CHARACTERIZATION OF THE BOUNDEDNESS OF THE SEGMENT
MULTIPLIER ON REARRANGEMENT-INVARIANT SPACES
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ABSTRACT. Given a rearrangement-invariant (r.i.) space X, we show that the segment mul-
tiplier, the truncated Hilbert transform, and the discrete Hilbert transform (on the associated
discretized space) are bounded on X simultaneously. Moreover, this boundedness is character-
ized by a condition on a pair of Boyd-type indices. We also exhibit an r.i. space on which the
segment multiplier is bounded while the (non-truncated) Hilbert transform fails to be bounded.
Keywords. Segment multiplier, truncated Hilbert transform, rearrangement-invariant spaces, Ba-
nach function spaces.

1. INTRODUCTION

Fourier multipliers are a broad class of operators of great interest in harmonic analysis, and
they include classical objects such as the Hilbert transform and convolutions. In general, given
a bounded function m € L*°(R™), the multiplier operator 7" associated with the symbol m is
defined for a Schwartz function f € S(R™) by the equality

T(€) = m(&)f(€),

where (&) = [p. f(x)e 2" dz denotes the Fourier transform of f (observe that 7' extends
to a bounded operator on L?*(R™) by Plancherel’s theorem, with ||T|| ;22 < ||m|/o). The
multiplier norm of m is defined as the operator norm of 7. Because the Fourier transform
maps convolutions to pointwise products of functions and vice versa, the operator 7' can also be
expressed as
Tf=mxf,

where m denotes the inverse Fourier transform of m in the distributional sense. See [8, Sec-
tion 2.5] for an introduction to multipliers.

The fundamental groundwork for LP-bounded multipliers was established by Héormander [9],
with some important results found by Mihlin [12] and Marcinkiewicz [11], among others. How-
ever, even in the LP(R™) setting, most multiplier classes remain far from being completely
understood. Thus, sometimes the work is focused on studying the boundedness of particular
examples of multipliers such as, notably, the ball multiplier for dimension n > 2, given by the
symbol m = xp, the characteristic function of the Euclidean ball in R". If n = 1, the equiva-
lent operator is the segment multiplier, which had already been known to be bounded in LP(R)
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when 1 < p < oo since the work done by M. Riesz on the Hilbert transform [13]. However,
this fact could not be translated in the case of yp to any dimension n > 2, and it came as a
surprise when Fefferman proved that the ball multiplier is bounded on L?(R™) only when p = 2
[7]. Due to the simplicity of these symbols, they serve as powerful examples when trying to
gain information on multiplier classes as a whole.

Let us look at the one-dimensional case: define the segment multiplier and the Hilbert trans-
form, respectively, as

s = [ =D g a0 = [

With these definitions, their multiplier symbols are

(&), mu(§) = —imsgn(§).

f)
r—y dy.

ms(§) = X |-

1 L}
270271

A direct computation yields

1 1
() — i S ae) €~ a),

so it follows that if H is bounded, S will be as well. Furthermore, adding to the fact that H and
S are bounded on LP(R) for the same range 1 < p < oo, De Carli and Laeng [6] showed that
their operator norms on L” are actually the same,

[ H||Lr— e = |[S][r— L
This raises the question of whether an analogous relation persists beyond the scale of L? spaces.

We consider the broader class of function spaces called rearrangement-invariant (r.i.) spaces,
which includes every L” as well as other important classes, such as Orlicz spaces and Lorentz
spaces. In the r.i. setting, some of the foundational operators in harmonic analysis have been
studied extensively, including the Fourier transform (see [5] and [4]), the Hardy-Littlewood
maximal operator (see [10] and [14]) and, remarkably, the Hilbert transform, for which Boyd [3]
introduced a pair of indices related to each r.i. space that characterize its boundedness among
several other operators, like the maximal operator. The aim of this paper is to find a suitable
description of the boundedness of the segment multiplier on r.i. spaces, a context where it has
not been studied yet.

In this direction, Theorem 4.10 provides a complete characterization, which also extends to
the boundedness of the truncated Hilbert transform and the discrete Hilbert transform (on an
appropriate sequence space). Additionally, Example 4.19 gives simple examples of r.i. spaces
where the segment multiplier is bounded but the Hilbert transform is not, thanks to the use of
Theorem 4.10. All of these results complement [7] and [6] by expanding the knowledge in
dimension n = 1.

The organization of the article is as follows: in Section 2 we state the definitions and proper-
ties needed in the rest of this work. In Section 3 we prove Theorem 3.6, the equivalence between
the boundedness of the segment multiplier and the truncated Hilbert transform on Banach func-
tion spaces under certain conditions. In Section 4 we prove our main result, Theorem 4.10,
for which we have to define the auxiliary discretized space ¢ x (see Proposition 4.2); finally,
in Example 4.19 we construct elementary r.i. spaces where the boundedness of the segment
multiplier and the Hilbert transform are not equivalent, in contrast to what happens on LP(R).



