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Atomic decompositions of holomorphic Hardy spaces in S!
and applications

Gustavo HOEPFNER and Jorge HOUNIE

Dedicated to Ermanno Lanconelli on the occasion of his 65" birthday

Abstract!. We present a proof of the atomic decomposition theorem for boundary values
of holomorphic functions in the unit disc of C whose means over the circle |z| = r are
uniformly bounded in L?, p < 1. As an application, we show the continuity of the Hilbert
transform on the subspace of distributions that are boundary values of such holomorphic
functions and describe the linear functionals in H?.

1. INTRODUCTION

The general theory of Hardy spaces HP originated in the extraordinary discover-
ies made seventy or eighty years ago by G. Hardy, V. Krylov, J. E. Littlewood, I. I.
Privalov, F. and M. Riesz ([10], [13], [16], [15]) to cite just the main contributions.
Chapters 7 and 14 of Zygmund’s treatise about Trigonometric Series [20], exhibit in
an unified way the HP spaces in the context of holomorphic functions of one com-
plex variable. In the end of the fifties, the development of the real variable methods
carried in previous years by the Calderén-Zygmund school em Chicago —that fur-
nished new proofs of classical results without resorting to holomorphic functions
theory, among them the LP continuity of the Hilbert’s transform — opened the
door to a purely real maximal theory of Hardy spaces in several variables. This
was initiated by E. Stein and G. Weiss [19] (departing from ideas of Burkholder,
Gundy and Silverstein [1]) with their maximal characterization and was comple-
mented by the duality theorem between H! and BMO due to C. Fefferman and
E. Stein ([5], [6], [18]) and by the atomic characterization formulated and proved
by R. Coifman [2] in one dimension and by R. H. Latter [14] in higher dimensions,
although present in an implicit and primitive way in the duality result. Today the
HP spaces and their local versions H” based on the localizable spaces or Goldberg

loc
[9] are important functional spaces in which framework it is possible to carry out
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the study of many questions in analysis beyond the threshold p = 1 that limits the
use of the Lebesgue spaces LP.

Since atomic decompositions are essentially a real tool, they are usually carried
out within the framework of functional spaces that do not involve holomorphic
functions and the case of spaces holomorphic functions is obtained as a byproduct
of the atomic decompositions of a bigger space that contains them. An exception to
this rule is the proof of the atomic decomposition in H*(A) by Koosis ([12]) where
a specific ingredient of holomorphic functions, namely Cauchy’s formula, plays a
key role. Here we extend this construction for 0 < p < 1. Although the result is
not new, only the case p = 1 seems to have been written down. Two applications
are given: i) the continuity of Hilbert transform in AP(T) (see Definition 6.1); and
ii) a description of linear bounded functionals in H?.

This paper is organized as follows: In section 2 we give the basic definitions and
results to be used later and we state the atomic decomposition theorem, Theorem
2.2. Section 3 is devoted to study boundary values (in the sense of distributions) in
HP(A), in particular we show that functions in H?(A) possesses boundary values
and that they admit the Poisson representation in the sense of distributions. In
Section 4 we prove some preliminaries results. Section 5 is devoted to prove the
atomic decomposition theorem. In Section 6 we prove the continuity of Hilbert
transform, Corollary 6.2. In Section 7 we describe the set of linear functionals in
HP and show the relevance of atomic decompositions for the case 0 < p < 1 in the
proof of Theorem 7.2.

2. DEFINITIONS
Let A the unit disc in C, i.e.
A={zeC : |z|<1}.
The boundary of A, 9A we will denote by T. The Poisson kernel in A is given by
1+7r

T 1+72—2rcosd
and the conjugate Poisson kernel is given by
2rsin @

@r(0) = 14172 —2rcosf

If f € L*(T) the integral of Poisson of f is the harmonic function P(f) defined by
the convolution

PN = (o= )0) = [ agremg— [0t

The set of holomorphic functions in A will be denoted by H(A).

P.(0)

Definition 2.1. For 0 < p < oo, we define the Hardy spaces in the unit disc A,
HP(A), by

HP(A)={F e H(A) : |[Fllgr = sup My(r,F) < oo},
0<r<1

where

1 ,
P = 0y|p
My(r.F) = - /T|F(re )P do .

Remark 2.1. If 0 < p < g < o0, then H*(A) C HY(A) C HP(A).
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Remark 2.2. By the Hardy’s convexity theorem, see [10], we have that
|F|gr = sup Mp(r,F) = lim My(r, F') .
0<r<1 r—1

We will introduce now two additional equivalent definitions of the Hardy spaces
HP(A), 0 < p < o0, by means of two different maximal functions that involve
comparable norms (a more detailed discussion could be found in [11]).

