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Abstract

The quadrilinear singular integral form

A(Fy, Fy, F3, Fy) = /R4 Fi(z,y) Fa(z, Y ) Fs (2, y ) Fa(2, ) K (v — o',y — o )dwdyda’dy’
was motivated by the work of Kovac¢ on the twisted paraproduct, who established bound-
edness in L? spaces of a dyadic model of the quadrilinear form A. Here K is a smooth
two-dimensional Calderén-Zygmund kernel.

In this thesis we introduce a continuous variant of Kovac’s approach and address
boundedness of the quadrilinear form A. Moreover, we study further related multilinear
singular integral forms acting on two- and higher-dimensional functions, and discuss their
applications to certain problems in ergodic theory and additive combinatorics.

The content of this thesis is organized into six chapters. Chapter 1 is an introductory
chapter, stating the main results of Chapters 2—6.
In Chapter 2 we prove the estimate

’A(Fla Fy, F3, F4)‘ < Cpl,pz,ps,m HFIHLpl (R2)HF2HLP2(R2) ”FSHLps(RQ)HF4HLP4(1R2)

for the exponents p; = po = p3 = py = 4.

In Chapter 3 we extend the range of exponents to 2 < p1, po, p3, pa < 00, whenever
the exponents satisfy the scaling condition E?:l p%- =1

In Chapter 4 we study double ergodic averages with respect to two general commuting
transformations and establish a sharp quantitative result on their convergence in the
norm, by counting their norm-jumps and bounding their norm-variation. This is a joint
work with Vjekoslav Kovaé, Kristina Ana Skreb and Christoph Thiele.

In Chapter 5 we study side-lengths of corners in subsets of positive upper Banach
density of the Euclidean space. We show that if p € (1,2) U (2,00) and d is large enough,
an arbitrary measurable set A C R4xR% of positive upper Banach density contains corners
(z,v), (x+ s,v), (x,y + s) such that the /% norm of the side s attains all sufficiently large
real values. This is a joint work with Vjekoslav Kova¢ and Luka Rimani¢.

As a byproduct of the approach in Chapters 4 and 5 we obtain an L* x L* — L2
bound for a two-dimensional bilinear square function related to a singular integral called
the triangular Hilbert transform. Boundedness of the triangular Hilbert transform is a
major open problem in harmonic analysis.

Chapter 6 is devoted to the simplex Hilbert transform, a higher-dimensional multi-

linear variant of the triangular Hilbert transform. The content of this chapter is a joint



work with Vjekoslav Kova¢ and Christoph Thiele. We show that if the Hilbert kernel is
truncated to the region 0 < r < |z| < R < oo on the real line, then L bounds for the
truncated simplex Hilbert transform grow with a power less than one of the truncation
range in the logarithmic scale. Boundedness of the simplex Hilbert transform remains an
open problem.
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Introduction and statement of the main results

A large class of multilinear singular integral forms considered in harmonic analysis can
be schematically represented as

[ (L Eoy o) K ol (1)
j=1

for some k,n > 2, surjective linear maps p : R" — R® and p; : R" — R 1< j <k,
d,s > 1. Here K is a smooth s—dimensional Calderén-Zygmund kernel. That is, Kisa
function on R®, which is smooth away from the origin and satisfies the standard symbol
estimates: there exists a finite constant C,, such that

0K (€)] < Callg] 1 (2)

for all multi-indices @ and all 0 # ¢ € R®. The form (1) is k-linear in the functions
Fi:RI—C,1<j<k.

Typically, one is given an object of the type (1) defined via the Fourier transform
on an appropriate space of test functions, such as the Schwartz class. Then, the basic
questions of interest are LP estimates of the form

k k
[ (T Etos@n) K ot < € TT 1 s e -
Jj=1 j=1

for some choice of exponents 1 < p; < oo and the constant C' which may depend on
k,n,d,s, pj, p,p; and the constant Cy, from (2), but not on the functions F;. The symbol
estimates (2) are invariant under isotropic dilations of K in L>®. A scaling argument
shows that bounds of the type (3) are possible only if

"1
n—s=d —.
2.,
j=
Let us turn our attention to some familiar instances of (1) and (3). For x € R"™ we

will write = (x1,...,2p).

Example 1 (Brascamp-Lieb). If K is a constant function, then the study of (3) falls
under the theory of the Brascamp-Lieb inequalities. See the works by Bennett, Carbery,
Christ and Tao [2], [3]. O
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Example 2 (Coifman-Meyer). Let £ >3, n =4k, d =1 and s = k — 1. Assume that the
linear maps pj : R*¥ — R and p : R¥ — R¥~1 are given by

pi(z) =x; for 1<j<k, px)=(Tk—21,...,8% — Th_1)-

Then the L? estimates (3) hold whenever the exponents satisfy 1 < p; < oo and the
Hoélder scaling condition 2521 pij = 1. This is the multilinear Coifman-Meyer theorem.
We refer to [31] and the references contained therein. O

Example 3 (Bilinear Hilbert transform). Let k = 3,n =2, d =1, s = 1. Let the maps
p1, p2, p3 : R? = R be given by

pi1(z) =z1, po(z) =21 +x2, p3(x) =21+ B2, (4)

where 3 # 0,1 is a real parameter. Let p : R? — R be given by p(z) = x5 and let

~

R (€) = insgn(¢).

Then (1) is a trilinear form dual to the bilinear Hilbert transform. Lacey and Thiele proved
boundedness of the bilinear Hilbert transform in the grounbreaking papers [26], [27]. The

bilinear Hilbert transform satisfies LP* x LP? — LPs bounds whenever 1 < p1, P2 < 00,

1

Pl

form whenever the exponents satisfy 22:1 1% =1and 1 < p1,p2,p3 < 0.
J

% < ph < 00, and p% + p% = This in particular implies (3) for the associated trilinear

In the proof, the authors of [26], [27] develop techniques that are known as time-
frequency analysis, and are closely connected with the modulation symmetries that the
bilinear Hilbert transform exhibits. O

Example 4 (Two-dimensional bilinear Hilbert transform). Specifying k& = 3, n = 4,
d =2, s = 2, the linear maps p1, p2, p3 : R* = R? by

p1(x) = (z1,22) + (73, 74), p2(x) = (z1,22) + B(xs,24), p3(z) = (71,22),  (5)

where B : R? — R? is linear, and p : R* — R? by p(z) = (z3,74), one obtains the
two-dimensional bilinear Hilbert transform. It was studied by Demeter and Thiele [11],
who investigated its boundedness in LP spaces in dependence on the map B. O

Example 5 (Twisted paraproduct). Up to symmetries, the only case for which the time-
frequency methods from [11] turned out to be insufficient was when

B(y1,92) = (y1,0).

This case was later called the twisted paraproduct, and it was addressed by Kova¢ [23] by
a completely different approach. Kovaé¢ proved that the twisted paraproduct satisfies L”

3 1:1and1<pl,1103<c><>,2<1?2§00- v

bounds whenever » 7, -~
- J

The following observation will be used several times throughout the exposition. If we
are interested in L” estimates for a form associated with the maps p;, 1 < j < k, and
p, then it suffices to bound a form associated with the maps 7;j0p;j00, 1 < j <k, and
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T o p oo for arbitrary surjective linear maps 7; : R > R? 1< j<k 7:R°—R® and
o : R™ — R™. This follows by changing variables x — o(x) and observing

IEj © 75|75 (may = | det Tj|*1/Pj||Fj\|ij(Rd)

for each 1 < j < k. The integral kernel K o 7 remains Calderén-Zygmund, however, the
estimates (2) are in general not uniform in 7.
If in (5) with B(yi,y2) = (y1,0) we compose p1,p2,ps and p from the right with
o : R* = R* given by
o (Y1, Y2, Y3, Ya) = (Y3, Y4, Y1 — Y3, Y2 — Ya),

boundedness of the twisted paraproduct is equivalent to boundedness of a trilinear form
associated with the maps

p1(z) = (z1,22), p2() = (z1,24), p3(z) = (3,74)
and p(z) = (x1 — o3, 22 — 24). Note that for each # € R? one has
pi(z)-e1=pa(x)-e1 and pa(x)- ez = p3(z) - €2,

where e; and e, are the standard unit vectors in R2. Because of this we refer to the twisted
paraproduct as twisted or entangled. Informally, one can say that a form is entangled if it
can be written in such a way that the functions involved share some one-dimensional vari-
ables. Such forms exhibit generalized modulation symmetries. For instance, replacing F
by (g ® 1)F} in the twisted paraproduct has the same effect as replacing Fy by (g ® 1) Fy,
for any g € L°°(R). Here we have used the notation (fi ® f2)(x1,x2) := fi(z1)fo(x2).

The twisted paraproduct can be recognized as a more symmetric quadrilinear form
/4 Fi(z1, 22) Fo (21, 24) F3 (23, w4) Fa(23, 22) K (21 — 23, 2 — 24)dz1d22dT3d24
R

with Fy being the constant function 1. By localizing K to cones in the frequency plane
it suffices to consider the symbol

Riene) = [ adtteiteF, ()

where ¢, 1) are Schwartz functions, ¢ is supported in {1/2 < |¢] < 2}, and || < 1 are
measurable coefficients. That is, it suffices to consider the form

A(Fy, F3, F3, Fy) 52/ Ct/4F1(SC17$2)F2(9617$4)F3($37$4)F4(333,932) (7)
0 R

_ _ _ dt
t 230(t l(xl —x3))Y(t 1($2 — x4))dx1dac2d:v3d$4?.

To prove estimates for the twisted paraproduct, Kova¢ passed through a dyadic model of
the quadrilinear form (7), given by

Aa(Fy, Fy, F, Fy) = Z/

\ Fi(z1,z2)Fa(x1, x4) F3(xs, x4) Fu(23, 22) (8)
=171 7®

|I|_21]($1)1[(1‘3)(1J1 — ljr)(l'Q)(lJl — ljr)(l‘4)d:1}1dl'2dl‘3dﬂj‘4.
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The sum runs over all dyadic intervals I and J of the same length, 1; denotes the
characteristic function of I, and I, I, denote the left and the right half of a dyadic
interval I, respectively.

In [23], Kova¢ showed that the dyadic quadrilinear form satisfies the estimates

|Aa(F1, By, By, Fy)| < Cl|Fil[peyge) | Folluee w2y 1 F3 Les (r2) | Fa llLea (r2),

whenever Z?Zl pi]_ =1 and 2 < p1,p2,p3,p4 < 00. In [23], boundedness of the twisted
paraproduct was then deduced by transferring from the dyadic quadrilinear form with
Fy =1 to the continuous form using the square function of Jones, Seeger and Wright [22].
Using the fiber-wise Calderén-Zygmund decomposition by Bernicot [4] one was able to
extend the range of exponents from 2 < p1,p2,p3 < coto 1l < p1,p3 < 0o and 2 < py < 0.
It is natural to ask if the bounds for the twisted paraproduct can be proven di-
rectly, without passing through a dyadic model. More generally, one can ask whether the
continuous quadrilinear form (7) satisfies any L? estimates. The question of obtaining
estimates for the form (7) with Fj not necessarily equal to 1 remained unresolved in [23].
The transference trick from the dyadic to continuous model does not apply in this case.
In Chapters 2 and 3 ([12] and [13]) we prove L? estimates for the quadrilinear form
(7). The results from Theorem 1 from [12] and Theorem 1 from [13] are stated in the
following.
41
Jj=1 p;
C depending only on the exponents p; and the Schwartz seminorms of ¢,, such that for

Theorem 1. Let 2 < p1,pa2,ps3,ps < 00 and y = 1. There exists a finite constant

any Schwartz functions Fy, Fy, F3, Fy on R? one has the estimate
|A(F, By, By, Fa)| < C| Fulues ey | F2lluee w2y 1F3 [l Les (2 | Fa |l Lea (r2) -

To prove Theorem 1 we refine the technique from [23], which was used to show bound-
edness of the dyadic quadrilinear form (8), and apply it in the Euclidean setting. First
by addressing the simpler L case [12], and then the general L case [13]. The latter
follows from certain generalized restricted weak-type estimates, and it can be obtained
after working in a localized setting.

The approach in [23] relies on a structural induction scheme involving repeated appli-
cations of the Cauchy-Schwarz inequality, telescoping identity and positivity arguments.
It is the easiest to adapt this approach to the Euclidean setting if the bump functions de-
composing the kernel (6) are Gaussians. This is the situation which resembles the perfect
dyadic model. The general case can then be reduced to the Gaussian case by carefully
decomposing the kernel and intertwining the induction scheme with dominations of the
bump functions by superpositions of Gaussians.

