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FUNCTION SPACES GENERATED BY BLOCKS
ASSOCIATED WITH SPHERES, LIE GROUPS
AND SPACES OF HOMOGENEOUS TYPE

ALES ZALOZNIK

ABSTRACT. Functions generated by blocks were introduced by M. Taibleson
and G. Weiss in the setting of the one-dimensional torus T [TW1]. They
showed that these functions formed a space “close” to the class of integrable
functions for which we have almost everywhere convergence of Fourier series.
Together with S. Lu [LTW] they extended the theory to the n-dimensional
torus where this convergence result (for Bochner-Riesz means at the critical
index) is valid provided we also restrict ourselves to Llog L. In this paper we
show that this restriction is not needed if the underlying domain is a compact
semisimple Lie group (or certain more general spaces of a homogeneous type).
Other considerations (for example, these spaces form an interesting family of
quasi-Banach spaces; they are connected with the notion of entropy) guide one
in their study. We show how this point of view can be exploited in the setting
of more general underlying domains.

1. Introduction. Function spaces generated by blocks were introduced by
M. Taibleson and G. Weiss in the setting of the one-dimensional torus T (see
[TW1]). The motivation for their study was the connection of these spaces with
the almost everywhere convergence of Fourier series. Later S. Lu, M. Taibleson
and G. Weiss extended the theory to the n-dimensional torus T™ proving almost
everywhere convergence results for the Bochner-Riesz means of multiple Fourier
series (see [LTW]).

Spaces generated by blocks have also been studied from other viewpoints. They
are connected with R. Fefferman’s notion of entropy (see [F, SO, TW1]), and with
random Fourier series (see [TW1]), as well as being of interest on their own (see
[MTW]). For a general overview of the theory see the survey article [TW2].

The purpose of this work is to prove results which motivate the study of spaces
generated by blocks

(i) as classes of convergence in the setting of the unit sphere S™ and on compact
semisimple Lie groups, and

(ii) as objects interesting because of their functional analytic properties in the
general setting of a space of homogeneous type.

We start by a brief description of blocks and the spaces they generate on the
torus T. As indicated in [TW1] the theory has its roots in the atomic theory
of Hardy spaces; in fact, the definitions exhibit much of the flavor of the atomic
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140 ALES ZALOZNIK

theory. The basic building blocks are now g¢-blocks which are just (1,q)-atoms
without cancellation.

A g-block, 1 < g £ 00, on T is a measurable function b satisfying

(a) the localization property suppb C I for some arc I C T, and

(b) the size condition |||, < |I|=1/9', where |I] is the measure of I and ¢ is the
conjugate index of gq.

The numerical sequences (mg) used to combine the g-blocks satisfy

N((m)) 2:|mk|<l+logzI [m IJI) < 0o

(see Lemma (1.1) below for motivation).
The spaces By(T') generated by g-blocks are defined by

{ kabk, ((mg)) < oo, by are q-blocks}
and are equipped with the quasi-norm

Ny(f) = inf N((mx)),

where the infimum is taken over all sequences (my) for which f has a representation
[ =Y mgbi with bg being g-blocks. B,(T) is a quasi-Banach space.

As pointed out in [TW2] the basic definitions make sense in any metric space
equipped with a measure suitably related to the metric; that is, B, can be defined
on any space of homogeneous type.

We now give a short description of the contents section by section.

In §§2 and 3 we study convergence problems in two special instances of a space of
homogeneous type. On the unit sphere S®~! of R" we consider the Cesaro means of
the decompositions into spherical harmonics. We establish the almost everywhere
convergence of these means for functions in By(S™~!). In the third section we prove
analogous results for the Riesz means of Fourier series on a compact semisimple Lie
group.

In §4 we generalize constructions which M. Taibleson and G. Weiss proved and
used on T to establish many functional analytic properties of the spaces B;. These
constructions essentially show how the quasi-norm N, is not only measuring the
size of functions in By but also tells us something about the geometry of their level
sets. We work in the setting of a nondiscrete space of homogeneous type.

The fifth and final section is devoted to the following lemma first proved by
E. Stein and N. Weiss (we state the lemma now because we will make use of it in
§82 and 3).

(1.1) LEMMA (SEE [TW1]). Let (gx) be a sequence of measurable functions
on a measure space (X, u) such that for every k € N

p({z € X, |gk(z)| > A}) < A71 (A>0)

and let (my) be a numeric sequence with N((mg)) < oo. Then

u({z e X, X Imillgn(@)] > A}) SAN(me)A (A >0),
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in particular, the series ) mygx converges absolutely almost everywhere on X.

This lemma is one of the basic ingredients of the theory of spaces generated
by blocks. We show, using probability theory, that the condition N((mx)) < oo
is in a sense best possible for the conclusion of the lemma; this result may be of
independent interest.

This work forms part of the author’s dissertation completed at Washington Uni-
versity, St. Louis. The author wishes to express his deep gratitude to Guido Weiss
for his guidance and encouragement.

2. Cesaro means on the unit sphere. In this section we study Cesaro means
of expansions in spherical harmonics associated with functions defined on the unit
sphere of the Euclidean space R™, n > 3. We show that spaces generated by blocks
play the role of a class of convergence for Cesaro means of critical order much the
same way as on the tori T™.

First we fix some notation and describe the harmonic analysis on the sphere.
S™—1 denotes the unit sphere in R® and we assume that n > 3. Points on S™~!
are denoted by z’,y',... and z’ - ¢’ is the usual inner product of 2’ and ¥’ in R".
S™~1 is a Riemannian submanifold of R™ and the geodesic distance is given by
d(z',y') = arccosz’ - y' (z',y’ € S™7!) so that 0 < d(z',y') < 7. The Lebesgue
measure on R™ induces a measure on $”~! invariant for rotations around the origin.
We denote this measure by o and assume that o is normalized: o(S™~!) = 1.

We have the orthogonal decomposition

2(gn-1) @ZH’C

where Hj is the space of spherical harmonics of degree k; that is, the space of
restrictions to S®~! of polynomials, homogeneous of degree k and harmonic on R™.
Thus for f € L2(S™~1)

F=> fc  (fx€H),
k=0

the series converging in L2(S™~1).
The orthogonal projections f — fi are given by

(21) 1) =120 = [ 16120 W) dotw),

Zy (k) being the zonal harmonic of degree k with pole z’; that is, the unique element
of Hj invariant under rotations leaving z’ fixed and normalized so that Z, (k) (z') =
dim Hj. Note that although we assume functions to be complex valued, the zonal
harmonics are real valued (see [SW, p. 143]).

The integral in (2.1) makes sense for every integrable function f; therefore, we
assign to each f € L1(S™~!) its decomposition:

(2.2) F=Y fx  (feLY(S™), fr € Hy),
k=0

where the fi are given by (2.1).
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We are interested in convergence properties of this series; in particular in its
Cesaro summability.
For § > —1 the Cesaro means of order § of the series (2.2) are defined by

k=L
ol f=(A)™ Y AL o fi, (L=0,1,2...)
k=0

where the coefficients A} are given by
L+6 (6+L)---(6+2)(6+1)
AS = 1, Ab = = = o)l
o,{ is an integral operator whose kernel is a finite weighted sum of zonal harmonics.
The invariance of Zﬁc) under rotations leaving ' fixed implies

(2.3) ZPW) =pe(e’-y) (k=0,1,2,...)

where py is a real-valued polynomial of degree k on the interval I = [-1,1].
The polynomials p are constant multiples of Gegenbauer polynomials (see [SW,
p. 149]).