The maximal radial function. Given a measurable function in A, G, we define
the mazimal radial function G+, of G, by
G*(0) = sup |G (rew)’ .
r<l
The non-tangential maximal function. Given a measurable function in A, G,
we define the non-tangential mazimal function G*, of G, by

(2.1) G:(0) = sup |G(rei”)|,

i c
re‘r €l'g

where T'§ is Privalov’s ice-cream cone given by (see [12], page 59 for an illustration):
Is = {z : Jarg (e — 2)| < emand 1/V2 < 2] < 1} UB(0,1/v?2),

for any 0 < ¢ < 1/4. We will fix ¢ and write only G* for G} and I'y for I'§. Observe
that the function G* is lower semi-continuous and non negative.

Theorem 2.1. There exist constants A,, Bp, depending only on p such that for
each F € HP(A) we have F(0), F*(9) € LP(T) and

1F*llzr < Al F+ e < Byl Fllav -

It is not evident that the norm in LP of F*, 0 < p < oo given by maximal
functions corresponding to different apertures are equivalent. However, if 0 <
1, ¢ < 1/4, there are positive constants C' and D, depending on ¢1, ¢z and p, such
that

CIE e < I1FS e < DIFL v
Clearly, Fy (0) < F} () for every 6 if ¢; < co. One can adapt Stein’s argument
[17, p. 62] to prove

Proposition 2.1. Let G a measurable function in A and 0 < ca < ¢1 < 1/4, then
there is a positive constant K = K(cy,co) such that

27 27
/ G (0)do < K / GeL(0)do .
0 0

Applying Proposition 2.1 to F'?, we have the equivalence of the quantities || F || L»
and ||FZ ||L» to any 0 < ¢1,¢2 < 1/4 and 0 < p < oo. Thus we will fix, from now
on, c=1/4.

If X C T is a measurable set, we will denote by |X| its normalized Lebesgue
measure, for instance, if X is the arc between —m < a < b < 7, then |X| =
(b—a)/2m.

Definition 2.2. Given a measurable function a(¢) defined in T, we will say that
a(f) is a p-atom if:
(i) supp (a) C J, where J is a arc in T (that could be all of T);
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(i) [a(8)] < [J|7*/7;

27
(iii) / a(0)0*do =0, for k < 1/p— 1.
0

We still say that a(0) is a p-atom if a(f) = ¢, with constant |c| < 1. We will refer
to the arc J as the carrier of a.

We are now ready to state the atomic decomposition theorem:

Theorem 2.2. There exists a universal constant C' > 0 such that for any F €
HP(A) with boundary value, in the sense of distributions bF = f, there exist

(a) a sequence (aj) of p-atoms and

(b) a sequence (X;) of complex numbers satisfying

STyl SC/\F*Wde,
J

so that f, = . Aja; in the topology of D'(T).

Remark 2.3. The convergence of the series f;, follows from Theorem 3.1 and
Corollary 3.1 below.

3. BOUNDARY VALUES IN HP

According with Fatou’s theorem (see [7], [8]), every function F' in HP possesses
a non-tangential limit almost everywhere. So it defines a function in T:
f)= lim F(z).
S0 Jm P

where the notation z ~% ¢ means that z = reit converge to e’ in the region
{rett : |0 —t| < c(1 —r)}, for any ¢ > 0.
One can show that (see [8], Theorems 3.1 and 3.6 for a proof) if F' € H? then:

(1) f e LP(T);
2) 1Fllae = 1Fllzws

(3) if p > 1, then we can recover F from f, that is, F = P(f).

However, we can not expect to recover the function F' from f when p < 1. For

instance, let
. 1
F(re') = Po(0) +iQ,(0) = 1 e
—z
then € HP for all p <1, lim nr F(2) = Q1(0) a.e. but F(re’) # P.(Q1)(0).
On the other hand, we can recover F if we take the Poisson integral of its boundary
value in the sense of distributions.

Theorem 3.1. Let F(z) € H(A). The following conditions are equivalent:

(i) For every ¢ € C(T) there exists the limit
21

(f,$) = lim F(re)¢(6) db .

r/1 Jo
(i7) There is a distribution f € D'(T) so that F is the Poisson integral of f

(3.1) F(re?) = % (f(t), Pr(0 — 1)) .
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(#9) There are constants C > 0, a > 0, such that
; C
0
(32) |F(7‘€Z)’§W, 0§T<1
Proof. (i) = (ii). Consider a sequence 7, /' 1 and write fx(0) = F(rge®).
Then, fr € D'(T) and (fx,¢) — (f,¢) for every ¢ € C°°(T). By the uniform
boundedness theorem in C°°(T), there are C' > 0, N > 0, so that

J
()| < € max (1D~

and the same estimate holds for f in the place of fi, that is,
. < I || 1.0o
(33) (£,6)] < C max D76

proving that f distribution of order N. The Poisson formula to z — F(ryz) that
is in H* can be written as