BOUNDEDNESS OF THE SEGMENT MULTIPLIER ON R.I. SPACES 3
2. PRELIMINARY DEFINITIONS AND RESULTS

If (R, 1) is a measure space and £ C R is a subset, we will denote by x g the characteristic
function of the set £. If y is the Lebesgue measure over R = R", we will denote the measure
of Eas |E|.

Throughout this paper, we will write f < g to mean an inequality of the form f < Cg where
C' is a constant independent of any relevant variables. Similarly, the notation f(s) ~ g(s) is
equivalent to having both f(s) < g(s) and g(s) < f(s).

2.1. Banach function spaces. In this section we introduce the main spaces that we will be
working with, as well as their basic properties. Many of these definitions and statements are
taken from [2, Chapter I]. If (R, i) is a o-finite measure space, denote by M(R) the set of
p-measurable functions f : R — R (or C) and M™(R) the subset of non-negative functions in

M(R).

Definition 2.1. Let p : M (R) — [0, o0] be a functional defined on all non-negative measur-
able functions. We say that p is a Banach function norm if it satisfies the following properties:

(a) Norm properties:
o If f € M, then p(f) = 0if and only if f =0 a.e.
e Forevery f € Mt anda > 0, p(af) = ap(f).

e Forevery f,g € M™, p(f +g) < p(f) + p(9)-
(b) Monotonicity: if f,g € M™ with f < g a.e., then p(f) < p(g).

(c) Fatou property: if {f,,},, C M™T and f,, 7 f ae., then p(f,) ~ p(f)-
(d) Simple functions: if £ C R with u(E) < oo, then p(xg) < oo.

(e) Holder inequality for characteristic functions: if £ C R with u(F) < oo, then there
exists a constant C'z > 0 such that for every f € M™ the following holds:

[ 1@ duta) < Cp )
Definition 2.2. Let p be a Banach function norm. The normed vector space defined as
X =X(R) ={f € M(R) : p(|f]) < oo}
is called a Banach function space (shortened to BFS), and the norm of each f € X is
1f11x = p(|f]).

In the context of Banach function spaces there is the notion of associate space (or Kothe dual
space), which behaves as the classical dual space while still remaining in the BFS class.

Definition 2.3. Let p be a Banach function norm associated to the BFS X (R), and define for
f € M™(R) the functional

p(5) =sup { [ Flelgfa)due) g € M*. plg) <1},
R
Then, p is a Banach function norm called the associate norm to p, and the associate space is

X' ={feM: Jf]) < oo}.
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2.2. Rearrangement-invariant spaces. In this section, we assume that (R, y) is either a non-
atomic measure space, or a completely atomic space with all of its atoms having equal measure.
The standard examples of these spaces are R with the Lebesgue measure and Z with the count-
ing measure, respectively. The following definitions and results mainly come from [2, Chapter
1].

Definition 2.4. Let f € M(R). Its distribution function A; : RT — R™ is defined as
M) =p(fr € R : [f@)] > 1),  t20.
The decreasing rearrangement of f is the function f* : R* — R™ defined as
fr(t) =1inf{s > 0 : A\s(s) < t}, t>0.

Proposition 2.5 ([2, Proposition IL.1.7]). If f € M(R), its decreasing rearrangement f* is
non-negative, non-increasing, right-continuous and has the following properties:

(a) |f] <|g| a.e. implies f* < g*,

(b) (af)* = lalf*,

(c) foreach f,g € M(R) and ty,to >0, (f + g)*(t1 +t2) < f*(t1) + g*(t2),

(d) |f| <liminf, |f,| implies f* <liminf, f,

(e) (|fIP)" = (f*)Pforall0 < p < occ.
Definition 2.6. A BFS X (R) is called rearrangement-invariant (or r.i.) if for any f € X and
g € M(R) with f* = g*, it follows that g € X and || f||x = ||g]|x-

R.i. spaces have a universal representation, given by Luxemburg’s theorem:

Theorem 2.7 ([2, Theorem 11.4.10]). Let X (R) be an r.i. space. Then, there exists an r.i. space
X (R™) such that

Ifllx =11/ lIx
When R is non-atomic and has infinite measure, the representation X is unique. Moreover, the
representation also satisfies (X)' = X', with equality of norms.

This representation allows us to study the properties of r.i. spaces in terms of functions over
(0, 00), which is sometimes more convenient. It also serves as a starting point to introduce Boyd
indices, which are discussed in [2, Section III.5].

Definition 2.8. Let X (R) be an r.i. space over a non-atomic space R of infinite measure, and
for t > 0 let E; denote the dilation operator on M (R") acting as F; f(s) = f(st). Let hx(t) :=
|E1||5_5, where X is the Luxemburg representation of X. We define the lower and upper
Bo;tld indices of X, respectively, as the numbers

log hx(t) _ . log hx(t)
Qy = sup ———, ax = inf ————=,
o<t<1 logt I<t<oo logt
Proposition 2.9 ([2, Proposition II1.5.13]). If X is an ri. space, its Boyd indices can also be
defined as
log hx(t log hx(t
ay = lim 08Mx®) oy s hx(t)
t—0+ log t t—00 ]()g t

They also have the following properties:

Oggxﬁaxgl, and QX/=1—5)(, aX/:]_—QX
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When defining Boyd indices on completely atomic spaces, the non-uniqueness of the Lux-
emburg representation presents additional problems that require some workarounds in order to
obtain a consistent definition. We give a simplified introduction in the case of r.i. spaces over Z.

