (12)
D s \J/b;
where o denotes the surface measure on S. After setting
O(’L) = / p(SO + 251)5% d/\Q(So, 81)
D;

a slice decomposition of y is therefore given by

pr =0
du(i) = C(i) do(i)

it (5) = Zzo(e)st dha(s).

10



Definition 3.10. We call a Carleson measure p a vanishing Carleson measure
if uniformly for 6y € [0, 7] we have

i A5 0. 1)

h—0 h =0 (13)

Definition 3.11. We say that a slice-decomposition (ug, v, (i; )ies) of a mea-
sure p is called a vanishing slice Carlson decomposition if the measures pur and
1; are vanishing Carleson measures, that is if one has uniformly in 6y and ¢ € S

that
lim 7MR(Si(00’h)) =0 and lim 709 (80, 1)) =
h—0 h h—0 h

Corollary 3.12. If a finite Radon measure p on D has a vanishing slice Car-
leson decomposition, then it is a vanishing Carleson measure.

Proof. If (ug, v, (i;)ies) is a vanishing slice Carleson decomposition of u, then
there exists a function £(h) such that £(h) > 0 and £(h) — 0 as h — 0 and
such that pr(S;(6o,h)) < E(h)h and p;(S;(6p,h)) < E(h)h for any i € S and
any 6y € [0,7]. Thus, after choosing an arbitrary imaginary unit ig € S, we
have

u@%ﬁﬂa@&wwm+éﬁwmwmw@
< E(h)h + /E(h)h dv(i) < (1 + v(S))E(h)h
S

for any 6y € [0,7]. Hence (13) holds true uniformly in 6y and p is therefore a

vanishing Carleson measure.
O

4 The space BMOSH(D)

In the complex setting, the space BMOA (D¢ ) of holomorphic functions of bounded
mean oscillation on the complex unit disc D¢ consists of all functions in the com-
plex Hardy space H?(Dc) such that

I fllBMoA D) = [f(0)| +  sup \/|I| /|f (er?) f] df < +oo,

ICR,|I|<27

where I = (o, 8) C R denotes an interval, |I| = 8 — « is length of the interval
and f7:= % f ( ) df. This motivates the following definition.

Definition 4.1. Let f be a function in H?(D). For any interval I = (o, 8) C R
with || := 8 — o < 27 and i € S, we denote by fr; the average value (of the
radial limit) of f on the arc (eo‘i,em) C IDy, i.e.

e
fro= i [ £ a0

11



We say that the function f belongs to BMOSH(ID;) for some ¢ € S if

1 i 2
|flBmosum,) == sup / |f () = fri|” db < 400
reryrj<ex 1 J1

and to BMOSH(D) if

|fleMosH®D) = Sug |flBMosH(D,) < +oo0.
1€

Arcozzi and Sarfatti studied first properties of these spaces in [11] in order to
investigate Hankel operators in a quaternionic setting. In particular they showed
the following lemma, which is a direct consequence of the representation formula
and as a consequence of which we will only consider the space BMOSH(D) in
the following.

Lemma 4.2. Leti € S. Then f € BMOSH(ID;) if and only if f € BMOSH(D)
and

|fleMosum,) < |flBMosa®) < 2|flBMOSH(D,)-

They also showed in the proof of [11, Theorem 5.3] the following consequence
of the splitting lemma.

Lemma 4.3. Let f € SHL(D), let i,j € S with i L j and write f; = f1 + faj
with holomorphic functions fo : Dy — C; according to Lemma 2.11. Then
f € BMOSH(D) if and only if f1, fo € BMOA(D;,).

Lemma 4.4. For any i € S, the space BMOSH(D) equipped with the norm

| fllBMosu®:) = |£(0)| + | fIBMOSH®D;)

is a quaternionic right Banach space. Similarly, the space BMOSH(D) is a
quaternionic right Banach space, when it is equipped with the norm

[ fllBmosm®) = [£(0)] + | flBMOSH(D)-
Moreover, these norms are equivalent.

Proof. 1t is immediate that || - |[emosumD,) and || - [[BmosH() define norms on
BMOSH(D). Moreover, these norms are equivalent because of Lemma 4.2.

Let us now discuss the completeness of BMOSH(ID) with respect to these
norms: let 7,5 € S with ¢ L j and write f; = f1 + foj for f € BMOSH(D)
according to Lemma 2.11. By Lemma 4.2, f € BMOSH(D) if and only if
fl, f2 S BMOA(Di).

