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A HAUSDORFF-YOUNG THEOREM
FOR
REARRANGEMENT-INVARIANT SPACES

CoLIN BENNETT

The classical Hausdorff-Young theorem is extended to the
setting of rearrangement-invariant spaces. More precisely, if
1=p=2,pt4+q't=1, and if X is a rearrangement-invariant
space on the circle 77 with indices equal to l’i—l’ it is shown
that there is a rearrangement-invariant space X on the integers
Z with indices equal to ¢! such that the Fourier transform
is a bounded linear operator from X into X. Conversely, for
any rearrangement-invariant space Y on Z with indices equal
to 91,2 < q £ oo, there is a rearrangement-invariant space
Y on Z’ with indices equal to p~! such that .7~ is bounded
from Y into Y.

Analogous results for other groups are indicated and ex-
amples are discussed when X is L? or a Lorentz space L?”.

By L*» = L*(T) we denote the usual Lebesgue space on the unit
circle T, and by I» = I°(Z) the corresponding space on the integers
Z. The index conjugate to p will always be denoted by ¢ so that
pt+4 ¢t =1, The Fourier transform .~ defined by

(TN = Fny = = | "r@yean ,

is a bounded linear operator from L' into I~ and from L? into I* so by
the M. Riesz-Thorin interpolation theorem ([9], p. 95), .7~ is bounded
also from L” into 1’ whenever 1 < p < 2. This is the assertion of
the classical Hausdorff-Young theorem ([9], p. 101).

Hardy and Littlewood ([5]; [9], p. 109) showed that .7~ is bounded
from L7, 1< p <2, into I, the “weighted” Lebesgue space of all
sequences {c,} for which

lethy = {S fealot + 1) = {S10 + ) et + ()=}

is finite; since 1<% as a simple computation shows, their result
improves on that of Hausdorff and Young. A still sharper version,
again due to Hardy and Littlewood ([6]; [9], p. 128), is based upon
the observation that even the (symmetric) decreasing rearrangement
of the sequence {f(n)} belongs to I3, or, what amounts to the same
thing, .77 f belongs to the Lorentz space 1?? (cf. [3], [4], and [9]
for the precise statements and definitions). Thus .7~ is a bounded
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linear operator from L* into /> whenever 1 < p < 2. More generally,
the recent interpolation theorem of Calderdn ([3], p. 293) shows that
7 is bounded from L7 into 1,1 < p < 2,1 <7<, the Hardy-
Littlewood results thus being contained in the special case r = p.

It is our intention in this paper to extend the above results to
the setting of arbitrary rearrangement-invariant spaces. Intrinsie
interest apart, the need for such a theorem arises naturally in pro-
blems concerning the ideal structure of Lipschitz subalgebras of rear-
rangement-invariant spaces (cf. [1]). Our main results, in which the
L? spaces are replaced by rearrangement-invariant spaces with indices
(cf. [2]) equal to p~, are as follows:

THEOREM A. Let X be a rearrangement-invariant space on T
with indices (p™, p™), 1< p =< 2. Then there is a rearrangement-
wmvariant space X on Z with indices (@4 g™, pt+ ¢t =1, such that
7 is a bounded linear operator from X into X.

THEOREM B. Let Y be a rearrangement-invariant space on Z with
indices (@7, q7Y),2 < q = co. Then there is a rearrangement-invariant
space Y on T with indices (p~, »™), "+ ¢t =1, such that T 1is a
bounded linear operator from Y into Y.

The construction of the spaces X, Y depends crucially on the
properties of the maximal operator S = S(g) of Calderon ([3]), and
the proof of the boundedness of .7~ follows from the corresponding
interpolation theory. One advantage of this type of proof is that it
is then easy to see that Theorems A and B extend to transforms
given by arbitrary uniformly bounded orthonormal systems as in
earlier results of F. Riesz and Paley ([9], pp. 102, 121). Our results
extend to the Fourier transform defined on Z (the “duals” to Theorems
A, B) and the real line R, and to more general groups (although the
theory presented here requires that the Haar measure be always
o-finite); we shall not aim for this level of generality. Examples are
discussed which show that Theorems A and B contain as special cases
the results of Hardy-Littlewood and Calderén mentioned above.

2. Rearrangement-invariant spaces. This section contains a
brief synopsis of results from the theory of rearrangement-invariant
spaces required later. We shall assume that the reader is familiar
with the material in the paper of Boyd ([2]) whose notation we shall
by and large adhere to; for further details see [4], [7], and [8].