Definition 2.10. Let X (Z) be an r.i. space, and denote D the set of non-negative, non-increasing
sequences a = {a, }52 ;. Define the function

hx(m) =sup{||Eqallx : a€ D, [lallx <1}, m=>1,

where E¢ is the discrete dilation operator acting as (E%a),, = a,. The lower Boyd index of

X is defined as
N :Sup_loghx(m) ~ im _log hx(m)
=X m>1 log m M—00 log m

and the upper Boyd index can be defined as ax =1 — a .
Remark 2.11. Note that in the continuous case we define hx(t) as the norm of E 1, while on

the discrete case it is analogous to the norm of E¢.

2.3. Some useful operators. Now, we introduce some operators that will be necessary in the
proofs of the main theorems.

Definition 2.12. For any A\ € R, denote by 7, the translation operator that acts as
Tof(z) = flz = A).
Note that translations are isometries in r.i. spaces.

Definition 2.13. For s > 0, define the moving average operators:

T+s T
At =1 [ swd A= [ o
r+s
Bt =L [ i A At

Remark 2.14. All three of the operators above are convolution operators, and their kernels are,
respectively:
1 1 1
as(t) = X0 t), () = Xoa)(t), bs(t) = 5 X (=50 (1)-

Proposition 2.15. Let X be a BFS over R. If B, : X — X is bounded for every s > 0, then for
any bounded measurable set EE C R, there exists a constant C'g, > 0 such that

Ixe* fllx < Cellfllx;
that is, the operator given by f — xg * f is bounded.

Proof. Let f € X and suppose that £ C I = (—R, R). Taking the absolute value, we find that
Ixe * f| < xe*|fl < xr*|f| =2RBg|f|.
xe * fIl < 2R|| Brl||f]- D

Corollary 2.16. Let X be a Banach function space and suppose that By is bounded for each
s > 0. Then, if f € L>®(R) with bounded support, the convolution operator g +— g * f is
bounded on X.

Taking norms and using monotonicity,
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Corollary 2.17. Let X be a Banach function space and s > 0. Then, By is bounded on X if
and only if both A, and A_, are bounded on X.

We will also need a result for another kind of averaging operator.

Theorem 2.18 ([2, Proposition 11.4.8]). Let R be a measure space that is either non-atomic or
completely atomic with all atoms of equal measure, and let {E;};cn be a countable family of
disjoint subsets of R, with 0 < ji(E;) < oo for every j € N. Let E = R\ |, Ej, and define the
operator

1
1(Ej)

Then, for any rearrangement-invariant space X over R, the operator BA is bounded on X
with norm | BA||xx < 1.

BAS(w) = xe(o) (@) + Y o [ 0) duto) -, ).

3. AN INITIAL CHARACTERIZATION ON BANACH FUNCTION SPACES

In this section, our goal is to prove that, under certain general conditions, the boundedness
of the segment multiplier is equivalent to that of the truncated Hilbert transform on Banach
function spaces (see Theorem 3.6). To this end, we will consider mainly BES over R. We recall
the definitions of the operators involved.

Definition 3.1. We define the following kernel functions and their associated convolution oper-
ators:

s(t) = Sht” = Sf=sxf (Segment multiplier)
h(t) =1 = Hf(x)=pv. [p i(Ty; dy (Hilbert transform)
he(t) = %XR\(_E@ = H.f=h.*f (Truncated Hilbert transform)

Remark 3.2. Let X be a BFS and suppose that B, is bounded for any s > 0. Then, given
g,0 > 0, Corollary 2.16 implies that H. — Hj is bounded on X. Thus, the boundedness of H.
and H; are equivalent.

Definition 3.3. Let P be the convolution operator with respect to the Poisson kernel, —

’ mQ_H
Lemma 3.4. Let X C M(R) be a Banach space, whose norm || - || x is monotone and has the
Fatou property. Suppose that the operators { Bs}s~1 are uniformly bounded, || Bs|| < C, with

C independent of s > 1. Then, P is bounded on X.

Proof. For j € N, letb; = Xg—j“’ be the convolution kernel of Bj, and define g, = >, b;/j?.
Since { B; }; are uniformly bounded, the operator G,, f = g¢,,* f is bounded. Moreover, {g,,* f },
is a Cauchy sequence in X and we can define the operator G f := lim,, g, * f. Because of the
Fatou property, we get that

. =1
IGf|lx < liminf g, * fllx <C llx
j=1

so (G is bounded. Using the monotone convergence theorem, we can see that GG is the convolu-
. . _ o] -3
tion operator with kernel g = > i1 X(—jj)/27°
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Note that for £ > 1 we can compare

Then, if |z| € (k, k + 1), we can see that

o0

1 1 1
9(@—.2 2j3wk2+1NI‘2+1'
j=k+1

Because both GG and P have positive kernels, we have that

G <GAfD,  1PfI< PFD,

and also, for every non-negative function f, Pf ~ (Gf. Hence, we obtain that

IPfllx < IP(fDIx = IGAfDIx S [ f 1

so P is a bounded operator on X. U

We need a lemma regarding the interplay of translations and the truncated Hilbert transform.