1 )

F(rre') = o (F(ree™), P60 — 1))

i
and taking k — oo we obtain (3.1).
(ii) = (iii). If (3.1) holds with f € D'(T), f satisfies (3.3), for convenient C
and N. Applying this estimate to ¢(¢) = P,(0 —?) and keeping in mind that
|DiP.(0 —t)|| L < Cj(1 —r)~7~! we obtain (3.2).
(iif) = (i). Suppose first that 0 < @ < 1in (3.2). Adding a constant to F' the same
estimate (with another C) still holds and there is no loss of generality in assuming
that F'(0) = 0. Write

/ — F(se'%)ds

using the Cauchy-Riemann equations for F and integration by parts we have

(Fre) - Fre o) <[ [ ‘?,—f(se%(e)dsde]:

27 r aF )
:/ / f@(sewm(e)dsde‘:

= /%/ 9)d d«9’

1
<C ——ds.
<o) [ et
The right hand side converges to 0 when 7,7’ — 1 since o < 1, showing that the
limit lim, ~ 0277 F(re??)¢(0) df exists in this case. If 1 < a < 2, assuming that

F(0) = F'(0) = 0, we can write
/ ds/ 0’620 do

and proceed as before. Taking a convenient number of derivatives, we can adapt
the argument for any a > 0.

O

If a function F' € H(A) satisfies the equivalent properties in Theorem 3.1 we say
that F' is of tempered growth at the boundary.
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Corollary 3.1. The functions in HP(A), 0 < p < oo, are of tempered growth at
the boundary. In particular, they admit the Poisson representation in the sense of
distributions.

Proof. Let F' € HP, we will prove that F satisfies (3.2). It is enough to prove the
case p < 0. Fix z € A and consider the mean value inequality for the sub-harmonic
function |F|P

1 [ , 1— 2]

N .
|F(2)|" < oy |F(z+se!)["dt, 0<s<p= 5

Integrating this inequality w1th respect to sds we obtain

I |p<//w QP dA() |

where D,(z) is the disc centered in z with radius p and dA is the area element.
We can use polar coordinates re? centered at the origin and include D,(2) in the
annulus |z| — p < 7 < |z| + p. Integrating first in 0, using that F' € H? and that
2p=1—|z|, we get

(Rl

1— 2]

[F()" <

proving (3.2) with oo = 1/p.
O

Remark 3.4. The space of holomorphic functions with tempered growth is strictly
bigger than Up>0 P(A), actually for any v > 0 there is a holomorphic function
on A that satisfies (3.2) while its radial limit lim,_; F(re’) does not exist for
almost every 6, in particular, F' ¢ HP(A) for any p > 0. The construction of such
a function can be found in [3, Ch. 5].

Definition 3.1. The space of functions which are boundary values of functions
in H?(A) in the sense of Fatou’s theorem (pointwise radial limits) will be denoted
by H?(T). The space of distributions which are boundary values of functions in
HP(A) in the weak sense will be denoted by H} (T).

4. ATOMIC DECOMPOSITIONS IN HP

In this section we shall prove the atomic decomposition theorem. We recall
that atoms where defined in Definition 2.2. While the non constant atoms have
media zero, the constant atoms satisfying (i) and (ii) but not (iii) unless the con-
stant is zero. Observe that the two first properties in Definition 2.2 imply that
|a||z2 < |J|7'/? and that the real and imaginary part of a p-atom still is a p-atom.
Conversely, if the real and imaginary part of a function f are p-atoms with the
same carrier, then f/2 is a p-atom.

Definition 4.1 (Hilbert Transform). Let a be a p-atom or a function in L(T).
Let u(re’) be its Poisson integral and let v(re’®) be the harmonic conjugate of
u uniquely determined by the condition v(0) = 0. Then we define the Hilbert
transform of a to be the function

a(0) = lim v(re®) .

T—
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It is well known (see, e.g., [8, Theorem 5.14]) that
. / 1
e—0 e<|0—t|<m 2tan((9 —t)/?)

If @ is a real p-atom, we see that @ € L?(T) (this is the trivial case of the Marcel
Riesz inequality, for p = 2) therefore @ € L'(T). Then we conclude? that a + ia
is the boundary value of the holomorphic function F' = w + iv, where u = Pa
and v = Pa. Since a +ia € L'(T) we see that F € H* C HP. This shows that
a+ia € H' € HP. The crucial point is that the LP norm of a + i@ is bounded by a
constant independent of a for any real p-atom a. This fact is still valid for complex
atoms if we extend the Hilbert transform f — f to complex functions as a complex
linear operator. In fact,

a(t)dt .

Proposition 4.1. There exist a universal constant C > 0 such that if a is a p-atom
then ||a + ial|r» < C.