We establish a relation between the norm || f[|gvosu(,) of f and the norms
Ilf1llBMoam,) and [ f2[lBymoa(m,) of f1 resp. fa. First observe that a € H can be
written as @ = a1 + asj with a1, as € C; and that in this case

la* = a1 |* + |az|? (14)

12



and in turn for any interval I C R with |I| <27

1 .

m /l () = fr.0 o
_i AN 10
—|I|/I|f1(€ ) — fral?do + |I|/|f2 — f12|*do,

where we set

fre= %/Ifg (") ag for ¢ € {1,2}.

Since for a,b > 0 the inequality va + b < \/a + Vb holds true, we deduce from
(14) first that |a| < |ai|+ |az| for a = a1 + azj. From this estimate and (15) we
conclude that

|flleMostmD,) =|f(0)] sup /|f e) — fu do
ICR\I\<27T 1]
<A©O)]+  sup /|f1 ) — fr4” do
IC]R ri<ex \[ 1]
+ [/2(0) sup |f2 (€i0) — fro|* df
IC]R | <2r |I|

=[fillemoam;) + [l f2llBMoAD,)-

On the other hand (14) implies for ¢ € {1,2} that |a| = |a1 + a2j| > |a¢| and
hence

| fellBMoOA ) =£e(0) sup \/|I|/|fl ei®) — f11) df

IC]R |I|<2n

<1FO)+  sup / () — frf? do
rerij<en \| 1

= fllBmosH(®D,)-

Altogether we have

| fellBmoam:) < I fllBMosam,) < [ f1llBMOA®,) + || f2llBMOA®:)- (16)

By the equivalence of the norms, we also obtain

| fellBMOA®) S I flBMOsHD) S [IfillBMoA®,) + [ f2llBMOA(®D,)- (17)

The completeness of BMOSH(D) follows now from the completeness of the com-
plex space BMOA(D;), cf. [27, Theorem 5.1]. If (f)nen is a Cauchy sequence in
BMOSH(D) w.r.t. || - [BmosH(D,)s then (fn1)nen and (fn2)nen are Cauchy se-
quences in BMOA (ID;) because of (16). Hence, they converge to two functions f;
and fo in BMOA(D;). By Lemma 4.2, we have f := ext(f1+ f2j) € BMOSH(D)
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and f, — f wr.t. |- |lemosum,) because of (16). Thus BMOSH(ID;) is com-
plete w.r.t. || - [[BmosH(,) and because of the equivalence of the norms also

w.r.t. || - [[BMmosH(D)-
O

Remark 4.5. The space BMOSH(D) is not separable, which follows easily
from the fact that the classical space BMOA(D;) is not separable. Indeed,
BMOA(D;) can be embedded into BMOSH(D) by mapping f € BMOA(D;)
to its slice hyperholomorphic extension ext(f) € BMOSH(D). In this case,

”f”BMOA(]Di) = || ext(f)”BMOSH(Di). The functions
1
i =1 T ’ 2 )
fast) =108 (=) ac .20

constitute an uncountable family of functions in BMOA(D;) such that the dis-
tances || fa,i — f5.illBMOA(D,) are bounded by a positive constant from below,
cf. [27, Corollary 5.4]. Hence, the family (fu)ac[o,2x) defined by

fa(s) = ext(fo.i)(s)
:%(1 —is1)log ((1 - eiasi)—l) + %(1 +is2) log ((1 _ eias_i)—l) '

with s; = sg + is1 for s = sg + iss1 is an uncountable family of functions in
BMOSH(D) with the same property.

As in the classical setting, the space BMOSH(ID) is invariant under (appropriate)
Moébius transformations.

Definition 4.6. For a € D;, let T;, denote the slice hyperholomorphic M&bius
transformation

Tu(s) = (1 — sag + 52|a|2)71 (s’a—s(1+a]*) —7). (18)

Remark 4.7. The slice hyperholomorphic Mobius transformation 7T, is ob-
tained by extending the complex Mébius transform T, ¢(z) := (2 +a)/(1 + @z)
via the extension lemma to all of D. In terms of the slice hyperholomorphic
product %, which preserves slice hyperholomorphicity, it can be expressed as
Tu(s) = (1 — sa)~* * (¢ + @). For further details, we refer to [30], where slice
hyperholomorphic M&bius transformations were introduced.