Rewriting the orthogonality relations among Zéfc) ’s in terms of Gegenbauer poly-
nomials, one gets

(2.4) /_ lpk(u) pu(u) - (1—u?)"" 32 dy = C - pi(1) - 6

that is, {px}52, is an orthogonal system of polynomials in L?(1, (1—u?)("~3)/2 duy).
Here the constant C depends only on the dimension n.

Let us make a general observation about Cesaro means. Let u be a positive Borel
measure on I = [—1,1] and let {gx}$, be an orthogonal system in L2(I,dy). The
Cesaro means of order § > —1 of the expansion of a function f € L?(I,du) with
respect to {gx }re are

ol g(w) = /1 9(u) - S& (u, w) du(w) (wel, L=0,1,2,...),

where
k=L

(25) SE(u,w) = (A" 3 A% 4 - llgel™? - g(w) - gew)
k=0

and || || is the usual norm in L2(1,du).

Now, if the gx are polynomials and deggr = k then the gx’s are uniquely de-
termined up to a constant factor by the measure u. A glance at (2.5) reveals that
the constant factor cancels out for S{. Therefore the kernel function S does not
depend on how we normalize the polynomials g.

Let us return to S®~1. We have, using (2.3), (2.4), deg px = k and the observa-
tion above,

oLf@)=C [ WIS v o) (FELHS™TY),
where S{ is the Cesaro means kernel for L2(I, (1 — u?)("=3)/2 du) with respect to
{pr}$, (see (2.5)).
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To sum up: The Cesaro means kernel for the expansion in spherical harmonics
is intimately related to the Cesiro means kernel of L?(I, (1 — u2?)(®~3)/2 dy) with
respect to {px}$,. Actually, one needs only the values S{(u,1) (u € I) and
to estimate these values one can use any orthogonal system of polynomials with
increasing degrees.

Using the system {p;c"_a)/ 2 (n=3)/ %320, of Jacobi polynomials and Szegd’s trea-
tise, A. Bonami and J. L. Clerc proved the following inequalities:

(2.6)
n/2-1-6 -1 -n/2-6
ISf,(cosa,l)ISC{ (L+1) (L+1)"1+0] , 0<6< /2,

(L+ D)2 (L+ 1) 47—~ "/24 n/2<60<7

(see [BC, p. 234]; since their estimates are more precise for 6 close to 0 and close
to m, but we need them only in the above simplified form; compare also [CTW,
Theorem 3.21}).

As is well known, when studying a.e. convergence of Cesaro means, the maximal
Cesaro means operator on L!(S™~1), defined by

&°f(z') = sup{|od f(z')|,L = 0,1,2,...},

plays a very important role.

Let us now state the known convergence results. A. Bonami and J. L. Clerc
showed:

(2.7) If 6 > (n — 2)/2 then & is of weak type (1,1); that is,

o({z' € "L B (&) > M) < C-Ifl- A7t (A>0)

(see [BC, Theorem 3.3, p. 237)).
(2.8) If 1 <g<2andé>(n—2)(1/g— 1/2) then the operator % is of strong
type (q,q); that is,

IZ°%fllg <Cq-lIflly  (F€LUS™Y))

and of f(z') — f(2') a.e. on S~ ! as L — oo for every f € LI(S""!) (see [BC,
Corollary 3.4, p. 237]).

REMARK. A. Bonami and J. L. Clerc state only that of f(z) converges a.e. for
every f € L9(S™~1). If f is a finite linear combination of spherical harmonics, o9 f
clearly converges to f a.e. Since &°f is in LI(S™~!) we also have |02 f — f|lg — 0
as L — oo by the dominated convergence theorem. Finite linear combinations of
spherical harmonics form a dense subspace of LI(S™~!), therefore |03 f — f|l; — O
as L — oo for every f € L9(S™!) so the a.e. limit of 0% f must be f itself.

The next result was announced by E. Stein, M. Taibleson and G. Weiss (see
[STW, p. 96]) and proved by L. Colzani, M. Taibleson and G. Weiss (see [CTW,
Theorem 4.1, p. 881]).

(29)If0<p<1land é = (n—1)/p—n/2 then the operator & is well defined
on the atomic space H?(S™~!) and maps it boundedly into weak-LP(S™~!); that
is,

o({z € S"LF() > N S C-flls AP (A>0).

If p=1and 6§ = (n —2)/2 then (2.9) fails; this was proven by M. Taibleson (see
[T] and the remarks in [CTW, p. 883]).
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We shall define function spaces generated by blocks on S™ ! and then show
that they can serve as a substitute for atomic H!(S™~!) at the critical index 6 =
(n—2)/2.

For z{ € S™! and 0 < 6y < 7 a “cap” of radius f centered at z}) is the set
B(zg,00) = {2’ € S™1,d(', 75) < bo}.

For 1 < g < 0o a g-block on S™~! is a measurable function b defined on S®~! and
such that

(2.10) suppb C B = B(zp,00) for some x5 € S™ !, 65 >0
and
da(x’))l/q 1
2.11 / b(z') e 2L <—.
(2.1) ([ pemZed) ™ <

Normalization (2.11) and Hoélder’s inequality imply ||b]|; < 1. It is also clear, by
Holder’s inequality again, that if g2 > ¢1, then every gz-block is also ¢;-block. It is
often useful to have (2.11) in the following form:

(2.12) lbll, < (a(B))-9/2 =C . 9(()"-1)(1—q)/q’

where C depends on ¢ and n.
The main result of this section is a uniform weak type (1,1) inequality for the
action of #("~2)/2 on g-blocks.

(2.13) THEOREM. If1 < q < oo and if b is a g-block, then
o({z' €SP L, &#M D%y > A <CATE (A>0),
where the constant C does not depend on b and A.

PROOF. We prove the estimate for large \'s first: Let us assume that A > 65"
where 0y is the radius of the cap on which b is supported.

If 1 < ¢ <2 then, since (n —2)/2 > (n —2)(1/q — 1/2), we may use (2.8) which
says that our operator is of strong type (g, ¢) and therefore also of weak type (g, q).

By the normalization condition (2.12) we have for all A > 65"

g

o({z' € SPL, & D/%(z') > A}) < C- 1o ”" <C-—— <Ot

For 2 < ¢ < 0o we get the same estimate s1mply because every g-block, ¢ > 2, is

also a 2-block.
Now let us consider the case A < 06_" and let

A= {z' (S S"_l,2 -0p < d(zf),a:') < 1l'/2},

Ay ={z' € S" !, 7/2 < d(zf,2') <m—2-6p},
where z{) is the center of the cap B = B(z, fp) containing the support of b. The set
S™~1\(A; U A;) has measure of order A~!, so if A; U A, is empty, which happens
if b has large support, there is nothing to prove. If A; U A; is not empty, we will

show, using (2.6), that the subset of A; U Az where &(®~2)/2p(z') > X also has
measure of the order A~?.



FUNCTION SPACES GENERATED BY BLOCKS 145

If y' € B and 2’ € A; then
d(zg,z') < d(zh,y") +d(¥', z')
< 00 + d(y’a zl) < % ' d(za’ Z,) + d(yl, zl)

d(zp,2') < d(-10,7") < d(—=p, —y) +d(-y',2)
<bo+ d(_yla IE,) < % : d(x6$ .’E,) +7— d(.’l?’, y,)
Therefore,
d(zp,z') < 2-min{d(z',y'),m — d(z',¥')}.