Proof. Is enough to consider a non constant real p-atom. Follows from (i), (ii) and
the definition of p-atom that ||a||z» < 1 so will be enough to show that ||a|/z» < C.
If J is the arc appearing in (i) and (ii) and |J| > 1/2, we obtain a estimate to
la||L2 that implies in the boundedness of ||a|| 2 moreover, by Holder’s inequality,
lla|lL» is bounded, and we can restrict ourselves to the case where |J| < 1/2. In
this case, denote by J* the concentric arc with J and with twice of its length, that
is, |J*| = 2|J|. We can assume, without loss of generality, that the center of .J is
6 =0 and write J = (=9, 9), J* = (—26,26). Therefore,

/7T |a(0)|P do = /26 |a(0)|P do + / la(@)Pdo =1, + 1o .
—m —25 26<|0|<m
Using the Holder’s and Marcel Riesz’s inequality, we obtain
I < (45)(2717)/2%”1]342 < 015(27p)/2||a|‘1£2 < 0632 (5(=24P)/Pyp/2 —
To estimate Iy we write ([11, Thm. 1.4.8])
1 1
O 7 [y e o7 O

Considering that [#] > 2§ in I, and [¢{| < ¢ in the support of a we see that the
denominator does not vanish in the integral that defines @ and we have

(4.1) a(0) = % /W ma(t)dt, 0] > 26 .

—Tr

By expanding the function

1
t - @
~ tan((0—1)/2)
in its Taylor expansion of order N, = [1/p — 1] around® ¢ = 0 we get
(k) 4k
1 ( 1 ) t

S S o (S A NP
tan((0 —t)/2) k;\,p tan((6 —t)/2) ) ,_, k!

2The operator f — f is of weak type (1,1), then the Hilbert transform is bounded from L' to
LP, 0 <p < 1. Asa consequence if f € L' is such that f € L' then the harmonic conjugate of
u = P(f) is given by P(f), see [8].

3[5] stands for the largest integer less than or equal to s.
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It is not hard to see that over the conditions: |§] > 26 and |¢| < J, we have
(4.2) | Ry, +1(t,0)] < Clo|~ N2 g Mot

Since @ has vanishing moments up to order N,, we have, using (4.2)
1 s
@01 = 5= [ Raalt.0)ate) e < ClOP Dl
ﬂ— -

Taking the p-th power in both sides of the above inequality we get
ja(9)lr < Clg|~PNe R PNe ) [la|f, <

< C|9|—p(Np+2)5p(Np+1)5p—1 -

— C|9|—P(Np+2)5p(Np+2)_1 .
Then
L, < O §p(Np+2)—1 / |9‘*p(Np+2) do <
26<|0|<m
< Cgp(Npt2)-1 /oo 16|77 (Vo +2) g <
5
< O§PWNp+2)=15—p(Np+2)+1 — (7

concluding the proof of proposition.

Let F' € H? not be identically zero and consider
A= inf F*(0) .
2 O

Since F™* is lower semi-continuous its infimum is reached in some 6y € T. But, if
F*(0y) = 0, F should vanish in an open set, forcing F' to vanish identically. We
conclude that A > 0. Define, for each A > 0, Oy = {0 € T : F*(z) > A}. Observe
that O, is an open subset of T and it is a proper subset only if A > A

From now on, unless stated otherwise, we will consider boundary values of F' €
HP in the sense of distributions and we will denote it by bF = f;. Since H} N L' is
dense in H} there is no loss of generality if we assume that f, € L' and we will do
S0.

Proposition 4.2. With the notations above, let A > X and k € N. Then
fo=9x(0) + bA(0) ,

with |gx(0)] < CA and by satisfies
(1) by is supported in Oy and

g
(2)/ tox(t)dt =0, 0<(<Ek.
0

Proof. We start by stating and proving a lemma that is a key step in the proof
of the proposition.

Lemma 4.1. Let J C T a component of Ox, A > 0, c its center and k € N, then

(4.3) /J(e —o)*f(0)do| < C|J|FFIN.
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Proof. Let J = (¢ — d,¢+ d) and consider the curvilinear triangle, or trapezoid
T constructed as follows (see [12] page 60):

(1) Triangle: if the opening of J is less than or equal to 90°, then
T={z:zeTlyforalldel}.
(2) Trapezoid: if the opening of J is greater than 90°, then
T={z:zeTyforalld e I} N{1/V2<|z| <1}.
By Cauchy’s theorem, (at this point that we use the assumption f € L1(T)),

/ F(rz) & =0,
oT z

for any r < 1, where 0T denotes the oriented boundary of T'. Observe that |F(rz)| <
A for all z € 9T \ I. Taking r — 1 and observing that

|07 \ J| < V/2|J| and that |z| > i7 2€dT .
V2
we have the inequality (4.3) for k = 0.

