ON BILINEAR LITTLEWOOD-PALEY SQUARE FUNCTIONS

P K RATNAKUMAR AND SAURABH SHRIVASTAVA

ABSTRACT. In this paper, we study bilinear Liitlewood-Paley square function
introduced by M. Lacey. We give an easy proof of it’s boundedness from
LP(RY) x LY(RY) into L"(R%), d > 1, for all possible values of exponents
p,q,r, i.e. for 2 < p,qg < oo, 1 <r < oo satisfying % + % = % We also prove

analogous results for bilinear square functions on Torus group T¢.

1. Introduction

The theory of bilinear multipliers is revived with the outstanding work of Lacey
and Thiele [6], [7] on boundedness of the bilinear Hilbert transform.

Definition 1.1 (Bilinear Hilbert Transforms). For f,g € S(R), the bilinear Hilbert
transform is defined by

(L1) H(f,g)(x) = p. / fa—ygla+ y%.

Writing Fourier transform for f and g, the operator H(f,g) takes the following
form

(12)  H(fg)(x) = —i / / F(&)am)sgn(€ — )™=+ de dy,

where

1, €£€>0
sgn(§) =4 0, £=0
-1, ¢€<0

In [6], [7] Lacey and Thiele proved that

Theorem 1.2 (Lacey-Thiele Theorem [6, 7]). Let 1 < p,q < 0o and 2 <1 < oo be
such that % + % = % Then for all functions f,g € S(R), there exists a constant C
such that

I Ho(f, 9)llLe@®) < Cllflle@)llgllLar)-

In this work the authors developed very powerful techniques known as time-
frequency techniques and settled a longstanding conjecture of A.P. Calderén.

In this paper we are concerned with LP boundedness properties of bilinear
Littlewood-Paley square functions on R? and on T¢, d > 1. The theory of lin-
ear Littlewood-Paley square functions is very interesting and has a wide range of
applications in harmonic analysis. The study of Littlewood-Paley square functions
in the context of bilinear multipliers was initiated by Lacey [4] in 1996. As far
as our knowledge is concerned not much is known about bilinear square functions.
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We refer the interested reader to [1, 2, 3, 8, 9] for the work done so far (in our
knowledge) on bilinear square functions.

Let w be a cube in RY d > 1. Then for f,g € S(R?) we can define bilinear
operator S, associated with symbol x,, (£ — 1) as follows :

13 St = [ [ FOsmx.(E - ey,

When d = 1, using Theorem 1.2 it is known that S, maps LP(R) x L4(R) into

LT(R),where1<p,q§ooand§<r<oowith%+%:l.

r

The bilinear square functions are defined as follows :

Definition 1.3 (Bilinear Littlewood-Paley Square Functions). Let {w;};cze be a
sequence of disjoint cubes in R?. Let S,,, be the bilinear operator associated with the
symbol X, (£ —7) as defined above. Then for f,g € S(R?), the bilinear Littlewood-
Paley square function associated with the sequence {w; };cza is defined as:

1

2

(1.4) S(f.9)@) = | D 18u(f9)@)?

lezd
These square functions are referred to non-smooth bilinear square functions.

The smooth bilinear square functions are defined similarly. More precisely, for a
sequence of disjoint cubes w; in R, a smooth bilinear square function is defined as

1

2

(1.5) T(f.9)(x) = | D |To,(£.9)@)* ] . f.9€ SRY,

lezd

where Ty, is the bilinear multiplier operator associated with smooth symbol ¢; with
supp(dr) C wy.

The interest is to obtain LP boundedness properties of bilinear square functions.
As mentioned previously, the first result is this direction is due to Lacey. He proved
the following :

Theorem 1.4. [4] Let ¢ be a smooth function defined on R? such that ¢ is supported
in the unit cube of RY. Forl € Z", let ¢; be the function defined by ¢;(&) = ¢(£—1).
Then, for all 2 < p,q < oo satisfying %+% = %, there exists a constant C' > 0 such

that for all f,g € S(R?) we have
(1.6) 1T 9)ll2way < Clifllemayllgllpaga)-

The proof of the above theorem is quite intricate and we notice that the exponent
r = 2 is crucial in the proof. In the same paper Lacey’s posed the following natural
questions about bilinear Littlewood-Paley square functions.

(1) Does Theorem 1.4 hold for r # 2 ?
(2) What about the non-smooth version of Theorem 1.4 ?

