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Spaces defined by the Paley function

S. V. Astashkin and E. M. Semenov

Abstract. The paper is concerned with Haar and Rademacher series in
symmetric spaces, and also with the properties of spaces defined by the
Paley function. In particular, the symmetric hull of the space of functions
with uniformly bounded Paley function is found.
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§ 1. Introduction and preliminaries

A Banach space E of measurable functions on [0, 1] is called a symmetric space
or a rearrangement invariant space if:

1) E is an ideal lattice; that is, if |z(¢)| < |y(t)| for almost all ¢ € [0,1] and
y € E, then z € E and ||z||g < ||y]|&;

2) if y € F and if functions z and y are equimeasurable; that is,

[{t € [0,1] : [y(t)| > u}| = |{t € [0,1] : |x(t)] > u}], u >0,

where |a| is the Lebesgue measure of a set a C R, then z € F and ||z||g = ||y
In particular, any measurable function x(t) on [0, 1] is equimeasurable with its
nonincreasing left-continuous rearrangement

a*(t) :=inf{u>0:|{s €[0,1] : |z(s)| > u}| < t}, 0<t< 1.

Given a symmetric space X on [0, 1], its associate space (the Kéthe dual) X'
consists of all y for which

1
ol =sud [ attute) e ol < 1} < .
0

The space X', which is also symmetric, is isometrically embedded in the (Banach)
dual X*; here, X’ = X* if and only if X is separable. A symmetric space X is
mazimal if the conditions z,, € X, n=1,2,...,sup,_1 5 ||7p|lx <ocandz, —
almost everywhere on [0,1] imply that z € X and ||z|x < limsup,,_, . ||zn]x-
Throughout the paper we will follow [1] in assuming that all the symmetric spaces
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in question are separable or maximal. We also assume that the normalization
condition ||k 1)z = 1 is satisfied, where .(t) is the characteristic function of
a measurable subset e C [0,1]. We note that Lo, C E C Ly and ||z|/z, < |lz]|g <
||| L., for any x € Lo. In any symmetric space F, the dilation operator o, (t) =
x(t/7T)R0,1(t/7), 0 <t < 1, 7 > 0, is bounded. Also, |[o;||p—r < max(1,7) (see
Theorems 2.4.4 and 2.4.5 in [2]). The numbers

. Inflor|le
=0 Int ' Pe = Tlggc Int
are known as the (upper and lower) Boyd indices of a symmetric space E. The
inequality 0 < ap < g < 1 always holds. For example, o, = 31, = 1/p for all
p € [1,00].

Orlicz spaces give an important class of symmetric spaces. Let M (u) be a strictly
increasing convex function on [0,00), M(0) = 0. By definition, the Orlicz space
L s consists of all x € Ly for which

[0 ae

for sufficiently large A > 0. The functional ||z|5,, = inf A gives a norm on Ly,
the infimum being taken over all A > 0 satisfying the previous inequality. We let
exp La denote the Orlicz space constructed from the function M (u) = u’ _ 1, and
let G denote the closure of L., in exp Ly. The following characterization of these
spaces is well known (see [3] or [4], Lemma 3.2): a measurable function x lies in
exp Lz (in G) if and only if

z* (1)

*(t
SUp — 75— < 00 <respectively, lim _o) = 0>~ (1.1)
0<t<1 logy' ~(2/1)

=0 logy/*(2/t)

Let D be the family of dyadic intervals in [0, 1]; these are intervals of the form
AF = ((k—1)27",k27"), 1 <k <2", n=0,1,.... The functions xJ(¢) = 1,

n
2%k—1
1, te An+1 ,
Xu(t) = Xag(t) = { —1, te A,
0 for the remaining ¢ € [0,1]

form the Haar system. We let 2 denote the index set of the Haar functions; that is,
Q:={(0,0),(n,k), 1 <k < 2", n=0,1,...}. The formula m = 2" + k establishes
a one-to-one correspondence between ) and the set of natural numbers N, letting
us represent this system using only one index: {xm}men. The functions on/ 2xk
(n,k) € Q, form a complete orthogonal system which is a monotone basis in any
separable symmetric space. A necessary and sufficient condition that the Haar
system forms an unconditional basis in a separable symmetric space E is that
0 < ag < Pg <1 (see [1], Theorem 2.c.6, or 2], Theorem 2.9.6). An equivalent
condition is that ||z||g < ||Pz| g, where

1/2
)= 3 ), Px(t)( 3 (Cﬁxﬁ(t))2>

(n,k)eQ (n,k)eQ
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(see [5], Theorem 1.11; if f and g are two nonnegative functions or quasi-norms
defined on a set T, then, in what follows, the expression f < g, t € T means that
C~1f(t) < g(t) < Cf(t) for some constant C' > 0 and all t € T).