Lemma 3.5. Let X be a BFS where the translations T}, are bounded for any k € R, and

suppose that the operators {Bs}s~1 are uniformly bounded on X. Then, given any r > 0,
k € R, E C R and any bounded sequence { f,}, C X, we have that the boundedness of the
following sequences is equivalent:

{Hrfn : XE}n <~ {Hrfn . XE—i—k}n'

Proof. For any r, s > 0, it is straightforward to check that {||H, f, - x|/ x }» is bounded if and
only if {||Hsfp - xellx}n is-
For any fixed & > 0, consider now the kernels
() = xw ok (@), Fle) = ——
A quick computation gives that for any |z| > 2k we have
1 11
1 r z+k 2241
where the equivalence constants depend on k. Since P is a bounded operator on X, using
Lemma 3.4, it follows that { Ho f,, - X} is bounded if and only if {(F} * f,) - xg}n is.

If we write the convolution with F}, for a function f, we get

Fk*f(x):/l &dy

z—y|>2k T + k- )

:/ fw) dy+/ fw) dy
lz+k—y|>3k T T k—y a+2k<y<ztik T T k—y

:Hgkf(x—i-k)—i—/ )

et2k<y<atak T T K —y

T Hyf () + / f(y)

ct2k<y<otak T Tk —y

X[R\(72k,2k)<x>-

dy

dy.
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Note that the second term can be bounded as

/() “HEf(y)] -
/x+zk<y<x+4kx+k—ydy S/ sk W S 2B 3k) = 2T Bi(| f) (),

and the operator 71"_s;, By, is bounded.

For the other term, multiplying by the characteristic function of a set £, we obtain the fol-
lowing equality:
Ty Hs f(2) - xp(x) = Hap f(x + k) - xpri(@ + k) = Tp(Har f - XBr) (@)
Taking norms, since translations are isomorphisms, for any set £ and any k£ > 0, we get

| Tk Hse f - xE|l = [[Haf - XE+ell,

where the constants in the equivalence may depend on k. The same reasoning can be repeated
for the kernels F'_x(z) = a;_ikXR\(*%?k) ().

Thus, assuming that & # 0, we have that the following sequences have the same boundedness
or unboundedness:

<= {H3jpfn XE+k)n-
Recalling how we started the proof, we can deduce that {||H, f,, - x|} is bounded if and only
if {||Hfn - XE+kl||}n is, for any k € R. O

We will now prove the characterization on BFS.

Theorem 3.6. Let X be a BFS where the translations T}, are bounded for any k € R, and
suppose that the operators { Bs}s~1 are uniformly bounded on X. Then, the truncated Hilbert
transform Hy : X — X is bounded if and only if the segment multiplier S : X — X is
bounded.

We will begin by showing that S is bounded if H is, since the converse is more involved.

Proof. Suppose H; is bounded. We can expand the definition of the operator S as follows:

5f(0) = [ D )y — [ TRECRIZCOTI g g,

_ / S = Y) f ) dy + sina / Y 14 dy
|lz—y|<1 |

r—=1y z—y>1 L — Y

—cosx/ siny f(y) dy
|

z—y>1 L — Y

= /I - —Sinx(x__yy)f(y) dy + sinz Hy(cos-f)(z) — cosz Hy(sin-f)(x).

Let us bound each of the three terms in the right-hand side. Note that ‘%‘ < 1. Since the

sin x

first term is the convolution with 2%y _; 1)(z), it is bounded by Corollary 2.16.

As for the second and third terms, both follow the same reasoning, which we show with the
second one:

[|sin-Hy (cos-f)|| < [[Hi(cos-f)I| < [[cos-fll < [I£]-
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Since we have bounded all three terms, it follows that ||.Sf]| < || f||-

Let us prove the converse by contradiction. Suppose that S' is bounded but the operator H;
is unbounded, and hence H, is unbounded for every » > 0 (as seen in Remark 3.2). Because of
this, we can find a sequence { f,, }nen € X with || f,,|| < 1, for all n, such that

@) |Hfull — oo

Now, if we put f, = f.7 — f7, with {7 and f, being the positive and negative parts of f,,
respectively, either {||H1 f,F||}, or {||H1f,, ||}~ is unbounded. Otherwise, the triangle inequal-
ity would imply that { H; f,,},, is bounded. Then, by taking an appropriate subsequence of the
unbounded one, we can assume that the sequence satisfying (2) consists of non-negative func-
tions.