According as d(z',y’) < /2 or > /2 (the latter may happen!) we now use the
first or the second estimate (2.6) and get, using also —n/2—6§ = —n+1 < —n/2+1,
1Sy 1) < C - (d(zh,2'))'™™ (' € A1,y € suppb).

Similarly, if ' € B and =’ € A,, then
d(~zh,2') < d(zh, ') < bo +d(y',)

< 3(m — d(25,2")) +d(y', 2') = 3d(-120,2") +d(y',2)

aIld / / / / ! /
d(—ZO)x ) < d(—an -y ) + d(_y » T )
< b +d(—y,2') < 3d(—=zp,2') + 7 —d(y, 2'),

so that,

d(-z4,2') < 2-min{d(z',y), 7 — d(z',y')}.

Using (2.6) as before we get the estimate
IS (! 1) < C - (m —d(zh,2'))'™" (' € Az,y' € suppb).
Now, since
&Mm=2/2p(z") < ||b]l; - sup{lS}l"_”/z(z' -y',1)|,y' €suppb, L =0,1,2,...}
and ||b]|; < 1, we finally get

o({z' € S*~1, &"=2/2p(z') > A}) < o(B(zh, 200)) + o (B(—zh, 260))
+o({z' € A, Z™D/2p(z') > A}) + o ({2’ € Ay, ® D /2p(z') > A})
< o(B(zg,260)) + o (B(—zp, 260))
+o({z' € A1,C(d(zh, "))} ™ > A}) + o({z’ € A2, C(d(z},z'))} ™™ > A})
<c. (00-1+§+§> <%

for every A < §3™™ and this finishes the proof. O

The spaces By(S™1), 1 < g < o0, of functions generated by blocks are defined
as usual. By(S™~!), or simply B, consists of those measurable functions f which
admit a representation

(2.14) f = kabk
k=0
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where the by’s are g-blocks and (my) is a numeric sequence satisfying N((my)) < oo.
By Lemma (1.1) the series (2.14) converges a.e. and in L!. The infimum of the
values N ((mg)), taken over all representations of f as in (2.14), is a quasi-norm on
By; we denote it by N,(f). B, is a quasi-Banach space.

Now we prove our main convergence result.

(2.15) THEOREM. Letl < g < oo. The operator &("~2)/2 maps B, boundedly
into weak-L*; that is, for all f € B, and all A >0

(2.16) o({z' € S*LEMD/2f(5)) > A}) < 40/\&

Here C 13 the constant of Theorem (2.14), independent of f and ). As a consequence
02"_2)/2f — f a.e. on S as L — oo for every f € B,.

PROOF. Let f € B, and take any representation (2.14) of f by g¢-blocks. By
Theorem (2.13)

o({z' € S™1, B"=D/2p, (2') > A}) <

C
3 A >0,

for k=0,1,2,.... Therefore, by Lemma (1.1)

(217) o ({z' € S"'l,i Imi| - "D /2 (z') > ,\}) < £-C - No((m))

A
k=0

for every A > 0.
It is easy to see that

(2.18) FrD2f(2) <D |mi| 8D ().
k=0

Indeed, the series (2.14) converges in L' and SIE"-2)/ %(-,1), being a polynomial, is
bounded, therefore

K
|02n_2)/2f($l) _ Z mk - 0_2n—2)/2bk(xl)|
k=0

—0
1

<sup{|S" P2 (z' ¢/, 1)|, 4 € S*1} -

K
F=" mib
k=0

as K — oo; we get (2.18) by taking absolute values and the supremum over L in
the equation

0_271—2)/2]- — i me 'Uin_”/zbk-
k=0
Now (2.17), (2.18) and the fact that the representation of f by g-blocks was arbi-
trary imply (2.16).
To prove that the Cesiro means of f converge to f a.e., we use a standard
argument. Let for y = 1,2, ...

_ 1
A; = {a:’ € ™! limsup |0£" 2)/Zf(-’tv') - f(@")] > T}'
L—oo J
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We will show that 0(A4,) =0 (j =1,2,...) therefore o(|J A;) = 0 and this clearly
implies the desired conclusion.
Let € > 0 be arbitrary, choose a representation (2.14) of f and write

K 00
f=)_mb+ Y, mpbp=g+r,
k=0 k=K+1

where K is chosen so that

N((mk)iZxs1) <6 = m

Note that this choice implies
lIrlls < No(r) < 6.

The function g is a finite linear combination of ¢g-blocks; therefore, it belongs to any
LP(S™~1), p < q. So by (2.8) the Cesaro means of order (n — 2)/2 of g converge to
g a.e. on S™~ 1. Combining this with (2.16) applied to the remainder r we get

o(Aj) <o <{a:' € 8™! limsup |o£"_2)/2r(x’) -r(')] > %})

L—oo

<o ({x' € "1 F(n=D/2(g!) > ﬁ})

+o ({z' € S™ 1 r(@)] > ﬁ})

<4-C-6-47+6-47=¢.
Since € was arbitrary, 0(A;) = 0, and the theorem is proved. O

3. Riesz means on compact semisimple Lie groups. In this section we
show that spaces generated by blocks may be of interest as classes of convergence
also in the context of compact Lie groups; in particular, we study the behaviour of
the Riesz means of Fourier series of blocks and prove convergence results analogous
to those for the unit sphere in the previous section.

Let G be a compact topological group equipped with the left and right invariant
Haar measure o, 0(G) = 1. By the Peter-Weyl theorem we have the orthogonal

decomposition
L*G) =D >_ Wi
AEA

where W), are the nontrivial subspaces of L2(G) invariant under both the right and
left regular representation of G on L%(G) and A is the set of equivalence classes of
irreducible unitary representations of G. The projection Py of L%(G) onto W, is
given by f — dy - (x» * f) where d) and x) are the dimension and the character of
a representation of class A and

b 1)@ = [ xa(79) 1) doty).
Thus we have the Fourier expansion

(3.1) F=Y_Pf=)_d-(arf)  (fEL*G)),

AEA A€EA
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the series converging in L2(G). Since x, is bounded, we can form such a series for
any integrable f.

To study convergence and summability properties of such series one, first, has
to decide how to order the terms in the series and, then, estimate the dimensions
and the characters. To accomplish this, more structure on G is required; from now
on we shall assume that G is a compact connected Lie group. For motivation let
us consider the abelian case briefly; that is, let G be the torus T" = R"/Z" for a
moment. The characters are

xm([z]) = exp(2mim - ) ([z] e T,z €eR",m e ZI").

Now, the Peter-Weyl decomposition is a simultaneous eigenspace decomposition
of L%(G) for all linear operators on L?(G) that commute with translations. A
very special operator of this kind is the Laplacian A and the characters x,, form a
complete system of solutions of the eigenvalue problem Au = —c-u. The eigenvalue
of the eigenfunction x, is 472|m|?, and to quote S. Bochner (see [B1, p. 179)):

Writing the series ) czn (Xm * f) in the form

Z Z (Xm * f)

7=0m|?=;

satisfies the very natural principle of ordering the terms in the se-
ries according to the magnitude of the eigenvalues of the Laplacian.