Definition 4.8. For f, g € SH (D) with g(D;) C D;, we define the i-composition
of f and g as

foig=ext(fiog)
Remark 4.9. If a € D;, then obviously

f Oj Ta = eXt(fi o a,(C)'

The definition of the i-composition is necessary because the usual composi-
tion does not preserve slice hyperholomorphicity. If however ¢ is intrinsic, in
particular if ¢ = T, with ¢ € R, then the usual composition preserves slice
hyperholomorphicity and it agrees with the i-composition for any i € S.
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Proposition 4.10. Leti € S and a € D; and consider the slice hyperholomor-
phic Mobius transformation T,. If f € BMOSH(D) then f o; T, € BMOSH(D).

Proof. Let j € S with ¢ L j and apply Lemma 2.11 in order to write f; =
f1 + f27 with holomorphic functions f1, fo : D; — C;. Because of Lemma 4.3,
the functions f; and f belong to BMOA(D;) and the classical theory implies
that f1 o T, and f o T, belong to BMOA(D;) too, cf. [21, p. 22]. Finally, as

(foiTn)i=fioT,+ faoTyj

the desired result follows again from Lemma 4.3.
O

As in the complex case, it is possible to define a semi-norm on BMOSH(D) that
is invariant under certain Mobius transformations.

Lemma 4.11. Fori € S, the function given by

1 /" s 2
= sw o [ |fetu(e) - s ao
a€D; T J g
is a semi-norm on BMOSH(ID) that satisfies
|f 0, Ta|*,i = |f|*71 fOT a € D;. (19)

Moreover, the norm
1f i == 1O + [l

is equivalent to || - [|pmosH(D)-

Proof. Tt is immediate that |f|.; = 0 if and only if f is constant, that |fal.; =
[fleslal and |f + glei < |flei + 9]« for a € H and f,g € BMOSH(D) and
that (19) holds true. Moreover, if we choose j € S with ¢ L j and write
fi = f1 + f27 with holomorphic components according to Lemma 2.11, then

|f12; < 1fil2 ¢ + | fol2 ¢o where
1 [7 0 2
|fe|«,c = sup oy |feoTuc (¢) — f(a)|” db
a€h; 4T J_x

denotes the Mobius invariant semi-norm on BMOA(D;). Hence, |f|.; < +o0
for f € BMOSH(D). Moreover, after setting || f¢«.c := |fe(0)| + | fe|«c, the
equivalence of || - ||«,c and || - [[Bmoa(p,) in the complex case (cf. Theorem 5.1
in [27]) and (17) imply by computations as in the proof of Lemma 4.4 that

1 £llei < L fallec + L f2llsc S I fillBMoa®:) + I f2llBMOA®D,)
S fllemosum) S |l fillBmoam,) + I f2llBMoa:)
S I fillse + 1 f2llee S N6

where all constants are independent of f, fi and fo. Hence, |- ||smosum,) and
| - ||« are equivalent norms.
O
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Remark 4.12. It is possible to define a slice-independent semi-norm by setting

1 i )
1o = sup f] = sup \/2— [ et - s a.
i€S aeD ™ J)—m

This semi-norm does however not satisfy any invariance property under Mobius
transformations.

Lemma 4.13. If f € SHL(D), then the following statements are equivalent.
(i) The function f belongs to BMOSH(D).

(1) The measure jiy given by
1
ity () = (1~ [52) 05 F() ) (20)
1

is a Carleson measure.
(11i) The measure vy given by

1
|s]

dvp(s) = — log <

D)
51

) 1957 ()] dAa(s)

is a Carleson measure.

Proof. We prove the equivalence (i) and (ii). The equivalence of (i) and (iii)
follows by analogous arguments. Moreover, we assume that f is not constant,
in which case the above statements are obviously all true.

Let 4,5 € S and write f; = f1+ foj with holomorphic components according
to Lemma 2.11. By Lemma 4.2, the function f belongs to BMOSH(D) if and
only if f1, fo € BMOA(D;). By [27, Theorem 6.5], this is equivalent to

dpg,(2) = (1 [2) [f1(2)] dha(2), €€ {1,2}

being Carleson measures on ;. Now observe that ds f(z) = f1(z) + f4(z)j and
hence |0sf(2)]* = |f1(2)|*> + | f5(2)|* for z € D;. Since uy, for ¢ € {1,2} are
positive measures, we find that f € BMOSH(D) if and only if for any i € S the
measure p; = [y, + [tf,, Which is given by

dpi(2) = (1= [22) [9s £ () da(2),

is a Carleson measure on D;.
Observe that the Theorem 2.12 allows us to estimate the measure p, for any
7 € S by the measure p;: for any E € B(C,), we can set