A similar reasoning with the function (z — ¢)F(2) in the place of F(z) yields
(4.3) for k = 1 where we have to use that sup,cp |z — ¢/ < C|J|. This proves the
Lemma for k¥ = 1 (which implies the case k = 0) and similar arguments to prove
(4.3) for any k > 2 are already present.

O

We now continue with the proof of Proposition 4.2. We will only prove the
case k = 2 because the general case is quite similar and will be left for the reader.
Let Oy = Ul J; be the decomposition into connected components and write J; =
(c1 — 01, ¢1 + &;). Define

Oq(t—cl)-l—ﬁl, fort e Jp,
g (1) _{
f@, fort e T\ O, .

Here oy, 3; are constants that we determine by the conditions

mh= [ rwa= [ @e-e)+ma,

my = f(t)(f—cl)dt:/ (aj(t = ) + Bj(t — ) dz .
Ji Ji

Since [, (t — ¢;) dt = 0, we obtain

m} mt
ap = Tl ’ ﬂl = 7]0 ’
P2 Po
with

pﬁ:/ (t—c)dt, i=0,2.

Ji

In view of (4.3) |m§| < CA§; and |m}| < CA§Z, while pl, = 26; and p} = (2/3)53.
Thus, |a;] < CA/§ and |5 < CA which implies that |gx(t)] < CA on J;. Since
|f ()] < F*(t) < X off Oy we conclude that |gx(¢)] < CA on T. Set now

f(t)i(al(ticl)+ﬁl)a fOI‘tEJl,
ba(t) =
0, fOrtET\O)\
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It is clear that f(t) = ga(t) + ba(t). Concerning the properties that by(t) must
fulfill, (1) holds by the very definition of by(t) while, to show (2), it is enough to
check that [, ba(t)dt = [; tbx(t)dt = 0 for any I and this follows from the choice
of (67} and ﬂl.

g

5. PROOF OF THEOREM 2.2

Choose ng € Z such that 2™ < A < 2m0tl For all n > ng, let

f(0) = gan(0) + ban ()

the decomposition obtained from the Proposition 4.2. We still need to define gono
e bang. Observe that
27
{F(e") —~ F(0)}do =0,
0
then, if we define

gano () = F(0) ,  bano (8) = F(e”) — F(0)
we will have

27
/ bano (6) dO = 0 ,
0

and
9200 (0)] = [F(0)] < inf F*(8) < A< 22m0

Now we are going to make simultaneous use of all these decompositions. Observe
that gon(0) — f(0) a.e. when n — oo, because the function f(6) — gon(6) is
supported in the set {6 : F*(6) > 2"} (if n > ng) which decrease to set of measure
zero when n — oo. Moreover, from the construction of gon, is easy to see that
|g2n (0)] < CF*(0). These facts alow us to write f as a telescopic series converging

a.e., to know
o0

F8) = gano(8) + Y (gans1(8) — gan (6)) =
=F(0)+ Y (ban(0) — bourr () -

The term F(0) is a multiple of the constant p-atom ¢ = 1, F'(0) = Agc, where
[Xo| = |F(0)] < C||F*||rr. We will expand ban (0) — ban+1(0), n > ng, as a series of
p-atoms with coefficients in ¢P. For each n write Oa» as a disjoint union of intervals

Ogn = U Jn(i) .

Fix n, all J,+1(j) are contained in the disjoint union of J,(z). For every ordered
pair (n,1), let

bon (0) — boni1(0) , 0 € Jp(i) :

0, 9 €T\ Jo(i) .
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Then, for 0 <1 <k = N,,

Vni(0)0'd0 = /J . bon (0) 6'd6 — / bon+1 () 6'df =

J 7 4)

:/ byn (0) 6'd6 — ) / bont1(0)0'd6 =0 ,
T (i)

JjE€S(n,i) In+1(9)

where S(n, 1) is the set of all j such that J,11(j) C Jp,(j). Define

¢>n,i( )

In (1)

[ a7 P0na(8)  Ani = 3027 (0)]V/7 .

2"30
With this definition, all ¢,, ; are p-atoms and
D (b2n(0) —bo(0) = D D Anibnil0)
n=ngo+1 n=no+1 k=0

However,

[ee] o0

S Sl =Gy Y Y20

n=ng+1 i=1 n=no+1 i=1

—C Y O P> 2 <

n=nop+1
gc/ NG - F*(0) > A} d\ =
0

=C [ (F*(#)Pdf < 0.
Therefore, the series ZZO:MH Yoo An,itn,i(0) converge a.e. and in LP to f(6),
because ||¢n k||Lr < C. Rearranging the terms of the series, we can write

0) = Z%‘%‘(@)

where the a; are p-atoms and (v;) € ¢,, concluding the proof for the case f, €
HY N L'. The general case follows by a density argument.
O