Thus (2, 7, ) will denote a totally o-finite measure space, ¢ = 0,
satisfying one of the following conditions:
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@.1) ¢ is nonatomic and p(2) = oo ,
(2.2) ¢ is nonatomic and ¢(Q) < o ,

[t is completely atomiec, all atoms having equal measure

2.3
(2:3) 1, and p§(Q) = <.

A (2), Z(2) denote respectively the measurable and nonnegative
measurable functions on 2. A function norm is a mapping p: FP{2) —
[0, =] which, for all £, f, €.97(2), all scalars ) > 0, satisfies:

(2.9) of) =0=f=0 p—ae.;

(2.5) o) =no(f) s fi£fe - ae.=0(f) = o(f);
(2.6) o(fi + 1) = o(f) + o(f) ;

2.7) UE) < o =p0() <o ();

@8  wE) < =—| fdps (), for some A, < = ;

(2.9) ful fr—ae.=p(f,) 1 o(f)  (Fatou property) .

The space X = L consists of all functions fe_Z(2) for which
o(fD) < . When functions differing on at most a null-set are
identified, X is a Banach space under the norm || f||x = o(| f]), called
a Banach function space. If X contains, along with a function f,,
every function f, equimeasurable with f,, we say that X is a rear-
rangement-invariant space; we may and shall assume that if f; and
Jf» are equimeasurable then ||/ |lx = ||S2llx (cf. [7], §16).

If a space X has all the properties of a rearrangement-invariant
space except that instead of the Fatou property (2.9) it satisfies the
weaker Riesz-Fischer property

(2.10) Foe X300 < = = 0o(S 1) < =,

we shall say that X is a Riesz-Fischer space (cf. [8], Notes I and II).
The nonincreasing rearrangement f* of f is defined as in [2],
and the Hardy maximal rearrangement f** is given by

@.11) () = % S:f*(s)ds , 0<t< oo

We shall make frequent use of the following well-known inequality
(Cf. [7], §10)
(2.12) i+ D =5+

L vr denotes the characteristic function of a set E.
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The domain of definition of f*, fe _#(2), will be denoted by 2*;
thus if Q satisfies (2.1) (resp. (2.2), (2.3)) we set 2* = R* (resp.
[0, ()], Z*). To each rearrangement-invariant space X on 2 there
corresponds (via the Luxemburg representation theorem [7], §12) a
rearrangement-invariant space X* on 2*. The norms on X and X*
are related by

(2.13) e = 11/ Mz » feX.

When X = L* we shall write X* = L.
The associate space X’ of X is defined as in [2]; note the result-
ing Holder inequality (setting a = p(2)): ‘

@19 | e < | oo @@ sifidiole, feXgeX.

The dilation operators E,, F,,0< s < -, and G, 8 or s'eZ*}
are defined as follows:
When 2* = R*,0 < s < oo, set

(2.15) (EN@E) =fst), 0<t< oo, fe #ZR").
When 2* = [0,a] and 0 < s < o, set
(2.16) FNHE) =fst), 0st=<a, fe #Z(0,a]),

where f(t) is defined to have value 0 if ¢ > a.
When 2* = Z* and me Z+, set
(Gnf)(n) = f(mn) ,
(Gurf)(m) = f([(n — V)/m] + 1) neZ*, fe Z(ZY),
where [a] denotes the integer part of a.

Now let X be a rearrangement-invariant space on 2. If * = R+
we define || E,||x, by

(2.18) 1 Bl = sup {[| ELF* [lell flle = 1} 5 0<s< oo

(2.17)

in case 2* = [0, a], Z* there are analogous formulas for || F,[, and
|G, llxy, Tespectively.
The Boyd indices ([2]) of X are defined in the nonatomic case by

2.19) aX) = lim =8Bl . gx) = lim =102 1 E I
80 log s ’ 5o log s

(with E, replaced by F, if 2* = [0, a]), and in the atomic case by

—log || Gullix .

— Tim Jog 1 G llry . -1
2.200 a(X) = }:_Ig " ; B(X) 71,52 log m

log m
2 The notation used here differs from that of Boyd ([2]).
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THEOREM 2.1 (Boyd [2]). Let X be a rearrangement-invariant
space on (2, .7, ). Then the limits (2.18) (or (2.19) as appropriate)
exist and

(2.21) 0=pX)=saX)=1.
Moreover, if X' is the associate space of X, then

(2.22) aX')=1-8X); pBX)=1-aX).