The Fourier-Haar coefficients ¢k = ck () of a function = € L0, 1] are defined by

1
k= 2"/ x(s)x (s) ds, (n,k) € Q.
0

The function Px(t) is called a Paley function. Given a symmetric space E, we let
P(E) denote the space of all functions = € L]0, 1] such that Pz € E; we equip this
space with the norm
Iell e, = 1Pz

This paper is devoted to the study of the spaces P(F), with special emphasis on
the space P(Ls). Note that in the case E = L; we have the well-known dyadic
space H! (see [6], §1.2; in §1.3 the book looks at some properties of the space
P(Ls), which is denoted by SLo there). In what follows, particular attention
will be paid to the relation between P(E) and symmetric spaces. We will obtain
necessary and sufficient conditions for P(E) to be symmetric (both in isometric
and isomorphic statements of the problem). Moreover, by strengthening the afore-
mentioned results, we shall prove that the operator P is bounded in a symmetric
space F if and only if its Boyd indices are nontrivial; that is, 0 < ap < fg < 1. In
particular, the space P(Ls,) is not symmetric (and not even ideal). We shall show
that its symmetric hull (considered in a certain sense) coincides with the exponen-
tial Orlicz space exp Lo. The fundamental property the spaces in question have
is that the Rademacher system ‘spans’ a l-complemented subspace in P(FE) for
any symmetric space F. In the final part of the paper we shall examine interpola-
tion properties of the couple (Lo, P(Loo)) and prove that the Rademacher system
generates a % -closed subcouple of the couple (L, P(Ls)) in a natural way.

Recall that the Rademacher functions are defined by 7. (t) = sign[sin(2*nt)],
0<t<1 keN Ifa= (ar)2, € {2, then by Rademacher’s theorem, the
series > ° | a, 1, (t) converges almost everywhere. Let Rad be the class of all such
functions. We have

.
rapa(t) =D xh(t),  n=01,2,...,
k=1

and hence P(3207  a,m,)(t) = (302, a2)1/2. It follows that Rad C P(E) and

n=1"n

)
E AnTn
n=1

for any symmetric space E. Consequently, along with Rad, the space P(E) contains
unbounded functions. More on symmetric spaces can be found in the books [1]
and [2], for Haar and Rademacher systems, see [4]-[8].

Some results in this paper were announced in [9)].

= [[(an)le, (1.2)
P(E)

The authors are grateful to the referee, whose suggestions and comments have
enabled us to improve the final version of the paper and, in particular, to shorten
the proof of Theorem 2 considerably.
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§ 2. Elementary properties of P(E)-spaces

Proposition 1. For any symmetric space E the space P(E) is complete.
1
Proof. Let x € P(E), x = / x(s)ds+3) ;cparxr. Following [6], pp. 39-40, we set
0
1
T = / x(s)ds and x, = ZIGD’ \I|=2-n+2 @1X1, M= 2,3,... . Now the mapping
0

Uz = {x,}°2, is an isometric embedding of P(FE) into the Banach space E(¢3),
which consists of all sequences {f,}52 of functions in F such that

o 1/2
1ty = H (Z fﬁ)
n=1

Standard arguments show that the image under U is closed in E(¢3). This proves
Proposition 1.

< 00.
E

Proposition 2. The space P(E) is separable if and only if the symmetric space E is.

Proof. Assume first that E is separable and > °_ ¢yxm € P(E). In this case
(Zf;:l(cme)z)l/z € FE and
o0 1/2
i [ (3 tnn?) | =0
k—oo ot 5

Consequently, the set of functions of the form Zi@:l CmXm, Where k € N and ¢,
are rational, forms a countable dense subset of P(FE), and hence P(FE) is separable.

Assume now that E is nonseparable. Then there exists a function z € E such
that |z| = z* and |[zk(o,e)l[r > 1 for any ¢ > 0. It is easily seen, that we can
assume without loss of generality that z = >"7  ¢,x? € P(E), 0 < ¢; <cp <+ -.
We have P(x) = |z|, and so x € P(E). By the choice of z, there exists a sequence
mq < mg < --- such that

Mi41

Z CnX?x

n=m;+1

> 1.
P(E)

To any sequence 0 = (0;)2,, 0; = £1,i=1,2,..., we assign the function

mMi+1

o0
vo = 0i Y. caxa
1

1= n=m;+1

Clearly, yo € P(E) and ||yg||p(p) = ||z|| p(r)- Since ||ygr —yp2||p(r) > 1 for arbitrary
9! # 6%, and since the set of functions {ys} has the cardinality of the continuum,
P(E) is nonseparable.

Now we shall examine the question when the space P(E) is symmetric. The
following theorem shows that the answer depends largely on the way the question
is posed.
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Theorem 1. The following assertions hold for an arbitrary symmetric space E.
1. P(E) is symmetric if and only if E = Ly and ||z||g = ||z||L, for all x € Ls.
2. P(E) coincides (up to equivalence of norms) with some symmetric space if
and only if 0 < ap < Bp < 1.

Proof. 1. Sufficiency, of course, follows from Parseval’s equality. We will prove
necessity. Let z(t) be a step function of the form

2(t) =Y arkagw(t), (2.1)
k=1

where the dyadic intervals A(k) are pairwise disjoint. If a function e(¢), |e(t)| = 1,
0 < t < 1, assumes the value +1 on the left part of the interval A(k), and —1, on the
right part of A(k), then e- k) is some Haar function x;x) for each k =1,2,...,n.
Hence, € -2 = > _; arXik) and

n 1/2 n
Ple-x) = (memv) =3 laxlra = ol (2.2)

k=1 k=1

Therefore, by the hypothesis,
1Pzllg = [|P(e- 2)lle = [|lzl|| ; = llz[l&- (2.3)

Let S be the averaging operator on the set of constants; that is,

1
Sy(t) := /0 y(s)ds - Kjo,1)(t).

Since any polynomial in the Haar system x = ZZ=1 ¢ Xk is simultaneously a func-
tion of the form (2.1), by (2.3) we have

2]z = H (;(Ckm)z)m

where I is the identity operator. It follows that ||(I — S)z|lg < ||z||g. If E is
separable, then the set of polynomials in the Haar system is dense in it, and hence,
I — S|le—r = 1. Applying one of the results from [10], we see that in this case
E = Ly (isometrically), and thus the theorem is proved in the separable case.

