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HARMONIC FUNCTIONS ON THE REAL HYPERBOLIC BALL I :
BOUNDARY VALUES AND ATOMIC DECOMPOSITION OF HARDY SPACES

PHILIPPE JAMING!

ABSTRACT. In this article we study harmonic functions for the Laplace-Beltrami operator on the
real hyperbolic space B,,. We obtain necessary and sufficient conditions for this functions and their
normal derivatives to have a boundary distribution. In doing so, we put forward different behaviors
of hyperbolic harmonic functions according to the parity of the dimension of the hyperbolic ball
Br. We then study Hardy spaces HP(B,), 0 < p < oo, whose elements appear as the hyperbolic
harmonic extensions of distributions belonging to the Hardy spaces of the sphere HP(S"~1!). In
particular, we obtain an atomic decomposition of this spaces.

1. INTRODUCTION

In this article, we study boundary behavior of harmonic functions on the real hyperbolic ball, partly
in view of establishing a theory of Hardy and Hardy-Sobolev spaces of such functions.

While studying Hardy spaces of Euclidean harmonic functions on the unit ball B,, of R™, one is
often lead to consider estimates of this functions on balls with radius smaller than the distance of
the center of the ball to the boundary S*~! of B,,. Thus hyperbolic geometry is implicitly used for
the study of Euclidean harmonic functions, in particular when one considers boundary behavior. As
Hardy spaces of Euclidean harmonic functions are the spaces of Euclidean harmonic extensions of
distributions in the Hardy spaces on the sphere, it is tempting to study these last spaces directly
through their hyperbolic harmonic extension.

The other origin of this paper is the study of Hardy and Hardy-Sobolev spaces of M-harmonic
functions related to the complex hyperbolic metric on the unit ball, as exposed in ] and [ﬂ] Our
aim is to develop a similar theory in the case of the real hyperbolic ball. In the sequel, n will be an
integer, n > 3 and p a real number, 0 < p < 0.

Let SO(n,1) be the Lorenz group. It is well known that SO(n,1) acts conformly on B,. The
corresponding Laplace-Beltrami operator, invariant for the considered action, is given by

D=(1-[z)?A+2(n—2)1—|z[*)N
with A the Euclidean laplacian and N = 2?21 zia%i the normal derivation operator. Functions u
that are harmonic for this laplacian will be called H-harmonic. The “hyperbolic” Poisson kernel that
solves the Dirichlet problem for D is defined for 2 € B,, and € € S*~! by

Pz, 6) I
x,&) = .
" 14|z —2<a,6>

With help of this kernel, one can extend distributions on S"~! to H-harmonic functions on B,, in
the same way as the Euclidean Poisson kernel extends distributions on S~ ! to Euclidean harmonic
functions on B,,. Our first concern is to determine which H-harmonic functions are obtained in this
way. We then study the boundary behavior of their normal derivatives. In doing so, we put forward
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2 PHILIPPE JAMING!

that, in odd dimension, normal derivatives of H-harmonic functions behave similarly to M-harmonic
functions whereas they behave like Euclidean harmonic functions in even dimension.

Finally, define HP(S"!) as LP(S"™1) if 1 < p < oo and as the real analog of Garnett-Latter’s
atomic H? space if p < 1. Let HP(B,,) be the space of Euclidean harmonic functions B,, such that
¢+ supge,q [u(r¢)| € LP(S"1). Garnett-Latter’s theorem asserts that this space is the space of
Euclidean harmonic extensions of distributions in HP(S"~!). We prove here that the space H?(B,,)
of H-harmonic functions such that ¢ — supg.,q |u(r¢)| € LP(S"™!) is the space of H-harmonic
extensions of distributions in H?(S"~1).

This article is organized as follows : in section 2 we present the setting of the problem and a few
preliminary results. Section 3 is devoted to the study of boundary behavior of H-harmonic functions
and concludes with the study of the behavior of their normal derivatives. We conclude in section 4
with the atomic decomposition theorem.

2. SETTING

2.1. SO(n,1) and its action on B,,. Let SO(n,1) C GL,41(R), (n > 3) be the identity component
of the group of matrices g = (gsj)o<i,j<n such that goo > 1, detg = 1 and that leaves invariant the
quadratic form —z2 + 2% + ... + 22.