When X is L*? or a Lorentz space L* both indices are equal to
P

3. The Calderon maximal operator S. For each fe L'(R™), set

3.1) (SF)(t) = S:'t F(s)ds + —]é-t—uz S:ts—llz Feds, 0<t< oo,

The operator S so defined is precisely the Calderdon maximal operator
S = S(o) ([3], p. 288) for the segment o in the plane joining the
points (1, 0) and (1/2, 1/2). It is a simple matter to check that S(f*)
is nonnegative, nonincreasing and continuous on R*([3], p. 288) and
hence that (S(f*))* = S(f*). In subsequent sections we shall need to
consider the maximal average (cf. (2.11)) (Sf*)** of Sf*.

LeEmMMA 3.1. For any fe LY(R"),
(3.2) (SF¥)F5() = S:” FH(s)ds + 0 g:ts—llz FHe)ds, 0<t< oo
Furthermore, we have,

(3.3) S+ £9)E) = (S @) + (S @), 0<i< e,
and, if f.,fre LN(T),

S((fy + S (@) = (S0 + (S0, 0<t < e

Proof. Equation (3.2) is established by a routine change in the
order of integration. Note the similarity to (3.1). Putting f = fi* +
f¥, we have f* = (f* +f.* = f* + 5 = f, and (3.3) follows directly
from (3.2).

If fe L(T), then f* is supported in [0, 1] and so from (3.2) we
see that (Sf*)** has the constant value gl f*(s)ds on [0,1]. Hence,
if ., f.e L(T) we have for all £,0 < ¢ <1,

S((f1 =+ fz)*)*x(t) = ||f1 + fz”Ll(T) = Hfl”Ll(T) =+ ]]szL1<T)
= (SfF)**(©) + (S @) .
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Thus, it remains only to show that the preceding inequality persists
for all ¢ > 1.
Now, if t > 1, we set

o(8) =1, 0=Zs<Z1/t; uls) = (st)y™*, 1t<s<1,
so that by (3.2) we have
S+ @) = | F*@n(ds, i>1.

Note that -, is continuous and nonincreasing on [0, 1]. If f,, f: € LNT),
we deduce from (2.12) that

L+ i< O+ e, 0<ust,
and so it follows by a theorem of Hardy (cf. [7], §5) that
L+ £ @vo)ds < | (A5 (6(s) + £ @v(e)ds
i.e.,

S((f, + £))** () = (S () + (S , t>1.

This completes the proof.
It follows easily from (3.2) that (Sf*)** is nonnegative, nonin-
creasing and continuous on R*.

LemMMA 3.2 (Calderén [3], p. 288). The operator S is of (strong)
type (1, ) and of weak type (2,2). The same is therefore true of
the operator f— (Sf*)**.

The next theorem justifies the terminology ‘maximal operator’
which we have applied to S.

THEOREM 3.3 (Calderin [3], p. 290). Let U be any linear operator
defined on LYT) whose values are functions defined on Z. If U 1is
of type (1, ) and weak type (2,2) then

(Uf)* = eSf*,

where ¢ 18 a constant independent of f.

Since the Fourier transform .7 is of strong (hence weak) types
(1, ) and (2, 2) we deduce the following result:

COROLLARY 3.4. For each fe LNT), there is the estimate
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(T ) =S5,

where ¢ 18 a constant independent of f.

4, The space X,. Let X be an arbitrary rearrangement-invariant
space on the circle T (no restrictions on the indices are necessary at
this stage). In this case the conditions (2.7) and (2.8) imply

(4.1) L= X< L'

with continuous embeddings, i.e., there are constants ¢; = ¢;(X), 1 =1, 2,
such that

(4.2) L= el flly, fe X5 [ £l £ el flle, felL>.
The set X, of functions on Z is defined by

4.3) X, = {g = (g()7eu: g** = (SFH)** for some fe X}

and we set

(4.4) lglls, = W {I[ fllx: g™ = (SF*} 5 geX;
equivalently, by (2.13),

(4.5) lg1lz, = inf (| £* [z g™ < (SF*)* geX.

It will be established in the following series of lemmas that the
space X, so defined is a Riesz-Fischer space which fails in general to
satisfy the Fatou property (2.9) (cf. §7) However, we show in the
next section how to construct from X, a second space X with all of
the desired properties.

For notational convenience we shall use ||(+)|] to denote the norm
on X and ||(+)|l, to denote the norm on X,.