E;,={z+iz1:20+ )21 € E}
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and obtain

py(E) = [E (1~ =) s f (=) d

(1 12) |31 5)0s f(z0) + 51+ 00957 (3)| d=

<2

—

(1= Py 0ss ) de 2 [ (1= [af) 0 )P dz

i

i

such that
py(E) < 2pi(E;) + 2pi(E:) (21)

We set C(i) := p;(D;). Theorem 2.12 implies that the map i — C(i) is
continuous and hence the constants C'(i) are bounded uniformly from below by
a constant 7 > 0. Otherwise there exists a sequence (i, )nen of imaginary units
such that C(i,) — 0 as n — oo. If necessary after passing to a subsequence,
we may assume that the 4, converge to some iy € S and we obtain C(ip) =
limy, -y oo C(45,) = 0. This however implies that dsf = 0 on D;, and so in turn
Theorem 2.5 implies that dsf = 0 on all of D. Hence, f is constant, but this
case was excluded by the assumption made above.

We define now measures u;{i for i € S by setting ,u}Ll(E) = %pl(E) for all
E € B(D;) and a measure v on S by dv(i) := C(i) do(i), where o is the surface
measure on S. By Example 3.9, these measures constitute a slice decomposition
of -

If now f € BMOSH(D), then the measures u;{i are uniformly Carleson:
indeed, if IV is the Carleson bound of the measure p; for some fixed ¢ € S, then
(21) implies for any 0y € [0,27), any h > 0, and any 7 € S that

1t (85(00, k) = ﬁpj (S,(80,h) NC)
< % (pi (Si(B0, 1)) + pi (Si(2m — 6o, h))) < gh-

Hence, the slice decomposition of p ¢ is slice Carleson and we deduce from Corol-
lary 3.7 that uy is a Carleson measure.

If on the other hand f ¢ BMOSH(ID) and we choose an arbitrary ¢ € S, then
pi is not Carleson. Hence, we can find two sequences (6,,)nen and (hy,)nen such
that after setting S; ,, := Si(0n, hn) + Si(0n, hy) we have

dnhy, < pi(Si(On, hpn)) < pi(Sin)-

If we set S, ,, = {so+gs1: so +is1 € S;,} for arbitrary y € S, then we deduce
from (21) because of S, , = S, , that

Anhy, < pi(Sin) < 4p,(S;n)
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and hence nh,, < p(S,,). Now observe that S,,, = S(6,,, h,) N C, such that
(S On) = [ 16F(S(6n. 1) NDTIC() dor(i

_ /S pi(S(0ns 1) DY) do(i)

where the third equality follows because o is invariant under the mapping ¢ — —i
(cf. Remark 3.5). As a consequence /5 is not a Carleson measure and the proof
is complete.

O

Remark 4.14. One could also wonder if a function f € SH (D) belongs—just

in analogy with the complex case—to BMOSH(D) if and only if the measures
defined by

djig(s) = (1= |s)* |95 f(s)|* dAa(s)
resp.
dirg(s) = log(1/[s]) |9 (s)|* dAa(s)

are Carleson measures. This is however not true. An easy counterexample
is the function f(s) = 1/4/1+ s, where the square root is defined and slice
hyperholomorphic on H \ (—oc, 0].

Indeed, for ¢ € S, we have

™ . m™—E 1

i0y|2 :

e df = lim —df.
Lﬂ|f( )| e—0t 7(71_75) ’/2+2COS9

A primitive of the function 1/v/2 + 2cos6 on the interval (—m,7) is given by

F(0) = —log (%) such that

[ Istenias
1 —tan (%3¢ 1 — tan (==%<
= lim | —log #f) + log # — +o0.
e—0+ 1+tan(“45) 1+tan(”T+5)
Hence, the restriction of f to ID;, which coincides with the holomorphic com-
ponent function f; obtained from Lemma 2.11, does not belong to the Hardy
space HZ(D;) and in turn neither to BMOA(C;). By Lemma 4.2, we thus have

f ¢ BMOSH(D). Nevertheless, from Example 3.9, we obtain that a slice de-
composition of jiy is given by

{ dv(i) = Cdo(i)

diigi(z) = é(l—|z|2>z%|6sf<z)|2dA2<z),
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where z = zg 4 iz and with C = C(i) = [+ (1 — |2[*)2}|0s f(2)[]* dX2(z) and
dsf(s) = —2(1 + $)"2. Observe that the densities of the measures ﬂ}:i are

uniformly bounded, because the term (1 — |z]?)2? compensates the singularity
at —1: for z = —1 4+ re'? € D;, we have

(1 - |21%)2310s f ()] = (1 — (1 — 7 cos(8))? — r?sin(6)?) 12 smw)z%

r

= %(2 cos(f) — r)sin(0)? < K < +oo.