Let |.| be the Euclidean norm on R*, B,, = {z € R" : |z| < 1} and S""! = 9B,, = {z € R"
|z| = 1}. It is well known (cf. [LJ)) that SO(n, 1) acts conformaly on B,,. The action is given by
Yy = g.r with

%gpo + Z?:l Ipl Ll

1—|z|? 14|z 2 n
—‘2 = —|2 | goo + D _j—; Joi

The invariant measure on B,, is given by

Yp = forp=1,...,n.

dx _ r"~ldrdo
(1 —faPy=t A=
where dz is the Lebesgue measure on B,, and do is the surface measure on S™~!.

We will need the following fact about this action (see [f]):
Fact 1 Let g € SO(n,1) and let g = g.0. If 0 < e < %, then

du =

V2
B(zo, ?(1 - |x0|2)€) C 9.B(0,¢) C B(z0,6(1 — |x0|2)5).
2.2. The invariant laplacian on B, and the associated Poisson kernel. From [@] we know
that the invariant laplacian on B,, for the considered action can be written as

0

D=(1-1)2A+2(n-2)(1 42)2@6—%

=1
no 9%
i=1 axf .

where 7 = || = (#? + ...+ 22)Y/? and A is the Euclidean laplacian A =
Note that D is given in radial-tangential coordinates by

1—72
2

D = [(1—TQ)N2+(H—2)(1+T2)N+(1—TQ)AG]

r

with N = rd% =>", xia%i and A, the tangential part of the Euclidean laplacian.

Definition A function u on B,, is H-harmonic if Du =0 on B,,.

The Poisson kernel that solves the Dirichlet problem associated to D is
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1 7’2 n—1
P =
h(Tnvg) <1+T2—2T<77,€>)
for0<r<1,n€6eS" ! ie forrneB, and £ € S* L.
Recall that the Euclidean Poisson kernel on the ball is given by
11—
(1472 —2r <n&>)2

Pe (7"777 5) =

Notation : For a distribution ¢ on S*~1, we define P.[¢] : B,, — R and P,[¢] : B, — R by

Pe[‘P](m) =< (pape(rna ) >
Prlel(rn) = < @, Pn(rn,.) >
P.[¢] is the Poisson integral of o, and P[] will be called the H-Poisson integral of .

Finally, H-harmonic functions satisfy mean value equalities : let a € B,, and g € SO(n,1) such
that g.0 = a. Then, for every H-harmonic function u,

1
u(a) = 7/ u(z)dp(x).
1(B(0,7)) Jg.B0,r)
Thus, with fact 1 and du = —dz____ o see that

a1
c

u(a)| < ———— u(x)|dx 2.1

RS T [ ) 2.)

2.3. Expansion of H-harmonic functions in spherical harmonics.

Notation : For a € R, write (a); = F%’I(Z)k) thus (a)g = 1 and (a)r = ala+1)...(a + k — 1) if

k=1,2,.... For a,b, c three real parameters, o F; denotes Gauss’ hyper-geometric function defined by

(Pl b =3 et

Let Fi(z) = 2F1 (1,1 - 5,1+ §;2) and fi(z) = Fi(z) (See H] for properties of o F}).

Remark : If n > 2 is even, 1 — % is a negative integer thus 2 F1 (1,1 — %,1+ %,7?) is a polynomial in r
of degree n.

n [0, [1] and [, the spherical harmonic expansion of H-harmonic functions has been obtained.
An other proof based on [fl]] can be found in [ff]. We have the following :

Theorem 1 Let u be an H-harmonic function of class C?> on B,. Then the spherical harmonic
expansion of u is given by

ZFl Jui(rQ),

where this series is absolutely convergent and umform]y convergent on every compact subset of B,,.

Moreover if ¢ € C(S"~1), the Dirichlet problem { Du=0 in B,

has a unique solution
u=¢ onS*! q

u € C(B,) given by
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uz) = [ QP 0dolc) = Bilil)

also given by

u(r¢) =Y filr?)rlei(C)
!

where ¢ = ), ¢y is the spherical harmonic expansion of ¢.

3. BOUNDARY VALUES OF H-HARMONIC FUNCTIONS

In this chapter we prove results about the behavior on the boundary of H-harmonic functions
and their normal derivatives. For H-harmonic functions, the results are similar to the results for
Euclidean harmonic functions. On the opposite, for the normal derivatives of H-harmonic functions,
the boundary behavior depends on the dimension of the space.