The structure theory of compact connected Lie groups, which we describe briefly
(see [BD] for details), allows us to apply the same natural principle in more general
settings. Moreover, the culmination of the structure theory, the Weyl character and
dimension formulae enable the analyst to obtain the estimates for the characters
and dimensions.

Let G be a compact connected Lie group of dimension » and T a fixed maximal
torus in G, dimT = rank G = k. Let W be the Weyl group of G, that is W = N/T,
where N is the normalizer of T in G. Central functions on G correspond exactly
to functions on T invariant under the action of W. In particular, the restriction of
a character of G to T is a W-invariant character of T and, more important, any
W -invariant character of T can be extended to a central function on G, which turns
out to be a character of G. A representation of G is determined up to equivalence
by the restriction of its character to T'.

Let g and t be the Lie algebras of G and T respectively. The adjoint representa-
tion Ad: G — GL(g) describes the infinitesimal structure of conjugation in G and
its restriction to T plays the key role when one studies the W-invariant functions
on T. We can always choose an Ad-invariant inner product (-,-) on g, so that the
extension of Ad to the complexification of g becomes unitary. R will denote the set
of all roots of G; that is the set of all o € t*\{0} for which

{X €g, [H,X]=2ma(H)- X for every H € t} # {0}.
The action of W on T induces the action of W on t:

w-H=Ad(n)-H ifw=nT (neN, Het)
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and so the restriction of the inner product (-,-) to t is W-invariant. We use the
natural isomorphism t* — t given by A — H) where A\(H) = (Hy,H) (H € t) to
transfer (-,-) and the action of W to t*:

(A 0) = (Hx, H,) (AL eth),
Hy,=w-Hy Aet, weW),

that is, (w- A\)(H) = (w- H),H) = (Hy,w-H) = ANw- H) (H €t).

The kernel of the exponential map t — T, that is, the integral lattice is denoted
by I and

' I'={aet, o) CZ}
is the lattice of integral forms. We have R C I*. We fix a Weyl chamber t*, that
is, a connected component of t\ |, ker o and define the associated positive roots
by
R, ={a € R,a(H) > 0 for every H € t*}.

The half-sum of the positive roots is denoted by p. For A € t* we define the
alternating sum of A by

A(N): t—>C,

A()\)(H) = Z det(w) - exp(2miA(w - H)) (H ey,
weWw

where det(w) is the determinant of w as an element of O(t), so that det(w) =1 or
—1. The Weyl denominator is the function

D:t—C,
D(H) = H [exp(mia(H)) — exp(—mia(H)]
a€ER4
= H 2¢ -sinma(H) (H et).
a€ERy

We list some facts about this function. D is the alternating sum of the form
p: D = A(p). The function |D|? factors through exp: t — T that is, a function
E: T — C can be well defined by |D|? = E oexp. Moreover, E appears in the Weyl
integral formula

/ f(2) do(z) = (card W)~! - / £() - E(t) dw(t)
G T

valid for central functions f on G. Here w is the normalized Haar measure on T.
The following facts are due to H. Weyl.

(i) If A € I* C t*, then the function ¢(A + p) = A() + p)/D, first defined only
when D(H) # 0, has a unique continuous extension to all of t and the function
C(A+p): T — Cinc(A+p) =C(X+ p) oexp is well defined.

(ii) If A € I* Nt+, then C(\+ p) is the restriction to T of an irreducible character
X of G. The dimension of this representation is

(o, A +p)
dy = Al RARL./A
g a!l (o, p)
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(iii) The map A — C(X + p) sets up a bijective correspondence between I* Nt+
and the set of all irreducible characters of G; therefore, we may identify I* Nt+ and
A as sets.

Now we relate A to a Laplacian on G. Let X, Xs,...,X,, be an orthonormal
basis of g with respect to our chosen Ad-invariant inner product. We form the
second order left invariant differential operator

A= Xn:X}’,
i=1

which turns out to be also right invariant. A does not depend on the choice of the
basis {X;} and we call it the Laplace operator on G (A is the Laplace-Beltrami
operator for the Riemannian structure on G induced by (-, -)). If x, is the character
of the irreducible representation corresponding to A € I* Nt+ then

Axa=—=((A+p2+0) —(p,0) - xr = —pr - X

Since I* N t¥ is a part of a finite-dimensional lattice the values uy (A € I* NtF)
form a discrete set in R*. Therefore, by ordering the terms of the series (3.1) with
increasing values u) we shall satisfy the natural principle, mentioned before, of
ordering terms according to the magnitude of eigenvalues of a Laplacian (see also
(B2)).

REMARK. The differential operator A depends on the choice of the inner product
on g so is far from being unique. If g is semisimple, the negative of the Killing form
may be considered as a canonical choice of (-,-). In general, since G is compact,
g is reductive, that is g = 3 @ g; where 3 is the center of g and g; is semisimple.
Taking minus the Killing form on g;, any inner product on 3 and requiring 3 L g;
yields an almost canonical Ad-invariant inner product on g.

A general method of summation of the series (3.1) can now be described as
follows. Let ® be a function in Co(Rt) satisfying ®(0) = 1. The ®-means of the
series (3.1) are

D ®e-pa)da-(axf) (e>0)

AEA
and one asks, when and in what sense do the ®-means of the series associated to f
converge to f as € — 0. We will be interested in the case when

®(t) = (1 - t)% =max{(1-¢)°,0} (¢t>0, §>0).
This choice gives the Riesz means of order 6§ > 0:
pi=5+f (f€L*G) >0

where
S = E(l—e'#,\)i “dx - X
AEA

When G is simply connected (and thus semisimple) it possesses a fundamental
system of weights; that is, a set {A1, A2, ..., Ak} of weights (k = rank G) such that
A = I* NtF is the set of all linear combinations of A;, Az, - - , Ax with nonnegative
integer coefficients. This nice structure of A (and Weyl’s formulae, of course) al-
lowed J. L. Clerc (see [C]) to reduce the problem of estimating S® to the problem
of estimating the first derivatives of the corresponding kernel in the abelian case.
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He obtained:
(3.2) Let G be simply connected with rank k and dimension n. If § > (k —1)/2
then

(3-3) |52 (exp H)| < C - ="~V H||=*+D/2=% 4 | D(H)| 7]

for every H € t, where ||H|| = ((H, H))/? (see [C, Theorem 2]).
Using this estimate, J. L. Clerc proved the following convergence results:
(3.4)If6 > (n—1)/2and 1 < p < 0o, then p f converges to f in L?(G) as€ — 0
for every f € L?(G) (see [C, Theorem 3]).
(3.5) If 6 > (n — 1)/2 then the maximal operator

R’ f(z) =sup l2f(2)l  (f €LY(G), z€G)

is of weak type (1,1); that is,
o({e€GEf@)>n)) <C-|fli-n"t  (n>0)

and p8 f(z) — f(z) a.e. on G as € — 0 for every f € L!(G) (see [C, Theorem 5)).

The result (3.4) for the special case p = 2 can be extended to the whole range
6 > 0 by an argument atributed to Kaczmarcz (see [SW, VIL.5.10] for this argument
in the case G = T™). Interpolating between this fact and the weak (1,1) result
J. L. Clerc obtained convergence below the critical index (n —1)/2:

(36)If 1 <p<2and § > (n—1)(1/p—1/2) then F#° is of strong type (p,p)
and pdf(z) — f(z) a.e. on G as € — 0 for every f € LP(G) (see [C, Corollary to
Theorem 5]).