)

E

c = S)alle = H (é(ckxm)l/z

E

Given an arbitrary symmetric space E, we denote the closure of Lo, in FE by
Ey. The space P(Ly,) is not symmetric (even up to equivalence of norms; see [6],
Corollary 1.3.7 and the remark after it), and hence there is no loss of generality in
assuming that E # L,. Consequently, Fy is a separable symmetric space, and so
Ey = Lo by the assertion just proved. It follows that E” = (Ey)” = Lo, and so,
since E is either separable or maximal, £ = Ey or £ = E”. In both cases, E = L.
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2. f 0 < ag < fg < 1, then, as mentioned in §1, ||Pz| g < ||z||g. Turning to
proving necessity, we assume that x is an arbitrary function of the form (2.1). By
hypothesis, there exists C' > 0 for which

CHIPz|p < [|Pe - 2)lle < ClIPxl g,

where the function £(t) is defined exactly as in the first part of the proof. Hence,
taking (2.2) into account,

1Pzl < IP(e - 2)lle = [||=ll| ; = l=lle

for an arbitrary Haar polynomial z. Again using Theorem 2.c.6 in [1] and Theo-
rem 1.11 in [5] (see also [2], Theorem 2.9.6), it follows that the Boyd indices of the
space Fy, and hence also of E, are nontrivial.

Remark 1. It follows from the above proof that in both assertions in the theorem
necessity holds under an even weaker ideal condition on a space P(FE) (isometrically
or up to equivalence of norms, respectively).

§ 3. The operator P in symmetric spaces

In § 1 we have already pointed out that the norms of the spaces P(F) and E are
equivalent if and only if 0 < ap < Bg < 1. We will prove two more precise results
of this kind to characterize the embeddings P(F) C F and E C P(E).

Theorem 2. The following assertions hold for an arbitrary symmetric space E.
1. The embedding P(E) C E holds if and only if ag > 0.
2. The embedding E C P(E) holds if and only if 0 < agp < fg < 1.

Proof. 1. Let Spx, n = 1,2,..., be the sequence of partial Fourier-Haar sums of
a function @ € Ly; that is, S,x(t) = > p_; cx(z)xx(t). If ag > 0, then in view of
Theorem 6.3 in [8] (see also the more general result in [11]), || Pz||z < ||S| g, where
Sx(t) := sup,_; o, |Snx(t)]. Since Sxz(t) > |x(t)| almost everywhere on [0,1], we
have ||Pz||g > ¢|z| g for some ¢ > 0. Hence, P(E) C E.

To prove the converse assertion we assume the contrary: ap = 0. By Propo-
sition 2.b.7 of [1], for any n € N and € > 0, there exist equidistributed functions

T1,Ts,...,Ton € F, with disjoint supports, such that
27l
| < . <(1 ; 1
sl <2 o] < @re) ma lad @1
i—
for any a; € R, i = 1,2,...,n. Since F is separable or maximal, without loss of

generality we may assume that each function x; is a finite linear combination of the
characteristic functions of intervals of the form [(I; — 1)27%,1;27%) for some fixed
k € N which is independent of i. Moreover (possibly after some rearrangement of
values of the functions), we can suppose that each function z; is nonzero on just one
interval among the first 2" dyadic intervals of length 27% and takes some value (b,
say) on this interval, which is independent of i. The same is true for the subsequent
2" intervals of length 27 (with by instead of b;) and so on.
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Consider the following ‘Haar functions’ constructed from the sequence {z;}?_; :
hl = + . +.T2n71 7{1}2n—1+1 —r— Xon,
hg =1 + ... —|—x2n72 — Ton-24] — " — Tgn-1
+ 37271—1_)'_1 + . + xgn—1+2"—2 — xgn—1+2n—2+1 — s — Tgn,
2’7l
ha = (-1) e
=1

Note that these functions are linear combinations of the Haar functions. Namely,

hl = lellc—n + b2xz—n +o 4+ meLn—na
ha = b1(Xh_ni1 + Xaoni1) T 0200 ns1 + Xooni1) + -+ b OG0t + X ni1)s
n—1 n—1 n
B = b1(Xho1 + Xioy - F X1 ) H b0, T xR

_ n—1 n—1
+"'+bm(X§£11)2 +1+"'+le—21 )s

where m < 2°=". By the definition of the Paley function,
n m 1/2 m
P(Z hj) = \/H<Z bz‘z’i[(i—l)zn—k,izn—k)) = \/FLZ |bi|’€[(i—1)2"—k,i2n—k)~
j=1 i=1 i=1

The last sum is equimeasurable with the function \/n Zf; |z;|, and hence, by
virtue of (3.1),

on

> Ll

=1

< (1+¢e)vn.

E

n
()], -
j=1 2
On the other hand, again applying (3.1), this gives

L

j=1

2 nl|zille = n.
E

Since n € N is arbitrary, comparing the last estimates, it follows that the embedding
P(FE) C E does not hold, which contradicts the hypothesis.