LEMMA 4.1. If ge X, then
(4.6) g1l = cllgllo
where ¢ 1s a constant independent of ¢.
Proof. Since g€ X,, there exists a function fe X satisfying
(4.7) g = (S
But then by Lemma 3.2 (or directly)
Hglle = 1197 * o) S HSF) F lloonn, = L lden = 17120

Combining this last estimate with 4.2) we have ||g|l. = ¢|| f]| and so
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taking the infimum of the right-hand side over all f satisfying (4.6),
we deduce from (4.4) that {|¢gll. = ¢l|gll-

LemMma 4.2. Jigll,=0=g = 0.

Proof. 1f g = 0 then, by (4.4), |||l = 0. The reverse implication
is a direct consequence of Lemma 4.1.
The proof of the next lemma is obvious and we omit it.

LEMMA 4.3. (@) [[ngllo = [N g1]os
() [g:] = 192l = [1g:1l0 = [1gall-

LEMMA 4.4. |[lg, + g1l = [g:llo + 1192 ]lo-

Proof. Let g, gze)Z'0 and fix ¢ > 0. Then there exist f,, f,e X
with g;/* < (SfH** and ||f;]] < llg:lls + &/2,7 = 1,2. It follows from
(2.12) and (3.3) that

(g, + 02)** < gi* + 97* < (SFO** + (SfH**
= S(f* + £ = S((f* + f5))** .

Hence, from (4.5) and (2.13)
g, + gollo = A + 5l S WA e + 125 e = AT+ N1
and by the choice of f, f,

Hg: + g:lle = llgullo + lgello + € -

Since ¢ is arbitrary, this completes the proof.

LEMMA 4.5. Characteristic functions of all finite sets belong to
X..

Proof. If g is the characteristic function of a set of 7 points,
then g**(t) = 1,0 < t < n; g**(t) = n/t,t = n. Now the constant func-
tion f(6) = n, 0 < 0 < 27, belongs to L=(T), hence, by (4.1), to X.
It is a simple matter to check that g** < (Sf*)** and hence that
geX}. We omit the details.

LEMMA 4.6. For each NeZ™* there is a constant Ay < oo such
that

(4.8) 2 1o = Adlgll, geX,.

Proof. Since . <vlg(n)] = 2N + 1)||¢g|l., the estimate (4.8)
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follows directly from (4.6).
LEMMA 4.7. f(o has the Riesz-Fischer property.

Proof. Let (g,)=, be a sequence of functions g¢,eX, with
=l gulle < . By (2.10), we must show that g = 3., g, belongs to
X,. Now for each n e Z+ there exists a function f, e X such that

g = (S, [Fall = 11 gallo + 27
It follows that

49 Slfle=SIAISSlnh+ S2< .

But X* has the Riesz-Fischer property so from (4.9) we deduce that
the function f = f* = 3y, /¥ belongs to X*.
Again using (4.9) and (4.2) we see that for each fixed e R,

SO S D16 s S ¢ 5 1F7 1 < ==
Hence by the dominated convergence theorem and (3.2)

S (SO = 3 (S:'tf,,*(s)ds + U S": s—vm*(s)ds)

n=1 n=1

=" S rr@ds + 0[5 S (s
= (8™ (1) -

But then

=S o s 3 D = (S

Since f*e X*, it follows from (4.5) that ge X,. This completes the
proof.

THEOREM 4.8. Let X be any rearrangement-invariant space on
T. Then the space X, is a Riesz-Fischer space and 7 is a bounded
linear operator from X into X,.

Proof. That X, is a Riesz-Fischer space is the content of Lemmas
4.2,+++,4.7, If fe X then by 8.4), (7 f)* < eSf* = S(cf*) and so
(T F)** < (S(ef*))**. Since ¢f e X it follows from (4.4) that 7 fe X,
and that || .7 f|ls < |lefllx = cl| fllz- This completes the proof.