3.1. Definition of Hardy spaces.
Notation : For u a function defined on B,,, define the radial mazimal function M[u] : S"~! +— R by

Mu)(¢) = sup [u(t()].

0<t<1
We will now study H? spaces of H-harmonic functions defined as follows :

Definition Let 0 < p < oo. Let HP be the space of H-harmonic functions u such that Mu] €
LP(S"~1), endowed with the “norm”

sup |u(t.)|

HUHHP = ||MUHLP(S7L71) =
0<t<1

Lp(Sn-1)
We will call HP the Hardy space of H-harmonic functions.

Remark : If 0 < p < 1, the application u +— |[Jul|;,, is not a norm, however the application u,v
lu — v||;» defines a metric on HP. In the sequel, we will often use the abuse of language to call [|. ||,
a norm whatever p might be.

Definition A function u onB,, is said to have a distribution boundary value if for every ® € C>°(S"~1),
the limit

i [ ur)@(Qd(0

exists. In case u is H-harmonic, this is equivalent to the existence of a distribution f such that
u = Ph [f]

3.2. Boundary distributions of functions in HP. In this section, we are going to characterize

boundary values of functions in H?. The characterizations we obtain are similar to those obtained for

harmonic functions on R’} or for M-harmonic functions. The proofs are inspired by [l and [H].
The first result concerns functions in H?, p > 1.

Proposition 2 Let u be an H-harmonic function.
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(1) If 1 < p < o0, then
sw [ oo Q) < +oc
gn—1

0<r<1
if and only if there exists f € LP(S"~!) such that u = Py[f].
(2) Forp=1,
sup [ fulr)lda(g) < +o0
0<r<1 Jsn—1
if and only if there exists a measure p on S"~! such that u = Py [u)].

Proof. Assume that u = Pp,[f] with f € LP(S"71). As

[Pr(r¢, ')”Ll(Sn*l) =1,
Holder’s inequality gives

WP < [ PG OIAOPao©) = [ BaCrolf©) o)

an integration in ¢ and Fubini leads to the desired result.

Conversely, if the LP(S*~1) norms of ¢ + u(r¢) are uniformly bounded, there exists a sequence
rm — 1 and a function ¢ € LP such that u(r,,() — ©(¢) *weakly thus weakly in LP(S"~1). But then,
for r( € B, fixed,

BlelrO) = tim [ Bu(rC.Oulrn€)do(s)

(1) " Jon-

> .
= lim A m)rl fl(r)rlul(C)

= Jim S A [ e uiein o
>0

=3 filr)r'w(¢) = u(r¢).

1>0

The proof in the case p = 1 is obtained in a similar fashion using the duality (Ll, M(S"_l)). a
We are now going to prove that H-harmonic functions have a boundary distribution if and only if
they satisfy a given growth condition. For this, we will need the folowing lemma ( [, lemma 10).

Lemma 3 Let F € C?([3,1]) and h € C* ([3,1]). Assume that

h(z)

F//
@)+ 17—

F'(z) = O(1 — 2)~°

when x — 1. Then
(1) If @ > 2 then F(z) = O(1 — z)~+L,
(2) Ifl <a< 2 Then 11m14,1 F(;L') exjsts_

We are now in position to prove

Theorem 4 Let u be an H-harmonic function. Then u admits a boundary value in the sense of
distributions if and only if there exists a constant A such that

u(r¢) =01 —r)~ "4,
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Proof. Recall that

1—172

D = 5

[(1=r*)N?+ (n —2) (1 +7°)N + (1 — r*)A,] (3.1)
”
Assume that Du = 0 and that u(r¢) = O((1 —r)™4). Let ¢ € C>°(S"~!) and let

P = [ w0 0)
Formula (3.1) with Du = 0 tells us that

(1= )N*F+ (n—2)1+r*)NF + (1 —r*)A,F = 0.
where A, I stands for

A F() = [ Anulr0)p(Qae(€) = [ ulrOAse(Qdo(0)
with A% the adjoint operator to A,. Recall that N = r4L thus
— 1)+ (n—3)r?
2F/I (n
() + 1—172

Write ¢ = —AZ¢ and T the differential operator

rF'(r)+ A, F =0 (3.2)

? (n—1)+nm-3)r* d
2 R
+ 1—1r2 "ar

729
dr?

so that equation (3.2) reads
TR = [ arp(Qd(0).