Multilinear singular integral forms such as (7) naturally appear in problems in er-
godic theory when studying ergodic averages along orbits of measure preserving trans-
formations. Let (X, F,u) be a probability space and S : X — X a measure preserving
transformation, i.e. pu(S™1E) = u(E). It is a classical result by von Neumann [33] that

16



for any f € L*(X), the sequence of averages

n—1

Mo(f)w) = - S F(S'n) )
i=0
converges in L(X) as n — oo. Birkhoff’s pointwise ergodic theorem [7] yields convergence
of these averages for almost every = € X.
One can form a bilinear analogue of (9) by taking two commuting measure preserving
transformations S, T': X — X and consider
= .
Mn(f,9)(2) = — > f(S'a)g(T'x) (10)
i=0
for functions f, g € L4(X ). Such bilinear averages were motivated by Furstenberg and
Katznelson [18] in their work on a multidimensional extension of Szemerédi’s theorem.
L? norm convergence of the sequence (M, (f,g))2>, is due to Conze and Lesigne [8] and
was generalized by Tao [36] to the case of several commuting transformations. Almost
everywhere convergence of double ergodic averages is a major open problem in ergodic
theory.

Conjecture 2. Let (X, F,u) be a probability space, S, T : X — X commuting measure
preserving transformations, and f,g € L>(X). Then the limit

lim M, (f, g9)(z)
n—oo
exists for a.e. x € X.

This conjecture is only known to be true in very few special cases. Here we only
mention the work of Bourgain [6] who verifies this conjecture in the case when S = T™
for m € Z.

Classical proofs of norm convergence of ergodic averages give at most very little in-
formation on the rate of convergence. To quantify norm convergence of a sequence one
typically asks for certain norm-variation estimates, which in turn control the number of
jumps of the sequence of certain size. For an extensive treatment of variational estimates
and jump inequalities we refer to Jones, Seeger and Wright [22], and Avigad and Rute
[1]. In the case of single ergodic averages M, (f), norm-variation estimates were studied
by Jones, Ostrovskii and Rosenblatt [21].

In Chapter 4 ([15]) we address quantitative norm convergence for the double er-
godic averages in (10). We obtain a sharp quantitative result on the convergence of
(M, (f,9))22, in norm, by counting the norm-jumps of this sequence and bounding its
norm-variation. The following result is Theorem 1 from [15].

Theorem 3. There is a finite constant C such that for any o-finite measure space
(X, F,p), any two commuting measure-preserving transformations S, T on that space,
and all functions f, g € L*(X) one has

Z ||Mn](fa g) — Mnj—l(fa g)”i?(x) <C ||f||i4(x)||g||i4(x)
j=1

for each choice of positive integers m and ng < ny < -+ < Ny

17



In a certain model case, an analogue of Theorem 3 has been previously obtained by
Kovag [24]. Due to perfect localization in both time and frequency, the model case avoids
several of the difficulties arising in [15]. We approach Theorem 3 by transferring it to
the Euclidean space via Calderén’s transference principle. We first pass to the integer
lattice Z2, and then to R2. For F,G € L*(R?), r > 0, and (x1,22) € R? we introduce the
"rough” bilinear averages on R? given by

A (F,G) (1, 22) := / F(x1 + s,22)G(x1, 2 + 5) 1”_11[071)(7“_18) ds.
R

Theorem 3 is a consequence of the following norm-variation estimate in the Euclidean
space, which is Theorem 2 from [15].

Theorem 4. There exists a finite constant C' such that for any F, G € LY(R?) one has
3 145(7.6) = s (P Oy < O e e (1)

for each choice of positive real numbers ro < ry < --- < rpy and m € N.

The strategy of the proof of Theorem 4 is to approximate the rough characteristic
function of the unit interval by a smooth bump function and expand out the L? norm in
(11). This eventually leads to studying singular integral forms similar to

/ F(z1+ s,22)G (1,22 + s)F(x1 + t,x2)G(x1, w2 + 1) K (s, t)dx1dradsdt (12)
R4

for a two-dimensional Calderén-Zygmund kernel K. This object falls under (1) with
Py =F3=F, Fy, = Fy =G, the maps pj:R4—>R2 given by

:01(33) = (xl + £U3,ZL‘2), ,02(55) = (mlaxQ + 1'3)7
p3(x) = (x1 + 24, 22), pa(z) = (21,22 + 24),

and p: R* — R? by p(z) = (23, 74). Composing p; and p from the left with
(Y, y2) = (Y2, 01 +2), T2(y1,92) = (Y. y1 +Y2), T3=T1, =Ty, T=Iid,
and from the right with

oY1, Y2, Y3, Y4) = (Y1, Y2, Y3 — Y1 — Y2, ¥4 — Y1 — Y2),

it is equivalent to discuss bounds for the form
/4 F(x2,13)G (21, 23) F (12, 24)G (71, 24)
R
K(xg — Tl —X2,T4 —T1 — azg)dazldxgda:3da;4. (13)

Structurally it resembles (7). Indeed, the maps p; coincide with the ones in (7) after re-
labelling. However, the integral kernel is now singular along a different two-dimensional
subspace of R*. Decomposing the kernel into bump functions which are well localized in

18



frequency, one of the key points is to obtain estimates analogous to those in Theorem 1
with careful careful control of the operator norm in terms of the Schwartz seminorms of
the bump functions. This in turn translates into the sharp variation-norm estimate for
the rough averages on R?, and finally establishes Theorem 4.

A further source of motivation for studying entangled multilinear singular integral
forms is provided by questions on distances in point configurations in ”thick” subsets of
the Euclidean space. The upper Banach density of a set A C R% is defined as

- |AN (z+[0,N]%)]

04(A) :=1i
alA) = limsup sup = N

It is known that a set of positive upper Banach density in R?, d > 2, contains all large
distances. More precisely, if d > 2 and J4(A) > 0, there exists A\g(A) such that for any
A > Ao(A) the set A contains points x, x+s with ||s|,2 = A. This was shown independently
by Bourgain [5], Falconer and Marstrand [17], and Furstenberg, Katznelson and Weiss
[19]. However, the same statement fails if =,z + s is replaced by a three term arithmetic
progression x,x + s,x + 2s. A counterexample was constructed by Bourgain in [5], and
it crucially uses the fact that the #? norm satisfies the parallelogram identity.

Recently, Cook, Magyar, and Pramanik [9] investigated related questions on sizes of
common differences of three term arithmetic progressions, but with differences measured
in the ¢? norm for p # 2, rather than ¢2. They obtain the following result.

Theorem 5 (From [9]). For any p € (1,2) U (2,00) there exists d, > 2 such that for
every integer d > d,, the following holds. For any measurable set A C R? with 64(A) > 0
one can find \o(A) > 0 such that for any real number X > Ao(A), there exist x,5 € R?
such that x,z + s,x 4+ 2s € A and ||s]|ee = A.

Cook, Magyar and Pramanik reduce the proof of Theorem 5 to a harmonic analysis
problem, which they solve by using bounds for certain modulation invariant multilinear
singular integrals, similar to the bilinear Hilbert transform. See [32] and [10].

In Chapter 5 ([14]) we generalize Theorem 5 to corners in subsets of R? x R?, i.e.
patterns of the form (z,y), (x + s,y), (x,y + s). The following is Theorem 2 from [14].

Theorem 6. For any p € (1,2) U (2,00) there exists d,, > 2 such that for every integer
d > d, the following holds. For any measurable set A C RY x RY with §4(A) > 0 one can
find \o(A) > 0 such that for any real number X > \o(A), there exist x,7y,s € R? such that
(29), (@ +5,), (&9 +5) € A and 5] = A

To obtain Theorem 6 we follow the outline from [9], but our proof differs in the har-
monic analysis part. In this part we need to show an estimate for a higher-dimensional
analogue of the form (13). More precisely, we prove an estimate for (13) with x;, 9, 3, 24
in RY, F, G functions on R% x R? and K a smooth (2d)—dimensional Calderén-Zygmund
kernel.
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As a byproduct of the approach in [15] and [14] we obtain an estimate for a two-
dimensional bilinear square function. The following corollary is from [15].

Corollary 7. Let ¥ be a Schwartz function on R with 12(0) = 0. For any Schwartz
functions F,G on R? one has

1/2’

H(Z]/RF(xl+s,x2)G(:c1,:c2+s)2—i¢(2—is)ds]2) < CyllF oy |Gl
iE€EZ

with a finite constant Cy, depending on v alone.

This result follows after expanding the L2 norm on the left hand-side, which immedi-
ately gives a form of the type (12). Bounds for the singular integral corresponding to the
bilinear square function from Corollary 7 are a major open problem in harmonic analysis.

Conjecture 8. For any Schwartz functions F,G on R? one has

ds
Hp.V./RF(xl + S,CCQ)G(LUl,LL“Q + S)?) < Cp,qHF”LP(Rz)HG||L4(R2) (14)

T 2
L(Ilvzz)(R )

for some exponents 1 < p,q,r < oo satisfying % + % = %

This conjecture has been confirmed in a certain model case and when one of the
functions takes a special form. See the work by Kova¢, Thiele and Zorin-Kranich [25].
The operator in (14) was also called the triangular Hilbert transform in [25].

The triangular Hilbert transform controls issues related to pointwise convergence of
double ergodic averages (18), as well as many known objects in harmonic analysis. Speci-
fying the functions F, G properly, from the conjectured bounds for the triangular Hilbert
transform one would obtain bounds for the Carleson operator

, ds
p.v./ flz— s)e’N(x)S—,
R S
which controls pointwise convergence of Fourier series. Here N is a measurable linearizing
function. Bounds for the triangular Hilbert transform would also imply bounds for the
one-dimensional bilinear Hilbert transform

ds
v, /R fla+ 9)gla+ 55 (15)

where 0,1 # 5 € R. Note that after dualizing (15) with a third function one obtains the
trilinear form discussed in (4). Boundedness of the triangular Hilbert transform would
even imply bounds uniform in the parameter 3, which is a problem that has been studied
extensively in recent years, see [37], [20], [28], [34]. Furthermore, by the method of ro-
tations one could also deduce bounds for the two-dimensional bilinear Hilbert transform
(5) with an odd integral kernel, uniformly in the choices of the map B, including bounds
for the twisted paraproduct.
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More generally, one can define the simplex Hilbert transform of degree n > 1 by

- ds
p.v./le_[1 Fj(:c—i—sej)?, (16)

where x € R™ and ey, ..., e, are the standard unit vectors in R™. If n = 1, it coincides
with the linear Hilbert transform, while the case n = 2 corresponds to the triangular
Hilbert transform. No LP bounds are known for the simplex Hilbert transform if n > 2.

Conjecture 9. Let n > 2. For any Schwartz functions Fi,...,F, on R™ one has

Hp.v. /le;‘[l Fi(x + sej)%‘

n
o < o L 1Bl oy

o 1 1
for some exponents 1 < p1,...,pn, 7 < 00 satisfying Z;”:l b=

Analogously to the case n = 2, by choosing the functions F}; properly, the simplex
Hilbert transform specializes to the polynomial Carleson operator

)

pov. [ o — )N L
R S

which was studied by Lie in [29] and [30]. It also specializes to the one-dimensional
multilinear Hilbert transform, which is another major open problem in harmonic analysis.

Conjecture 10. Let n > 3. For any Schwartz functions fi,..., fn on R one has

Hp.v. /lei[l filw +js)%’

n
- < Crpryeipn H HfjHL”J’ (R)
L; (R) e

o 1 1
for some exponents 1 < p1,...,pn,T < 00 Satisfying Z;‘:l b T

Dualizing (16) with an n-dimensional function Fp, interchanging the order of integra-
tion and composing the maps

r,s)—z, (r,s)—x+se; for 1<j5<n, (x,5) —s,
j J

with suitable linear bijections, studying LP bounds for the simplex Hilbert transform is
equivalent to studying L” bounds for the more symmetric (n + 1)—linear form

n
1
p.v./ H Fi(xo,...,2j-1,Zj41,...,Tn)————dxq ... dx,.
Rn+lj:0 x0++$n

One may approach the multilinear and Hilbert simplex transform by truncating the

Hilbert kernel and searching for bounds in terms of the truncation parameters, as initiated
in [35], [38]. The truncated simplex Hilbert transform is defined by

n
An’T’R = / H Fj(xO? sy L1, Ljly - -y xn)—dxo ...dxy,
r<|zot-Fan|<R ;- o+ -+ Ty
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where 0 < r < R < co. We seek estimates of the form
R\
Al < C(10g )" TT I8 s (17)
=0

for some 0 < a < 1 and exponents 1 < p; < oo satisfying Z?:o p%- = 1, with a finite
constant C' independent of the truncation parameters.

Conjecture 9 would follow from the bound with & = 0. On the other hand, Holder’s
inequality gives the trivial bound with a = 1. Zorin-Kranich [38] improves this estimate
to o(log %) He builds on the approach by Tao [35], using techniques from additive
combinatorics. Tao [35] obtains a o(log &) bound for the truncated multilinear Hilbert
transform.

In Chapter 6 ([16]) we strengthen these results by showing (17) with a power o = 1—e¢
for some € > 0 depending only on n and the exponents p;, which can be taken from the
full open Banach range. The main work is spent in proving an estimate for a particular
choice of exponents. The following is Theorem 1 from [16].

Theorem 11. There exists a finite constant C' depending only on n such that for any
Schwartz functions Fy, ..., F, on R™ and any 0 < r < R we have

1—2-n+l

R n
[Anral < C(log ) ol oy LTIy e
J:

For other exponents, an estimate with a power less than one then follows by inter-
polation with the trivial estimate for a = 1. Our proof is a structural induction. The
induction base is on the level of the forms (7), which are much easier to handle than the
simplex Hilbert transform.