5, The space X. We denote by x. the characteristic function
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of the set {~n,.--,—-1,0,1, -+, 2} S Z, and for each function g
defined on Z we set

(6.1) lollz = sup 1 gXnlle = }}32 HoXallo -

The space X then consists of all functions g for which ||g|lz < .
Note that if g € X, then |gx.| = |g| so by Lemma 4.3 (b), [lgXallo =
lgllee From (5.1) we deduce that ge X. Thus

(5.2) XX

and

(5.3) llallr = llgll geX,.
The properties (2.4), «--, (2.8) for X are easﬂy verified from the

correspondlng properties for X, (Lemmas 4.2, ,4.6). To see that

X is rearrangement-invariant, let g, ¢ X and suppose that ¢, and g,
are equimeasurable. If Ne Z*, then ¢,y assumes only finitely many
values. But then the fact that 9, and ¢, are equimeasurable implies
the existence of Me Z*+ such that the values of g,y all are assumed
by ¢.xx. Hence (g:xx)* = (9.Xx)* so by Lemma 4.3 (b), [[gnlle =
lgxXxllo = 1l9.ll4» This holds for all NeZ* so we deduce from (5.1)
that g, X and ||g,||z < ||¢.]|3. Interchanging the roles of ¢, and g,
we obtain the reverse inequality and so finally we have ||g,||4 = ||g:][2-

The Fatou property is “built-in” to the norm on X. Indeed it is
clear from (5.1) that ||gx./lz 1 |lgllz as ©— o, for any ge X, and by
Theorem 5.9 of ([8], Note II,) this is enough to ensure that X has
the Fatou property. The next theorem is useful in identifying the
space X when X is given in concrete terms (e.g. a Lorentz or Lebesgue
space); see §7. We omit the obvious proof.

THEOREM 5.1. Let X be a rearmngement-invariqnt space on T.
Then X = X, (with identical norms) iof and only if X, has the Fatou

property.

THEOREM 5.2. Let X be a rearrangement-invariant space on T.
Then the space X is a reawangement-invafiant space on Z and I~
18 a bounded linear operator from X into X.

Proof. That X is a rearrangement-invariant space has been
established above. The boundedness of .7~ follows from (5.2), (5.3),
and Theorem 4.8.

6. Indices of X. The first theorem in this sgction enables us
to estimate the indices of X in terms of those of X,.
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THEOREM 6.1. Let X be any rearrangement-invariant space on
T. Then the indices of X, and X are related by

(6.1) B(X) £ 8% =aX) = a(X) .

Proof. Fix ge X and me Z+. Itisclear that (G,.0)%m = Gul0 Lms)
for all ne Z*, and so

Gug™ iz = sup (Gug ) Anllo = sup | Gl Yomn) o

é HGmH(S'o) Slip InganHO = HGmH(ﬁo)Hg”i’ .

that ,B(Xo) < ,G(X) An entirely analogous proof for the operators
G, now shows that || G, 1) = || Gimllity and hence that a(X) = a(Xo)

The proof is completed by applying (2.21).
In order to compute the indices of X, we need the following
lemma.

It follovvs from (2.18) that [[G,[[4) = [|G.llz, and hence by (2.20)

LeMMA 6.2. Let f*eLYR7%),g*€l>(Z*) and fix meZ*. If
g** Z (Sf*)** then the following inequalities also are valid:

(6.2) (Gyng™)** < mS(E, f*)*,

(6.3) (Gog™)** < m™S(Byn f)** .
Proof. We show first that

(6.4) (Gng™)** = Eyn(g*®) .

Indeed, if {e R*, then ¢ has a unique decomposition ¢t = km + «,
keZ*,0=a<m, so from (2.17)

(G (®) = | (G (3)ds

Tl
_ %U G()ds + «-e + S:L_Umg*(k)ds + S:mg*(lc + l)ds]
= 2800 + Lo+ 1] = 2o was

) = B0
The identity
(6:5) B [(SF7)*] = mS(B,f)*

is established by a similar “change of variable” argument. The desired
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result (6.2) now follows from (6.4), the hypothesis g** < (Sf*)**,
and (6.5). The inequality (6.3) can be established in similar fashion.

THEOREM 6.3. Let X be any rearrangement-invariant space on
T. Then

(6.6) aX) <1 - B(X).

Proof. Fix meZ* and let § be any number satisfying 6 > 1.
Then for each ge )A(o, g #= 0, there exists a function fe X such that
g** Z (Sf*)** and || f]] < dllgll. It follows from (6.2) that (G,,.g*)** <
mS(F, f*)**, since E, = F, for s > 1, and so from (4.5) we deduce
that G,,.0% € X, and

[Gumg* llo = M| Fof* |z = m|| Fullcoll £ -

Hence, by choice of f, we have

[|Gyng™llo = MO|| Fullixillgllo -

This last estimate holds for all ge X, so we find that I Gipm ity
mo|| F,||x. This in turn holds for all 6 > 1 so we have ||Gynllity
m|| F,|lcx, and by (2.19) and (2.20) this suffices to show that a(X,)
1 — B(X). The proof is complete.