2. Tt suffices to show that if E C P(F) then 0 < ap < fg < 1. First, arguing
as in the proof of assertion 1 of the theorem, we claim that ag > 0. Assuming
the contrary, given arbitrary n € N and € > 0, we find, as before, equidistributed
functions x1,xs,...,2x9n € E, with disjoint support, such that (3.1) holds for any
a; € Ryi=1,2,...,n. We again assume that the z; are ‘rearranged’ as in the proof
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of assertion 1. Now the functions

g1 =11 + .. +x2n,1 — Ton-141 — " — Ton,
g2 =21+ -+ Togn-2 — Tgn-247 — +++ — Tan-1,
g3 =Ty 4+ Ton-s — Ton-syq — 00— Togn-2,

can be written as linear combinations of the Haar functions:

g1 = lellcfn + bQXifn +o bmxztn’

2 —1)+1
92 =b1Xh_pi1 +b2Xp 1+ bmxk(f’;“) )

22(m—1)+1
93 =b1Xh_nio +b2XP ot bmxk,(;’lg Ay

n—1 _1)on-1
9n :b1X]1c71 +ngi71 +1 +..._~_me§€7?1 ) +1
We have

n m 1/2
P (Z(—l)ﬁ—lgj) > ﬁ(z b?,‘i[(i1)271k’(i1)2nk+21k)>

i=1

= \/ﬁz |bi|H[(i71)2n7k}(iil)Qn—k+21—k),
i=1

(Z bilﬁ}[(i_l)Qnk7(i_1)2nk+21k)) > ‘TC;{,

i=1
and hence, applying (3.1),

(X ena)

J=1

> Vitla e > Vi (3.2)
E

At the same time, it is readily checked that

n 2™
DD <2 fail,
j=1 i=1
and so, in view of (3.1),
> (=177 g|| <20 +e).
7=1 B

Since n € N is arbitrary, together with (3.2) the last estimate shows that the
embedding E C P(E) does not hold. This contradicts the hypothesis, and hence
ag > 0. Consequently, P(E) = E, by assertion 1, which we have already proved.
Hence, g < 1 by Theorem 1.
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Corollary 1. Let E be a symmetric space on [0,1].
1. If E C P(E), then E = P(E).

2. Ifag >0 and 8 =1, then P(E) é E.

From assertion 2 of Theorem 2 (which we have already proved) it follows that the
embedding £ C P(E) is equivalent to the condition that the Haar system forms
an unconditional basis in a symmetric space E. From this it is easy to obtain,
in particular, a criterion for the Haar system to be an RUC-basis in a symmetric
space; this result was announced in [12]. We first recall a few definitions.

Let E be a Banach space with dual space E*. A biorthogonal system (eg, e} ),
er € E, ef € E*, is called an RUC-system (random unconditional convergence
system) if, for any x in the closed linear hull [eg] of the vectors ey, k = 1,2,...,
the series > -, 7 (s)ef(z)e, converges in E for almost all s € [0, 1], where the 7y,
are the Rademacher functions. This is equivalent to saying that for any (some)
p € [1,00) there exists a constant K, > 0 such that the inequality

1
sup /
n=1,2,...\Jo

holds for all z € [e] (see [13]). A basis that, together with the basis coefficient func-
tionals, forms an RUC-system, is called an RUC-basis. Clearly, each unconditional
basis is an RUC-basis. Counterexamples showing that the converse statement is
false, as well as other information on RUC-systems, can be found in [13].

p

1/p
ds) < K, llalle

Z ri(s)ep(x)er
k=1

E

Corollary 2. The Haar system forms an RUC-basis in a separable symmetric
space E if and only if 0 < ap < fBp < 1.

Proof. 1f the Haar system forms an RUC-basis in a separable symmetric space E,
then for some K and all n € N,

1 n
/ S e
0 k=1

At the same time, by the L;-Khinchin inequality with optimal constant (found by

Szarek [14]),
A A > ()

Consequently, since E is separable, ||Pz| gz < vV2K|z||g for all € F, and it now
follows from Theorem 2 that 0 < ag < Bg < 1. The opposite assertion being clear,
the corollary follows.

ds < K
E

n
Zm(s)ckxk
k=1

E

ds

ds}’
E

n n
Z?‘k(s)ckx/c Zrk(S)Cka
k=1 k=1

E

Remark 2. Tt is well known that the sequence of partial Fourier-Haar sums S,z of
an arbitrary function z € L]0, 1] forms a martingale with respect to the natural
sequence of o-algebras generated by the dyadic intervals of [0, 1]. From this point of
view it is interesting to compare the assertions of Theorem 2 with the results in [15],
which looks at the square function Pr corresponding to an arbitrary martingale



946 S. V. Astashkin and E. M. Semenov

f = {fn}52. In particular, from assertion 1 of Theorem 2 and Theorem 3.1 of [15]
we have the following result: if the inequality |Pz||z > c|z|/g holds in some
symmetric space E, then the analogous inequality ||Prz| g > c¢||z| g holds for any
martingale f on [0, 1].

§ 4. The Rademacher system in the space P(FE)

Recall that a closed subspace F of a Banach space F is called complemented
(1-complemented) in E if there exists a bounded projection (a norm-one projection)
from E onto F.

In view of (1.2), for any symmetric space E the set Rad of sums of almost
everywhere convergent Rademacher series is a closed linear subspace of P(F) which
is isometric to £o.

Theorem 3. The subspace Rad is 1-complemented in P(E) for any symmetric
space E.