One then immediately deduces the existence for k = 1,2, ... of a function v € C>(S"~1) such that

TR0 = [ a0 Qo)
But we assumed that u(r¢) = O(1 — r)~“. We thus have

T*F(r)=0(1 —7r)""

and applying lemma 3 we obtain

TFIF(r) =01 — r)~4F1,
Therefore, starting from 7% with k¥ = [A] + 1 and iterating the process k times, one gets that
lim,_,; F(r) exists.
Conversely, if u admits a boundary distribution f, then u = P[f] i.e. u(r() =< f,Pr(r(,.) >.
But then f being a compactly supported distribution, it is of finite order, thus there exists k£ > 0 such
that

[u(rQ)| = |< f,Pa(r¢,.) > < C’HVIE]P’h(TC,.)HLm < m

which gives the desired estimate. g

Proposition 5 Let 0 < p < 400 and u be an H-harmonic function. Assume that

sup /Sni1 lu(r$)[Pdo(¢) < oo.

0<r<1
Then, there exists a constant C such that for every a € B,
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G
(1 —la))7

In particular, u has a boundary distribution f i.e. u = P,[f].

u(a)| <

Proof. The mean value inequality implies that

e ¢
S G0 S (o tene)

for & small enough. But B(a, (1 —|al)e) C{r¢ : (1—e)(1—|a|) <1—r<(1+¢€)(1—|a|)} thus

u(z)["d

o p--o0-la) . o
|’u(a)|p < m/l /Snil |’U,(T§)|pdo‘(C)T dr < W O

—(1+e)(1—lal)

Remark : Theorem 4 is well known. It has been proved by J.B. Lewis [[]] in the case of symmetric
spaces of rank 1 and eigenvectors of the Laplace-Beltrami operator (for arbitrary eigenvalues) and
further generalized by E.P. van den Ban and H. Schlichtkrull [@]

3.3. Distribution boundary values of H-harmonic functions.

Notation : For 1 <4, <n,i# j, let £;; = xi% — xj%. Then the £; ;’s commute and commute
j i

with N. Further, if u is H-harmonic, then £; ; is also H-harmonic. Finally, N and {£;;}1<izj<n

generate V¥ outside a neighbourhood of the origin.

Recall that Du = 0 if and only if

(1—7r*)N?u+ (n —2)(1 +r*)Nu+ (1 —r*)Ayu = 0. (3.3)
Apply N*~! on both sides of this equality and isolate terms of order k + 1 and k :

(1 —r2)N* 1y —2(k — 1) N*u+(n — 2)(1 +r?)N*u
k—3 k—2

k—1 ; . k—1 . _
:T2 ] 2k7]71N]+2 4 2 ] 2]{27]71NJA0_
Z J e Z J u
Jj=0 7=0
k—2 E—1
7=0

We are now in position to prove the following lemma :

Lemma 6 Let u be an H-harmonic function with a boundary distribution. Let Y be a product of
operators of the form L; ; and let X = N¥Y. Then if k < n—2, Xu has a distribution boundary value
in the sense that

lim Xu(r¢)®(¢)do(¢)

r—1 S§n—1
exists for every function ® € C>°(S"~1).

If k = n — 1, the previous integral is a O (1og 1—;) , in particular

r—1

fim (1 — 12) /SH Xu(rO)®(C)do (C) = 0.
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Remark 1 : If u has a boundary distribution, then £; ju has a boundary distribution.

Remark 2 : As V* is generated outside a neighbourhood of the origin by operators of the form N'Y
where Y is a product of at most £ — [ operators of the form £; ;, We deduce from the lemma that if
k <mn —2, V¥ has a boundary distribution, whereas

V()@ (C)do(C)

sn-

has a priori logarithmic growth.

Proof. Proceed by induction on k. Fix ® € C°°(S"~!) and let Y be a product of operators of the
form £; ;. Let

i) = [ NUORQas0: 0<r<t

Applying Y to formula (3.4) and noticing that Y and N commute, the induction hypothesis implies
that the function

g(r) = (L= r*)Nupi(r) — 2(k — D)r*i(r) + (n = 2)(1 + 1) (r) (3.5)
has a limit L when r — 1.
But, solving the differential equation (3.5), (N = r-%), we get

dr
(1—r2)nht 1 synek—1 [ 9(s)s"° —(n—k—1)—
= 1—p2)n IS gy nk-D)-1gg
’l/)k (7’) rn—2 + T"_2( r ) 0 (1 + S)n—k( S) 8
Thus, if k& < n—1, we obtain that ¢ (r) has limit m whereas if k = n—1, ¢, (r) has logarithmic
growth. O

Remark : We will show at the end of this section that if n is even, N"~1u can have a better than
logarithmic growth, whereas if n is odd, only constant functions have a better than logarithmic growth.