Now, set ¢ = 27t /r for some r € N, with r > 4. For 1 <[ < r, define the sets
(3) I'=[(l-1ele), and J =|]J@mj+1)
JEL
Now, since the family {J'}]_, is a finite partition of R, we can put f = >"/_, fx . With this,
the triangle inequality implies again that there must exist an [y such that {||H;(f.x w0 )| }n is
unbounded. Therefore, by taking another subsequence, we can assume that the functions { f,, },,

satisfying (2) are non-negative and vanish outside of J. From now on, this index [, will be
fixed, so denote

(4) L=1°  L=Jv=J@r+0)
JEZ

Consider the floor function, |- |, which satisfies |x| < x < |z] + 1 for every x € R. Then,
recalling (1), we can see that for |z| > 2,

1 1 1

] x|~ a2+4+1

Define the convolution operator K with kernel
1
(5) k(l') = —xXR —27,27 (x)7
WL;J \( )
so the previous argument results in
1

6 k(x) — hor < —omom < —.
© k(z) ~ haa (@) S~ X\ -2mam (@) < =5

Thus, since the operators { B; } s~1 are uniformly bounded, Lemma 3.4 gives that the convolution

with the Poisson kernel is bounded, and so H5, is bounded on X if and only if K is.

Let us see what the image of f,, through K looks like: recalling the definition of .J; in (4),
we have
fa(y)
7)) Kfulz)=

5T

Note that the function y +— [£] is constant over the intervals [I7, (I + 1)7), so the function

T

y = | =] is constant over each (x — (I +1)7, x — Ix]. Then, if we require that for each j there
exists an [ so that (27j + ;) C (x — (I + 1)m,x — Ix], the function K f,, would be constant

Xe\(~2r2m) (T — y) dy = Z /(2 fnj_yy)J dy.

= J omitin(e—yl>2m) T
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on the domain of each integral in the series in (7). If we write the interval [; = (a,a + ¢), a
quick computation shows that the inclusion holds if and only if there exists an m € Z such that
z € (mm+ (a+e,a+ )). For such z, it also holds that the function y — X (_ax2m (z — y) is
constant on each 27y + I;.

With this, defining the functions

1
00 =3 (177 [ 50 s
ez \Ml Jorjen
we have for every z € |, (mm + (a + €,a + 7)) the equality Kg,(z) = K f,(z).
Let us check that g, € X. Consider the image of f, under the averaging operator B.: if
r € 2wy + I, we have that
T+

26B.fu(z) = [ fult)dt — /2  hd =)

Tr—e€

Hence, g, = xJ, - 26 B fn, 50 gn € X with ||g,|| < [|2eB:full < Ce| full-

Now, let us start the comparison with the segment multiplier. Since we already know (6), we
can multiply the left-hand side by sin z to get

sinz  sinx 1
T T 2] Y a4+ 1
Hence, from the boundedness of the segment multiplier and P it follows that the convolution
with s, (z) = 2127 is bounded.

Considering the reasoning followed after (7), we know that, if we take y € (27j + [;) and
v € (274 (a+te,a+m)), then [*¥ | = 2(1—j). Put g j = 177 [y, Ju(t) dt foreachn € N
and j € Z, so that g, = > jez 9nj * Xomjtn- Thus, we can obtain through some computations
that

Gn.j
Kg,(x) = E —
gulw) =€ 2m(l—Jj)
Je{l-1,1}
Arguing the same way with S, we get

Segu(x) = ( / " singy) dy) S

—a=e sty 2= I)

The integral on the last term vanishes whenever & = 7m + a + 5. Since we are taking
z € (27l 4 (a +€,a + 7)), this can never happen, so in this interval

/ siny dy' /€.
r—a—e

Therefore, for any « € (27l + (a + £,a + 7)), |K g, ()| = |Sxg,(2)| with the same constants
as in the equivalence in (8).

Let Jo = U,z 27l + (a + €,a + 7). Recalling that ¢ = 27/r, the condition » > 4 allows
(a+ ¢, a+ 7) to have larger measure than (a, a + €). Since the constants on the equivalence (8)
are independent of n, we have that { K'g,, - x, } is bounded if and only if {S; g, - X1, }n 1s.

®)
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On one hand, recalling that ||g,|| < ||f.||, we have that

1S7gn - Xl < [[Sxgnll S Nlgnll S 1full <1

independently of n, so {S:¢, - X1, } is @ bounded sequence.

On the other hand, tracing back our steps, we know that { K'g,, - x , }», is bounded if and only
if {Hy [y, - X, }n is. To obtain a contradiction, let us check that this last sequence is unbounded.

Recall the definition of the sets .J! in (3), with the family {.J'}7_, being a finite partition of R.
Arguing the same way as in the beginning, we can write H, f,, = >_,_, Hy f, - x.n. Then, there
must exist a particular /; such that {||H f,, - X u || }» is unbounded, or else {||H; f,.||}» would
be bounded. In particular, there exists a subsequence of {||H; f,, - X ju || }» diverging to infinity.
Because of Lemma 3.5, we know that translating the characteristic function in this sequence
preserves its divergence. Having this in mind, take J3 = UjeZ (27Tj + (a+e,a+ 25)), ¢
{l|H1 frn+ X5 }n is unbounded. Since > 4, 2¢ < 7 and we have J3 C .J,. By the monotonicity
of the norm, the divergence of {||H; f,, - X, ||}~ implies the same for {||H1 f,, - X 1| }n-

However, from this last fact it follows that {|| K g, - X, }» is unbounded, which is a contra-
diction. Thus, H; is a bounded operator. O

Remark 3.7. Note that when proving that H; bounded implies .S bounded, we did not need the
hypothesis that the translations 7} are bounded operators.