The analogue of (6.6) for the lower index B(X,) is a little more
difficult to establish, although the proof follows the same lines as
that of Theorem 6.3. The difficulty arises from the fact that we
cannot, in general replace E,,.f* by F,,f* (since the former is sup-
ported in [0, m], the latter in [0, 1]). However, it is fairly straight-
forward to estimate their difference and for this we need the following
lemma. For each meZt, we set

(6.7) Fa) = 7 emm,u(0) 0=t=1.

IA A TIA

LeMMA 6.4. Let Y be a rearrangement-invariant space on [0, 1]
with lower index B satisfying 0= B = 1/2. Then for each & > 0,
there is a constant ¢ = c(€), depending only upon € (and Y), such that

(6.8) [ Fally = c(e)(@m)*e mezZ* .

Proof. It is clear from (6.7) that fF(f) = (£ + 27™) %0, 1_s—m10)s
0=t=<1. Thus, if f,, is defined by

fmk = f”Z(X(Zk—m_l——Z“m,Zk—m-—Z—m] ? k = 17 2, Ty m 2

we have fF = >\ f,.. and hence

(6.9) Walle = 1721 S 35 Wl = 35 15l -
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Now if i(t) = (¢t + 1)7*, 0 <t =< 1, we have
Fin® = (8 4+ 27 )7 8 g pmmriy(8) = (277 Fynra(R)) (F)
so from (6.9) we deduce that

m

(6.10) [[fully = é @ T Fomeies [l [[ e = €0 35 2 Fory

k=

It follows from (2.19) that there is a positive integer M = M(e)
such that k= M implies ||Fu|ly = (2%)7#7°. Hence, if m = M, we
have from (6.10)

M m
il = Cokg; 2K For vy + o k_zu' . 2E2r)Tare
M m
é CO 2 2kl2 + co Z (2‘/2—ﬁ+5)k ,
k=1 k=1

since || F,|le) =1 if s= 1. The first term on the right-hand side is
a constant, say c¢,, depending only on M and hence ultimately only
upon ¢; by hypothesis on 8 we have 1/2 — 8+ ¢ > 0, so the second
term is dominated by a multiple of (2"*~#*<)", Hence

Ifnlly = e(8) + e(e)(@") 787 = e(e)(@™) 75, m = M(e) ,

where ¢ = max (¢, c), and it is clear that by a suitable choice of
constant c¢(e) this inequality can be made to persist for all me Z+.
This completes the proof.

THEOREM 6.5. Let X be a rearrangement-invariant space on T
with upper index o = a(X) satisfying 1/12 < a < 1. Then
(6.11) B(X)=1— a(X).

Proof. Fix ¢ >0 and meZ*. If ge X, then there is a function
fe X satisfying
(6.12) g = (S
From the inequality (6.3) of Lemma 6.2 we have
(6.13) (Gong®)**(t) = 27" S(Eyn f*)**(t) 0<t<oeon
Now it is routine to verify that for all t = 1,

27S(Eyn f*)**(t) = 27" S(Fy—m f*)**{1)

(6.14) + t—1/2<2—7n/2§ _mg—”’zf*(s)ds) )

1
2

and hence by (6.13)
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6.15 1
( ) _l_t—-1/2<2—m/2 S _mS—llzf*(S}dS) y t g 1 .

In order to find a similar estimate for ¢ < 1, we observe that (Gyng*)**
is constant on [0,1] so for each s,0< s =<1, we have from (6.14)
(with ¢ = 1),

(Gang™)**(s) = (Gamg™)**(1)
< 2 mS(Fyn f)**(1) + (2—m/2 gl_ i f*(s)ds>
< 2S(Een )6 + (200 | s reeds)
2—m
the last inequality because S((-)*)** decreases on R* (cf. §3). Com-
bining this with (6.15) we have
(6.16)  (Gang™)**(t) < 27" S(Fy—n f*)**(t)

+ go(t)(z—mlz g:_ms—”z f*(s)ds) , 0<t< oo,
where @(t) = min (1,¢t™). Now if i(t) =1,0=¢t <1, it is a simple
matter to check that @(t) < (Sh*)**(t), 0 < t < «, so using (3.3) we
can reduce (6.16) to the form