Corollary 7 Let P, be the sequence of polynomials defined by Py = 2(n — 1), P, = 0 and for
2<k<n,

1 k=2 n(j—1)—(n—2)k
Po(X) =251 (J — 1)! 2 ST j(ﬂ 1)()l€ (j - 1))!(j 55 &)
k-3
+ 2872 (k - 1)!2 T 1)1(/<; — o B+ 2"IX

Then, for every H-harmonic function u having a distribution boundary value, and for every 1 < k <
n—2, Nfy= MPMAU)U as boundary distributions, i.e. for every ® € C*°(S"~1),

. 1
i [ (Vo0 - o PA0) ) #(0)de(6) =0

Proof. For convenience, write Qr = MP;C. As n > 3, for u H-harmonic having a boundary

distribution, formula (3.3) and lemma 6 impliy that Nu = 0 on the boundary, thus the result for
kE=1.
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Next, notice that N*u = Q(A,)u on the boundary implies A, N¥u = A,Qr(Ay)u on the bound-
ary.

Assume now that N9u = Q;(A,)u on the boundary for j <k — 1. If k < n — 2, lemma 6 tells us
that (1 — r2)N¥*1y = 0 on the boundary and that (1 —r2)N*"1A,u = 0 on the boundary. Formula
(3.4) gives then, when r — 1,

k—3 L 1 k—3 L 1
—2(k—1)+2(n—2))NFy = ST 2RI I NI 2y ( B )Qk_j_leAa
(-2 -1+ 2= )N =3 (F7 1) ut D (7 v

j=0 j=0
k—2

—(n-2)>" <’C ; 1) ok—i=1 N+l
j=0

But, by the induction hypothesis, N9u = Q;(A,)u and with the previous remark N7A,u = A, N/u =
AsQ;(Ag)u, therefore

k—3

k—1 i k—1 i
(2= 1+ 2= =3 () 20+ X (M) 200,00
j=0 3=0
e R
~- X (M) a0
§=0
finally, using Qg = 1 and @; = 0 and grouping terms, we get the desired result. O

Remark 1 : One easily sees that P is a polynomial of degree [%] and that for k£ > 2, P, has no
constant term.

Remark 2 : According to corollary 7, Nu = 0 on the boundary. On the other hand, an easy

computation leads to DNu = —4(n — 2)Nu i.e. Nu is an eigenvector of D for an eigenvalue of the
form (s —1)(n—1)? (with s = 2=3) thus (s+1)25;* = n—2 € N*. This is precisely the case where it

is impossible to reconstruct Nu with help of a convolution by a power of the Poisson kernel (see [[J)).

Remark 3 : The fact that for every H-harmonic function w, Nu = 0 on the boundary is in strong
contrast with Euclidean harmonic functions. Actually, if v is an Euclidean harmonic function on B,,,
and if Nv = 0 on the boundary, then v is a constant.

3.4. Boundary distribution of the n — 1! derivative. In this section we prove that, in odd di-
mension, normal derivatives of H-harmonic functions have a boundary behavior similar to the complex
case of M-harmonic functions as exhibited in [E] (with pluriharmonic functions playing the role of
constant functions) whereas, in even dimension, the behavior is similar to the Euclidean harmonic
case.

Theorem 8 ¢ Assume n is odd.
Let v be an H-harmonic function having a boundary distribution. The following assertions are
equivalent :

(1) w is a constant,
(2) N"~'u has a boundary distribution,
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) Jns N*=u(rQ)®(C)dor(C) = o (log ﬁ) for every ® € C(S*).
o Assume n is even, then if ¢ € C®(S"™1), Pulp] € C®(B,). In particular, if u is H-
harmonic with a boundary distribution, then for every k > 0, N*u has a boundary distribution.