4. THE MAIN THEOREM

In this section, we prove the main result of the paper, Theorem 4.10, that gives the character-
ization of the boundedness of the segment multiplier. To do this, we will show that r.i. spaces
satisfy the hypotheses on Theorem 3.6, and we will use the richer properties of r.i. spaces to
introduce a new sequence space ¢x, which allows us to establish the connection between the
truncated and the discrete Hilbert transform.

Let us begin with the following definitions that we will use throughout this section:
Definition 4.1. Let X be an r.i. space over R. We define its discretized space as:
£X = gx(Z) = {(an)nez : Ba = Z An X (n—1,n) € X}
neZ
For a sequence (a,), € {x, we define its norm as [|(a, )nlley = || ez @nXm-10) HX

Proposition 4.2. The space (x is an r.i. space.

Proof. All the properties of being a Banach function space are inherited from the norm of X.
To check the r.i. property, it suffices to observe that the decreasing rearrangement of Ba agrees
with that of (a,,), (viewed as a step function on R™). With this, the norm ||(a,).|l¢, = ||Ba|lx
only depends on (Ba)*, and ( is r.i. O

There are two natural operators that relate X to (.
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Definition 4.3. Define the pair of operators X N X Ly x , that act on functions and

sequences as
J
Af = {/ f(y) dy} and Ba = Z a4 X(j—1,5)-
Jj—1 JEZ

jez
Proposition 4.4. The operators A and B are bounded, with AB = I, and | BA||x-x < 1.

Proof. The operator B is trivially an isometric embedding. A is well-defined and bounded if
and only if B A is, by definition of /. The fact that it is bounded is given by Theorem 2.18. [

Remark 4.5. Using the operator A, one can prove that ({x) = (x.
With the help of the discretized space, we define a new class of indices for any r.i. space
derived from Definition 2.10.

Definition 4.6. Let X (R) be an r.i. space and /x its discretization. The discrete Boyd indices
of X are defined as the Boyd indices of (x,
dy = Qs dy = Ol -
Proposition 4.7. The discrete indices of an r.i. space X satisfy
0<ay<dy<dy<ax <1

Proof. Recall the definitions of the continuous and discrete dilation operators, denoted respec-
tively as Ef(z) = f(A\r) and (E%a),, = aynn, for any function f and sequence a = (ay),. If
a = {a, }nen is a non-negative, non-increasing sequence, we want to compare the real function
(E4a)* to E,,(a*), form € N.

We have that E%a = {a,, }nen, s0 its rearrangement is (E4a)* = 37 amnX(n-1.n)- On
the other hand, we have that

Em < Z anX(n—l,n)) = Z anEmX(n—l,n) = Z anX(%,%)
n=1 n=1 n=1

Suppose z € (%=1, ), for some n > 1. It is clear that E,a*(z) = a,. In the case that
n & mN, we have the inclusion (%=1, ) C ([ 2], [ 2] +1), and then (E%,a)*(x) = (| 2 11)-
Now, notice that m(|n/m] + 1) > n, so, because a is non-increasing,
(E%a)*(x) = A2 | pm < Ay = ma” ().
In the case that n = ml for some | € N, we have z € (I — +,1) C (I — 1,1). Thus,
(ELa)*(2) = am = an = Epna*(2).

Then, when we consider the norms for these operators and recalling the A functions from
Definitions 2.8 and 2.10, we see that

Ed
hey (M) = sup {% . |lallex <1, a positive and non—increasing}
X
E *
< sup {% . lallex <1, a positive and non-increasing}
allex

< Bl = hx(m).
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The result follows from this inequality and the definition of Boyd indices. 0

Let us show how these indices might behave.

Example 4.8._For any 1 < p < oo, it is straightforward that £, = P, so the discrete indices of
LPared;, =dp = %, which coincide with its regular Boyd indices.

Consider 1 < p < ¢ < oo and the space L” + L9 with norm
[fllzrsze = mf{{lgll, +[IAllg - f=g+h, geLP, hel}.

This space is r.i. and it has indices a;,, ;o = 1/q and @r»4« = 1/p. Note that Af € ¢°°, for
any f € L". When discretizing the space, if f = f; + f, for some f; € L? and f, € L9, then
Afy € P C 11, s0o Af € (9. Therefore, since it is easy to see that /? C {7, 4, we have the
equality {7« = ¢9, and the discrete indices are both

- 1 1 _
C_le+Lq = dLP_|_Lq = 5 < — =0Qpp4pa-

Let us define the discrete Hilbert transform, as it plays a key role in the proof of our main
result, Theorem 4.10.
Definition 4.9. Let a = (ax)rez be a sequence. Its discrete Hilbert transform is the sequence
‘Ha with general term
a .

il

if the series converges.