We shall be interested in the situation for the critical index § = (n — 1)/2 and
we assume that G is simply connected. Then n > k so we may use (3.2). Note that
the right-hand side in (3.2) does not depend on ¢ if § = (n — 1)/2. We get

3.7) sup |S{""V/2(exp H)| < A- (||H||™" + D(H)|™Y).
>0

Also since (n —1)/2> (n—1)(1/p—1/2) if 1 < p < 2, (3.6), in particular, states
(3.8) IRV lly < Cp - Nfll,  (FELP(G), 1<p<2).

Now we define blocks on G and show, using (3.7) and (3.8), that the space
generated by blocks is a class of convergence for the Riesz means of critical order

(n—1)/2.

By d(-,-) we denote the Riemannian metric on G induced by the Ad-invariant
inner product on g (which is minus the Killing form, since G is semisimple). If
1 < p £ oo then a measurable function b defined on G is a p-block if

suppb C B(z,n) = {y € G, d(z,y) < n}

and
lbll, < (o(B(z,n)))d—?)/P,

Hoélder’s inequality implies that a g-block is a p-block if ¢ > p and that ||b|; < 1
for every p-block, 1 < p < co. Note also that

o(B(z,n)) < Cn",

because the Haar measure is also the Riemannian measure.
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(3.9) THEOREM. Ifb is a p-block, 1 < p < oo, then
o({z € G,Z"V/%(z) > A\}) <CA7? (A>0)
where the constant C does not depend on b and A.

PROOF. We may assume that b is supported in a ball B = B(e,n). Consider
first the case when A > ¢(B)~!. Then by the normalization condition for blocks
6]l < AP~1. For 1 < p < 2 we use (3.8) to deduce

o({z € G, Z#" "N /2(z) < A}) < C-||b]5 - AP < CA7L.

For p > 2 we simply use the fact that a p-block is then also a 2-block.

Assume now that A < o(B)~!.

We first rewrite estimate (3.7) in a form that better suits our purpose. If z € G,
let t € T be such that g is conjugate to t and let H € t be such that exp H = t.
The Riesz kernels are central functions; therefore,

1S =072 (2)| = |S{rD 2 (exp H))-
Since the metric is invariant and the exponential mapping is a contraction we have
d(e,z) = d(e,t) < ||H]|-

The Weyl denominator D factors through the exponential mapping. This is most
easily seen from the formula

D(H) = A(p)(H) = ) _ det(w) - exp(2mip(w - H))  (H €¥).
weW

Since G is simply connected, p is an integral form; therefore, exp H1 = exp Hy
implies D(H;) = D(Hz). This allows us to define the central function D on G
whose restriction to T satisfies

D(expH) = D(H) (HeH).
With z, t and H as before, we now have
D(z) = D(t) = D(exp H) = D(H).
Note, that by the Weyl integral formula

1D, = (cardW)-l/ |D(t)] dw(t) < oo,
T

where w is the normalized Haar measure on T.
With this in mind, estimate (3.7) reads

Suglss("‘”/z(w)l <A-[(d(e,z)™+|D@@)'] (z€0).
Therefore,
| "D 2b(z)| < A- [/B |b(y)|(d(e,y~"z)) " do(y) + (|b] * |D|~*)(z)

and we have
o({z € G,Z " V/2h(z) > A})
<o(B(e,2n)) +o({z € G, d(e,z) > 2 -1, B V/2p(z) > A}).



FUNCTION SPACES GENERATED BY BLOCKS 153
Now, if y € B and d(e,z) > 2 - 7, then
d(ev y—lz) = d(:l:, y) 2> d(ea .'E) - d(ea y) > % : d(e7 ZB)-

Using this, [|bll; < 1, A < 0(B) < C-n™ and the fact that the convolution with the
integrable function |D~!| is of strong type (1,1) and therefore also of weak type
(1,1), we finally get

o({z € G, Z™1/2%(z) > A\}) < a(B(e,2 - 1))
+o ({a: €G,2"Ald(e,z)]™" > g—})

‘o ({x € G, A(]p| + 1D ™")(z) > ‘;‘}>

<C-2-"+C- 2" A X142 A DY AT <

~1Q

This finishes the proof. 0O
The space By(G) generated by p-blocks is defined as usual; that is, we combine
p-blocks using sequences (mg) of coefficients satisfying N((my)) < oo.

(3.10) THEOREM. Let G be a compact simply connected and connected Lie
group and 1 < p < co. Then for every f € By(G) its Riesz means pg""l)/ if

converge to f a.e. on G as e — 0.

The proof is analogous to the proof of Theorem (2.15); we use Lemma (1.1) to
add the weak type (1,1) inequalities for p-blocks established in Theorem (3.9) and
use (3.6) in a standard density argument to finish the proof.

REMARK. In the abelian case, that is, when the group is the torus T, the
situation is different.

Ifn = 1and f € Boo(T) then 0 f, which are (by agreement) just the partial sums
of the Fourier series of f, converge to f a.e. on T. This was the motivating result
for introducing spaces generated by blocks (see [TW1]). The proof is based on a
simple estimate for the Dirichlet kernel and uses also the Carleson-Hunt theorem.

When n > 1, the Riesz kernel for the critical index

Sh=1/2(z) = Z (1=¢-|m|?)(®=V/2 . exp(2mim - z)
mezn

is, as is well known, quite complicated (see [SW, VII, §4]). But, using a correspond-
ing result for R™ and localization (both due to E. Stein) S. Lu, M. Taibleson and

G. Weiss proved that for f € Boo(T™)NLlog* L(T™), pé"_l)/ 2 f converges to f a.e.
(see [LTW]). It was observed by F. Soria, that the Llog™ L condition is necessary;
the same function, constructed in [SW, VII, §4] to show that a.e. summability

does not hold for L!(T™) at the critical index is easily seen to be also an element
of Boo(T™).

4. Constructions relevant to the theory of spaces generated by blocks
on a space of homogeneous type. As mentioned in the Introduction, the spaces
generated by blocks are closely connected with R. Fefferman’s notion of entropy.
The entropy of a set is a quantity which does not depend only on how large the set
is measure-theoretically but also on the geometry of the set; that is, the entropy
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measures also how the set is spread out. The entropy of a function can be defined
by using the entropy of its level sets. It turns out that the quasi-norm Ng(f) of
function f € B, also depends on the size and the geometry of its level sets. The
construction of functions f for which N,(f) is essentially larger than its L! norm
is one of the basic results in the theory of spaces generated by blocks (see [TW1]).

In this section we make these constructions in the general setting of a nondiscrete
space of homogeneous type.

Let X be a set. A quasi-distance on X is a nonnegative symmetric function d
on X x X satisfying the quasi-triangle inequality

d(z,y) < Qld(z,2) + d(2,y)] (z,y,2 € X)

and such that d(z,y) =0 iff z = y (z,y € X). The sets {(z,y) € X x X,d(z,y) <
1/n} form a base of a uniform structure on X and the collection of balls

B(z,r) = {y € X,d(z,y) <r} (zeX, r>0)

is a base of neighbourhoods for the induced topology (caveat: the balls are not
necessary open sets).