Proof. Tt suffices to show that the orthogonal projection

oo 1
Tf(s):= Z/ fradt-r,(s)
n=170
is bounded on P(E) and that

ITfllpey < Ifllp)- (4.1)

1
Iff:/ fdt+ZI€Da1X1, then for any n € N
0

1
/ frodt = Z a;/Xﬂ"ndt:2_"+1 Z ag.
0 I

IED, |I|=2—n+1 IED, |T|]=2—n+1
Hence,

Tf= i (2‘”“ > a1>rn

n=1 I€D, [I|=2-n+1
oo

_ —n+1

e Y W) Y
n=1 I€D, |I|=2-7+1 I€D, [I|=2-n+1

(that is, the operator T averages the Fourier-Haar coefficients of the function f
corresponding to each block of the Haar system). Thus, by definition

o} 2
1Tl Bm) = Z (2_n+1 Z GI) . (4.2)
n=1 IeD, |T|=2-n+1

On the other hand, for arbitrary n € N and j = 1,2,...,2", we consider
the following sequence of dyadic intervals {I"}22 : if 1 < k < n+ 1 and if
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(i — 12"kl < 5 <i2" F+ wherei = 1,...,2F 71 then I(n A7) = = A} _, (in partic-
ular, 1™ = (0,1) for j = 1,2,...,2", Ig’”) =(0,1/2) for j =1,2,...,2""%, and
I2(n71) = (1/2,1) for j = 2771 4 1,...,2", and so on); if k > n + 1, then I,gj) is an
arbitrary dyadic interval of length 27 *+1. We note that Pf > (3 ;= ai)l/2 for

each subsequence of dyadic intervals {1 }?2 | such that || = 2=*+1 and Iy, C Iy,
k=1,2,.... Hence,

2" n+1 1/2
2
P E ( § aAi(j) ) HAZN ne N7
j=1 k=1 !

where () is such that (i(j) — 1)2" 7%+ < j < i(4§)2"~**+1. Consequently,

1 2" n+1 1/2 n+1 /2
Mo > [ prwaz23(Sa) 20 (5 (S i) )
j=1 V=1 "

k=1 “j=1

n+1 ok—1 2\ 1/2 n+1 2\ 1/2
— 9" (Z <2nk+1 Z |G’A};_1|> > _ <Z <2k+1 Z |al|) ) )
i=1

k=1 k=1 I€D, |I|=2—k+1

Since n € N is arbitrary, letting n — oo we obtain

o0 2\ 1/2
(Z (2k+1 Z |a1> ) < | fllpces

k=1 IeD, |I|=2—F+1

and in view of (4.2) this gives (4.1), which proves the theorem.

Corollary 3. For any symmetric space E the space P(E) contains a 1-comple-
mented subspace isometric to s.

Remark 3. Tt is well known (see Theorem 2.b.4 in [1], or [16]) that the operator T
in the proof of Theorem 3 is bounded in a symmetric space E if and only if G C
E C @', where G is the closure of L., in the exponential Orlicz space exp Lo, and
G’ is the associate space of G. Moreover, according to [17] (see also [18]), the
last condition is equivalent to the condition that a separable symmetric space F
which fails to contain a complemented sublattice isomorphic to £ must contain /o
as a complemented subspace. Comparing these results with Theorem 3 indicates
a crucial difference between the properties of symmetric and P(E)-spaces.

§ 5. The symmetric hull of Rad and P(Ly,)

Let F be a set of functions defined on [0, 1], F' C L1[0, 1].

By definition, the symmetric hull of F' is the symmetric space E satisfying the
following properties:

1) F C E;

2) there exists a constant o > 0 such that, for an arbitrary function « € E, there
exists f € F such that 2*(t) < f*(¢) + al|z|| g almost everywhere on [0, 1].

It is easily seen that the symmetric hull of any set (up to equivalence of norms)
is unique.
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It is worth noting that the concept we have just introduced is slightly different
from the concept of a rearrangement invariant hull of a set, which was investigated
in [19] (see also Theorem 5.7.10 in [20]).

To characterize the symmetric hulls of the sets Rad and P(Ls) we shall require
some properties of the dyadic BMO space, which we will denote by BMO,. Recall
that the space BMO = BMOI0, 1] consists of all functions f € L;[0, 1] such that

I lsso i=sup ﬁ / F(s) = fu] ds < oo,

1
where the supremum is taken over all intervals I C [0,1], f; = ] / f(s)ds. If in
I

the last definition we consider only I € D, we obtain the seminorm || f||4 defining
the dyadic space BMOy. It is clear that || f]|a < |||}, where

, 1 e 1/2
151 i= s 1700~ sl as)

Moreover, || f||}, < C| fl|la for some C' > 0, by one of the corollaries to the John-
Nirenberg theorem (see [21], Remark 3.9). In addition, we need the following
straightforward equality: if f =3 ; pasxs, then

1/2
Il = 30 a3)

JeDb, JCI

Proposition 3. The space P(Ls) is contained in BMOg and || flla < [|fllpr.)
for all f € P(Lo).

1
Proof. We may assume without loss of generality that / fds = 0, and hence,

0
f =2 jepasxs. Given an arbitrary interval I € D, we set

= ¥ a?mm)m.

JeD, JCI
Hence, Pr(f)(x) < Pf(z), 0 <z <1, and
IPH( Lo rdzy11)) S NP Fllzocion = 1l P(Lo)- (5.1)

We have

1 1/2
1P ooy = (o / Pi(f)?ds
1/2
1
:( a //w da:) = <I Z a3|J|> ,
JE]DJ JCI Jeb, JCI

and therefore, by (5.1),

1/2
1
(m 2 a3'J') <P 2wtz < 1P

Jeb, JCI
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Since I € D is arbitrary, in view of the remark after the definition of BMOy, this
proves both assertions of Proposition 3.