It is a natural question if Theorem 3 generalizes to the multiple ergodic averages

n—1

1 . . A
~ > fi(Sia) fo(S52) -+ fi(Spa), (18)
i=0
where S1,52,...,5; : X — X are pairwise commuting measure preserving transforma-

tions, and if Theorem 6 generalizes to corners in (R%)*
(x1,22,...,2k), (T1+ 8,22,...,2), (x1, 22+ S,...,Tk), ..., (X1,22,..., 2k + ) (19)

for k > 3. The main obstruction is that one faces quantities such as the L? norm of the
k-linear square function corresponding to the simplex Hilbert transform of degree k, and
its higher-dimensional analogues. If £ > 3, no L? bounds for this square function are
known.

Conjecture 12. Let k > 3. Let ¢ be a Schwartz function on R with zE(O) = 0. For any

Schwartz functions Fi, ..., F, on R* one has
K e 2\ 1/2 k
Z H Fj(x + sej)27" (27 s)ds ey < Cokprp H 1 E5 7 (mry
L7 (Rk)
ez 'R j=1 v j=1
for some exponents 1 < py,...,pg, T < 00 satisfying Z?Zl p% = %
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Note that if £ = 2, the left hand-side specializes to the bilinear square function which
is bounded in Corollary 7.

Expanding out the L? norm of such a square function of degree k& > 3 leads to
problems of similar complexity as the simplex Hilbert transform of degree £ — 1. It
is encouraging that [16] obtains estimates for the truncations of the simplex Hilbert
transform with constants J!'~¢ for some 0 < € < 1, in the number J of consecutive dyadic
scales. Estimates of this type could also be used to study (18) and (19). Furthermore,
for the problem (19) also a o(J) bound would suffice (see [35], [38]). However, one would
need to consider arbitrary scales rather than consecutive scales as in [16], [35], [38].

Similarly, generalizing the result by Cook, Magyar, Pramanik [9] to (k + 1)-term
arithmetic progressions in R,

r,z+s,c+2s ..., x+ks,

is related to a d-dimensional version of the k-linear square function corresponding to the
multilinear Hilbert transform. If k& > 3, no L? bounds for this square function are known.

Conjecture 13. Let k > 3. Let v be a Schwartz function on R with 121\(0) = 0. For any
Schwartz functions fi,..., fr on R one has

k
H (zEZZ ‘ /RJI;II.]C](HJ +js)2—i¢(2_is)ds‘2> 1/2‘
1

for some exponents 1 < p1,...,pg, 7 < 00 satisfying Z?Zl I% = .
J

k
o S Cykpr,pr H 1 £5llLes m)
Li(R) o

Conjecture 12 would imply Conjecture 13 by specifying the functions F}; properly.
The analogue of Conjecture 13 in the case k = 2 can be deduced from the boundedness
of the bilinear Hilbert transform. The case k = 2, p; = p2 = 4, r = 2 can be alternatively
deduced from Corollary 7.
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An L* estimate for a singular entangled quadrilinear form

Polona Durcik

Abstract

The twisted paraproduct can be viewed as a two-dimensional trilinear form which
appeared in the work by Demeter and Thiele on the two-dimensional bilinear Hilbert
transform. LP boundedness of the twisted paraproduct is due to Kova¢, who in
parallel established estimates for the dyadic model of a closely related quadrilinear
form. We prove an (L*, L* L* L*) bound for the continuous model of the latter by
adapting the technique of Kova¢ to the continuous setting. The mentioned forms
belong to a larger class of operators with general modulation invariance. Another
instance of such is the triangular Hilbert transform, which controls issues related to
two commuting transformations in ergodic theory, and for which L? bounds remain
an open problem.

1 Introduction

For four functions Fi, Fy, F3, F; on R? we denote their ”entangled product”

F (5 ) (2,2 y,y") o= Fi(z,y) P2, y) Fs(2', y') Fa(x, y)). (1.1)

Let m be a bounded function on R?, smooth away from the origin and satisfying!

0% m(&,m)| S (1€] + In)) ™! (1.2)

for all multi-indices o up to some large finite order. With any such m we associate a
quadrilinear form A = A,,, defined as?

AP PPy By o= [ B(& €. —nm(€ mdedn

for Schwartz functions F; € S(R?), where F := F(r, Fy,15,7,)- The object of this paper
is to establish the following bound.

Theorem 1. The quadrilinear form A satisfies the estimate

|A(Fy, Fo, B3, Fy)| S P lloae) [ F2llsme) [ 5 llua ey | Fa e ge) - (1.3)

2010 Mathematics Subject Classification. Primary 42B15; Secondary 42B20.
'For two non-negative quantities A and B we write A < B if there is an absolute constant C' > 0 such
that A < CB. We write A <p B if the constant depends on a set of parameters P.
2The Fourier transform we use is defined in (2.1).
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When m is identically one, A corresponds to the pointwise product form
A(Fy, Fy, By, Fy) = /2 Fi(z,y) oz, y) F3(2, y) Fu(z, y)dzdy.
R

The bound (1.3) is then an immediate consequence of Holder’s inequality and holds in a
larger range of exponents. In general, we can formally write A(F1, Fy, F3, Fy) as

/ Fi(z,y)Fa(a!,y) Fa(a! sy ) Fala, o )wle — 2,9/ — y)dada'dydy/,  (1.4)
]R4

where « is a two-dimensional Calderén-Zygmund kernel.
The motivation for these objects originates in the study of the twisted paraproduct
[5]. We call the twisted paraproduct a trilinear form T' = T,,, defined as

T(F17F27F3) = A(F17F27F371)'

That is, the fourth function in the entangled product F' is the constant function one.
The form T was proposed by Demeter and Thiele [2] as the dual of a particular case of
the two-dimensional bilinear Hilbert transform. This was the only case which could not
be treated with the time-frequency techniques in [2]. Lack of applicability of the latter is
closely related with general modulation symmetries that the operators 7' and A exhibit.
An example of such a symmetry is that for any g € L°°(R) we have invariance

A(1 @ g)F1, Fy, F3, Fy) = A(F1, (1 @ g) Fy, F, Fy),

where (f ® g)(x,y) := f(x)g(y). This is evident from their entangled structure. One
can informally say that the generalized modulation invariance is present since several
functions depend on the same one-dimensional variable.

First bounds for T are due to Kova¢ [5], who established

I T(F1, F2, F3)| Sy 1F1l|en w2y 1F2 | es (m2) (| F3 [l es (r2) (1.5)

whenever 1/p; + 1/pa + 1/ps = 1 and 2 < p1,p2,p3 < oo. His approach relied on
the Bellman function technique. The fiber-wise Calderén-Zygmund decomposition of
Bernicot [1] extended the range of exponents to 1 < p1,p3 < 00, 2 < py < 0.

Kovac observed that adding the fourth function Fy to T completes the cyclic structure
of the form and results in an object with a high degree of symmetry. For instance, for even
kernels x one has A(Fy, Fy, F3, Fy) = A(Fs, Fy, F1, F5). Moreover, T' and A can be seen
as the smallest non-trivial examples of a family of entangled multilinear forms associated
with bipartite graphs, whose dyadic models were studied in [4].

To prove (1.5), Kova¢ passed through a dyadic version of A, which we call Ayq. He
considered (1.4) with x replaced by the perfect (dyadic) Calderén-Zygmund kernel

Y@t ()5 )5 (y). (1.6)

IxJ
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The sum in (1.6) runs over all dyadic squares® I x J in R2. For a dyadic interval I, the
scaling function and the Haar function are defined as*

_1I

1IIeft half right half ) )

@ o= 1721 and of = 1|71/ (

respectively. The large range of exponents in (1.5) was achieved by first proving a local
bound for the variant of Aq with the summation in (1.6) running over a subset of dyadic
squares called trees. Then, Fj; was set equal to 1 and contributions of a single tree were
integrated into a global estimate. This established the desired estimate for the dyadic
model Ty of T' defined by the relation Ty (F, Fa, F3) := Aq(F1, Fa, F3,1).

It remained to tackle 7" for continuous kernels. Via the cone decomposition, see [6],
this problem was first reduced to the case

K(s,t) = 25p(28s)2Rp(2M), (1.7)
keZ

where ¢, € S(R) are two Schwartz functions and ¢ is supported on {1 < |¢] < 2}.
Their dilations by 2¥ can be seen as continuous analogues of o7, 17. In [5], the bound
(1.5) was finally established by relating the special case of T, associated with (1.7), to
the dyadic Ty. This was done by rewriting 1" and Ty using convolutions and martingale
averages in the respective cases. Then, the square functions of Jones, Seeger and Wright
[3] were used to compare the continuous with the discrete averaging operator.

A natural question is what we can say about A if the function 1 is replaced by a com-
pletely general function Fj. For the dyadic model Aq, Kova¢ proved (LP',LP2 LP3 1.P4)
estimates whenever p; are Holder-type exponents satisfying 2 < p; < oo for all j. See [5]
and [4]. However, due to the more complex structure of the form, one cannot efficiently
rewrite A and A4 in a similar way as T and Ty to exploit the mentioned square functions.
Thus, the question about A associated with any m satisfying (1.2) remains.

In the present note we obtain an answer in this direction by adapting the technique
used to treat Aq in [5] to the continuous setting. We address the simplest L* case only.
It is expected that suitable tree decompositions will eventually enable us to prove (1.3)
for a larger range of exponents. However, for the considered quadrilinear form we cannot
make use of the fiber-wise Calderén-Zygmund decomposition by Bernicot.

The core argument in [5] intertwines two applications of the Cauchy-Schwarz inequal-
ity, which gradually separates the functions F}, and two applications of an algebraic
identity, which ”interchanges” the functions ¢ and 9. This identity, involving a tele-
scoping argument in the dyadic case, is now replaced by a differential equality combining
the fundamental theorem of calculus and the Leibniz rule. The main issue in the continu-
ous setup is that the mentioned algebraic trick can be applied twice if the functions ¢, 1,
decomposing the kernel, are sufficiently symmetric. For example, even functions would
work. Moreover, they need to possess enough decay and have certain smoothness prop-
erties, which should be maintained throughout the process. Suitable candidates which
fulfil the requirements are, for instance, the Gaussian exponential functions.

3A dyadic square is a product of two dyadic intervals of the same length. A dyadic interval is an
interval of the form [2¥m, 2% (m + 1)), k, m € Z.
4We write 14 for the characteristic function of a set A CR.
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Although we cannot expect our functions ¢, to be even, much less the Gaussian
exponential functions, we are able to overcome the mentioned restrictions as follows.
First, the reduction to the case of a concrete kernel, such as (1.7), is done by a careful
choice of the functions ¢,®. This way we obtain some of the required symmetry and
regularity. Second, after each application of the Cauchy-Schwarz inequality we dominate
certain functions with a suitable superposition of dilated Gaussian exponential functions.
This gradually reduces the two algebraic steps to the case of Gaussians, which most
resembles the dyadic telescoping trick.

Besides extending the exponent range, it would be of interest to obtain boundedness
results for the continuous models of the forms from [4], associated with bipartite graphs.

Let us briefly comment on another related open problem. There is a question of
establishing L? estimates for the akin trilinear form

Ap(Fy, By, F3) = / F(&,¢,€)sgn(€)dg
R
where the entangled product F' is now given by
F(m,y,z) = F1($,y)F2(y, Z)F3(Z,.’E)

Passing to the spatial side, one has up to a constant

—1
Fi(z,y)F2(y, ) F3(2, 1) ————dxdydz.
3

AA(Fl,Fz,F:s):/ Tty+ 2

R
The structure of Aa corresponds to the three-cycle and for this reason it is called the
triangular Hilbert transform. No LP bounds for Aa or for its dyadic model are known.
Lack of the bipartite structure prevents to approach it with the techniques from [4].

Boundedness of Aan would imply boundedness for certain instances of the two- di-
mensional bilinear Hilbert transform and the twisted paraproduct. Further interest in
A arises from ergodic theory. It is proposed by Demeter and Thiele [2] to approach the
open question of pointwise almost everywhere convergence for ergodic averages

1 N
3 (s,
n=1

where S, T : X — X are two commuting measure preserving transformations on a prob-
ability space X, via an examination of the triangular Hilbert transform.

Acknowledgement. I am grateful to my advisor Prof. Christoph Thiele for his
constant support, valuable consultations on the problem and numerous suggestions on
improving the text. I am thankful to Vjekoslav Kova¢ for useful discussions.

2 Decomposition of the symbol

To begin, we reduce the general symbol to a particular function by decomposing m into
pieces which are supported on certain subsets of two double cones. We follow the main
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ideas discussed in [6]. However, we do not discretize, but rather keep continuum in the
scale.
The Fourier transform we shall use throughout this note is defined as

-~

flw):= f(T)e_zmT'“’dT. (2.1)
R‘IL

By a smooth partition of unity and symmetry in £,7 we may assume that m is
supported on the double cone

{(&m) - €] < 1.001|n}

centered around the n-axis. Choosing double cones over single cones will allow us to use
functions that are symmetric around the origin. We can choose the partition of unity
such that (1.2) is preserved, possibly with a different constant.