Let p be a positive measure, defined on a o-algebra of subsets of (X, d) which
contains the open sets and the balls. The triple (X, d, u) is a space of homogeneous
type if u satisfies the so-called doubling condition

0 < u(B(z,2r)) < A u(B(z,r)) < o0 (zeX, r>0)

for some absolute constant A. Note that this doubling condition implies a slightly
more general condition

0 < p(B(z, R)) < A'*'°82(R/7) . u(B(a,7)) < 00

that allows us to compare measures on concentric balls with arbitrary radii. Let
1 < g £ o©. A g-block on (X,d,u) is a measurable function b satisfying the
localization condition

suppb C B for some ball B C X

and the size condition
[1Bllq < (u(B))=9/a.

If u(X) < oo then any function satisfying only the size condition with B replaced
by X is also considered to be a g-block. By(X,d,u) is the space of all functions
f which can be written in the form f = ) m;b; where the b;’s are g-blocks and
the numerical sequence (m;) satisfies N((m;)) < 00. B,y(X,d, u) is a quasi-Banach
space (see the Introduction for more details on the quasi-norm).

When working with function spaces on spaces of homogeneous type it is very
convenient to assume that the space is normal, that is, that the measure of a ball
of radius r is of order r (see [MS] for the case of Lipschitz spaces). More precisely,
(X,d, n) is normal if there exist constants ¢; and ¢z, 0 < ¢;,c2 < 00, such that

(4.1) cir Sp(B(z,r)) Scor (z € X,pu({z}) <1 < p(X)).

The sequence of lemmas that follow shows, that assuming normality of (X, d, u)
is not a restriction as far the spaces By(X,d, 1) are concerned.
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(4.2) LEMMA [MS, THEOREM 2|. Let d be a quasi-distance on X. There
exists a quasi-distance d’ on X such that the d'-balls are open sets in the d'-topology

and
C-d(z,y)Sd'(z,y)gé'-d(z,y) (a:,yGX)

for some constants 0 < C,C‘ < 00, that is, d and d' are equivalent and therefore
“induce the same topology.

(4.3) LEMMA. Let (X,d,u) be a space of homogeneous type and let d' be a
quasi-distance equivalent to d. Then (X,d’, n) is of homogeneous type, By(X,d', )
= By(X,d, n) as sets and the corresponding quasi-norms Ng g and Ny q are equiv-
alent.

PROOF. Clearly u satisfies condition (4.1) with respect to d’. It is also easy to
see that there exists a constant ¢ such that, for every g-block b on (X,d, u), c-bis
a g-block on (X,d', u). The rest of the proof is obvious. O

(4.4) LEMMA (SEE [MS, THEOREM 3]). Let (X,d,u) be a space of homo-
geneous type such that the d-balls are open sets. Then the function

6(z,y) = inf{u(B),B a d-ball,z,y € B} ifz#y,
6(z,z) =0

18 a quasi-distance on X, (X, 6, 1) is normal and the topologies induced on X by d
and 6 coincide.

REMARK. By definition of normality, 6-balls have the property
cir S u(Bs(z,r)) Scor (z€ X, u({z}) <r < p(X))

for some finite positive constants ¢; and cs. Let us say a few words on what happens
for r ¢ (u{z}),u(X)), r > 0. In a general space of homogeneous type u({z}) > 0
if and only if z is an isolated point (see [MS, Theorem 1]). If § is induced by d, as
in the lemma above, then clearly

Bs(z,r) ={z} (z€X, 0<r< u{z})).

If u(X) < 00 and § and d are as in the lemma then X is bounded; that is, X =
Bs(y, R) for some y € X, R > 0. Indeed, we have §(z,y) < u(X) for z,y € X.
Thus,

Bs(z,r) =X (zeX, p(X)<r).

Finally, by left continuity of p(r) = u(Bs(z,r)),
cp(X) S u(B,u(X)) S uX) (z€X).

We do not know if u(X) < oo implies boundedness of X in general; this is also the
reason for allowing exceptional g-blocks when u(X) < oo.

(4.5) LEMMA. Let (X,d,u) and § be as in the previous lemma. Then
By(X,6,4) = By(X, d, p)
as sets and the corresponding quasi-norms are equivalent.
PROOF. Let b be a g-block on (X, d, u1); that is,
(4.6) suppb C B = By(z,7),  [bllq < (u(B))* /9.
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We want to show that for some constant ¢, independent of b, ¢ - b is a g-block on
(X, 6, ).

If y € B then 6(z,y) < u(B); thus, B C Bs(z,R) for any R > u(B). Assume
first that u(B) < R < (1 + €)u(B) < p(X) for some 0 < € < 1. Using normality
we have

w(Bs(z,R)) < caR < ca(1 +€)u(B) < 2cou(B).
Together with (4.6) and suppb C Bs(z, R) for our choice of R this shows that c-b is
a g-block on (X, 6, 1) with ¢ independent on b. On the other hand if u(B) = u(X)
then also u(Bs(z, R)) = u(X). In this case we do not even have to multiply by a
constant; b itself is a ¢-block on (X, 6, u).

For the converse let b be a g-block with respect to &, suppb C B = Bs(z,7),
and ||b]l, < (u(B))(1=9/4, If y € B then there exists a ball B = By(z, p) such that
z,y € B and u(B) < r. By the quasi-triangle inequality d(z,y) < 2Qp. We also
have By(z,2Qp) C Ba(z, (2Q* + Q)p). Using the doubling condition we get

1(Ba(z,2Qp)) < u(Ba(z,(2Q + Q)p)) < AL+ D+ y(B) < C - 1.
Assume now that u(X) = oo and put
R = supp{s, u(Ba(z,s)) < C -r}.

Note that R < oo because lim u(B4(z,s)) = u(X) = oco. Then, by the above,
B C By(z, R). Using left continuity of u(Bg(z,-)) and normality

u(Ba(z,R)) < C-r<C-c7'u(B) ifu({z}) <r

and

u(By(z,R)) < C-r < C-pu({z}) <C-u(B) ifr < pu({z}).
Therefore, ¢ - b is a g-block on (X, d, u), where ¢ is independent of b.

If 4(X) < oo the same argument works if R < co. So assume R = co. Then
X)) < C-r < C-ci'u(B) if p({z}) < r < w(X), W(X) < C-r < C-uB) if
r < u({z}), and u(X) = u(B) if r > u(X). Thus, for an absolute constant c, ¢ - b
is an exceptional g-block with respect to the quasi-distance d.

To sum up, we have, up to a constant factor, the same g-blocks on (X, d, 1) and
(X, 6, 4) and the lemma is proved. O

We now give the construction promised in the Introduction. Since it takes ad-
vantage of the gaps between points far apart we have to impose a mild restriction
on X. Let us call a space of homogeneous type nondiscrete if it contains infinitely
many nonisolated points.

(4.7) THEOREM. Let (X,d,u) be a nondiscrete space of homogeneous type, let
K be a positive integer and 1 < q < 0o. There ezist functions f € By(X,d,u) such
that f is a finite convez combination of blocks, || f]l1 =1 and Ng(f) =1+1og K.

PROOF. Lemmas (4.2), (4.3), (4.4) and (4.5) show that we may assume that our
space X is normal.
We will construct disjoint balls By (1 < k < K) in X such that the function

K

(4.8) f=K"> (u(Br) x5,

k=1
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will have the desired properties. Clearly || f||1 = 1 and Ng4(f) < 1+ log K because
(#(Bk))~'xB, are g-blocks for every ¢, 1 < g < oo. The balls By will be chosen
with large gaps between them and this will imply that (4.8) is the most efficient
decomposition of f into g-blocks. We postpone the construction of the By’s and
deal with some preliminary reductions of the problem first.