Remark 4. In [22] it was proved that

00
E [
k=1

with constants independent of a; € R. In particular, it follows that Rad ¢ BMO.
A fortiori, P(E) ¢ BMO for an arbitrary symmetric space E, which indicates that
Proposition 3 is, in a certain sense, sharp.

n

>

k=1

= |[(ar)iZille, +sup
BMO neN

bl

Theorem 4. For any function x € G, there exists a Rademacher sum

oo
F=)ark,  a=(ar)il € b,
k=1

such that ||alle, < Cillz||q and
2 (t) < Co(llalle, + £7(2)),  0<t<1, (5:2)

where C7 > 0 and Cy > 0 are independent of x and f.
Proof. Tt is well known (see the proof of Theorem 2.b.4, (i) in [1]) that the limit

u(t) = lim. (\}ﬁ i rk(t)> ) (5.3)

exists almost everywhere on [0,1], and u(¢) is equivalent to the function v(t) :=

logé/ %(2/t) on [0,1/2]. We let & denote the corresponding equivalence constant. It
follows, in particular, that

¢ ¢
/ v(s)ds < 25/ u(s) ds, 0<t< L (5.4)
0 0
In view of the characterization (1.1) of the space G, if € G then
0
* < < = .
w0 <llellond, 0<e<1, Jim T —o (55)

for some universal constant v > 0
We can find a sequence of points t; > to > --- in [0, 1], tx | 0, such that

2 () <Hllzllov®) -2 X @), 0<t<1, (5.6)
k=1
T 1 T
/ w(t) dt > 5/ w(t)dt forall 7€ [botea], k=23....  (5.7)
te41 0

We take t; = 1 and choose t3 < 1 so as to have

1
x*(t) < §'y|\x||gv(t) for all 0<t< t. (5.8)
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For any 7 € [ta, t1], there exists b(7) € (0,t2) such that

/b (:) u(t) dt = % /0 " () dt.

Since the integral is absolutely continuous, the function b(7) is continuous on [te, ¢1].
Hence, t5 := ming, <<, b(7) > 0. Let t3 € (0,t5] be such that

. 1
x*(t) < 2—2fy||x||gv(t) for all 0 <t<ts.

Therefore, because of the choice of t3 (see the first inequality in (5.5) and (5.8)),
relations (5.6) and (5.7) are satisfied for ¢t € [t3,?;] and k = 2, respectively. The
subsequent points t; are chosen similarly.

Now set m; = 0. Note that the convergence in (5.3) is uniform on any subinterval
[X,1/2], 0 < A < 1/2. Hence, we can take mg > my so that

((m2—1ml)1/2 i Tk(t))* >%u(t)

k=mi+1

for all ¢ € [to,¢1]. Assume that m; < ma < -+ < m; have already been constructed.
From the elementary properties of the Rademacher functions (see, for example, [4],
Proposition 1.4), one can choose m;+1 > m; so that

1 mMit1 * 1
———r rk(t)> > —u(t) forall t€ [tit1,t:]. (5.9)
<(mi+1 —ma)!/? k:%;rl 2
We set
el

mi<k<mi+17 ZEN?

b
(M1 —m;)/?
mMit1 ']
2z = g arrE, 1 €N, f= g apT-
k=m;+1 k=1

Since the Rademacher system is unconditional (with unconditional constant 1) in
T

any symmetric space (and in particular, in L; with norm / x*(s)ds, 0 <1 < 1),
0

for any ¢ = 2,3,... and 7 € [t;,t;—1] we have

/OTf*(t)dt>/0Tzf(t)dt>/t‘T 21 (t) dt.

Moreover, for all 7 € [t;,t;-1],

/ zj(t)dt>24—i~yﬁ||x|\c/ u(t) dt

ti+1 ti+1
T

223—1'75”9;”6;/ u(t)dt}?z_i’yﬂxﬂg/ olt) dt,
0 0



Spaces defined by the Paley function 951

in view of (5.9), (5.7) and (5.4). At the same time (5.6) shows that on the interval
(0,ti—1] 227"y|jz||gv(t) = z*(t). Thus, since (J;=,[ti, ti—1] = (0,1], it follows from
the last two inequalities that

/ x*(t)dtg/ P, 0<r<l. (5.10)
0 0
Furthermore,

o 1/2
lall, < 3276x||a(24-1) — illzle,
=1

where C := 32 -371/244 is a universal constant.
To prove (5.2) we recall (see [19] or [21], Theorem 3.3) that

1 ¢ * *
[ o@ds-gw<slda v<i<
0

)

==

for any function g € BMO, (in these references this inequality is proved only for
BMO, but a simple analysis of the proof shows that an analogous result also holds
in BMOg). Hence,

w0 < [@@ds<q [ PO O30 0 = 0+ 32,

using (5.10), Proposition 3, and equality (1.2) for 0 < ¢ < 1/4. If 1/4 < ¢ < 1, then
again applying (5.10), we get

t t
2(1) < 5 / 2" (s)ds < 4 / £*(s)ds < 4l fll2 = 4lalls,-

Since (5.2) is a direct consequence of these relations, this proves Theorem 4.