As one can easily see that boundedness of non-smooth square function on R implies
the boundedness of the bilinear Hilbert transform on R, which is known to be a
very hard problem. So the second question about the non-smooth square function
is supposed to be very difficult to answer. Bernicot [1] provided a positive result in
this direction. In fact he proved much more in the form of the following theorem :
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Theorem 1.5. [1] Let {wy, = [an,bn]|}nez be a sequence of disjoint intervals in R
with b, — an, = bpy—1 — ap—1 and apy1 — by = ay, — by—1 for all n € Z. Then for
exponents 2 < p,q,r’ < oo satisfying % + % = %, there is a constant C = C(p,q)
such that for all functions f,g € S(R) we have

(L.7) (Z |, (f; g)l2> < Clfllzr@ gl a)-
nez L7 (R)

The proof of above theorem is very complicated. The author has developed
upon time-frequency techniques suitably in order to deal with square functions.
The condition that the intervals are of equal lengths and are equi-distant play very
important roles in the proof.

The first question of Lacey is answered in two papers Mohanty and Shrivastava [8]
and Bernicot and Shrivastava [2]. They proved that

Theorem 1.6. [8, 2] Let ¢ € C°(R) have support contained in the unit interval
of R. Forl € Z, define ¢(§) = ¢p(§ —1). Then for 2 <p,g< o0 andl <r < oo
satisfying 1% + % = %, there exists a constant C = C(¢,p,q) > 0 such that for all
f,g € S(R), we have

(1.8) (Z T¢L(f79)|2> < Clfler@llgliam-

ez Lr(R)

Mohanty and Shrivastava [8] proved the above theorem for exponents % <r < oo.
In order to prove the above theorem authors showed that the square function under
consideration is dominated by the bilinear Hardy Littlewood maximal function.
Then using celebrated result due to Lacey [5] about boundedness of the bilinear
Hardy-Littlewood maximal operator authors deduced the required LP estimates
for square function. The use of the bilinear Hardy Littlewood maximal function
imposes the condition r > %. In the same paper authors also proved that for
inequality (1.8) to hold true condition 2 < p,q is necessary. Later, Bernicot and
Shrivastava [2] using time-frequency techniques proved LP estimates for a more
general smooth bilinear square function. More precisely, they proved that

Theorem 1.7. [2] Let Q = {w},,, be a well-distributed collection of intervals (i.e.
Y wea Xw < C for some C > 0) satisfying

1.9 inf ~ .

(1.9) Jnf, lo] == sup fo]

Then, for 2 < p,q,r < oo satisfying % = %Jr %, there exists a constant C', indepen-
dent of the collection 2, such that for all f,g € S(R), we have

1/2
2
<Z Ty, (f:9) ) < ClfllzewllgllLacr),
wea L7 (®)
where 1, is a smooth function supported in the interval w.

As an application of the above theorem authors deduced Theorem 1.6 for re-

maining exponents 1 < r < %. Thus, we see that for exponents 1 < r < 2 the proof
of Theorem 1.6 relies on times-frequency techniques which makes it very difficult.
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Also, for this range of exponents we do not have this theorem in higher dimension.
Moreover, the end point » = 1 is not covered in Theorem 1.6.

The study of bilinear square functions on T was initiated by Mohanty and Shri-
vastava [9]. They proved the bilinear analogue of Carleson’s Littlewood-Paley the-
orem on T. Unlike the linear case the bilinear Carleson’s Littlewood-Paley theorem
on T is not straight forward (for more details see [9]). The authors used suitable
transference techniques in order to prove their result.

The purpose of this paper is to provide an elementary proof of Theorem 1.6
valid for the entire possible range of exponents, 2 < p,q,< oco,1 <,r < o0, and
works in all dimensions. We would like to remark that our proof works in case of
higher dimension as well. Moreover, our proof is valid with a weaker hypothesis
on function ¢, see condition (2.1) with é = K, where we assume only certain
integrability condition on K. In this paper we also obtain LP estimates for bilinear
Littlewood-Paley square functions on T?. As a consequence of this result we obtain
boundedness of the bilinear Carleson’s Littlewood-Paley operator on T¢.