Given an arbitrary decomposition

(4.9) f= mi-b
of f into g-blocks such that N(m;)) < co we have to show that
(4.10) N((mj)) > (1+1log K).

Let D = |JBg. Since f = Y m,(b; - xp) and since b; - xp (5 € N) are also
g-blocks we may assume that suppb; C D.
The b;’s are g-blocks; therefore,

(4.11) suppb; C D; and [ibsllg < (w(D;))~9%  (FEN),

where the D; are balls in X.
In the case when each D; (5 € N) is contained in one of the balls By the proof

of (4.10) is easy. We just rearrange the terms in the absolutely converging series
(4.9) as follows:

K K
f=y (Z mﬁk)bf-k)) = K {u(be)] " xs,
k=1 i k=1

where
suppbgk) C By (1<k<K,i1eN).

In what follows we will use the notation ||m®)|; = 3 |mz(~k)|. Since ||b£k)||1 <1
(1 <k < K,i€eN) we have

Im® )y >3 m® 1631y > 1K~ (B xa, )l = K

and, by the lattice property of N(-) (see [TW1, Lemma 5])
N((m;)) = N((m{",m, ..., m{F), m{f), ..

[ N L A
= [m®@y" fm®]" " m@®, fm@E],
Im{®)| K - |m®]|
=K! +1log — 111
ZZII ®)ly ( Im{®)|
>1+1logK.

It is in the general case, when the D;’s are allowed to intersect more than one By,
that the gaps between the By’s become important. We postpone the construction
of the balls By once more; for now we need only to assume that they are disjoint.

We will show that by decomposing any b; into the sum of its restrictions to the
balls By we get a new decomposition of f which is more efficient than the old one.
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The theorem will then be proved, because by cutting all b,’s like this, we reduce
the general case to the special case established above.

Let us fix j, write D = Dj, b = b; and assume that D intersects more than one
of the balls Bx. For 1 <k < K let

i = (u(Bk)) Vb x g, [lgm;,
my .
(4.12) ax = m—ibk -xB, if BeND # @,

=0 otherwise.

Then the ax’s are g-blocks and

K
m]-b]- = E fhkak.
k=1

Therefore,
K
f= E mra + Zm,’bi.
k=1 i)
To show that this decomposition of f is better than (4.9) we use the following
simple observation about the quasi-norm N.

(4.13) LEMMA (SEE [TW1]). Let m = (m;) be a numeric sequence and let
m= (ml, .. .,mj_l,fnl,rhg, ce ,mK,m]’+1,. . .),

where

Then N(m) < N(m).

To make use of the lemma we have to compare the sum of the my’s with m;.
Let
I={keN,1<k<K,ByND +# &}
and recall that we are assuming card I > 2. Using (4.12), Hélder’s inequality,
suppb C |J Bk and (4.11) we get

K
Im;| 72> Il = D (w(Bk) 9 - ||b- x5, llq
k=1 kel
(¢-1)/q 1/q
< Zﬂ(Bk)) (leb‘kaIIZ)
kel kel
(¢-1)/q
= Zu(&)) ~[I6llq
kel
I (¢-1)/q
< [u(D)]"-Zu(Bk)l
L kel
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Thus by Lemma (4.13) our goal is reached if

(4.14) u(D) > (1+1og K)¥/ @1 3" u(Bx)  (cardI >2).
kel

We finally construct the balls Bx. Choose K distinct nonisolated points
z1,Z2,...,Zxk € X

,J < K,i# j}. Let v > 2Q be a fixed constant to

and let § = min{d(z;, z;) 1
/(@ + Q* ++Q?) and By = B(zx,r) (1 < k < K)

1
bl
be determined later. If r <
then, as is easily seen,

d(y,2)>’7'7' (yethEBjalszy]SKaz#])‘

By the quasi-triangle inequality we see that By = B(zx,vr/2Q) (1 < k < K) are
disjoint. We still have flexibility in choosing r; that is, we can still make it smaller.
In case u(X) < oo we make use of this possibility and require 0 < r < 4r/2Q <
u#(X). This enables us to use the normality of (X,d, u) in all cases (note that the
zx are nonisolated points and thus u({zx}) = 0). We get

<
6

(4.15) u(By) < ear < %u(éo (1<k<K).
1

Let R be the radius and z the center of D. We assumed that card I > 2, therefore
(4.16) ~-r<2Q-R.

Let us expand D to D = B(z, (y-r)/2+Q*(R+7)). If k € I, that is, if By intersects
D, using the quasi-triangle inequality, we see that By C D. Therefore,

(4.17) > u(Bx) < p(D).
kel

By the doubling condition, (4.16) and since we assumed that v > 2Q
u(D) < A(log;(77/2R+((r+R)/R)-Q%)+1 -u(D) < Al082(Q+3Q%)+1 - (D).

This, together with (4.15) and (4.17), gives

EM(Bk) < 2co 'QAIOSz(Q+3QZ)+1 - u(D)
kel Toan

and all that is left to do is to choose +. Take

(4.18) y= Z?TQ AVE2(Q+3QN+1 (1 4 log K)9/(0-1),
1

This establishes (4.14) and finishes the proof of the theorem. O

The theorem just proved can be used to derive many properties of the spaces B,.
In the case of the torus T, for example, M. Taibleson and G. Weiss showed that
these spaces are not locally convex (see [TW1]). They also proved strict inclusions
B, C By, Bq # By, 1 < p < q < oo. For this latter result, however, one has to be
able to build functions as described in Theorem (4.7) on small subsets of the space.
This is possible on T because of the simple geometry; the fact needed for proving
strict inclusions is then just a restatement of the basic construction. We show now,
how this can be done in the general setting. We need a simple geometrical lemma.
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(4.19) LEMMA. Let (X,d,u) be a normal space of homogeneous type without
tsolated points. Given a ball B = B(z,R) and K € N, K > 1, there exist points
T1,Z3,...,Lx € B such that

(4.20) d(zi,z;) > C- K~ min{u(X), R} (i #7),
where C depends only on the constants of the space.
PROOF. Let p = (c1/c2) - K~! - min{u(X), R}. Let z; = z, B; = B(z1,p) and
define Bi (1 <k < K) by
By = B(zk,p),  zx € B\(B1UB;---U Bg_1).
This is possible because, by normality

k—1
#(B1UB3U---UBk_1) <Y u(Bi) < (k—1)cgp = %

=1

<2l uB)<uB)  (k<K),

¢y min{u(X), R}

so the set from which we pick zx is nonempty. If 1 # 7, 1 < 7 < 5 £ K, then
z; ¢ B; which implies (4.20). O

(4.21) THEOREM. Let(X,d,pn) be a normal space of homogeneous type without
1solated points. Given 1 < q < 00, a ball B of radius R and K € N there exists a
subset E C B such that

(4.22) W(E) < (1+1log K)¥ (=9 . u(B)
and
(4.23) No(xg) 2 C- (1+1log K)V/1=9) . u(B),

where C 13 a geometric constant.