Thus, C < 400 and the measures u:r are uniformly Carleson. From Corol-
lary 3.7 we thus deduce that fi; is a Carleson measure on D although f ¢
BMOSH(ID). Similar computations can be done for ;.

5 The space VMOSH(D)

The space VMOA (D¢) of holomorphic functions of vanishing mean oscillation
on the complex unit disc D¢ is the space of all functions f € BMOA(D¢) such
that

i W\ 12 g
zcu%fﬁﬁo/l‘f(e ) fl’ do =0,

where we use the same notation as in the beginning of Section 4. This motivates
the following definition.

Definition 5.1. The space VMOSH(D;) consists of all those functions f €
BMOSH(D) such that

. 1 0\ 12 - .
Icn%{\r?\—mm /l |f (€)= fr4]” do =0 Vi e S. (22)

Remark 5.2. Observe that it is sufficient that (22) holds true for one i € S.
The representation formula then implies that it holds true for all i € S, cf. the
proof of [11, Proposition 5.2].

Lemma 5.3. Leti,j € S withi L j, let f € SHL(D) and write f; = f1 + f2j
according to Lemma 2.11 with holomorphic components f1, fo : D; — C;. Then
f € VMOSH(ID) if and only if its components fi and fa belong to VMOA(D;).

Proof. Recall formula (15), which establishes a relation between the integral in
(22) and the respective integrals for the component functions:

1 G0 2
_ 1 0 1 0
_|I|/I|f1(e )_f171|2d0+ |I|/I|f2(e )_f112|2d9'

Remark 5.2 implies now that f belongs VMOSH(D) if and only if the left-hand
side tends to zero as |I| tends to zero. But this happens obviously if and only
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if both integrals on the right-hand side tend to zero as |I| tends to zero, i.e. if
and only if f1 and f belong to the classical VMOA(ID;). .
O

Lemma 5.4. Let f € BMOSH(D). Then the following statements are equiva-
lent.

(i) f € VMOSH(D).

(i) The functions f., which are defined for r € [0,1] as fr(s) :== f(rs), tend
to f in BMOSH(D) as r — 17.

(iii) [ belongs to the BMOSH-closure of

A(D) :={f € SHL(D) : f has a continuous extension to D} .

(iv) f belongs to the BMOSH-closure of the set of left slice hyperholomorphic
polynomials.

Consequently, VMOSH(D) is a closed subspace of BMOSH(D).

Proof. Let 7,5 € S with ¢ 1L 5 and apply Lemma 2.11 in order to write f; =
f1 + foj with holomorphic functions fi, fo : D; — C;. By Lemma 5.3, f €
VMOSH(D;) if and only if fi, fo € VMOA(D;). Moreover, we saw in (17) that

| fellBMoA®) S I fllBMOsHD) S [1fillBMoA®,) + [l f2llBMOA(®D,)- (23)

Thus, f, tends to f in BMOSH(D) if and only if f1 -(z) := fi(rz) and f2 ,(2) :=
f2(rz) tend to fi resp. fz in BMOA(D;). By [27, Theorem 2.1, Theorem 5.5] this
is equivalent to f1, fo € VMOA(D;), which is by Lemma 5.3 in turn equivalent
to f € VMOSH(D). Hence, (i) < (ii).

Similarly, we show the equivalence of (i) and (¢i7): the function f belongs
to VMOSH(D) if and only if fi1, fo € VMOA(D;). By [27, Theorem 5.5], this is
equivalent to the existence of functions f~n11, fng € Ac(D;) such that fmg — fein
BMOA(DD;). By Lemma 2.11 and Lemma 2.13 and (23) this is in turn equivalent
to the existence of functions f,, € A(D) such that f,, — f in BMOSH(D).

Finally, the equivalence of (i) and (iv) follows again by analogous argu-
ments from the respective result in the complex case in [27, Theorem 5.5] and
Remark 2.15.

|

Remark 5.5. In the classical complex theory, one can choose in item (ii) of
the preceeding lemma r € C with |r| < 1 but not necessarily real. In the
quaternionic case this is not possible because multiplying the argument with a
constant factor does not preserve slice hyperholomorphicity unless this factor is
real.