Proof. o Assume first n is odd. The implications (1) = (2) and (2) = (3) being obvious, let us
prove (3) = (1). Theorem 1 tells us that an H-harmonic function u admits an expansion in spherical
harmonics

=Y A0 rtu(C (3.6)

1>0
where u; is a spherical harmonic of degree [ and f; is the hypergeometric function

filz) =

U1 =314 §0)  §SDUHRN0 =5 4 BO0E HI0)
2 (11— 5,1+ 3,1 r DT+ %5+ k)T (1+/<:)

Moreover the sum (3.6) converges uniformly on compact subsets of B,,, in particular
Jalgzonn 62t = [ alrGu(Q)do(o)
On the other hand, if [ # 0 as n is odd,

D+ K01 -2+ )00+ 20(1) T+ 2)r1) 1 1
TP -1+ 2+ k(1 +k) DO —2) k" [1 +0 <_)]

k

thus the n — 2 first derivatives of F; have a limit when z — 1, whereas the n — 1-st derivative grows
like log(1 — «) when & — 1, thus (3) implies that u; = 0 for I # 0, that is u is constant. o

o Assume now n is even and write n = 2p. Then if p € C*®(S" 1), ¢ admits a decomposition into
spherical harmonics ¢ = 3,75 ¢ with ¢, = O(1~%) for every a > 0 ([LJ] appendix C). But then

+oo
= filr)r Q)
=0

with

fl(T)Tl _ QFl(lal 7pal+par2)rl (l+2p7 1 i ] 2j+l.
2F1(l51_pal+p51) (l+p 2p—1 =0 J-j'

But, for every k > 0,

NF i (0);(1—p); 20+ i 2 4 1)kkp2iH,
=0 (I +p)sj =0 JJ'
+oo
Therefore N*(f;r!)(1) = O(I*+*~1). But |l = O~ *+P+1)) thus ZNkfl(r)gal(Q converges
1=0

uniformly on B,, and Py,[¢] € C=(B,,).
The fact that for v H-harmonic with a boundary distribution, N*u has also a boundary distribution
then results from the symmetry of the Poisson kernel : P, (r(, &) = Py, (7€, (). i

Remark 1 : Normal derivatives of H-harmonic functions have two opposite behaviors depending on
the dimension of B,,. In odd dimension, the behavior is similar to the complex case (see [E], in this
case, the analog of constant functions are pluriharmonic functions).

In opposite, in even dimension, the behavior is similar to that of Euclidean harmonic functions.
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Remark 2 : The similarity with the Euclidean case can be seen in a different way. In [@], the
following link between Euclidean harmonic functions and H-harmonic functions has been proved :

Lemma 9 For every H-harmonic function u, there exists a unique Fuclidean harmonic function v
such that v(0) = 0 and :

1dt

u(r¢) u(0)+/0 w(rtO)[(1 = )1 — 1)) E~ =

for every 0 < r < 1 and every ¢ € S"~ 1.
Moreover, let f = >, u; is the spherical harmonics expansion of f € L*(S"™') and if g =

. %ul, then lemma 9 links u = P, [f] to v = Pc[g].

But, if f =Y, u, € C®(S" ') and g =), FF(HL?);&)UZ Then, as |Ju, = O~ ) for every a > 0,
g € C®(S"1) thus v = P.[g] € C=(B,,).

Moreover, if n is even (1 — #72)2~! is a polynomial and is therefore C*°, we then find again that
u € C*(B,).

In opposite, if n is odd, we find again the n — 1 obstacle since the highest order term of (1 —
)2 INE(1 —tr2)2 1 is

11—tz 1 —tr2)e 1 F (1 —t)n 2k

t)ni?ik

when r — 1, and since (1 — is not integrable for k > n — 1.

4. ATOMIC DECOMPOSITION OF HP SPACES

In this section we prove that HP spaces admit an atomic decomposition. In @ we define HP,
and show that this space is included in HP. Conversely, we have seen in the previous chapter that
H-harmonic functions in HP are obtained by H-Poisson integration of distributions on S"~!, thus
they are extensions of distributions from S*~! to B,. An other mean to extend a distribution on
S*—! to B, is integration with respect to the Euclidean Poisson kernel. In we study the links
between this two extensions, which allows us in [i.d to obtain the inclusion H? C ‘H”, from the atomic
decomposition of HP spaces of Euclidean harmonic functions.