2. Smooth Bilinear Square Functions on R?

In this section we study smooth bilinear square functions on R% and give an easy
proof of Theorem 1.6 in R? for all possible values of exponents p, ¢, . In particular,
we prove the following :

Theorem 2.1. Let K be a measurable function on R¢ such that

1

(21) > ( | K)Pdy) <o,

mez"

where p = maz{2,r'} and Q. = H;l:l[mj,mj +1). Forl € Z", define K;(§) =

K(€ —1) and let Ty be the bilinear operator associated with Ki(¢& — n). Then for
exponents 2 < p,qg < oo and 1 < r < oo satisfying % —|—% = %, there exists a
constant C = C(K,r) such that we have

2

(2.2) D Inf 9P < Cllfllze @ llgllzera

leze
L7 (R4)

Proof: For notational convenience we prove this theorem only in one dimension.
The same proof is valid in higher dimension as well.

We use the defintion of T;(f, g) in terms of the kernel (see (1.1)), i.e.,

Ti(f.9)(z) = / f(@ — w)glx + v)Ki(y)dy

N /]Rf (z —y)g(z + y)e?™ K (y)dy.

We claim that for almost every x € R and for all f, g € S(R), the square function
satisfies the following pointwise estimate

1

(2.3) (Zﬂ(f,g)(x)l2> < Z(

leZ mEZ

1
2

m—+1
[ - vt y>K<y>|2dy)

m
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Let a = {a;}iez be a sequence in I5(Z) such that ||al|;,(z) = 1. Then we prove
that for a.e. x € R, we have

1
2

m—+1
S e ) @) < Z(/ |f<x—y>g<x+y>K<y>2dy)

leZ meZ m

Once we have the above estimate we can deduce the claimed estimate (2.3) using
duality argument. Consider

St = S [ fa- o+ Ky
l l

/R Fao =g+ Ky S ae vy
l
/R £ — w)g(x + 1)K ()aly)dy,

where a is the Fourier transform of sequence a. Note that a is a periodic function
such that [|a||z2(jo,1)) = 1. Hence

m—+1
SN ahifo@ < 3 / (@ — v)g(a + 9K @)aly)ldy
l

mez "’ ™

IA

= > </mm+1 |fz —y)g(z + y)K(y)de)é .

mEeZ

This proves the claim.
We shall consider cases 1 <r < 2 and 2 < r < oo separately.

Case 1: 1 <r <2

(From estimate (2.3) we have

@m(ﬁg)?)é ) / (/m

L7 (R) meZ L

1
s

IN

Yo(a + y)K <y>2dy) ’ dx]

B gz /HH (/’"“ [z —y)g(z+ y)K(y)IQdy) : dm]
nH ot 2
- mz ( f(@ —y)gle +y)K ) dydm)

> ([ 1= vpgte+ y>f<<y>|2dy)é ([ awra)

r
2

1
2

],,

I

1
T
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Here we have used Holder’s inequality with exponents % and (%)’ as 1 <r < 2. For
n,m € Z, set k() = Xfm,m+1)(¥) K (x) and

n+1 m—+1
(2.4) Ay = / / (@ — y)g(e +y)K () Pdyd.
n m
Then,
n+1 m—+1
Ap = / / F(@ — )g(e + )k (y)Pdyde
z=n Jy=m
n—m-+1 n+m—+2
w— 2. odzdw
<[ If(Z)g(w)km(T)lz :
z=n—m—1Jw=n+m
_ /|gn+m </ o —z)|2dz> dw
— / Gt ()P ol # a2 (w) o
< NgnimlZo 12 * B2 parormy:

where I~€7n( ) \%k ( )vgn-i-m(x) = X[n+m,n+m+2) (x)g(x), and fn—m(x) =
(@) f z

(z). We have used Holder’s inequality for exponents % and

Xn—m—1,n—m+ 2

(¢/2)" as 2 < gq.
Let s = %/ Since 1 < r < 2, we have s > 1. Using the condition % + % = % we
see that
1 n r 14 1
p/2 s (¢/2)"

Hence using Young’s inequality we get that

||f727.7m * kEnHL(Q/Q)’]R) < ”fgfm”LP/Q(]R) ||k72n||L5(R)'

Substituting this estimate in above we get

(2.5) Anm < ||9n+m||%q(]R) ||f’r’2l m||LP/2(R ”'1232
(2.6) = NExlls Ifn-mllp llgn+mllz-

Thus we have

3 T
~ 2
<Z|Tl(f’9)2> < Z [Z (| llze @) 1 fn-mll7o) H9n+m\|%q(n@)) ]
ez L (®) meZ Lnez
1
< Z ||7~€72n|§ R) (Z anmezP(R) |gn+m£q(R)>
meZ nez
< Z ”km”Lr (R) (Z an mle(R)> (Z Hgner”qu(R)
meZ nez nez
< C (Z |ker'(R)> I fllze )y 9]l Lacr)-
mMEZ

This completes the proof of Theorem for 1 < r < 2.