With all the relevant definitions introduced, we state the main theorem of this section:

Theorem 4.10. Let X (R) be an r.i. space, and let dy,dx be its discrete Boyd indices. Then,
the following are equivalent:

(a) the segment multiplier S is bounded on X,

(b) the truncated Hilbert transform H, is bounded on X,
(c) the discrete Hilbert transform H is bounded on (x,
(d) 0<dy <dx <1.

Proof. We will split the proof of the theorem into several lemmas. First of all, the equivalence
between (c) and (d) is given by the result [1, (4’)]. Next, we verify that Theorem 3.6 applies to
r.i. spaces, which yields the equivalence between (a) and (b).

Lemma 4.11. Let X be an r.i. space, and g € L*. Then, if Gf = gxf, the operator G : X — X
is bounded with |G| x-x < ||g]|1.

Proof. Note that G is bounded on L? for every 1 < p < oo, with ||G||r—rr = |lg][1- In
particular, we have it for p = 1, co. Because of [2, Theorem II1.2.2], we know that G : X — X
is bounded and ||G|| x—x < max{||G||p1_rt, [|Glre—re} = |l9]1- O

Remark 4.12. Because translations are isometries on r.i. spaces and Lemma 4.11 holds, the
hypotheses of Theorem 3.6 are satisfied. Hence, Theorem 3.6 gives the equivalence between
(a) and (b).
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The remainder of this section will be focused on proving that (b) is equivalent to (c). To show
this, we introduce another operator that will be useful.

Definition 4.13. We denote as K the convolution operator with kernel L T X (=11

Note that this operator (modulo some dilation) was already introduced in (5), in the proof of
Theorem 3.6.

Lemma 4.14. Let X be an r.i. space, and recall the operators A and B introduced in Defini-
tion 4.3. Then, the following are equivalent:

(i) Hy is bounded on X.
(ii) K is bounded on X.
(iii) KBA is bounded on X.

Proof. Recalling inequality (6) for |z| > 1, since we know that the operator P is bounded on
X, the equivalence between (i) and (ii) holds.

To get the equivalence between K and K BA, we aim to study their difference, K BA — K.
First, note that if f € X and n € Z, then we have that

Kf(n)z/L fln—vy dy—/ > ij+1 )f(n—y)dy

R jz0, e
> /J“ >
= f(n—y)dy = /
) 0,17 jizo17
n—j
-y ! S / BAS(y
Jj#0,—1 J#0, 1
= KBAf(n).

Now, we compare evaluations of K f at two close points: considering z € Rand 0 < h <1,
we have

K fGa+ ) = K 1@ = | (50 @+ W) = L xcr®) 1) @)

< —X(=1.1)c h—t——_c—t‘tdt
I e Lt LU

& 1 1
S/ —————X(a+h—Lat+h+1)e(t) — T XL+l "f )| dt

</°° : : ‘ )1 f(t)|dt
“ ) lx+h—t x—t X(z—1,z+h+1)e
z—1+h 1 e+lth
—|f(t)| dt (D) dt

> h
~ [ e OO d

z—1+h z+1+h
e[l [ s

-1 +1
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o0 1 r+2
</ m'f“)'d”/m_l £ dt

— (g +11) @)+ s = 1)
= P(If1)(x) + TiAs(|]) ().

With this estimate, we can move on to bound the difference K BAf — K f. Recalling that
KBAf(n) = K f(n) (see (9)) and noting that |x] + 1 — z € (0, 1], we now have

|[KBAf(z) — Kf(x)] = [K(BAf — f)(x)]
= |[K(BAf = f)(x) = K(BAf = [)(l=] + 1)
S P(IBAf = f)(z) + hAs(|BAS — f])(=)

= (P+ 714 ) (I(BA = D f ().

Now, observe that all of the operators involved on the right-hand side are bounded: the com-
position BA, the averaging operator As, the translation 77 and the convolution P. Hence, we
conclude that the difference operator K BA — K is always bounded on the r.i. space X. Then,
it is clear that K is bounded if and only if K BA is. 0

The following steps aim to connect the boundedness of K B A to that of the discrete Hilbert
transform H.

Lemma 4.15. Let X be an r.i. space, and let f € X be in the image of the operator B; that is,
f= ZjeZ JiX(j-1,j)- Then, the function K [ satisfies

(10) Kf(r) = (= [)Kf(lz] + 1)+ (1 = (z = [z]) Kf([x]).