6. APPLICATIONS

In this section we will make use of atomic decompositions in HP to prove the
continuity of the Hilbert transform from h? C H} to itself (see Definition 6.1).
Let f € L', we know that its Hilbert transform H f is given by

H)(0) = lim * / SO=1

e—0 e<|t|<m 2tan t/2

For 1 < p < oo, H applies LP(T) continuously into itself and, by Marcel Riesz
inequality, || H f|lzr < Cpl|fllzr, f € LP, but the constants C), tend to infinity when
either p — 1 or p — oo and the continuity fails in the extremes of the interval
1 < p < oo. However, if we consider H?, 0 < p < 1 instead of L? we have the
following:
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For f € D'(T) denote by Af the function
Af(re’®) = (P +iQ)f)(re’) = (P +iQ,)(6). f(6)) -
Theorem 6.1. If f € HY, that is, f = bF for some F € HP, then Af € HP, that
is, b(Af) € HY.
Proof. By the atomic decomposition of HP, is enough to show that

[Aallgr = lim [|(Pr +iQr)allLr = [la +id][rr < C

for all p-atom a, and this follows from Proposition 4.1.

The theorem has the following extension.

Definition 6.1. Denote R H} the space of distributions that are boundary values
of real part of some F € H? and h*(T) = C @ R'H}, that is, f is in AP(T) if and
only if f =u+iv and u,v € RH}.

The space hP(T) was defined using certain holomorphic functions in A, however
the following theorem allows us to give an intrinsic characterization of this space
in the sense that it does not make use of the fact that T is the boundary of A.

Theorem 6.2. Let f € D'(T). The following are conditions are equivalent:
(i) f € n?(T);
(i) Af e H?(A) ;

(iii) there exists a sequence of p-atoms (a;) and a sequence (\;) € €P such that
oo
(6.1) f= Z)\ja]— (convergence in D') .
§=0

Proof. (i) = (iii) follows by an application of Theorem 2.2. The uniform bound
|Haj|l» < C (see proof of Theorem 6.1) shows the implication (iii) = (ii). Since
condition (ii) implies that the boundary value of (P + iQ)f exists and, moreover,
f=bR(P+1iQ)f) € h?(T), we conclude that (ii) => (i) and the proof is finished.

g

Given f € hP(T) we can consider the function af € LP(T) given by the non-
tangential limit of the function Af € HP(A).

Corollary 6.1. The space h?(T) with “norm” given by
[fllne = llaflzr

is a complete metric space (Banach space if p=1).
Proof. Let (fx) is a Cauchy sequence in h?(T), we can write fi = uy +ivy, where

uy and vy, are the boundary values (in the sense of distributions) of real part of
functions in H?, that is

uk:b(ﬁ?Fk)7 and vk:b(%Gk), Fk7Gk€Hp(A).
The sequence (afy) is a Cauchy sequence in LP and therefore converges in LP,

afr, — g € LP. We want to show that there exists f € h” such that the sequence
fx converge to f in hP. Since (afy) is a Cauchy sequence in L, (F}) and (Gy) are



Atomic decompositions in S 201

Cauchy sequences in HP, therefore, they converge to F' and G in HP respectively.
Let f =b(RF) + ib(RG), then it follows that: af = g and fr — f in hP.
d

Remark 6.5. Observe that for p = 1 the norm ||f||: is equivalent to the norm
Il + IH e
Now, we can improve Theorem 6.2.
Corollary 6.2. The Hilbert transform applies h?(T) continuously to hP(T).
Proof. An operator A is bounded in hP(T) if ||a(Af)|Lr < C| f||ne. But
la(Af) e = [ACAS) | -
In the case A = H, we have
AR e = | (P + Q). H )20 <

< | lim —i{(Py +iQr), f)l| e =

= llafllLe

where we have used the identity H? = —I. In fact, if the Fourier series of f € h?(T)
is Ziooo are™® then the Fourier series of Hf is

oo
— Z isgn(k) ay, e™*?
k=—o00
and iterating this fact we see that the Fourier series of H?f will be — 3% aye™?,
showing that H2f = —f.

O
Corollary 6.3. The series (6.1) converges in metric of h?(T).

Proof. 1t is enough to show that the partial sum of the series is a Cauchy sequence
in A?, and it follows from the fact that (A;) € €7 and that ||a|/z» + ||Hal|L» < C for
every p-atom.