Figure 1: Decomposition of m.

By B(0, R) we denote the ball of radius R centered at the origin in R?. Let 6§ be a
function on R? such that  is smooth, real, radial and supported in the annulus B(0,2.7)\
B(0,1.7). We normalize so that for every (£,71) # 0 we have

o0 A dt
| deem -1
0 t
This can be achieved, since 0 is radial and supported away from 0. Then we can write

mien) = [ mten)§.

where mq(&,1) := m(& (15, ).
In what follows we will be working with certain smooth bump functions, for which we

need the following technical lemma. Its proof can be found in the appendix.

Lemma 2. Let ¢ := 0.001. There ezists a non-negative real-valued function f € C3°(R)
which is supported in [1,3], even about 2 and constantly equal 1 on [1+¢,3—¢|, such that
Y2 and

([ H0E10 ) )

belong to C§°(R).
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Now consider mi. Its support is contained in the union of the rectangles
[—2,2] x [-3, —1] and [—2,2] x [1,3].
Let f be the function from Lemma 2 and let 91,72 € S(R) be such that D1(8) = F((€ +

4)/2) and 192(5) F(€) + f(—€). Then ¥; ® 5 equals 1 on the support of my. Thus, by
dilating 191, 192 in ¢, for every t > 0 we can write

me(€,m) = ma(€,m) 01 (6€) D2 (tn).

This can be rewritten further using the Fourier inversion formula on m; as

my(§,m) = (/R? Mt(%U)€2m“t562”i”t’7dudv> 01 (£€)Da (1),

where p; := t>my(t-,t-). Integrating by parts sufficiently many times, using that (1.2)
holds for m(&/t,n/t) uniformly in ¢ and considering the support of m; we obtain

()| = 7 [ a5 3)ermteeronagay
R2

/ my (5’ n)e2ﬂi(ut§+vtn)d£dn‘ —
R2

S (L4 Jul) 721+ [of) 2
Define ¢®), ) by

(&) = (14 [ul) > (D1(€)) /2™, (2.3)
P (1) = (Do) /2™,
By Lemma 2 we have (1/9:)1/ 2 € C°(R), so the function o) satisfies the bound
o ()] S (1+ [2]) 7 (2.4)
uniformly in u. We will apply this fact in the following section. Now we can write
o _ dt
migm = [ [ Fulu,o) (@092 @0 ) Pdudoy
0 JR2
where the coefficients fi; are defined as
ﬁt(u7v) = (1 + ]u|)10,ut(u,v).

Note that (a)l/ 2 and (5;)1/ 2 are real-valued and even, so o™ () are multiples of
translates of real-valued functions and thus real-valued.
To summarize, on a double cone we have decomposed A(F}, Fy, F3, Fy) into

/Rz /0 fie(u,v) /R F(E,~€,m, —n) (o9 (1) (00 (1m))decn . du.
By the rapid decay of the coefficients pi; it will suffice to prove (1.3) for the form
= F ) o dt
[ 1L B -0 020 o) den] )

provided that the estimate holds uniformly in the parameters u, v.
From now on we assume that the functions F; € S(R?) are real-valued, as otherwise
we can split them into real and imaginary parts and use quadrisublinearity of (2.5).
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3 Proof of Theorem 1

The proof proceeds with studying the special case (2.5). For ¢ > 0 and four functions
;i € S(R) we define

Ly, 2,660 (F1s Fo, P, F) = /R F (& 6.1, —0) b1 (1) D (—t€) s (tn) da(~tn)dEd.

For the rest of this note we will consider objects of the type

o dt
Ny 60,65,04(F1, B2, B3, Fy) = /(J L251,¢2,¢3,¢4(F1’ Iy, B, F4)?
and
e & t dt
A¢17¢27¢3,¢4 (Fla Fy, F3, F4) = ) ’L¢17¢2,¢3,¢4 (Fl, Fy, F3, F4) 7 (3.1)

Observe that (2.5) is obtained from (3.1) by choosing

1 =W, ¢y =),
pr =W, g = (V).

This follows from (2.3) and from the functions 1,75 being even.
We shall now express szh G.03,6a OLL the spatial side. Let us denote by [f]; the L!-

dilation of a function f by a parameter t > 0, i.e. [f]¢(z) :=t"1f(¢t 'z). Then, ﬂ(g) =
f(t€). Since the integral of the Fourier transform of a Schwartz function in R* over the
hyperplane

{(57 —57777 _77) : ‘57 ne R}

equals the integral of the function itself over the perpendicular hyperplane

{(»,p,q,9) : p,q € R},

we can write Lél7¢27¢37¢4(F1, Fy, F3, Fy) as

[ F (oo onl @ fonl (04000, )pda

Expanding the convolution, the last display can be identified as

/RF)Fl(w,y)Fz(x',y)Fs(x’,y’)F4(:1:,y’)
[D1]i(p — @) [d2)e(p — o) [03]e(q — y)[Pale(q — ' )dada’ dydy dpdy.

Now we are ready to start. The inequality (1.3), which we want to establish, is
homogeneous, so we may normalize

1 EjllLare) = 1,

for j = 1,2,3,4. Thus, we are set to show

A ) p—u) ) -0 (F1, Fo, F3, Fy) S 1.
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The proof starts with an application of the Cauchy-Schwarz inequality. To preserve
the mean zero property of 1), (=% we separate the involved functions according to the
variables y,y’ and estimate A w) ,(-u) ) - (F1, Fa, F3, Fy) by

» dt
169 e — @)l (p — 2') e dpdg

Applying the Cauchy-Schwarz inequality bounds this expression by the product
A ) o) (FLy Fay oy FOYP A i) o) g (i, Fs, Fy, Fy)'/2,

[ File )R e ta - y)dy‘ ‘ | el Fila Yo la = oy
R R

We estimate the first factor of the above display, the second is dealt with similarly.

To further separate the involved functions we would like to apply the Cauchy-Schwarz
inequality again, which now needs to be done in the complementary variables. So we need
to ”switch” the functions ¢(* and ¢(*). This is where we make use of the following lemma,
a continuous analogue of the telescoping identity from [5].

Lemma 3. Assume that we have two pairs of real-valued Schwartz functions (p;,o;),
i = 1,2, which satisfy

—toy|pi(t7))? = |Gi(tT)*  for i=1,2. (3.2)
Then with c := |p1(0)|?|p2(0)|? we have
Aoy po (F1, Fo, B3, Fy) 4+ Ay o0 (F1, Fo, F3, Fy) = 0/2 FiFyF3Fy, (3.3)
R

where we have denoted Ay, = Ay p p-

Proof. By the fundamental theorem of calculus,

/OOO (1Lt |72 (tn)[*)dt = —|71(0) | p2(0)[*. (3-4)

The left hand-side of (3.4) equals
/0 £, (46)[2)| 3a(tn)
dt

g CRERES

dt
*~ (3.5)

The functions p, o are real-valued, so p(n) = p(—n), and analogously for 0. Together with
(3.2) this shows that (3.5) can be written as

- [ Gws-nmacng - [ AtaComRmzEEn T 60
0 0

Now multiply (3.4) by IAW(f, —&,m,—n) and integrate in the variables &, n. It remains
to use (3.6) and to evaluate the right hand-side of (3.4) as —|p1(0)|?|p2(0)|? times

RQ RQ

= 2Fl(x,y)Fz(:v,y)F3(w,y)F4(w,y)dwdy-
R

This proves the claim. O
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To apply Lemma 3 we would like to have 90(“) = (=" as then we would get

A0 ) = A o0

However, we do not have () = (=% in general. For this and to circumvent possible
lack of smoothness of ||, we dominate |¢**)| with a superposition of the Gaussian

exponential functions. Consider

B(z) = /100 L da= (1 - e @1 1)).

ad 2x

The function ® is positive, continuous at zero and for large 2 comparable to z=%. Let us

denote the L'-normalized Gaussian rescaled by a parameter a > 0 by

go(T) == \/j?ae_(z)Q. (3.7)

Then we can write

o
1
<I>:7r_1/2/ — Jo da.
1 «

Since |¢(*%)| satisfies the decay estimate (2.4), we can bound it pointwise by ® multiplied
by some positive constant which is uniform in w. Positivity of the integrands in

oo 2
= ! W (g —
A -0 | ) o) (F1, F2, Fo, F) /0 /R4 (/RFl(fU’y)Fﬂl‘ Y[ ]e(q y)dy)

e ™le(p — =) [l Je(p — x’)dwdw’dpdq% (3.8)

then allows us to dominate

RO do df
Ay o |0 o) (B, Fo, Fo, F1) S / / Ay gsp® o (F1, Fa, Fo, Fl)g@-
1 J1

To reduce to only one scaling parameter in the last line we split the integration into the
regions « >  and a < 3. By symmetry it suffices to estimate the region o > S only, on
which we bound Bgs < ag, for o, 8 > 1. This leaves us with having to estimate

da

o .

o
/Aga,¢<v>(F1,F2,F2,F1)
1

We shall now apply Lemma 3 with (p1,01) = (ga, ha) and (pa, 02) = (¢,9™)), where
we define h,(z) := a(gq)'(z) and ¢ is defined via

o= ([ ) (39)

Since ]@ |? = U2, by Lemma 2 the function ¢ belongs to C3°(R). Note that the two pairs
of functions (p;, 0;) satisfy (3.2), which follows by a straightforward calculation. Lemma
3 now yields

Ay o (1, Foy o, Fy) = A o(Fy, Fo, By ) + (0 / FPF. (3.10)
R
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By the Cauchy-Schwarz inequality we have

|, FEFE < IR qao | Pl gay = 1.

so it remains to consider the first term on the right hand-side of (3.10).
To estimate it we repeat the just performed steps, which will further separate the

+u)

functions Fi, F5. The role of go( is now taken over by ¢ and the role of ¥(?) is

assumed by h,. Therefore we can group the integrals in Ay, 4 according to the variables
z,2’, and bound [Ap, 4(F1, Fa, Fo, F1)| by

J ke

Applying the Cauchy-Schwarz inequality we obtain

/R Fy (2,9 Fi () hale (o — 2)de

/R o o) Fa(a ) hole(p — ') da’

160l (a — )16l (a — v)dydy/dpda ™

An o (Fi, Foy Foy F1)| < A, 1 (F1, Fry Fiy FI)Y2 A 15y(Fo, B, Fa, Fo) Y2,

Now we dominate the rapidly decaying function |¢| by a positive constant times P,
which gives for the first factor

dy do

o0 oo
Aha7|¢|(F17F17F17F1) S/ / Ahayhoug'y,gé(Fl7F17F17F1)¥ﬁ‘ (311)
1 N1
By symmetry it again suffices to estimate
[e.e]
d
/Aha,gw(Fl,Fl,FhFl)z-
1 Y
Lemma 3 with (p1,01) = (ga, ha) and (p2,02) = (gy, hy) gives
Ang g, (1, 1, L BY) = —Ag o, (B B B FY) + /2 .
R
The key gain we obtain from having reduced to a single function Fj is that
Aga,h-y(FlaF17F17F1) > 0, (312)

which can be seen by writing the form in (3.12) in an analogous way as in (3.8) and using

positivity of g,. By our normalization, fRQ F14 = 1. Thus,
Ao g, (F1, Fr, F1 B <1

This establishes the desired estimate for A, ,—w ) y-ov)-

4 Appendix

In this appendix we give the following remaining proof.
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Proof of Lemma 2. We construct a function f which has the prescribed behavior near
the endpoints of its support, so that the considered square roots are evidently smooth.
The construction essentially consists of algebraic manipulations of ¢(z) := e 1(0,00) ().
Consider the function
2
9(z) = cor()pa(2 — Z2),

where 1 and g are defined as

o(z)
o)+ (1 —z)

The constant ¢ > 0 is chosen such that fR g = 1. The function g is smooth, non-negative

pi(r) = (B-2)¢(2))  and ()=

and supported on [0,¢]. Since ¢y equals 1 for > 1, for § := ¢/2 we have
g=cyr on (—o0,0).

The factor (3 — x) in the definition of ¢ will be convenient when investigating (2.2).
We consider the antiderivative

f@)= [ gt —1) g3 ),

which is smooth and even about = = 2, i.e. f(z) = f(4 — z). Moreover, it is supported
on [1, 3], positive on (1, 3) and constantly equals 1 on [1 +&,3 —¢]. We have

f@)=c(d—2)¢ (x—1) on (—o0,1+79). (4.1)

Thus, f1/2 is smooth at = 1. Smoothness at « = 3 follows by symmetry.
Consider the integral in (2.2), which is due to oddness of the integrand equal to

_ [T O+ f(=0)
h(zx) := / —fdt.

— 00

The function h is even, supported on [—3,3] and positive on (—3,3). Using f(—t) =
f(t+4) and (4.1) we see that

h(z) = ce(x +3) on (—oo,—3+9).