Now, Rad C G (see [23]|, Theorem 5.8.7, or [24]), and so Theorem 4 has the
following corollary.

Corollary 4. The space G is the symmetric hull of the subspace Rad.

Next, we will find the symmetric hull of the set P(Ly). First, note that
Rad C P(Ls) (see (1.2)), and so Theorem 4 shows that it contains G. On the
other hand, in view of Corollary 1.3.2 in [6], the following estimate for the distri-

1
bution of functions from P(Ls,) is valid: if / x(s)ds = 0, then
0

t2
’{86[0,1]2|$(S)|>t}’<26Xp<—2)7 t>0.
2||='CHP(LOC)
1
Thus, taking (1.1) and the obvious inequality / x(s)ds| < [|z[p(r..) into account,

0
we have P(Loo) C exp Lo and ||z ||exp 2, < C|lz||p(L..) for all 2 € P(Lo) and some
constant C' > 0. Thus, in order to show that the symmetric hull of P(Ly,) coincides
with the space exp Lo it suffices to prove the following theorem.
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Theorem 5. For any function x € exp Lo there exists a function f € P(Leo) such
that

1
oy 1elexp 2o < Mlfllpza) < Cullllexp 2, (5.11)

2" (t) < Co(f* () + 1 £ p(z.oe)s (5.12)

where the constants C1 > 0 and Cy > 0 are independent of x and f.
In particular, there exists a function fo € P(Ls), ||follp(L) = 1, for which

1fo()] < logl/? 2 T 0<t<l, (5.13)
1 2
f(0) > Jlogy” 2 (5.14)

for allt € (0,to] and some ty € (0,1).

Proof. We first prove the second assertion of the theorem. For each k = 1,2,... we
define two families of dyadic intervals:
i1
She={A =2 k), -_{Akﬂ Li=2,...,k}

(in particular, ¥} = X7 = @). Note that the intervals in both families ¥} and X3
are nested and are contained in the dyadic interval Ai. To be more precise,

AZDOA, DDA AZSOAL D DAL k=12,
(5.15)
Moreover, from the definition of the Haar functions it follows that, for all k£ =
1,2,...,

1 for TeXiU{A? teA1+2,
XI(t) = 9 { } ok+1 (516)
—1 for TeX2U{AZ}, te A2, .
We set
fO;Zf( A2+ZXI+ZXI>
k=1 Iex; Iex?
Since the intervals A% = (27F 27k k. =1,2,..., are pairwise disjoint and since

Ui, A2=(0,1], we have (Pfo)?(t)<1, 0<t<1. Moreover, if Ej, ::Aé;‘Qk UA%ZH,
then (Pfo)2(t) =1forte Ek. HCHCC, HfOHP(Loo) = ||Pf0||oo =1.

Now we will estimate the function fy itself. In view of (5.15) and (5.16),
|fo(t)] < Vk for t € A?, and |fy(t)| = Vk for t € Ey, k= 1,2,... . This gives

Z\f@k < | fo(t) Z\ﬁszkgw]() 0<t<1. (5.17)

We also note that the sets Fj, are pairwise disjoint and

|Ex| =272, k=1,2,.... (5.18)
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On the other hand,
oo
Z \/EH(Q—k72—k+1 (t) < 10g1/2 Z vk + 169~k 2~ k+1]( ), 0<t<1. (5.19)
k=1

Now (5.13) is a direct consequence of inequalities (5.17) and (5.19). Further, the
right-hand side of (5.19) equals u(t) + v(t), where

) = Z @K(2—2i+172—2i+2](t), U(t) = Z V2 + 1&(27%7272“1](75).
i=1 i=1
By (5.17) and (5.18), u*(t) < V23 (t) and v*(t) < V3 (t), 0 < t < 1. Thus, again
applying (5.19) we see that
2 1 I
logl/2 - < f/ logl/2 ds < 7/ u*(s)ds
t St 5 tJ;

Lt V2+V3 [t
Jrg/ov(s)dsgf/o fo(s)d

Now using exactly the same analysis as in the concluding part of the proof of
Theorem 4 we apply Theorem 3.3 in [21] and Proposition 3 to show that
togs/2 2 < (VE+ VA5 (6) + 32 folla) < (VE+ VA () + 320 folpesy)
= (V2+V3)(f5(t) +32)

for 0 < t < 1/4, whence (5.14) follows.
The proof of the first assertion of the theorem is similar. First of all, by (1.1)

x*(272k)
[Zllexp £, < sup 7

=1,2,...

for x € exp Ly with universal constants. Hence, for some C7 > 0 and kg € N
#@770) > O7 Volelop s 27(27%) < CVElallopras k=12,

We set

oom 2 2k
Z <A§+ZX1+ZX1>7

=1 Iex; Iex3

where ¥} and 2 are the families of dyadic intervals defined above. Now, by the

above inequalities,
ko 2%k 1/2
(274%0) _
(2 (5% ) )5 e el

k 1/2
2 2k
<Z( )> > g Ol||$HexpL27

=1

&
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for k =1,2,.... Consequently, recalling the definition of f we obtain (5.11) as in
the first part of the proof. Furthermore, by the same argument,

> 2" (27 )kp, (1), (5.20)
k=1

where, as before, Ej, = A%;Zk U A2k+l.
On the other hand,

Z.”L' H(Q ko— k+1](t> = Ul(t) + Ul(t)7
k=1

where -
t) = ZIZ:*(272i+1)/{(2—2i+1’2—2i+2](t)

and

) = Z x* (2721-)[{(2721:’272”1] (t)
=1

Using (5.20) and (5.18) it follows that uj(¢) < f*(¢) and vj(t) < f*(¢), 0 <t < 1.
Thus, as in the first part of the proof,

I 1t 1t 2 [*
x*(t) < f/ x*(s)ds < f/ u”{(s)ds—l—f/ vi(s)ds < f/ f*(s)ds
tJo tJo tJo tJo

< 2(f7() +32(flla) < 2(/*() + 320 fl o))
and now (5.12) is proved.
The results obtained above give the following.