4.1. Links between Euclidean harmonic functions and H-harmonic functions. We will now
prove a “converse” to lemma 9.

Lemma 10 There exists a function 7 : [0,1] x [0,1] — RT such that

i: Pe(r¢,€) = [ n(r, p)Pu(pr¢, €)dp,
ii: there exists a constant C' such that for every r € [0, 1], fol n(r,p)dp < C.

=cy [ S S Writing X = 2(1— < ¢, & >), with an obvious abuse

Proof. Note that ot )_ nJo TwEygra)T

of language, we then get
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The following change of variable z = (1_13’3)2 — (1_:)2 = (T_p)p(:_’”), leads to

n
2

1—r? " r—p)(1—pr)E % 1-p?
Pe(r, X) =— cn/ I (1_)()2 n,l)] T dp
0 [X—l——pp} (pr)s 2
B

1= [Tl =p(—pr)]
g/

- 7""_2

-2

2
_f)dp

1
[pX + (1 —p?)]" " pi= %
1—72

2 /0’” Pi(p, X)(1 = p*)* " [(r = p)(1 — pr)] 2 ?p% dp

1 .
=c, (1 — r2)/ Pp(rs, X)(1 — r232)2_"[(1 —s)(1-— sr2)] 27251
0
We thus obtain i/ with
n(r,s) = cp(1—r?)(1 —r?s*)> 7" [(1 = s)(1 — s1?)] 272551
Of course n > 0 and one easily checks that fol n(r,s)ds < C, since n > 3. O

Corollary 11 Let n be the function defined by lemma 10. Let f be a distribution on S*~! and let
u =P[f] and v = P.[f]. Then u and v are linked by

v(r¢) :/0 n(r, s)u(rs¢)ds.

In particular, if u € HP, then v € HP(B,) and [|v|| 0, ) < Cllully-

4.2. The inclusion H?, C HP.

Definition A function a on S*~1 s called a p-atom on S~ if either a is a constant or a is supported
in a ball B(&y,ro) and if

_1
P

1: a(8)] < O’[B(éo,?"o)} , for almost every £ € S"~1,
2: for every function ® € C>=(S"1),

. 1-1
Tg(p)U{B(éovTo)} !

[ a@u@ine)| < [vos o)

with k(p) an integer strictly bigger than (n — 1) (1—1) - 1).

Proposition 12 There exists a constant C,, such that, for every p-atom a on S"~', A = Py, [a] satisfies

[All308,,) < Cp-

Proof. Let a be a p-atom on S"~!, with support in B(&y, 7). We want to estimate
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/ sup
Sn—1te0,1]

:/ sup
B(&o,cro) t€[0,1]

+ / sup
Sn=1\B(¢o,cro) t€[0,1]

=L+ 1

p

do ()

[ Py (t€, €)a(€)do (€)
B(&o,70)

[ Py (t€, €)a(€)do (€)
B(&o,r0)

P

do(¢)

p

do(¢)

/ Py (t€, €)a(€)do (€)
B(&o0,70)

with ¢ > 1 a constant. But, by Holder’s inequality,

(NS

I :/ sup [Pu[a)(t0)[Pdo(C) < co(B(&,cro))' ™ U sup IPh[a](tC)IQdU(C)]
(£0,cr0) t€[0,1] (£0,cr0) t€[0,1]

~ 1—-2 ~ 1—2
<co(B(to. o)) Pulalllfea,, < co(Bléo,ero)' ™ flallhagen

since PPy, is bounded L?(S"~!) — H?(B,,). Using property (1) of atoms, we see that

I, <C (U(B(§0acro))>lg <C

o(B(&,0)) -
Let us now estimate I. Using property (2) of atoms, we have, for ¢ € S"~1\ B(&, cro)

p

-1
Srgk(p)

[ Py (1€, €)a(€)do (€)
B(&o,70)

VEORL)|_o(Blgo o)

1 -
(¢, &)p(ntk(p)—1) U(B(foaro))

p—1

SCprgk(p)(l . t2)n—1 X sup
£€B(&o0,m0) d

thus
I SCprgk(p)o(B(fo,To))p_l/ sup -~ i ——do(()
§n=1\B(£n cr0) £€ B (£g,r0) UC, E)PTREIZL)
rgk(p) (n—1)(p—1)
hS pr(g (1+Z(fi) 1](n—1)
since p(n + k(p) — 1) >n —1ie. k(p) > (n—1) (% - 1). Thus I, < C),. O