This shows smoothness of h'/2 at z = —3. By symmetry the same holds at 2 = 3, which
establishes the claim of the lemma. ]
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L? estimates for a singular entangled quadrilinear form

Polona Durcik

Abstract

We prove LP estimates for a continuous version of a dyadic quadrilinear form
introduced by Kova¢ in [6]. This improves the range of exponents from the prequel
[3] of the present paper.

1 Introduction

This article is a continuation of [3]. We are concerned with a quadrilinear singular
integral form involving the entangled product of four functions on R?

F(F17 F2a F37 F4)($7y>$,7y,) = Fl(l',y)FQ(.Z'/,y)F3($/,y/)F4($,y/)-

For Schwartz functions F; € S(R?), the form is given by
AP PP P i= [ F(Em = —nm(€ n)ded,

where F := F(Fy, Fy, I3, Fy) and m is a bounded function on R?, smooth away from the
origin. For all multi-indices a up to some large finite order it satisfies!

0%m (& m)| < (€] + [n) 7.
In [3] it is shown that
|A(Fy, By, F3, Fy)| S P o) [ P2l s me) | F5 llua ey | Fa e g2y - (1.1)
Our present goal is to prove LP estimates for A in a larger range of exponents.

Theorem 1. For Fy, Fy, F3, Fy € S(R?), the quadrilinear form A satisfies

|A(FY, Fo, F, Fa)| Sy 1 FlLer 2y 12| Loz (m2) || F5 lles w2y | Fal | Lea (m2)

whenever Z?Zl =1 and 2 < p; < oo forall j.

1
pj

This theorem is a consequence of the restricted type estimates given by Theorem 3
below. By the decomposition performed in [3], it suffices to prove Theorem 1 for m

2010 Mathematics Subject Classification. Primary 42B15; Secondary 42B20.
We write A < B if there is an absolute constant C' > 0 such that A < CB. If P depends on a set of
parameters P, we write A Sp B. We write A ~ B if both A < B and B < A.
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reduced to a single cone in the frequency plane (£,7). More precisely, it is enough to
consider the form

—

| [ B =i ) e (0 (—tmpdgan (12

where ¢ (z) = (1 + |u|)"®Pp(z — u) and ¥ (z) = (1 4 |v|) %% (x — v). The functions
©,1 € S(R) are real-valued and v is such that (fnoo |4b(7)|2d7 /7)Y/? belongs to S(R), u, v €
R and p; are measurable coefficients with |u;| < 1. We remark that the decomposition
is not explicitly stated in this manner in [3], but it follows by a minor rephrasing of the
arguments. The estimate for (1.2) will be uniform in the parameters u, v.

Since the integral of the Fourier transform of a Schwartz function over a hyperplane
in R* equals the integral of the function itself over the perpendicular hyperplane, we can
express the form (1.2) as

> —u —v dt
/0 it /R2 Fx[p™ @9 @ o9 @ p),(p, q,p, 9)dpdq—,

where (fl ®- - fn)(l'ly cee fEn) = fl(xl) R fn(xn) and [ﬂt(l‘la s a$n) = t_nf(t_lx)'
We truncate in the scale ¢, that is, for NV > 0 we consider A£¢ = Agw%u’v given by

2]\7
—U —v dt
Ay (Fy, Py, Fy, Fy) = /2N it /R2 F s [o™ @™ @ o @ p)y(p, q,p, q)dpdg—,

which is well defined for bounded measurable functions F); with finite measure support.
We have the following analogue of Theorem 1 for Ag v

Theorem 2. For bounded measurable functions I, Fy, F3, Fy with finite measure support,
the quadrilinear form Agw satisfies the estimate

AL (F1, Fo, F3, Fy)| S,y 1 Fullnes m2) | F2llee ) | Fslles (v2) | Falles m2) (1.3)
whenever 2?21 pij =1 and 2 < p; < oo forall j.

The bound (1.3) is independent of N, u,v. Approximating F; € S in LP/ with smooth
compactly supported functions, Theorem 2 then implies Theorem 1. By the multilinear
interpolation and the restricted type theory discussed in [10], Theorem 2 is a consequence
of the following (generalized) restricted type estimates.

Theorem 3. Forj=1,2,3,4, let E; C R? be a set of finite measure. Let k be the largest
index such that |Ey| is mazimal among the |E;|. Then there exists a subset E; C Ej with
2|E}| > |Eg|, such that for any four measurable functions Fy with® |Fj| < 1g, for all j
and |Fi,| < 1p; we have the estimate

A (P, Fy, F3, Fy)| < |E1|*| By |2 | B3| | Ey|*

whenever 2?21 aj=1and —1/2 < o; <1/2 for all j.

2By 14 we denote the characteristic function of a set A C R2.
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Negative exponents «; correspond to quasi-Banach space estimates for the dual op-
erators of Af;{ ,» for which one may consult [10].

Assuming Theorem 1, we now mention how to extend A to a bounded operator on
LPt x LP2 x LP3 x LP4 whenever p; are as in Theorem 1. If p; < oo for all j, this follows
by density of S in LPi. If p; = oo for some j, we argue by duality. Note that have
at most one exponent equal to co. We sketch the argument when ps = oo, the other
instances following by symmetry of the form. We know that there is an operator T
mapping L* x L* x L to L4/3 such that

A(F17F27F37F4) :/T(F1>F25F3)F4-

We claim that for Fj S S, ”T(Fl,FQ,Fg)HLl S HF1||LP1HFQ”LP2||F3”LP3- Then A can
be defined on § X § x § x L and density arguments yield a bounded extension on
LPt x LP2 x LP3 x ™. To see the claim we write

|T(Fy, Foy F3)|lL (= anp2) = /T(F1,F2,F3)19

where ¢ is a modulation times 1;_ps /2. Then we approximate ¢ weakly in L* with
smooth compactly supported functions having L.°° norms uniformly bounded by 1. Ap-
plying Theorem 1 for the tuple (p1, p2, p3, o0) yields the assertion.

Let us briefly comment on the form A. For more extensive motivation we refer to
[3]. The instance of A which was first considered is the trilinear form?® Ay (Fy, Fy, F3) :=
A(Fy, Fy, F3,1). It was introduced by Demeter and Thiele [2]. This trilinear form can
also be seen as a simpler version of the twisted paraproduct proposed by Camil Muscalu
and sometimes one refers to it with that name as well.

Boundedness of A; was established by Kovac [6], who first investigated a dyadic
model of A for a general function Fy by an induction on scales type argument. See also
[5]. This led to an estimate for a dyadic version of A; whenever 2 < pq,p2,p3 < oo and
1/p14+1/p2+1/ps = 1. Then Kovac passed to the bound for A; using the square functions
of Jones, Seeger and Wright [4]. Bernicot’s fiber-wise Calderén-Zygmund decomposition
[1] extended the range of exponents to 1 < p1,p3 < 00, 2 < p2 < oo. The transition to
the continuous case and the extension of the exponent range both relied on the special
structure arising from Fy = 1.

For the quadrilinear form with a general fourth function, the L* estimate (1.1) was
derived by adapting the induction of scales techique by Kova¢ to the continuous setting.
In the present article we prove estimates in a larger range of exponents by extending his
method to the continuous localized context.

By a classical stopping time argument, Theorem 3 is reduced to estimating entangled
forms of the type

—U —v dt
/QF* (o™ @ 9™ & =% @ (), (p, g, p, 9)ldpdq—.

Here € is a certain local region in the upper half space with "regular” boundary. Control-
ling such objects with the technique from [6] requires an algebraic telescoping identity.

3n [3] we called this form 7', not to be interchanged with the dual operator introduced above.
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In [3], its derivation relies on an identity involving the Fourier transform. The argument
is of global nature and we cannot directly repeat it in the localized setting.

We obtain the desired telescoping element in Proposition 8 in Section 2. To overcome
the mentioned difficulty, we first restrict the functions F; to certain projections of the
region €. This allows us to discard the spatial localization of the form and proceed in the
manner of [3]. The issue in the described process is then in estimating boundary terms,
representing differences between local and global objects. This requires certain control
of the boundary and is carried out in Lemma 6 and Lemma 7 below. Our approach has
been inspired by Muscalu, Tao and Thiele [7].

To conclude we remark that in general we do not know of any arguments which could
extend the range of exponents from Theorem 1 to p; < 2.

Acknowledgement. I would like to express my sincere gratitude to my advisor Prof.
Christoph Thiele for his guidance and support throughout this project.

2 Local telescoping

First let us set up some notation. A dyadic interval is a interval of the form [2Fm, 28 (m +
1)] for some k,m € Z. We denote the set of all dyadic intervals by Z and the set of
all dyadic intervals of length 2% by Z,. A dyadic square is the Cartesian product of
two dyadic intervals of the same length. For a dyadic square S we denote by ¢(S) its
sidelength. We write D for the set of all dyadic squares and Dy, for the set of all dyadic
squares of sidelength 2¥. Each S € D is divided into four congruent dyadic squares of
half the sidelength, called the children of S. Conversely, each square in D has a unique
parent in D. Given any two dyadic squares, either one is contained in the other or they
are almost disjoint, by which we mean that their intersection has Lebesgue measure zero.

As in [6], we collect the squares into units called trees. A finite collection 7 C D
is called a tree if there exists a square Ry € T called the root, satisfying S C Ry for
every S € T. A tree is called convex if for all Sy, S, S3 we have that S; € Sy C S3 and
S1, S3 € T imply So € T. A leaf of T is a dyadic square which is not contained in 7, but
its parent is. We denote the set of leaves of T by L(7T). Note that the leaves of a convex
tree partition its root. We split 7 into generations of squares of sidelength 2*. For this
we denote

T : =T ND, and T =D\ Tg.

For the union of all squares in 7 we write

Observe that for a convex tree T we have T, C Ty if k < k', Ty # 0.
The following lemma measures the size of the boundary of Tj. It is a variant of Lemma
4.8 from [7]. It estimates the cardinality of dyadic points

A(Tg) == 0T N (272 x 2*7),
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where 9T}, denotes the topological boundary of T}, € R%. Note that 97} is the union of
all dyadic line segments in

{lp,p + 2] x {q} C T : (p,q) € 2°Z x 2"Z, [p,p + 2¥] x [¢ — 2", g + 2" € T3}
U{{p} x [a,q+2¥] C T1, : (p,q) € 2°Z x 2°Z, [p — 287 p+ 287 x [q, ¢ + 2] € T3, }.

Lemma 4. For any convez tree T we have

D 2MHA(TR) S | Ry

keZ

Proof. Tt suffices to prove the claim for all dyadic points (p, q) € 9T}, such that [p—2F, p] x
[q — 2k q] € Ti. For each such point consider the dyadic square

S(p,q,k) = [p—2"p— 281 x [g — 2%, ¢ — 2F7]

which has area 22(:=1) We claim that squares of this form are pairwise almost disjoint.
This will prove the lemma, as they are contained in 3R7.

To see the claim, suppose that S(p,q, k) and S(p/, ¢, k) intersect in a set of positive
measure. If & = k/, then they must coincide since they are dyadic and of the same scale.
So suppose that k < &/, hence S(p, ¢, k) is contained in S(p/, ¢’, k’). Then the point (p, q)
is contained in the interior of [p’ — ok | x[qd — ok o ], which is disjoint from Tjs. This
shows that (p,q) € Ty but (p,q) ¢ Ty, contradicting convexity of 7. O

With any collection of dyadic squares C C D we associate a region in the upper half
space Ri. The region consists of Whitney boxes associated with S € C and is defined by

Q= 5 x [5(25),5(5)].
SeC

The case C = T for a convex tree 7 is depicted in Figure 1. Observe that Q7 = UgezQd7, =
Urez T x [2571,27).

SRS 7 ) I——

Figure 1: Projection of Q7 on R%. The bold lines represent S x £(S) for S € T, while
the dotted lines correspond to S € L(T).
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Throughout the text, all two-dimensional functions will be measurable, bounded, with
finite measure support and positive. Denote

O(z,y) == (1+ |(z,y)[") "
For a function F on R? and C C D we define

M(F,C):= sup (F*x[0]:(p,q))">
(p,a,t) Qe

Denote also
Iz) = (1+ =)~

Now we consider a continuous variant of the Gowers box inner product used in [6]. The
following estimate joins a version of the box Cauchy-Schwarz inequality and an estimate
of the Gowers box norm by an L2-type average. This is the reason for the restricted range
of exponents in Theorem 1.

Lemma 5. For (p,q,t) € Q¢ we have

4

Fx[W@09@9(p,q,pq) < [[ M(F;,0). (2.1)
j=1

Proof. Denote the left-hand side of (2.1) by A®%Y(Fy, Fy, Fy, Fy) and rewrite it as

/RQ (/RFl(x’ y)Fa(a’,y)[9](q — y)dy) (/RF?)(JJ’, y") Fa(z, y")[0]e(q - y’)dy’)
[9]:(p — 2)[0]:(p — 2’)dwd’  (2.2)

Now we apply the Cauchy-Schwarz inequality with respect to [¥]:(p—x)dz, [9]:(p—2)da’,
which bounds this term by

APO)(Fy, By, Fy, )2 AP (Fy Py, Fy, Fy)'/2,
By symmetry in (p, q) it follows that
A(p’q’t)(Fl,FQ,Fz,Fl) < A(p’q’t)(Fl,Fl,Fl,Fl)l/zA(p7q’t)(F2,FQ,FQ,Fg)l/Q.