Lemma 5.6. Let f € SHL(D) and let iy and vy be defined as in Lemma 4.13.
The following statements are equivalent:
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(i) The function f belongs to VMOSH(DD).
(1) The measure piy is a vanishing Carleson measure.
(1ii) The measure vy is a vanishing Carleson measure.

Proof. We adopt the notation used in the proof of Lemma 4.13. From the
complex theory, cf. [27, Theorem 6.6], and Lemma 5.3, it follows that f €
VMOSH(D) if and only if the measures p¢, and py, and in turn also the measure
p; are vanishing Carleson measures for any choice of 4,j € S with ¢ L j.

If f € VMOSH(D), choose i € S and let b(¢) with lim._.q+ b(¢) — 0 be such
that p;(S;(0o,h)) < hb(h). Then (21) implies for any 7 € S, any 6 € [0, 7], and
any h > 0 that

H}:J(Sj(eov h)) < p;(S;(00, 1))

< 2p;i(Si(0o, h)) + 2pi(Si(2m — o, h)) < 4hb(h).

Thus, the measures v and ,u'ft ;» which are defined as in the proof of Lemma 4.13,

constitute a vanishing slice Carleson decomposition of py. We deduce from
Corollary 3.12 that p5 is a vanishing Carleson measure.

If on the other hand f ¢ VMOSH(ID), then p; is not a Carleson measure and

hence there exist some € > 0 and sequences (0, )neny and (hy)pen with by, — 0

as n — +oo such that with the position S; ,, = S;(0n, hpn) U Si(0n, hy) we have

Pi(Si(emhn)) < pi(Si,n).

4
£ < I »

If we set S, = {so+ js1: 80+ is1 € Sin} for j €S, then the estimate (21)
implies because of S, ,, =5, that

pi(Si,n) < 4PJ(SJ,H)

4
£ < » ™

and hence € < p,(S,,,)/hy for any y € S. Thus, since S, ,, = S(0,, h,) N C,, we
have

%j’h”)) = % /S 1E(S(8n, h) NDF)C (i) do(i)

_ hi / pi(S (B, hn) NDF) do(i)

= i‘/spi(si,n)do(i) > 0(28)57

where the third equality follows because o is invariant under the mapping i —
—i. Consequently, py is not a Carleson measure and hence (i) and (ii) are
equivalent.

The equivalence of (i) and (iii) can be shown with similar arguments.
O
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We conclude this section with two results, one showing that f € VMOSH(D) if
there exists a suitable majorant of its slice derivative and one concerning power
series with Hadamard gaps in VMOSH(DD).

Lemma 5.7. Let f € SH (D). If there exists a monotone increasing function
o(r) for 0 <r <1 such that

(i) 10sf(s)| < &(r) for all s € D with |s| =r and any r € (0,1) and

1
(ii) / (1 —r3)¢?(r)dr < +o0,
0
then f € VMOSH(D).

Proof. Let 7,5 € S with j L ¢ and apply Lemma 2.11 in order to write f; =
f1 + f27 with holomorphic components f; and fs. As

05 f(2)I* = A1) + | f2(2)*, ¥z € Dy,

we have | f;(z)| < ¢(r) for |z| = r and £ = 1,2. Since (4i) holds, we can apply the
respective complex result, cf. [21, p. 25], to conclude that fi, fo € VMOA(D;).
This implies by Lemma 5.3 that f € VMOSH(ID;) and thus we have finished
the proof.

|

Lemma 5.8. Let f(s) = 3., s"a; with ay € H and ny € N such that
ney1/ne > o > 1 for all £ € N. Then the following statements are equiva-
lent:

(i) f € BMOSH(D)
(i) f € VMOSH(D)
(iii) f € H?(D).

Proof. Choose ,j € S with ¢ L j and write ap = ap1 + ag2j with ag1,a¢2 € C;
for £ € N. Applying Lemma 2.11 and writing f; = f1 + f27 with holomorphic
components, we find that fi(z) = Zz;of ap12™ and fo(z) = Zz;of ag 2™ are
complex power series with Hadamard gaps. The lemma follows therefore from
the respective complex result, Theorem 9 in [21], and Lemmas 2.17, 4.2 and 5.3.