Remark 1 : Condition (2) implies with ® = 1 that

[ atdote) =0
S’n.fl

Remark 2 : Condition (2) is equivalent to the a priori weaker condition :

2’: For every spherical harmonic P of degree < k(p),

/ a(€)P(€)do(€)
STL*I

At LG CEe

Lee B(ﬁo,m)
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Proof. Assume this condition is fulfilled and let ® € C>°(S"~1). There exists P, a linear combination
of spherical harmonics of degree < k(p) and R € C>(S"~1) such that

(1) &= P+R,
(2) ||R||L°° (B’(fg,ro)) < Cprg(p)Hvk(P)@H

Then

L (B’(&WO))'

/SH a(&)P(é)dU(S)‘ + /Si a(&)R(&)do(g)‘

/S a(é)q’(é)do(g)‘ <

1—1

SCpHVk(p)PH )Tg(m [J(B(go,ro))} ’

L (3(5077“0)

el (e ) 1B (51 ) 7 (BE0270)

SCHvk(P)@H )r’g@ {U@(gwo))]l,_

Lo (B(€o.r0)

We could also impose the following weaker condition

3: For every spherical harmonic P of degree < k(p),

/S “<€>P<£>do(§>\ —0.

We would than obtain a stronger atomic decomposition theorem. However this version is sufficient
for our needs. It is also more intrinsic, the estimates we impose are directly those that are needed in
the proof and finally it allows us to stay near to the proof in [E]

Definition A function A on B,, is called an HP-atom on B,, if there exists a p-atom a on S*~! such
that A = Ph [a]
We define HE,(B,,) as the space of distributions u on B,, such that there exists :

1) a sequence of H,-atoms (A;)32, on B,
14 J/5=1
2) a sequence (A\;)2, € (P such that
J/j=1

j=1

with uniform convergence on compact subsets of B,,.

We write

Jullyr = inf (Z w)
=1

where the infimum is taken over all decompositions of u of the form (4.1).

Proposition 13 For 0 < p <1, H",(B,,) C H?(B,,) there exists a constant C,, such that for every
u € Hgt (Bn>’

lullyee < Collullye

Proof. 1t is mutatis mutandis the proof of theorem 2.2 in [E]
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Let e > 0 and let u = Z 1 AjA; be a function in H?, and take an atomic decomposition such that

Yt NI < (o) lullz -
Property 2 of atoms 1mphes that

1
V* A (2)] =[V*Pla]| < |[VEP VARG, | @) o (B(€o,m0)) 7
’ ‘ ’ h = 13 h( ) Lm(B(&MO)) 0 ( (Eo 0))
Cp.k
ST ol
the series 3%, A\;V*A;(z) converge uniformly on every compact subset of By, thus Y22, X A;(x)
defines an H-harmonic function on B,,.
Moreover
D Ad@)| <D P14
j=1 =1
Therefore
P
sup AjA;(rQ) doC_/ sup NP1 A (r¢) [Pdo (¢
/S; © SMOMD P14, () Pder(€)
<cp >l
j=1
<(1+e)PCyllullyy
which means that [lull,;, < Cllully - O

4.3. The inclusion H? C H%,. We will here use the fact that the space H?(B,,) of Euclidean harmonic
functions v such that M[v] € LP(S"~!) admits an atomic decomposition i.e. that for every function
v € HP, there exists a sequence (\;)ken € /P and a sequence (ay)ren of p-atoms on S*~! such that

r¢) = > MPela](r¢) (4.2)
keN
and moreover
vl g = (Z I/\k|p>
keN

This result is well known, however it seems difficult to find an adequate reference. One may for
instance adapt the proof of Garnett and Latter [f] as outlined in [f].

Let u € HP, then u admits a boundary distribution f and u = Pp,[f]. Then let v = P.[f]. By lemma
10, v € H?(B,,) thus v admits an atomic decomposition i.e. there exists a sequence (A\g)ren € P and
a sequence (ay)ren of p-atoms on S”~! such that v is given by (4.2), thus

f= Z Ak
k=0

in the sense of distribution. Therefore u = P[> Apar] = > A\gPr[ag], the series being convergent in
‘HP by proposition 13. We have thus proved the following theorem :
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Theorem 14 For every 0 < p < 1, H? = H%, and the norms are equivalent.
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