1 )k
(Gong") (1) £ S(2Fumnf + (270 | s p20)ds)ns) @),
0<t< oo,
It follows from (4.4) that G,mg* € Xo and

1
2

1Gong™ o S 277 B ¥ e+ (27| 52211 e
(6.17) 1
< 2 Fonllon 1 71l + e(277 || s702%(s)ds) -

We estimate separately each of the terms on the right-hand side
of (6.17). From (2.19) we note that there is a constant M = M(e)
such that m = M implies || Fy—nllx = (2™*". Hence, if m = M,

(6.18) 2| Fonlloll fIl = @)L

To estimate the second term we invoke the Holder inequality (2.14)
to obtain

(6.19) [ (s = 1L 7 el

Now, by hypothesis, the upper index a of X satisfies 1/2=a <1 so
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by (2.22) the lower index of (X*)' is equal to 1 — « and hence lies
between 0 and 1/2. It follows from Lemma 6.4 and (6.19) that there
is a constant ¢ = ¢(e) such that

(6.20) 27" S s (s)ds = e(e) || f[x(27) T mezZ*.

We can now combine (6.18) and (6.20) with (6.17) to obtain
[[Gomg™ [lo = e(e)@™) | FI m = M(e) ,

and hence, taking the infimum over all f satisfying (6.12),

| Gang* [lo = (&)™)l glls 5 m = M(e) .

This is valid for all ge X, so (2.18) shows that
[ Gomlligy = e(e)(@) 7, m = M),

and by (2.20) this in turn implies that ,B(X'O) =>1— «a — ¢. Finally,
since ¢ is arbitrary, we have 8 = 1 — a, and this completes the proof.

We are now in a position to prove our main result (Theorem A)
which we restate as follows:

THEOREM 6.6. Let X be a rearrangement-invariant space on T
with indices (p™, p™), 1 =< p < 2. Then the space X is a rearrange-
ment-invariant space on Z with indices (¢, ¢, p* + ¢ =1, and
7 is a bounded linear operator from X into X.

Proof. In view of Theorem 5.2 we need only show that the indices
of X coincide and are equal to ¢~'. But from (6.1), (6.6), and (6.11)
we have

o =1l-aX)=pX)= X 2aX)saX)<1—pX)=q",

and so the proof is complete.

When 2 < p £ oo, it is no longer true that .~ maps L” into [°.
Indeed (cf. [9], p. 101), there are functions in L=, hence in L?, whose
Fourier transforms do not lie in any of the classes I", 1 < r < 2,
For precisely this reason we cannot expect the indices of X to exceed
1/2 whenever X has indices equal to »p™, 2 < p £ «. In fact, we
shall see in §7 that the following result holds.

THEOREM 6.7. Let X be a rearrangement-invariant space on T.
If X< L* (hence certainly if X has i’ndz;ces P2< p = <), then
X = I**, with equivalent norms, and so a(X) = B(X) = 1/2.

7. Examples. We give a brief description of the space X when
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X is a Lorentz space’. In particular, we show that the results of
Hardy-Littlewood and Calderon mentioned in §1 are contained in ours
as special cases.

(1). If X=L",1<p<2 1=<r=<ec, then X,=X=I,
P+ ¢t =1. Indeed, if g€ l*, then f(t) = f*(t) =t g, 0<t< 1,
belongs to L and

g(5) 57 = | dn S (S50 -

Hence, by (4.3), geX, and so "< X,. Conversely, if ge X, and
fe L* satisfies g** < (Sf*)**, it follows from Hardy’s inequality (cf.
[4], Chap. I) that ||g|lwr < ¢||fllz»r- Hence, by (4.4), gel and
[lgllur = |lg]lz,» This shows that X, =1 with comparable, hence

equivalent, norms. Finally, since [ has the Fatou property, it
follows from Theorem 5.1 that X, = X = 1.

(2) If X= L' then X, = ¢, and X = I*. This follows in much
the same way as above upon observing that there are functions f in
L' for which :/t f*(s)ds tends to zero arbitrarily slowly as t— oo.