Now we write A®:a1) (Fy, F}, F;, Fj) in the same way as in (2.2) and apply the Cauchy-
Schwarz inequality with respect to dy, dy’. This yields

APSD (Fy, Fy, Fy, Fy) < (FF [0 @ 91i(p, 0))* < (F} = [0](p, 9))*,
which proves the claim. ]

With functions ¢; € L1(R), j = 1,2,3,4, and C C D we associate the local form

dt
05, 4y.6s.0s (F1, Fo, F3, Fy) 1= A F+[$1® ¢2® 63 ® ¢ale(p, ¢, a)dpdg— -
C

: : C — 0C
To shorten the notation we write @¢17¢3 = @¢17¢37¢1’¢3.
The following two complementary lemmas will be used to control error and boundary
terms in Proposition 8.
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Lemma 6. For a convez tree T we have

4
Z@£7§2(F11T£7F27F37F4) S |RT|HM(FJ7T) (23)
kEZ 7j=1

Observe that by symmetry of (2.3), the same result holds under any permutation of
the arguments Fl]'TIS’ FQ, Fg, F4.

Proof. For k € Z and t € [2¥=1,2%] we consider

/ JE(ELrg, By Fy By (g o, ) [0 @ 0 @ 0 0 0L(p — 2,4 = y,p = 7', = )
T, JR
IRVt (p—2,q—y)I @It (p— o', ¢ — yf))dwdyda’ dy' dpdg. (2.4)

Note that (2.3) is obtained by integrating this term in ¢ € [2¥~1 2¥] and summing over
k € Z. We claim that for (x,y) € T and (p, q) € T} there is a point (a,b) contained in

B(p,q) ={(',d) € 0T} : p' =por ¢ = q} UA(Tr) (2.5)

such that |(p,q) — (z,y)| = |(p,q) — (a,b)].
This can be seen as follows. By E we denote the intersection of 07T} and the line

segment between (p,q) and (z,y). If E contains dyadic points from A(7g), we may set
(a,b) to be any of these points. Otherwise, E must contain a point of the form (p’, ¢’ + «)
or (p' + a, ¢') for some p',q' € 2FZ, o € (0,2F). Assume it contains at least one of the
form (p, ¢’ +a). For definiteness pick the one with the the least distance to (p, q). In case
¢ < q < ¢ + 2% we know that (p/,q) € Ty and we set (a,b) = (p/,q). If ¢ < ¢/, we set
(a,b) = (p',¢") € A(Tx). In case ¢ > ¢’ + 2¥ we choose (p/, ¢ +2%) € A(Tz). Analogously
we proceed in the remaining case, that is, if £ consists only of points (p’ + «, ¢').

Since ¥ ® ¥ < 0 and 6 is radially decreasing, we have for (p,q), (z,y), (a,b) as above

IRV (p—2,q—y) <Ot (p—aq-b)< > 0t '(p—aq—D)).
(a,b)€B(p,q)

Estimating 9 @ 9(t~(p — 2’,¢ — /) < 1, the term (2.4) is bounded by

F(Filge, Py, Fs, Fy) « [0 @ 0 @9 @ i(p.q,pq) Y, 0t '(p—a,q—b))dpdg.

T (a.0)€B(p.g)
Applying Lemma 5, the last display is no greater than

4

(vt T [ M) A 0t~ (p 0. — b))dpdg

j=2 (a,b)€B(p,q)

Observe that by homogeneity of the inequality (2.3) we may assume M (F;,7) = 1 for
all j. Due to this fact and by symmetry in p, g, it suffices to further estimate

Z/ > /tl —a,0)dpdg+ ) /th —a,q—b))dpdq.

QT 7@ a:{a} xQCOT, (a,b)EA(T;

49



Integrating the function 6, the last display is estimated by a constant times
Z / t#{a: {a} x Q C ATy} + *H#A(Tr) S 22K4#A(Tr).
QETL
Therefore, up to a constant, (2.3) is bounded by
dt
> / PEAT) T < S PHAT) £ [Rr,
ok t
keZ keZ

which is the desired result in view of the normalization M (F},T) = 1. The last inequality
follows from Lemma, 4. ]

Lemma 7. For a convex tree T we have

4
Te
Z 619]57792 (FllTkv F21Tk7 F31Tk> F41Tk) 5 |R7—‘ H M(FJ7 T) (26)
keZ j=1

Proof. Proceeding in the exact same way as in the proof of Lemma 6 we see that the

left-hand side of (2.6) is bounded by

S (T r177) [ SR G

keZ j=1 (a,b)eB(p,q)
<> (H M(Fjlr,, T¢)) 2 #A(Th),
kez j=1

where B(p, q) is defined as in (2.5). We claim that for each j we have

Together with an application of Lemma 4 this will finish the proof.
The claim can be rephrased as follows: for each (p,q) € T} we have

(F]21Tk * [e]t(p> Q))1/2 < M(FJ7T)'

First we set (p, q¢) = 0 without loss of generality. Also, we may assume that T} is contained
in the quadrant {(p,q) : p > 0, ¢ > 0}, as otherwise we restrict T}, to each of the four
quadrants and all parts are treated in the same way. Denote
r= (air)lélalTk |(a,b)]|.

Take any point (a,b) which minimizes the distance and consider the closed cone C in R?
with vertex 0 and aperture 7/2, its axis being the line spanned by (a, b). Observe that each
(x,y) € TRNC satisfies |(z,y)| > |(z,y)—(a,b)| and thus O(z,y) < O(x—a,y—0b). If TR\C #
(), then we iterate with T} replaced by T} \ C. We find a point (a’,b") € 0T, N (T} \ C)
and a cone C’ such that for each (x,y) € (T \ C)NC’ we have |(x,y)| > |(z,y) — (', V)]
and so O(x,y) < 0(x —a',y — V). Since C' U’ covers Tk, for each (x,y) € T}, we have

O(x,y) <b(a—z,b—1y) +0(a/ — b —y).

20



Therefore,

(F217, * [01,(0)2 < ( sup  FPlg #[0)i(a,b)> < sup (F? * [0]i(a, b))/
(a,b,t)EQTk (a,b,t)eQr

as desired. ]
For a function f € S(R) we consider the Schwartz seminorm
1] = sup (L4 |2)[f ()| + (1 + [2])°|f'(z)].
z€eR

Now we are ready to state the estimate which will take the place of the telescoping
identities used in [6], [3].
Proposition 8. Let (p;,0;) be two pairs of real-valued Schwartz functions which satisfy

—t8y|pi(t7)|? = |ai(tr) [, (2.7)

Then we have for any convex tree T

o7  (Fi, Fy, F3,Fy) + 07

P1,02 01,02

4
(FlaFQaF37F4) rSC ‘RT’HM(F]>T)7 (28)
j=1

where ¢ = ||py|*|o2]* + lov]* o2l + lloal[lo21*.

Examples of functions satisfying (2.7) include Gaussian exponential functions and
their derivatives such as (p, o) = (e~®", —2ze~"). Another example is a pair (p, o) where
p is defined via p(&) := (fgo 5(7)[2dr/7)Y/? and |5|? € C$°(R) is even, vanishes at zero
and is well behaved near the boundary of its support so that p belongs to C§°(R). An
instance of such a pair has been explicitly constructed in [3].

Proof. By homogeneity of (2.8) we may assume M (F;,7) = 1 for all j. By scaling
invariance we may suppose |R7| = 1. Thus, we are set to establish

o7 (F\, Fy, F3,Fy)+ 07

£1,02 01,P2

(Fy, Fy, F3,Fy) <. 1. (2.9)
Denote ¥ := p; ® pa ® p1 @ p2. By the fundamental theorem of calculus we have

2k:
[Woeos — [0 = [ (10w (2.10)

2k—1

We convolve the equality (2.10) with F' and evaluate the convolution at (p, ¢, p,q). Then
we integrate in (p, q) over T}, and sum over k € Z. Writing T} as the almost disjoint union
of S € Ti, the left-hand side of (2.10) becomes

L= >, ( > F o« [¥]ys)(p: ¢: p, q)dpdg — /S F [V (p, 4, p, Q)dpdCI>

keZ SeTi S childof 575

o1



Since T is convex, each square S € T \ { Ry} has all four children S" in 7 U L(T). Thus,
the last display is a telescoping sum which equals

> / F % [V]y5)(p, 4, p, q)dpdq — F * [W]ory) (P 4, P, q)dpdg.
SeL(T)
We bound |¥| <, 9?2 ® ¥? ® 9?2 ® 92 and apply Lemma 5. This yields
s (Y Isi+1) 51
SeL(T)

The last estimate follows since the leaves of 7 partition the root Ry.
Now we consider the right-hand side of (2.10), which after convolving it with F,
integrating over T} and summing in k € Z results in

R:= Z/ Fj)jer) * (— tat[‘l’]t)(pqu?q)dpdq%

keZ

where J := {1,2,3,4}. First we show that up to a controllable error, we may suppose
that the functions F are supported on Tj,. For j € J we write F; = Fj17, +Fle,§- Then

R=M+FE,
where the main term is defined as
dt
M= Z F (Ejlr)jer) * (—t0:[¥]e)(p, ¢, p, a)dpda—
and the error term is
E= Y Z [ (10500 < 00000 Q)dpdg 2
jk/JIE 4y Vs £

((Xj,k)kez)jes kEZ

where the outer summation is over ((Xjx)kez)jes € {T. T\ {(T,T,T,T)} for T :=
(Tr)rez, T¢ = (Tf)rez-

To treat E we expand —t0;[¥]; = —t0;([p1]:®[p2]:®[p1]:®@[p2]¢) and use the chain rule,
which results in four terms. By symmetry we consider only —t;([p1]:) ®[p2]: @ [p1]:® [p2]t,
on which we use the identity

a0 (D) = () AE). e

and bound the right-hand side of (2.11) by <. [9?];. This gives [t0;[V];] < [9? ® 9% ®
¥? ® 9?];. By Lemma 6 we then have |E| <. 1

To estimate M we expand the convolution and interchange the order of integration
such that the integration in (p, q) becomes the innermost. For now we consider only this
innermost integral, which we write in the form

/Tk —t0; (([m]t(p —z)[p1]e(p — w’)) ([PQ]t(q —y)lpa2li(q — y’)))dde-
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Deriving the product of [p1]¢(p — @)[p1]¢(p — 2') and [p2]i(q — y)[p2le(q — ¥/) yields two
terms. Using Fubini and moving differentiation outside the integral we arrive at

3 (—t@t/

ko~ oo =) [ loahla = wleala —)dg (212)

QeI Toa
+P€§;k /P o) — )il — ') (10, /T o=l - i), @19

where for a dyadic interval @ we denote T 1 := Up.pxQeTF and Tpp is defined analo-
gously. As both parts are treated in the same way, we further investigate only (2.12).
The identity (2.7) implies

101 [ loeo = Dprleo — "o = [ (oo = D)oy~ ),

which can be seen by an application of the inverse Fourier transform on (2.7). Hence,

_tat/ [p1]e(p — @) [p1]e(p — 2")dp :/ [o1]¢(p — ) [o1]e(p — 2")dp + b1,
Toa Toa
where by is the boundary portion
b= [ o=l o+ 10 [ (prhlo = D)oo - ),

R\Tq,1 R\Tq,1

Therefore we have
M= (D267, (Filn)jes) + OF o, (Filn)jen)) + Bi+ Ba,  (214)

kEeZ

where the boundary term B; emerges from b; and equals

B; ::Z/j: Z /Q/R\TQ’1 F((Filr)jes)(z,y, 2" y)

keZ QeI
(loa)e(p = 2)[o1]e(p = ) + 10 (Ip1le b — @) lprle (0 = ) ) [p2le(a = @) lp2le (g = o)
dxdyda’ dy’dpdq%.

The boundary term Bs arises from the treatment of (2.13) and is analogous to By with
(01, p2) replaced by (p1,02). For By, By we derive by t using (2.11) and dominate the
resulting functions by <. 9¥?. Note that

TC
‘Bl + B2| ,Sc Z@ﬁg’lp((f—’lek)jEJ) S 17
kEZ
where the last inequality follows by Lemma 7.

Summarizing, since L = R = M + E, using (2.14) yields the identity

L= (D07, (Fiin)ies) + O 0, (Filn)jes)) + B+ By + E. (2.15)
keZ
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Proposition 8 now follows by writing

07 o (Fj)jes) +OL , ((Fj)jer)

in the form

> 0% (Filn)jes) + O o (Filn)je)
keZ

+ Z Z@Z']f,ag((Flej,k)jéJ) + @Zr;f,pQ((Fjlxj,k)jGJ)a

((Xj,x)kez)jes kEZ

where in the second line, the outer sum runs over (X x)kez)jes € {T, T}*\{(T,T,T,T)}
for T as above. Using (2.15) together with

|[L—- B —By—E|<:1

and evoking Lemma 6 two more times finally yields (2.9). O

3 Tree estimate

In this section we derive an estimate for a quadrisublinear variant of Ag » restricted to
Q7 for a convex tree 7. This form is given by

~ dt
©7 ,(F1, Fy, F3, Fy) :2/ |F o+ [o™ @™ @ ot @]y (p, g, p, Q)!dpdq?