O

6 Relations to other spaces of slice hyperholo-
morphic functions

In the complex theory there exist relations between the spaces of holomorphic
functions with bounded and vanishing mean oscillation and several other spaces

of holomorphic functions. The aim of this last section is to show some of the
respective counterparts in the quaternionic setting.
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Definition 6.1. The Bloch space B(ID) of slice hyperholomorphic functions is
the space of all functions f € SHr (D) such that

1715 = 1F(O)]+ sup (1~ |s)? [95£(s)| < +oc. (24)

The little Bloch space By(ID) of slice hyperholomorphic functions is the space of
all functions f € B(D) such that

Iggll(l —1s[*)19s f(s)| = 0. (25)

Remark 6.2. The Bloch space is a non-separable quaternionic Banach space
with the norm defined in (24) and the little Bloch space is the closure of the set
of slice hyperholomorphic polynomials in B(ID) and hence a separable subspace
of B(D). These spaces were studied in [12]. Moreover, as it usually happens in
theory of slice hyperholomorphic functions, if one takes the supremum in (24)
only over one slice D; instead of the entire ball I, then one obtains the norm
£l 3(m,)» which is equivalent to || f|zm) as a consequence of the representation
formula. Furthermore, if 7,7 € S with ¢ L j and we write f; = f1 + f2j by
applying Lemma 2.11, then f belongs to B(D) resp. By(D) if and only if the
component functions f1, fo belong to the respective complex spaces Be(D;) and
Beo(Dy).

Lemma 6.3. For f € BMOSH(D), we have

115 < I fIBMosnm)- (26)

Hence BMOSH(D) C B(D) and VMOSH(D) C By(D), where these inclusions

are continuous.

Proof. Choose i,j5 € S with ¢ L j and write f; = f1 + f2j with holomorphic
components according to Lemma 2.11. By Corollary 5.2 and Theorem 5.1 in [27],
there exists a constant C' such that

| fellBom:) < CllfellBmoam,) for £€ {1,2}.

We thus have by Lemma 4.2 and because of |f¢(z)| < |fi(z)] for £ € {1,2} that

1 fllsm) S Nfllsmy < 1fillBesy + 121l Bom))
< C| fillBmoa,) + Cll f2llBMmoam;) < 2C| fllBmosam,) S |IfIBMOSHD)

Consequently BMOSH(D) is continuously embedded into B(D). Furthermore
any function in VMOSH(D) can be approximated by slice hyperholomorphic
polynomials in BMOSH(D) by Lemma 5.4 and thus, because of (26), also in
B(D). Since the little Bloch space is the closure of such polynomials in 5(D),
we find VMOSH(D) C Bo(DD).

O
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Definition 6.4. The Dirichlet space D(D) of slice hyperholomorphic functions
is the space of all functions f € SH (D) such that

sup [ 10£(5) Nals) < 400
€S JD;

Remark 6.5. The Dirichlet space D(D) is a quaternionic right Hilbert space,
when it is equipped with the scalar product

(f.9) = F(0)9(0) + [ 5[ (s)sg(z) dAa(s),

D;

where ¢ is some imaginary unit in S. This scalar product is independent of

the choice of i: if we write f and g as Taylor series f(z) = oo neo S"a, and

g(s) = EnO% 5"by,, then

+oo +oo

(1.0) =F0)0(0) + 32 3G s [ 35 ddofe) ( + Db
n=0 k=0
“+00

_f( + Z m(n + 1)an+1bn+17
n=0

because [p 31"t dAg(2) = 0if k #n and [y 3" s™ T dAg(2) = 7/(n + 1).
The Dirichlet space was also studied in [12] and, as usually, if we choose i,j € S
with ¢ L j and write f; = fi1 + foj with holomorphic components according
to Lemma 2.11, then the function f belongs to D(D) if and only if f; and fs
belong to the complex Dirichlet space D¢ (D).

Lemma 6.6. We have D(D) C VMOSH(D).

Proof. Let f € SHL(D), choosei,j € S and write f; = f1+ foj with holomorphic
components according to Lemma 2.11. If f € D(D), then f; and f2 belong to the
complex Dirichlet space Dp(ID;). By [21, Theorem 10], this implies that fi, f2 €
VMOA(D;) and hence we conclude from Lemma 5.3 that f € VMOSH(D).

O

We conclude the paper with a version of Fefferman’s duality theorem. Note that
the identification (#!(D))* 22 BMOSH(D) has already been shown in [11].