Sl

j
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Case 2: 2<r<o

In this case we use Minkowski’s integral inequality for exponent g as 2 <r.

(ému,g)?)é o mz /( /mmﬂlf(x—y)g(x+y)K(y)2dy>£dx:
<X / " ( 1t —y>g<x+y>K<y>rdx)idy: 5
<X / " K@) ( 156 = o+ ywdw) dy]
< x(/ " K)o ol

meZ
In order to get second inequality we have used Holder’s inequality with exponents
P and 1 as % + % = % This completes the proof for the second case when 2 < r <
0. (Il

3. BILINEAR SQUARE FUNCTIONS ON T¢

In this section we study bilinear square functions on T?. As mentioned previously
Mohanty and Shrivastava [9] proved that the bilinear Carleson’s Littlewood-Paley
operator maps LP(T)x L9(T) into L™ (T) for exponents p, g, r satisfying 2 < p,q < oo
and Holder condition % + % = % The authors used vector valued transference
methods to prove their result. In this section we observe that the arguments used in
Section 2 to prove Theorem 2.1 can be applied to obtain boundedness of analogous
bilinear square functions on T¢. More precisely, we prove the following :

Theorem 3.1. Let K be a measurable function on T such that || K||:ga) < oo,
where t = maz{2,r'}. Forl € Z", define K;(n) = K(n—1) and let S; be the bilinear

multiplier operator associated with the symbol kl(n —m). Then for exponents 2 <
p,q < oo and 1 < r < oo satisfying Il) + % = %, there exists a constant C = C(K,r)

such that for all trigonometric polynomials f, g on T?, we have

1
2
(3.1) (Z T (f, g)l2> < Cliflzeealiglesra

lez Lr(Ta)
Proof: The proof of this theorem follows using essentially the same arguments as

in previous section. We shall present here the main steps only. Also for convenience
we work in dimension one only as the higher dimensional result follows similarly.

Let f, g be trigonometric polynomials defined on T. Then we have the following
pointwise estimate for the square function (follow the proof of inequality (2.3)).

1

(32) (DSl(f,g)(x)?)z </|fx— oz + 9K <>|dy)

IeZ

S

1
2
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Likewise earlier we consider cases 1 < r < 2 and 2 < r < oo separately.
Casel:1<r<2

Using estimate (3.2) and the condition that 1 < r < 2 we have

1

(E:Bmﬁmﬁ>% L/</fo x+y)()2@0 d%T

Lr(T)

Léﬁ;ﬂx—wmw+yﬂﬂm2ﬂmﬂé

We follow the proof of inequality (2.6) and obtain that

//Wﬂm—wa+wK@NMWx§n@|
TJT

ey 1 1Zo ey N901Zocr)

where ko(x) = %K(%) and s = %/ Putting the above two estimates together we
have
H <Z|Sl(f79)|2> < CIK| Ly 1fllzeery NgllLacr)-
lez Lr(T)

This completes the first case.
Case 2:2<r<o

This part is easy as in the previous section. Since 2 < r < oo using Minkowski’s
integral inequality we have

Slm

1
1 ;
<2]&UJW> < ./(/Uw— gz +y)K ()dﬂ dx
ez Lr(T) i
o1
2
< L/(/ux— slo+ K0
< K2y 1fllrery lgllzacr)
This completes the proof of Theorem 3.1. O

Remark 3.2. Let Sl, I € Z%, denote the bilinear multiplier operator on T¢ asso-
ciated with the symbol x ;3 (n — m). Consider the bilinear analogue of Carleson’s

1
Littlewood-Paley operator given by (f,g) — (Zlezd 1Si(f, g)|2> * . We know that

Xy (n) = K(n—1), where K =1 on [0,1]%. We can easily verify that K satisfies the
hypothesis of Theorem 3.1. Hence as an application of Theorem 3.1 we get that the
bilinear Carleson’s Littlewood-Paley operator maps LP(T?) x L4(T4) into L"(T4),
where exponents p, q,r satisfy 2 < p,q < 0o, 1 < r < oo, and Holder condition
1,1 _1
Lyl=d

T
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