Qr

It can also be recognized as a quadrisublinear version of @;-(11)7 D) =) gp(=0)
Proposition 9. We have the estimate

4
67 (1, Fa, Fs, Fy) S |Ry| [ M(F;, 7). (3.1)
j=1

The proof of Proposition 9 proceeds in a very similar way as the proof of the L* bound
(1.1). Besides replacing [3, Lemma 3] with Proposition 8, the only modification is the
choice of a faster decaying superposition of the Gaussian exponential functions (3.2). For
completeness we summarize all steps of the proof, interested readers are referred to [3].

Proof. By homogeneity and scale-invariance we may suppose M (F},T) =1 and |Ry| = 1.
First we expand the left-hand side of (3.1) and use the triangle inequality to arrive at

oy e

By an application of the Cauchy-Schwarz inequality, this is bounded by

/ Fi(z,y) Fa (2, y) [ )(q — y)dy / Fy(a,y) Fa(x, ) [T ]e(q — o) dy/
R R

y B dt
™ Ne(p — )1 1 (p — 2)dzda’ dpdg—.

@T

1/27T
(o0 o (F, P P, )26

1/2
(o0 it o (Fas P, B F) 2.
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As both terms are treated analogously, we consider the first one only. We shall
now apply the telescoping identity, for which we dominate ¢ with a superposition of
Gaussians. Denote the L'-normalized Gaussian exponential function rescaled by o > 0
by

(%)’

o8

1
Jo(x) := ﬁae

Consider the superposition of the functions g, given by

(x) ::/100;21— do = f/ Syga(a)da. (3.2)

For large = we have ®(z) ~ 2%°, which can be seen by the change of variables o/ = (x/a)?

Q\H

and by inductive integration by parts. The power of « is now larger as in [3], as due to
Proposition 8 we need control over higher order Schwartz seminorms of g,.

Since go(i“) € S(R?), we can bound it by ® times a positive constant, which is uniform
in u. By positivity of

2
T - / (g —
O )| o) o~ o) (F1, Fo, F, F1) = /QT /RQ (/RFl(l’,y)Fz(m [ ]ilq y)dy)

dt
169 00— 2) [ le(p — o' dwda'dpda’s.

we can estimate this term up to a constant by

e do df
-
/1 /1 O g0 g (P Py Py 1) o5 25

We split the integration into the regions @ >  and a < 8. By symmetry it suffices to
estimate the region o > 3 only, on which 8gg < ag, for o, 3 > 1. This leaves us with

TeT do
1 Gga,zb(”)(FlvF?aFQ,Fl)ﬁ

Now we are ready to apply Proposition 8 with (p1,01) = (9o, ha) and (p1,02) =
(d)ﬂ/}(v))? where hq () := O‘(ga),(x) and

w0= ([ )"

which is a Schwartz function by our condition on 1. Proposition 8 yields
@g wo (F1, Fo, Fo, F1) S —0] 4(F1, P, Fy, Fy) +c (3.3)

with ¢ = ||gal @)% + |61 hall? + 9al?0]1> < @6, Thus it remains to estimate the
form on the right-hand side of (3.3).
In the second iteration of the procedure we bound \9;0 s(F1, Fo, Iy, F1)| by

b Lo

/ Fy(2,9)Fy (2,4 hole(p — 2)dz / Fo(a, o) Fa(a' ) hale(p — ') da’
R R

lolle(a — v)16l(a — y'>dydy'dpdq%
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Again we apply the Cauchy-Schwarz inequality and arrive to
0] o(F1, Py, Fy, FY)| < O] (Fy, Fy, Fy, )20 | (Fa, Fa, Fy, Fy)'/?

Dominating the rapidly decaying |¢| by a positive constant times ® gives

dvy dd
Of. Jol(F1, F1, 1, F1) S / / C—)ha,gv,hag(g(FlaFlvFl,Fl)T;(/]ﬁ.

As before, by symmetry this reduces to having to estimate

d
/ IR 9 (F17F1,F17F1)77

Now we apply Proposition 8 to the pairs (p1,01) = (ga, ha) and (p2,02) = (g, hy), giving
O] 4 (F1, P\, F1, ) $=O] , (F,F,Fi,F)+c
with ¢ = lga |21y 12 + g5 12 all? + lgal?9; 12 S al®5'%. Finally observe that
O; ., (Fi, Fi, F1, Fy) >0,
which can be seen by writing it as an integral of a square multiplied with g, > 0. Thus,
@h gV(Fl,Fl,Fl,Fl) <1.

This concludes the proof in view of our normalization. ]

4 Completing the proof of Theorem 3

Now we are ready to establish the restricted type estimate from Theorem 3. We adapt
the approach of [10] and we also rely on [9].

Proof of Theorem 3. First note that by quadrilinearity of Ag’ p it suffices to prove the
theorem for positive functions Fj, as otherwise we split them into real and imaginary,
positive and negative parts.

For j =1,2,3,4 let a; be such that —1/2 < o; < 1/2 and aq + a2 + a3 +ag = 1.
For each j let E; C R? be measurable. Without loss of generality we may assume |E1| is
maximal among the |E;|. Note that for a = 2 we have the scaling identity

A (F17F2,F37F4) —azAN/a( ( ) FQ( ) F3(G-),F4(a-)).

Since our bound will be independent of N, by > ;@ =1 we may then suppose 1 < |Ey| <
4. All squares which we consider in this section are assumed to have their side-lengths in
the interval [27, 2V].

For F on R? we denote the quadratic Hardy-Littlewood maximal function by

My =suw (7 [ 7)1,
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where the supremum is taken over all (not necessarily dyadic) squares in R? with sides
parallel to the coordinate axes. From now on, by the word ”average” we will always mean
the second power average as in the definition of M(F). Define the exceptional set

4
H = | J{IM(E;[7?1g,) > 210}

J=1

By the Hardy-Littlewood maximal theorem we have |H| < 1/18. Let R be the set of all
dyadic squares R C H which are maximal with respect to set inclusion. Denote by 3R
the square with the same center as R but with three times the sidelength of R. We set
Ei = Fy \ Urer3R. Then 2’E” > |E1’

Suppose we are given four functions F; with |F}| < 1, for all j and |Fy| < 1 g, Since
a; <1/2 and |Eq| < 4, it suffices to prove

AL (F1, o, Fy, Fy)| < |E1|V2 | B2 Es |2 By V2.
If we set G; := |Ej\*1/ 2F}j, then the inequality we need to establish reads
AN 4 (G1,G2,G3,Gy)| S 1.

Observe that |G| 2@r2) <1 for all j.
We split R? x [27¥, 2] into the regions Qs = S x [((S5)/2,4(5)], S € D, and consider
the cases S C H and S ¢ H. By the triangle inequality we estimate

o515} S{s}
SDPIEDDECH
SCH SZH

N
‘Aemb

First we consider the sum over S € H. For k € Z let S be the set of all dyadic
squares S for which

1 1/2
2=l <« max sup (—/ Gf) < 2k
je{1,234) 528 NS Jsr

The supremum is taken over all (not necessarily dyadic) squares S’ O S in R? with sides
parallel to the coordinate axes. Denote by Ry the collection of the maximal squares in
Sk with respect to set inclusion. For R € Rj, we define

Tr:={S €S : S CR},

which is a convex tree with the root R. Convexity follows from monotonicity of the
supremum. By construction, if S € H, for each j the average of |Ej\*1/ 21 g; over S is no
greater than 2!9. Thus, the same holds for the average of G; over S. Therefore,

{S:SZH}C USk

k<10

and we can split the summation as

PBCHED DD NP P ED PP DL

S¢H k<10 RER SE€TR k<10 RER

o7



For the forms on the right-hand side we have by Proposition 9 that
4
6/ (G1,G2,G3,Ga) SIRIT] M(G;, Tr). (4.1)
j=1

To estimate the right-hand side of (4.1) we discretize the function 6 by a standard
approximation with characteristic functions of balls of radius at least 1. We now sketch
the required argument. Denote by B, the ball of radius 7 centered at 0 in R?. We write

G« [0]; = G = [01p,]; + G7 = [01p¢];.

Let (p,q,t) € S x [€(S)/2,4(S)] C Q5 and assume (p,q) = 0. On B; we have

1 1
G2 % [01,1:(0) < 16|l / Gi < / G2 <% (4.2
7 [ Bl]t( ) H ”L (R2) (2t)2 b2 (25(5)) U(S) (52 J ( )

For the part on Bf we consider the function 01p¢ + %1 B,- It dominates 61p¢, is positive
and radially decreasing. Therefore it can be approximated pointwise by a monotonously
increasing sequence of simple functions of the form

n
E=) alg,, r>1, a;>0.
i=1

For E we have, using ¢t ~ £(S), that

)8 Y alBul s | G2 S 0l a2
Z )) [—rl(S),rel(S)2 ° LY R®)
This implies the estimate
G2 [015¢]¢(0) < 2°F. (4.3)

By a translation argument, the same bound holds at any (p,q,t) € Q7;,. Therefore, by
(4.2) and (4.3), we have M (G}, Tr) < 2 for each j and hence

S 061,62, G5, Ga) £ Y 2% ST R (4.4)

SZH k<10  ReRy

It remains to sum up the right-hand side of the last display. Since for R € Ry there
is an index j such that on R we have M(G;) > 2¥~1 by maximality of the squares in Ry

> r=| U R‘<Z|{M ) > 281,
ReRy ReRy

By the Hardy-Littlewood maximal theorem and [|Gj|[r2ge2) < 1, for each j we have
{M(G;) > 281} < 272F, Thus, (4.4) is up to a constant dominated by

d 2k

k<10

o8



This establishes the desired estimate for S ¢ H.

Now consider the sum over all dyadic squares S contained in H. Every S C H is
contained in one maximal dyadic square R € R. Let Sg 1 be the set of dyadic squares S
which are k generations below R € R. That is, 2¥/(S) = ¢(R). We split

POCHED DD DID DL sS

SCH RER k>0 SESR &

For S € Sp 1, we expand é;{oszi(Gl’ Go,G3,Gy) and estimate ||, [1)()| < 9* to arrive at

«s)
/ F(Gl,GQ,G3,G4)(.’L’,y,$l,y/)[19®?9®19®19]t(p—$,q—y,p—wl,q—y/)
us)/2Js Jra

2t Yp—z,q—y)) d:vdydx’dy'dpdq%.
(4.5)
Since G is supported on the complement of 3R, we have |(p,q) — (z,y)| > ¢(R) for

>
(p,q) € S. We also have £(R) = 24(S) ~ 2%¢, therefore 0%(t 1 (p — x,q — y)) < 278,
Applying Lemma 5, the term (4.5) is then up to a constant dominated by

4
2715| ] M(Gy. {SD).

j=1
Denote by R’ the parent of R. For each j we have
M(Gy, {S}) S 2°M(G; {R'}) S 2~

The last inequality follows by the same approximation argument as before and using

210

that the averages of G; over squares containing R’ are less than , which is true by

maximality of R. This establishes

Z é‘iﬁi(Gl’G%G&Gll) S Z Z Z 2_4k|5‘.

SCH RER k>0 SESR &
Since Y ges,. , |5 < |R|, the last display is estimated by
D IRy 27 <H| S
RER k>0

For the second to last inequality we summed the geometric series and used disjointness
of R € R. In the last step we used |H| < 1/2. O
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Norm-variation of ergodic averages with respect to two

commuting transformations

Polona Durcik, Vjekoslav Kovaé, Kristina Ana Skreb, and Christoph Thiele

Abstract

We study double ergodic averages with respect to two general commuting trans-
formations and establish a sharp quantitative result on their convergence in the norm.
We approach the problem via real harmonic analysis, using recently developed meth-
ods for bounding multilinear singular integrals with certain entangled structure. A
byproduct of our proof is a bound for a two-dimensional bilinear square function
related to the so-called triangular Hilbert transform.

1 Introduction

Many problems in ergodic theory are related to the convergence of certain averages
along the orbits with respect to one or several transformations. Let (X, F,u) be a o-
finite measure space and let S: X — X be a measure-preserving transformation, i.e. for
any E € F we have S™'E € F and u(S7'E) = u(E). The most classical result in this
direction is von Neumann’s mean ergodic theorem [38], which guarantees convergence of
the single ergodic averages

n—1

Maf(@) = =3 f(5'0) (1.1)

n -
=0

in the L?(X) norm for any f € L?(X). Classical proofs of this fact do not provide any
information on the rate of this convergence. With the aid of the spectral theorem, Jones,
Ostrovskii, and Rosenblatt [20] have observed the quantitative variant of this result in
the form of the norm-variation estimate

S IMa, = My F1Pory < C 1 Pas, (1.2)
j=1

for any positive integers ng < n; < --- < n,, and with an absolute finite constant C'. The
work of Bourgain [9] prequels (1.2) and his pointwise variation estimates imply the same
inequality albeit with the power 2 replaced by an arbitrary ¢ > 2. Calderdn’s transference
principle, a version of which we discuss in Section 6, reduces (1.2) to studying operators
in harmonic analysis that are well-understood by now.