Note that ¢, does not have the Fatou property. Indeed, ¢, is generated
by the function norm o(f) = || flle, f€¢y, O(f) = o, f&¢,. Thus, if
Y. is the characteristic function of the set {1, 2, ---, n} and y is identi-
cally equal to 1 on Z*, we have %, | x pointwise but o(y,) = 1 for all
n while p(y) = . The space X = I= of course has the Fatou property.
(8) When X = L? Theorem 6.6 fails to reproduce the Plancherel
theorem, i.e., X = % This is of course due to the weak-type
behavior of the Calderén operator S (cf. Lemma 3.2). Thus, at least
as far as the Hausdorff-Young theorem is concerned, our results for
spaces of index 1/2 are unmterestmg and will not be pursued here.
(4) If XS L* then X = X, = i**. For if X< L¥, then

g;ts—w FH)ds = | Fll < &) £l

and so (Sf*)**(t) decays as t'* as t— co. Moreover, this rate of
decay is always attained (take f = constant). Thus, arguing as in
example (1) above, we see that X, and hence X coincides with =,
with equivalent norms.

8. The space Y. Let Y be a rearrangement-invariant space on
the integers Z. We wish to construct a rearrangement-invariant
space I\f on T such that .7 is bounded from Y into Y. Thus we
define Y to be the collection of all functions f on T for which
(Sf*)** < g**, for some ge Y, and we set

3 For the definition of Lorentz spaces, see [3] or [4], Chap. 1.
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(8.1) |1y = inf {llgly: (SF*)** = 9%}, feY.

We remarked in the preceding section that (Sf*)** cannot decay
faster then ¢~ so in order that YV contain the constant functions we
need to know that there are functions g in Y such that g decays
more slowly that ¢Y2. This will be the case if, for instance, the
indices of Y are equal to ¢7%,2 < ¢ < oo, because then I’**< Y.

THEOREM 8.1 (Theorem B). Let Y be a rearrangement-invariant
space on Z with indices (¢, ¢7Y),2 < ¢ = o. Then the space Visa
rearrangement-invariant space on T with indices (p~, p™), p + ¢ =
1, and 7~ is a bounded linear operator from Y into Y.

Proof. The properties (2.4), «--, (2.8) for Y are established in
much the same way as for the space X, in §4; we prove only the
triangle inequality (2.6).

Thus, if f,f.¢€ I\}, then given ¢ > 0 there are functions g;,€ Y
such that (Sf¥)** = g&* and [lgilly = Ifilly + ¢/2,9=1,2. From
Lemma 3.2 we have

(S(fy + f))** = (S + (Sf)** = g + 95* = (gF + g)**,
so from (8.1) we deduce that f, + f. € Y and

i+ felly = llof + oMl = Mloflly + [lo5 |l
= [lgully + llglly = [IAlly + I lly + €.

Since ¢ is arbitrary, this shows that ||/, + filly < |IAlly + |2, as
desired.

Note that the infimum in (8.1) is attained. Indeed, if fe Y then
Ny = llgslly where g, = g} is the unique function in Y satisfying
(g9**(m) = (Sf*)**(m — 1), me Z*. Thus, if f, 1 f, we have (Sf;})** 1
(Sf*)** and hence g, 1 g,. Since Y has_the Fatou property we have
1 fally =119, 1le T 1l971lr = || f 1|7, and hence Y also has the Fatou property.

The proof of the boundedness of .7~ and the computation of the
indices are much the same as before so we omit the details.

9. Extensions. The preceding theory extends fairly easily to
more general groups but one or two remarks are in order. If G is
a locally compact abelian group with dual group I" (we assume that
the Haar measures are g-finite) then the Fourier transform .7, defined
on (L'+ L*(G) is bounded from LYG) into L=(I") and from L*G)
into L*(I"); hence, if X is a rearrangement-invariant space on G with
indices (p7', »p™),1 < p < 2, then XS (L' + L*(G) and so .7, maps
X into (L? + L>)().
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Once these properties of .7, have been noted, the group structure
is no longer needed. The space X, is constructed as before and the
computation of the indices is the same. We define X by means of
the norm ||g||3 = sup||9Xz,|lz,, Where the supremum is taken over all
sequences {F,};., of sets E, of finite measure such that E, { I.
Of course, if I" has finite measure then X, and X are identical, but
if I has infinite measure then the example X = L!, in which case
X is L>(I") and X, is the closure in L>(I") of functions of compact
support, shows that X and X, need not coincide (cf. §7, Ex. (2)).
Similar remarks apply to the construction of the space Y.

Note that Theorems A and B are not special to the Fourier trans-
form .77; they are valid for any operator of weak types (1, «) and (2, 2).
In the same vein, we remark that Theorems A and B have obvious
analogues for operators of weak types (p,, ) and (q,, ¢.), 1 £ p;, ¢; < oo.
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