O

Now we can use the atomic decomposition to give another intrinsic norm in
hP(T). Given f € h?(T) write

oo
1F 112 = inf A7
§=0

where the infimum is taken over all atomic decompositions f = Z;";O Ajaj. If
f= Z;io Aja; is any atomic decomposition, from the triangle inequality and
from the fact that |ja;[|nr < C we see that || f||}, < CZ;’;O |A;]P, showing that

Ifllne < C| fllas- Conversely, given f € hP exist a decomposition (Theorems 6.2
and 2.2) f =}, a; with

YNl <ClflE. -
i

Summing up, we have obtained

Corollary 6.4. The norms || f||n» and || fllat are equivalent in h?(T), in particular,
(WP (T), || |lat) is a complete metric space.
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7. DUALITY

In this section we will describe all continuous linear functionals in H?(A). The
case p > 1 was known for a long time, the case p < 1 was proved by Duren, Romberg
and Shields ([4]) and, finally, the case p = 1 is closely related to the famous duality
theorem of Fefferman and Stein [6].

Theorem 7.1 (Theorem 7.3 in [3]). For 1 < p < oo, (HP(A))* is isometrically
isomorphic to L1(OA)/HI(A), where 1/p +1/q = 1. Moreover, if 1 < p < o0,
every ¢ € (HP(A))* is represented in the form

1 27 ) )
(7.1) (F,G) = L~ / Fle)Gle—™) dt .

2 0
for a unique G € H1(A) and the norm of the functional ¢ in (HP(A))* is comparable
with the norm of G in H1. If ¢ € (HY(A))*, the functional can be represented in
the form (7.1) for some G € L™ but G(e*) might not be the boundary value of a
holomorphic function defined on A.

We will describe how the atomic decompositions could be used to study de dual
of HP(A) when 0 < p < 1. Notice that in the case p = 1 theorem 7.1 gives a
representation for bounded linear functionals in H'(A) which is less satisfactory
than the situation for p > 1 because the function used to represent the linear
functional is not the boundary value of a holomorphic function. Suppose we are only
interested in considering functions that are boundary values G(e*) of holomorphic
functions. We may reason as follows. Let ¢ € (HP(A))* for some 0 < p < 1. If
Fe HY(A), 1< p < oo, we have

@, ) < M10llzzo)= 1 El[ e < Coll @l (arey= 1 | o

showing that the restriction of ¢ to HP(A) is a bounded functional that, by The-
orem 7.1, can be represented as (7.1) by a function G, € HY(A) with ||bG||re ~
|Gqlle = ||@||(zr1)« where p’ and ¢ are conjugated exponents. Taking F(z) = zF,
k=0,1,..., we conclude that G4(z) = G4(2), 1 < ¢,§ < oo, that is, there exist a
fixed function G(z) € ;. .o H(A) so that (7.1) is valid when F' belongs, say, to

H?(A). In particular we obtain
(7.2) [16GILr < Cli@ll rrey-

Let us see which additional properties we can learn about the boundary function
g(0) = bG(—0) = G(e~*). Fix an arc J C T and consider a function a(f) satisfying

(1) supp (a) C J;
(i) llal|> < [J|M22/P

27
(ii4) / 0%a(0)df = 0,0 < k < N,.
0

A function that satisfies properties (i), (ii) and (iii) above is called a generalized by
p-atom. Notice the similarity with Definition 2.2: there is only a modification in
the requirement (ii) with the role of the L norm played now by the L% norm. It is
elementary to check that every p-atom is a generalized p-atom. A simple variation
of Proposition 4.1 allows us to conclude that there exist a universal constant C' > 0
so that

lallne = llallr + [ Hall» < C
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for all generalized p-atom.

Case p = 1. We will denote by L2(J) the space of the functions in L?(T) supported
in J and that are orthogonal to the function 1, i.e., if f € L2(J), then

Afwmmiﬂﬂmw:o.

It f e L2(), f/(Ifllz2|J|'/?) is a generalized 1-atom and we see that ||fn <
C|J*?||fllz2- Given any real function f € L3(J) we can find F € H' with RbF =
f and obtain

1

27
2 | oFOs0 | =10 F < lollany Pl <

< Clldl gy 11211 f e
In particular,
1
i ® [ 100 t] < Cloln-1ls-
Writing g = o — i&, « real, we observe that
R(f.9) = () + ([, @) = 2(f, )
since (Hf, Ha) = —(H*f,a) = (f,a). We have

1
(3) i [ fa) | < Cloln- 1l

Denote by

i)
oy = — alt)dt .
7= ),

the average of « over J. We see that

/J (a(t) —as)dt = / a(t)(a(t) — as)dt —ay / (a(t) — ay) dt =

J

:ﬁa@M@fQﬂﬁ

and applying (7.3) with f(t) = (a(t) — as)x(¢), where x denote the characteristic
function of the arc J, we obtain

|J|+/2 /J(Of(t) —ay)?dt < C||¢|| () (/J(a(t) - a.z)th) 1/2

or, equivalently,

1 1/2
(m /J <a<t>fou>2dt) < Olléllar- -

An analogous estimate holds for & that is the real part of ig, that correspond to
the functional i¢. Then we obtain