PROOF. By Lemma (4.19) we choose z1,z2,. .., Zk in the ball with same center
as B and with radius R/2Q. Note that (4.20) is still valid with a smaller geometrical
constant. Let, as in the proof of Theorem (4.7), Bx = B(zk,r) (1 < k < K) where

: 6 2Qu(X)}
r =min y )
{Q'FQ2 +1Q? gl
6 = min{d(z;,z;), 1 <4, < K, 1 #j},
y=C-(1+log K)?(1~9

and C is a geometrical constant (see (4.18)). By the proof of Theorem (4.7) (see
(4.14))

(4.24)

K
> 4(Be) < (1+1og K)/079) . (D)
k=1
for every ball D that intersects By, Bs, ..., Bx. Our ball B does that and this gives
(4.22) for E = | By.
It is easy to see that E C B; we have chosen the centers z; of the balls By close
enough to the center of B. By the theorem we also have

K
(4.25) N, (Z[u(Bk)]" -ka) =K - (1+log K).
k=1
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We now establish (4.23) as follows. Let S = min{u(X),R}. By (4.20) § >
C-S-K~1 and, therefore,
r>C-S-K1.471,
Using normality (note that r < u(X)), the estimate above and the fact that S >
C - u(B) (if R < u(X) then S = R > C - u(B) by normality, if R > u(X) then
S = u(X) > u(B)) we get
u(Bx) 2e1r>C-S-K'y~1 >C- K~ 'y~ 1u(B).
Therefore K
xe > C-K™ 'y 'u(B) > [u(Bk)] x5,
k=1

and since N, satisfies the lattice property (that is, if | f| < |g| then Ng(f) < Ny(9))
we get, using (4.25) and (4.24) the desired inequality

K
Ny(xg) 2 C-K~'y'u(B) - N, (Z[I-"(Bk)]_IXBk)
k=1

=C -7 1u(B)-(1+logK) =C- (1 +log K)/0~9. g

The theorem can be used to prove strict inclusion relations among the spaces
By(X,d, u) exactly as in [TW1] for the case of the torus 7.

5. On summation of weak type (1,1) inequalities. Lemma (1.1) on sum-
ming of weak type (1,1) inequalities is one of the cornerstones of the theory of
spaces generated by blocks. It is a measure-theoretic result and can be compared
to Beppo Levi’s theorem.

Let (X, ) be a measure space and f a measurable function on X. The weak L!
quasi-norm of f is

[fll1,00 = sup A - u({z € X,|f(z)| > A})
A>0

and we denote by L1:*°(X) the space of measurable functions f on X with || fl;,co <
co. Lemma (1.1) says that for a sequence (fx) of measurable functions

> 1l <4-3 I fellio0 (1 +log Z”fj”l,oo) ,
3

p Lo I ell1,00
that is, if
(5.1) N((Ifkll1,00) < 00
then
(52) 3 Ifel € LV(X)
and therefore
(5.3) Z fi converges absolutely a.e. on X.

In Beppo Levi’s theorem for L!(X) the hypothesis 3 [|fk[l1 < oo is not only
sufficient but also necessary for the conclusion 3~ |fi| € L!(X). In this subsection
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we address the question of necessity of condition (5.1) for (5.2) and show that in a
sense (5.1) is best possible.

The following simple examples show that (5.1) is a strong condition and is far
from being necessary for (5.2).

(a) Let (ck) be a sequence such that Y |ck| < co and N((ck)) = co. Then the
series 3 fk(z) = Y_ck-z~! converges a.e. on R and defines a function in L1'*°(R).
But || fkll1,00 =2 - |ck| and so (5.1) fails.

(b) Let (cx) be asin (a) and let I = [0, 1]. With each z € I we associate its dyadic
expansion and let Ri(z) be the kth digit in this expansion; we require that the
expansion of z contains infinitely many zeroes. Then Y cx - Ry € L*(I) C LY (I)
but ||ck - Ril1,00 = 3ck| so (5.1) fails again.

Note that the functions fi in Example (a) are multiples of the typical noninte-
grable L1* function z=! and that the functions in Example (b) are independent
as random variables on the probability space I. However, we will show that if we
have both independence and z~!-like behaviour for a sequence (fx) on a probability
space then (5.1) is necessary for (5.3). For such sequences (5.1), (5.2) and (5.3) are
therefore equivalent.

(5.4) PROPOSITION. Let (X,p) be a finite measure space, u(X) = 1, and let
(fi) be a sequence of functions in L1*°(X) satisfying

(i) the fi are independent as random variables on the probability space (X, p),
and

(i) for every k and every A >0

(5.5) u({z € X, |fi(z)] > A}) = min(1, | fill1,00 - A7)

(in particular | fi(z)| > || fell1,00 a-€.). If the series Y |fx| converges a.e. on X then
N((Ifell1,00)) is finite and therefore 3 fi € L1*°(X).

PROOF. We may assume that the f; are nonnegative because if (fx) satisfies
the hypothesis, so does (|fk|) and if the conclusion is valid for (|f|) it is also valid

for (f).

The proof is an application of Kolmogorov’s three series criterion for a.e. con-
vergence of a series of independent random variables in terms of their truncations.
The criterion, stated in measure-theoretic terminology says (see [H, p. 199}):

Let (fx) be a sequence of independent random variables on (X, #) and define the
truncation of fi at height ¢ > 0 by

fe(z) = fi(z) if |fe(2)] < e,

=0 otherwise.

Then the series Y fi converges a.e. on X if and only if for some ¢ > 0 the following
three series converge:

S ul{z € X, |ful(2)] > ¢}),
> /x f5(2) du(z),

> /x [ffé(z) - /X fi (@) du(t)r du(z).
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If the series converge for some ¢ > 0 then they do so for every ¢ > 0.
We now have for any fixed ¢ > 0

¢ u({z € X, | ful@)| > c}) + /X 12(2) du(z)
- / min(e, fi(z)) du(z)
X
=/ w({z € X, fu(z) >A})dA=/ min(L, | fell1.00 - A~1) dA.
0 0

The last integral equals || fi||1,00(1 +1og c- || fkll7 o) if [l fkll1,00 < ¢ and ¢ otherwise,
that is, it equals

min(c, | fill1,00) - (1 +1og™ ¢ [|fellT00)-
Now, if the series )_ fi is convergent a.e. on X then the series

¢ > u({z € X,|fi(z)| > c})

> /x f5(z) du(z)

converge for any ¢ > 0 by Kolmogorov’s criterion. Thus for any ¢ > 0

> min(e, || fill1,00) - (1 +1log™ ¢ | ficll150) < oo

This series is clearly equiconvergent with N((||f|l1,00)) and the proposition is
proved. O

REMARKS. Note that it is enough to assume (5.5) for A < C, where C is a
constant independent of k, that is, it is enough to require z~1-like behaviour of
fx’s on the set where they take on small values.

Let us give an example of a sequence (fx) on I = [0, 1] satisfying (i) and(ii) of
(5.4). Let

and

Sk(z) = Z 277 - Ryk,j)(z)
71=1

where p: N? — N is a bijection and the R, are functions of Example (b). It is easy
to see that the Sj are independent and uniformly distributed over [0, 1]. Finally let
(ck) be a numeric sequence and let fi = ¢k - (1 — Sk)~!. We have || fx|l1,00 = |ckls
(i) and (ii) are valid, so by the proposition )_ fi converges a.e. in I if and only if
N((ck)) < oo.

We saw in Example (b) that independence and a.e. convergence do not necessarily
imply (5.1) for sequences in L'*. An interesting related question, to which we do
not know the answer, is whether they imply (5.2) in absence of z~!-like behaviour
of the terms of the sequence.
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