Corollary 5. The symmetric hull of the space P(Ly,) coincides with the exponen-
tial Orlicz space exp Lo.

§ 6. Interpolation properties of the Banach couple (Lo, P(Loo))

Let (Xo, X1) be a Banach couple, that is, Banach spaces Xy and X; embedded
into some Hausdorff topological linear space; let x € Xy + X; and ¢ > 0. The
functional

f%/(t,JJ,XQ,Xl) = inf{||x0||X0 +t||SL‘1||X1 x=x9+ 21, Tg € Xo, 1 € Xl}

is called the Peetre J# -functional of the couple (Xg, X1). Let Yy and Y] be closed
subspaces of X, and X, respectively. A couple (Yp,Y7) is called a K -closed subcou-
ple of the couple (Xo, X1) if the functionals J¢ (¢, y, Xo, X1) and (¢, y, Yy, Y1) are
equivalent with constants independent of ¢ > 0 and y € Yy + Y;. From a Banach
couple (Xp, X1) and a Banach lattice F' on (0,00) with measure dt/¢ such that
min(1l,t) € F we can construct the space of the #-method of real interpola-
tion (Xo, X1)7 with norm ||z := ||#(t,, Xo, X1)||#, which is an interpolation
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space with respect to the Banach couple (Xg, X1) (see [25], §3.3). This means
that an arbitrary linear operator that is bounded on Xy and X; is also bounded
on (Xo,X1)Z . In the particular case when F is a weighted L, (t~?,dt/t)-space,
0<6<1,1< p< o0, we have the classical spaces (Xo, X1)g,p. A detailed account
of the properties of these spaces can be found in [26].

Consider the operator

Ra(t) = apri(t),  a= ()i, € b,
k=1

where, as before, r(t) are the Rademacher functions. The operator R is an isometry
from ¢; into Lo, and (in view of equality (1.2)) from ¢5 into P(L). So, the couple
(R(¢1), R(¢2)) may be regarded as a subcouple of the Banach couple (Lo, P(Loo)),
where R(¢;) is a subspace of Lo, and R(f2) (= Rad) is a subspace of P(Ls).
The couples (R(¢1), R(¢2)) and (¢1,{2) are isometric, so from the definition of the
 -functional it follows that

%(t, Ra; R(El),R(ﬁg)) = %(t,a;fl,ﬂg). (61)

Theorem 6. The Banach couple (R(£1), R({2)) is a K -closed subcouple of the cou-
ple (Loo, P(Loo))-

Proof. In view of (6.1), it suffices to show that
f%/(ﬂ Ra; LOO7 P(Loo)) = Jﬂ?f/(t, a; 61762)

with constants independent of a = (a)72, € ¢2 and ¢ > 0. First of all, by the
definition of the J#-functional,

A (t,Ra; Log, P(Loo)) < inf{||Rb||... +t|Rel|p(r.)y:a=b+c, bely, c€ly}
= inf{||ng1 +tlclle, :a=b+c,be Ly, cE EQ} = (t,a;01,02).

On the other hand, as we have already pointed out, P(L.,) C expLs and
lz]lexp £, < C’||x||p(Lx) for all z € P(L). Hence,

H(t,Ra; Loy, G) = A (t, Ra; Loo,exp Lo) < C (t, Ra; Loo, P(Loo)).
Furthermore, by Theorem 4.1 in [4]
H (t,Ra; Lo, G) < H (t,a; 41, 02)
with constants independent of a = (ax)§>, € ¢2 and t > 0. Thus,
H (t,a;0,05) < C'H (t, Ra; Loo, P(Lso)),
and the theorem follows.

From this theorem, and also from the definition of spaces of the J#-method of
real interpolation we have the following result.

Corollary 6. Let I' be a Banach lattice such that min(1,t) € F, and let F =
(01, 02)F . If X = (Loo, P(Loo))% , then the norms || Y oo anrullx and ||(an)||o
are equivalent.
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Given arbitrary interpolation space .# with respect to the couple (¢1,¢3), Corol-
lary 6 makes it possible to find a space X that is an interpolation space with respect
to the couple (Lo, P(Lso)) such that on RadNX the norm of X is equivalent to the
norm of #. In particular, since £, = (¢1,02)9 p, where 1 <p <2and 6§ =2(p—1)/p
(see [26], Theorem 5.2.1), we have

Z nTn = |[(an)lle,
n=1 Xp
for X;, = (Loo, P(Loo))s,p- The relation
o0
Z anTn|l < |l(an)lle, 1<p<2,
n=1 Ap

for the Lorentz space A, with the norm

lz[la, = <(p -1) /Ol(x*(t))T‘ I eds>1/1’

s S

which is close to the above, was first proved by Nikishin [27] (for different
proofs of this result see [24] or [4], Example 4.1). In conclusion, we observe that
Ay =(Leo, G)o p, where §=2(p — 1) /p.
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