Theorem 6.7. We have (VMOSH(D))* = HY(D) and (H'(D))* = BMOSH(D)
under the integral pairing

1 FXRT 619
o) =gz [ TEa(e”) o 1)

where i € S is an arbitrary imaginary unit. The operator norm and the || - |31 (m)-
norm are equivalent norms on (VMOSH(ID))*. Similarly, the operator norm and
the || - |[BmosH (D) -norm are equivalent norms on (HY(D))*. Moreover, the iden-
tification is independent of the choice of the imaginary unit i € S.
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Proof. Let first f € H1(D). We choose i,j € Swithi L j and write f; = f1+ faj
according to Lemma 2.11. By Lemma 5.3, we have f1, fo € H!'(D;) and we
deduce from Theorem 7.1 in [27] that there exist linear maps ¢, € (VMOA(D;))*
for ¢ € {1,2} such that

1

== fe(e®) g (e®) do  for g € VMOA(D). (28)

ve(9)

Now write g; = g1 + g2J for every g € VMOSH(D) with g1, g2 € VMOA(D;)
according to Lemma 5.3 and set

o(g) :==p1(91) + pa(g2) +J (<P1 (92) — @2(91)> -
Then ¢ is a quaternionic linear functional on VMOSH(ID) and we have
leull + lle2ll < llell < Nl + Moz ]l- (29)
Indeed, it is

o1l + llp2ll <sup {le1(9)| : g € VMOA(D;), [lgllemoam,) = 1}
+ sup {|p2(9)] : g € VMOA(D;), lgllsmoam,) =1} -

Since @¢(g) € C;, we have |pe(9)| < |p1(g) — je2(g)] = lp(ext(g))| for £ € {1,2}
and in turn

o1l + llp2]l <2sup {|p(ext(g))| : g € VMOA(D;), lgllsmoam,) =1}

2
<2sup {lp(g)| : g € VMOSH(D), [lgllBrmosuem) < C} = el

where C' is the constant in (17) such that || ext(g)|lsmosum,) < CllgllBMOA(D,)-
On the other hand, writing again g; = ¢g1 + g2j according to Lemma 2.11, we
have

2
lell <sup < > Joelgn)l : g € VMOSH(D), |lgllBrosn,) < 1
K 0=1

<2sup {|<P1 (9)| - g € VMOA(IDy), [|9llBMOAD,) < 5}

+2sup {[2(9)] : g € VMOA(D,), lgllersoncs,) < €'}

2
SE(II%H + lleall),

where C > 0 is the constant in (17) such that |gel[Brmoam,) < 6||g||BMOSH(Di)
for g € BMOSH(D;).
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Since (29) holds true, ¢ is even continuous on VMOSH(D) and hence ¢ €
(VMOSH(D))*. Moreover

©(g) =p1(91) + p1(92)] — Fp2(91) — jw2(92)J
1 1

“or oD; file®) g (eie) do + o oD; fi ()92 (ew) W
[ L [ e g (30)
~igg |, () =iy | Tl () b
1 . .
— i0 6
=5 . f(e?)g (e ) de.

From (29) and (8) it follows that

el < lleall + lle2ll S f1llxma) + el S 11l m)

and

Il @) S Wfillrzme + 1fallrgmn < leall + lleall S llell

such that altogether
HfHHl(D) Sllell S ||f||H1(H)))-

If on the other hand ¢ € (VMOSH(D))*, then we can choose again i,j € S
with ¢ L j and write ¢(g) = ¢1(g) — jP2(g) with C;-valued functions ¢ and
2. These functions are even C;-linear and hence the maps ¢y : g — @r(ext(g))
for ¢ € VMOA(D;) with ¢ € {1,2} are C;-linear functionals on VMOA(D;).
Since || fl|Bmoam,) and || ext(f)|BmosHm) are equivalent norms on VMOSH(ID)
because of (17), these functionals are even continuous and hence belong to
(VMOA(D;))*. From [27, Theorem 7.1] we therefore deduce the existence of two
functions f1, fo € H&(D;) such that (28) holds true. Setting f := ext(f1+ f2) €
H!'(D;), we find by a computation as in (30) that (27) holds true. Hence,
(VMOSH(D))* = HY(D).

The second identity (H!(D))* = BMOSH(D) can be shown by analogous
arguments or as it was done in [11].

Finally, the identifications are independent of the choice of the unit ¢ € S in
the integral pairing: if we write f(s) = Y./ °% s" f, and g(s) = 3,20 5,05 as
power series, then

+o00 +00
1 —_—
(f,9) = E [ —/ eind ™% 49 | b,, = g [
2T a(D;) 0

n,m=0
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