1 1/2
(7.4) (ﬁ /] |g<t>—gJ\dt) < Clléllr- -
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Definition 7.1. We say that g € L!(T) belongs to bmo (T) if

1 1/2
N(g) = sup (— / \g(t)—gﬁdt) < o0
7 \IJl J;

and we will denote by
[9llbmo = N(g) + llgllLr -

Equations (7.2) and (7.4) show that g € bmo (T) and [|gllbmo < Cll@|(a1)=-
Then we conclude that every linear functional in H! can be represented uniquely
in the form (7.1) where G(z) is holomorphic and its boundary values bG(0) =
G(e") € bmo (T). To complete this result we have to show that, conversely, if G is
holomorphic and bG € bmo (T), the form

2m
(7.5) F— (F,G) = % /0 F(e"G(e ™)dt, FeH™>,
is bounded in H' and therefore can be continuously extended to H' by the density
of H*® in H!. In this way we produce a linear functional ¢ € (H')* and we must
further show that [|p||(z1)+ =~ [|9/lbmo-

Consider an atomic decomposition of I € H>® C H', F = Z;’;O Ajaj, with
> Nl = [Flla. If ap = 1 is the constant atom, we have

o | [ s

For the atoms a;, j > 1, with average zero and carrier J, we have

<llgllzr < llgllbmo -

1| 1
= ) - . _ <
o /O aj(t)g(t)dt‘ = /J a;(1)(g(t) gJ)dt‘_
1/2
1 2
< ge loslee | [ la®) -] <

N

1 _
5o 11721712 gllmo <

< Cligllbmo -

Then, we obtain

1 27
(R.0) < 5 S Wl| [ o500 ] < CIFn ol
J

with C' independent of F' € H*. Moreover F' +— (F,G) is bounded in the norm
H' and extend uniquely to a functional ¢ defined in H' with norm |[¢|z1) <
C|lgllbmo- Observe that we already have showed that [|¢||(z1)- < C|lg|lbmo, there-

fore [l (zr1)« = [[gllbmo-

Summarizing, we have proved the case p = 1 of the following theorem.
Theorem 7.2. Fvery ¢ € HP(A)* may be represented in the form (7.5) by an
unique G € ()< yeoo HY.

(1) Ifp=1, bG € bmo (T) and ||9||(z1)- = |9lbmo-

(2) Ifp <1, bG € AVP=H(T) and |6l zrry- = [lgllr/o-s-
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To explain the meaning of (2) in Theorem 7.2 we introduce the following func-
tional space.

Definition 7.2. We say that g € Ll('JI‘) belongs to A*(T) if

1/2
2
|g|5 - Sup <P€'P ‘J|28+1 / ‘g 7)| dt) < ’

where Py, is the set of all polynomials P(t), t € R, of degree less than or equal to
[s]. We also set

lgllas = lgls +llgllzr -

Case 0 < p < 1. We now conclude the proof of the theorem.

Proof. Assume 0 < p < 1. For n a nonnegative integer, let L2(J) the space
of the functions in L?(T) supported in J and that are orthogonal to the functions
1,0,0%...,0" ie

/ekf(a)dezfakf(e)dazo, 0<k<n.
T J

1 fely (1), f/(Iflr |J|1/P=1/2) is a generalized p-atom and we see that || f||n» <
C|J|M/P=1/2||f|| 2. Given any real function f € L%, (J) we can find F' € H' with
ROF = f and obtain

1 27
o [ OFQa0 @] = 16.F) < ol |l <
< Cliligny- 1I1VP7H2 || fll2 <

< Cllgllamy- [T1PH T2 fl e -

Then, reasoning as before, we obtain

1/2
(7.6 (177 [l =arPae) <l ol

Equations (7.2) and (7.6) show that g is in AYP=1(T) with [|g|[x1/p-1 < C||]| (zr)--
Then we conclude that every linear functional in HP can be represented uniquely
in the form (7.1) where G(z) is holomorphic and its boundary values bG(0) =
G(e?) € AP~ (T). To complete this result we have to show that, conversely, if G
is holomorphic and bG € A'/P~1 (T), the form

1
o

is bounded in H? - then can be extended (by density) continuously to H? getting
¢ € (HP)* - yet ||¢]|(ary« = |lglla1/5-1. But this can be done exactly as we did for
the case p = 1.

(7.7) F o (F,G) = / TR Gle-ty di . F e B

d

Remark 7.6. The spaces A*(T) introduced in Definition 7.2 are Hoélder spaces
(also called Lipschitz spaces) in disguise. For instance, if 0 < s < 1, f(e®*) € A*(T)
if and only if f(t), t € R, is continuous and satisfies

|f(tr) = f(t2)]

sup —————"2 <00
t1,t2€R |t1 - t2|
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We refer the reader to section 5 of [8, Ch. 3] where the equivalence is proved for
functions defined on R™.
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