Proof. Let us find an alternative expression for the operator K. If g € X is arbitrary, we have

Kg(ﬂr:)—/L X(-10)(¥)g(z —y dy—/ > Xm+1 Y9z —y)dy

R j#0,— J
z—j
T
§£0,— ~1J jzo—17
1 —j lz]—j
- > - / (y)dy+/ 9(y)dy | -
j#0,—1 J lz]—j z—j—1

Now, if we plug in the function f, we get
ke = 3 ([ fwar [ fway
j#0,—1 J lz]—J z—j—1

= > g = L)+ g - (= (@ = L),
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In particular, for n € Z, evaluating K f at n yields

fnjl
=2

J#0,—1

With this, we can write

Kf(z)=(x— |x]) Z foJ_] (1= (z—[z])) Z fole

J#0,— 17 §#0, 7
= (o= [eDEf(le) + 1)+ (1 = (@ = [z]) K f([2]),
which is the desired equality. U

Lemma 4.16. Let X be an r.i. space, and f be a function of the form
fl@) =1 = (z = =) f(lz]) + (@ = [=]) f([=] + 1).
Then, f € X ifand only if {f(j)};ez € {x and, in this case, ||f||x =~ ||{f;}illex-

Proof. Tt is immediate that | f(z)| < [f(|z])| + |f(|z] + 1)|. Since translations are bounded
in r.i. spaces, this pointwise estimate implies that f € X if {f(j)}, € ¢x. we obtain that

{f(4)}; € x implies f € X.

To get the other implication, denote r(z) = = — |x| and consider the sequence Af: its j-th
term is

A= [ fayda= [ (@ =r@)f(le))+r@)f(a] + D) da

:/il(l—r(x))f(j—l)dx—l—/ilT(iU)f(j)dx

=f(j—1)/0 (1—x)dx+f(j)/0 rar= U=D+1G)

To isolate f(j), we consider the function r - f. Note that |r - f| < |f| and, if we compute the
image through A, it results in

) = [ @@ de= [ (@ r@)sle) + P (L] + 1) do

— [ @ rons - e+ [ rwrrG)ds
~1G=1) [ a=ayde+ 1) [ Pde= GG =1+ 350)

0
With this, we can put f(j) = 6(A(r - f)); — 2(Af);. Assuming that f € X, we get that

G Yiezllex < OIAT - Hllex + 2 Aflex < 6]l - fllx + 201 Fllx < 8][fllx
O

Lemma 4.17. Let X be an r.i. space, and let f € X. Then, the operator K and the discrete
Hilbert transform H satisfy the following equalities:

Kf(k) = (HAk + (Af )1,
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(Hg)r = KBg(k) — grsa1-

Proof. In the proof to Lemma 4.15 we have seen that
1 [h

Kiw=Y <[ swan

j0,-1 7 k==t

If we compute the k-th term of HAf, we get

1 1 [h

HAD =Y A=Y [ s
70 7 70 J Jk=i=1

We see that both series are very similar, with the only difference being that K f is missing

the term for j = —1. Adding it, we obtain the first conclusion:
k+1

(HAf)e = Kf(k) — fy)dy.

k
The second conclusion follows directly from putting f = Bg in the first equality and recalling
that AB = I,,. O

Now, we can state the last lemma needed for the equivalence.

Lemma 4.18. Let X be an r.i. space. Then, the operator K BA is bounded on X if and only if
the discrete Hilbert transform H is bounded on (x.

Proof. Suppose that K BA is bounded. Then, because of Lemma 4.15 we know that for any
f € X, KBAFf has the expression (10), so Lemma 4.16 can be used for K BAf, giving

IKBAf|x ~ [{EBAS()}sllex-
Now, given any sequence g € {x, we can see that K Bg = K BA(Bg). Thus, by Lemma 4.17,
(Hg)x = KBg(k) — grr1 = KBA(Bg)(k) — (T-19)x-
Taking norms, it follows that
[Hgllex < HKBA(Bg)(K)}ellex + [T-19llex = [KBA(Bg)|x + [IT-19]lex
< IBAlx-x[1Bgllx + 1 T-allex—exllgllex
= (IKBA|x-x + 1T 1llex—ex)llgllex
so ‘H is bounded.
Analogously, suppose that H is bounded on ¢ x. Then, for any f € X, Lemma 4.17 gives
IHE f(R)}ellex < ITHASNlex + 1T A lex < (1 lex—ex + 171 lex—ex ) LAl x—ex [Lf |-
Therefore, putting BAf in place of f, we have that
IKBAS|x ~ [{HEBAf(F)}kllex < (Hllexsex + 1T lex—ex) Al x e [ BAl x x| fllx-
Hence, K BA is bounded on X. O
Joining together Lemma 4.14 and Lemma 4.18, we can see that the boundedness of H; is

equivalent to K BA which is, in turn, equivalent to 7{. Thus, the equivalence between (b) and
(c) is proved, and the proof of Theorem 4.10 is complete. U
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Having completed the proof, we will use the theorem to find r.i. spaces where the segment
multiplier is bounded but the Hilbert transform is not. This stands in stark contrast to the result
proved by De Carli and Laeng [6] for classical L? spaces, and shows that in the r.i. setting the
behavior of S and H is very different. To show that our space actually satisfies these properties,
we make use of the indices computed in Example 4.8.

Example 4.19. Consider the space (L' + L?)(R), for some 1 < p < oo. Then, we know that
Q141 = 1, so the Hilbert transform is not bounded on L! + LP. On the other hand, as seen in

Example 4.8,

1 —
O < dLl—‘y—Lp - 2_9 - dL1+Lp < 1,

and, by Theorem 4.10, the segment multiplier is bounded on L' + L?. By duality, the same
result holds for the intersection space (L? N L>)(R).
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