Multiple ergodic averages were motivated by the work of Furstenberg and others [16],
[17], [18] connecting ergodic theory with arithmetic combinatorics. In this paper we

2010 Mathematics Subject Classification. Primary 37A30; Secondary 42B15, 42B20.

63



are concerned with the bilinear case. Let S,7: X — X be two measure-u-preserving
transformations such that ST = T'S. For any two complex-valued measurable functions
fyg on X and any positive integer n one can define the double ergodic average M,(f,g)
as a function on X given by

n—1
Malf,)(a) o= - S F(S'a)g(T) (13)
i=0
for each z € X. Tt is a classical result by Conze and Lesigne [10] that for any two functions
f,g € L°°(X) on a probability space the sequence of averages (My(f,g))22, converges
in the L2 norm. Standard density arguments combined with log-convexity of LP norms
extend this result to functions f € LP!(X), g € LP?(X), with convergence in the L? norm,
as long as the exponents satisfy p < oo and 1/p > 1/p; + 1/ps. However, no explicitly
quantitative variant of this fact for completely general commuting transformations S, T
exists in the literature and this is the topic of the present paper.
Our main result is the following estimate for the averages (1.3).

Theorem 1. There is a finite constant C such that for any o-finite measure space
(X, F,p), any two commuting measure-preserving transformations S, T on that space,
and all functions f,g € L*(X) we have

7j=1

for each choice of positive integers m and ng < ny < --+ < Nyy.

Such quantitative estimate for multiple ergodic averages was stated as an open prob-
lem by Avigad and Rute in the closing section of [3], after the question had already
circulated in the community for a while. A result analogous to Theorem 1 was previously
established by the second author in [24], but only for a simplified model, where the ac-
tions of Z are replaced by actions of infinite powers A“ of a fixed finite abelian group A,
and which avoided challenges we address in this paper.

Unlike for (1.2), Calderdn’s transference of (1.4) leads to a non-classical problem in
harmonic analysis, whose solution is the main point of our paper. We do not know of a
martingale approach to (1.4), even for particular cases of indices n;. This is in contrast
with the powerful martingale techniques for handling the single ergodic averages (1.1);
compare with [3], [9], [21].

The techniques of this paper do not immediately generalize to the multiple variants
of (1.3), i.e. to the analogous ergodic averages with respect to several commuting trans-
formations. However, such averages are also known to converge in the norm, as was first
shown by Tao [36], with a different proof given by Austin [2]. More generally, norm
convergence of multiple averages was established by Walsh [39] in the case when the
transformations generate a nilpotent group.

Almost everywhere convergence of the averages (1.3) is a longstanding open problem.
In the single average case (1.1), almost everywhere convergence is Birkhoff’s classical
pointwise ergodic theorem [6], with quantitative estimates discussed in Bourgain [9] and
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Jones, Kaufman, Rosenblatt, and Wierdl [19]. For two transformations S,7T the task
simplifies if T is assumed to be a power of S, for instance S is invertible and 7' = S~!, and
was successfully studied by the analytic approach and an almost everywhere convergence
result was established by Bourgain [8]. Subsequently, a pointwise variation estimate
was established by Do, Oberlin, and Palsson [12]. The result from [12] also implies a
variant of our Theorem 1 with exponent ¢ > 2 in the special case T'= S~!. For further
partial progress on a.e. convergence for general commuting transformations we refer to
the preprint by Donoso and Sun [13] and references therein. In [13] the a.e. convergence
is verified under the additional assumption that (X, F, u,S,T) forms a so-called distal
system, i.e. a certain iterated topological extension of the trivial system.

Recall that the number of e-jumps or e-fluctuations of a sequence (ay,)5° ; in a Banach
space B, in our case L2(X), is defined as the supremum of the set of integers J for which
there exist indices

m<ng<mo<ng<---<my<ny

such that ||an; —am,||p > e for j =1,2,...,J. A direct consequence of our main theorem
is that for all functions f, g of norm one in L4(X ) the number of e-jumps of the averages
(1.3) is at most Ce=2. In particular, the number of e-jumps is finite for each e > 0,
which implies norm convergence, i.e. it reproves the result by Conze and Lesigne [10].
It follows further that for any € > 0 the sequence (M, (f,g))s>; can be covered by at
most Ce~2 + 1 balls of radius ¢ in the Hilbert space L?(X). Such a result is sometimes
called a uniform bound for the metric entropy. It was shown by Bourgain [7] that a.e.
convergence of certain sequences of functions, including the single ergodic averages (1.1),
necessarily implies the uniform bound on their metric entropy. In that light Theorem 1
can also be thought of as a partial progress towards the conjecture on a.e. convergence
of (1.3), even though the bilinear analogue of [7] does not appear in the literature.
Our main inequality may be reformulated as

1Mo (£, 9)ve ey < CY2 1 Fllie oo llgles ().

with o = p =2 and p; = p2 = 4, where for 1 < p < oo the g-variation of a Banach-space-
valued function a: U — B with U4 C R is defined as

1/e
lallveeem = la®lveas = s (3 llalty) —att-0llg) "
meNU{0} =1
20,8150 tm €U
to<t1<---<tm

If (X, F,pn) is a probability space, then for any f,g € L*(X), 1 < p < oo, and ¢ >
max{p, 2} we have

M5 (f, Dlive e x)) < Cpo lfllLex)llgllLee x)

for some finite constant C) , depending only on p and o¢. In order to see this, by the
monotonicity of L norms on a probability space in the case p < 2 we can use

”Mnj (fv g) - Mnj—l(fa g)HL”(X) < HMn](f, g) - Mnj_1(fv g)”LQ(X)
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and by their log-convexity for p > 2 we have

HMnJ (f7 g) - Mnj,l(fyg)HLp(X)
< Ao gl )21, (F.0) = Moy ()2

We then apply (1.4) and for that purpose in the latter case we need 29/p > 2.

The variation exponent 2 is best possible in Theorem 1. To see this, it suffices to
consider the special case |f| = |g| and S = T and notice that this special case is tan-
tamount to estimate (1.2), where the exponent 2 is well known to be sharp. The range
of exponents p1, p2,p, 0 in the above discussion is likely not exhausted as the analogous
work [24] in the simplified setting suggests.

This paper, while self-contained, builds on a technique for bounding multi-linear and
multi-scale singular integral operators gradually developed by the authors in [14], [15],
[22], [23], [24], [25], [26]. We consider the present application to quantitative norm con-
vergence for double ergodic averages a milestone in these efforts. A notable difference
from the almost everywhere result by Do, Oberlin, and Palsson [12] is that we do not use
wave packet analysis or time-frequency analysis, as these tools are not well-adapted to
our problem.

The technique we use resembles energy methods in partial differential equations. The
main ingredients are integration by parts, positivity arguments, and the Cauchy-Schwarz
inequality. The idea is to set up a partial integration scheme to produce positive terms,
similar to energies, and then use upper bounds on a sum of positive terms to control each
term individually. Unlike for most energy arguments in partial differential equations, here
the partial integration happens in the scale parameter, which is typical for the singular
integral theory. The structural complexity of the problem requires to iterate these steps,
with the Cauchy-Schwarz inequality used inbetween to reduce the complexity of the
expressions.

We elaborate more on the harmonic analysis part of the paper. For a one-dimensional
integrable function ¢ and two-dimensional functions F,G € L4(R2), for ¢ > 0, and for
(x,7) € R? we introduce the bilinear averages

A7 (F,G)(z,y) == / F(x+5,9)G(x,y+s)t ot 1s)ds.
R

Theorem 1 will be a consequence of the following bilinear estimate where ¢ = 1jg 1) is
the characteristic function of the interval [0, 1).

Theorem 2. There exists a finite constant C' such that for any F,G € L4(R2) we have

1
HAt [0,1) (F’ G>HV?((O,OO),L2(R2)) < C HFHL4(R2)HGHL4(R2).

By invariance of the left hand side under rescaling in ¢t and by superposition, the
theorem implies an inequality independent of the choice of positive numbers tg < - -+ < t,:

SOIAL(F.G) — AL (F.G) |2 ey < ORI F s g G . (15)
j=1
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where

_ 5 2(@) o 2(@)
o= [ Tao@E [ o

—Q (%

for some finite complex Radon measure p on (—o00,0) U (0,00). In particular, we get
(1.5) for compactly supported functions ¢ of bounded variation and the constant C, is
then a universal multiple of the total mass of the measure p. Moreover, by choosing
du(a) = —ay'(a)da we can recover an arbitrary Schwartz function ¢ and in that case
the constant Cy, in (1.5) is a multiple of [ [s¢/(s)|ds.

In the proof of Theorem 2 we gradually consider various classes of functions ¢ and
carefully control C, for these classes. Indeed, we begin by showing that (1.5) holds for an
arbitrary Schwartz function. However, we will actually need to apply the theorem with
© = 1jg,1), and this case is more subtle and requires more precise decay conditions in the
auxiliary estimates. Prior to our paper, inequality (1.5) was not known even for a single
nonzero function ¢.

While deriving Theorem 1 from Theorem 2, the following discrete estimate will appear
along the way. It is worth stating as a separate corollary due to its elegant formulation.
For any two double sequences F , G: 7% — R, for n € N, and for (k,1) € Z? we define the
discrete averages A, by

n—1
o~ 1 ~ -
An(F,G)(k,1) ==Y F(k+1i,0)G(k,1+1). 1.6
(F.G)01) =3 3 Fb 60 Gkt +0 (16)
Corollary 3. There exists a finite constant C' such that for any F.Ge 04(Z?%) we have
|An(F,G

)HV%(N,EQ(ZP)) <C HﬁHE‘l(ZQ)HéHZ‘l(Z?)-

Inequality (1.5), even for Schwartz functions ¢, is already new in the special case
t; = 27. In this case we set ¥(s) := ¢(s) — 2¢(2s) and define the square function

1/2

S(F,G)(a,y) = <Z}/RF(:¢+s,y)G(x,y+s) 2iyp(27s) dsm

JEZ
A simple limiting argument as m — oo in (1.5) yields the following corollary.

Corollary 4. For any F,G € L*(R?) we have
IS(F, G2 rey < CullFllLs @) 1GllLa @2y,
with a finite constant Cy, depending on 1) alone.

Indeed, square function estimates of this type are a stepping stone towards the proof
of Theorem 2; for example compare with Proposition 7 stated in Section 2.

In contrast with Corollary 4, no bounds are known for the corresponding bilinear
singular integral

T(F,G)(x,y) = p.V./RF(w—l—s,y)G(:L‘,y—l—s)f,
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which was introduced in [11] and later named the triangular Hilbert transform. Only
partial results in this direction exist; see [27] for a particular case when one of the functions
takes a special form. Moreover, Zorin-Kranich showed in [41], building on the approach
of Tao [35], that the truncations to m consecutive scales,

T (F,G)(z,y) := Z/ F(z +5,9)G(z,y +s)277¢(277s) ds,
j=17%

have norms from LP*(R?) x LP2(R?) to LP(R?) that grow like o(m) as m — oo, for
any fixed choice of exponents 1 < p,p1,p2 < oo such that 1/p = 1/p; + 1/p2. Using
Corollary 4 and the Cauchy-Schwarz inequality we improve this growth to O(ml/ 2) for
p = 2, p1 = p2 = 4, and then the interpolation with the trivial estimates coming from
Hélder’s inequality gives the growth O(m!~¢) for general exponents p, p1, p2 as before and
for some € > 0 depending on them.

Furthermore, for given f, g € L*(R) let us take

F(z,y) = fz —y)RV*I(Ry), Glz,y)=g(z—y)R IR '),

where R > 0 and 9 is a smooth compactly supported nonnegative function on R that is
constantly 1 on the interval [—1, 1]. By substituting z = 2 — y, observing

R (R )
/ / ‘/F(:U—I—S,y)G(ﬂc,y+s)2‘j¢(2—j8)d8‘ dady
-RJ-rR'JR

R

-r'JR

applying Corollary 4, and letting R — oo we recover the L*(R) x L*(R) — L2(R) estimate
for the one-dimensional bilinear square function

S0 = (S| [ 16+ 99t - 92 veisa) "

JEZ

The only previously known proof of an LP bound for S employs wave-packet analysis,
i.e. it uses Khintchine’s inequality to reduce to an average of a family of bilinear singular
integrals parametrized by random signs and then recognizes these operators in the proof
of boundedness of the bilinear Hilbert transform [29], [30].

Somewhat related, there is an open problem stated in the introductory section of the
paper by Bernicot [4] to show L” bounds for the bilinear square function

han = (Z JRCEEITERI NS ds‘2>1/2
weN

for an arbitrary collection of disjoint intervals {2, which would be a bilinear variant of the
well-known result by Rubio de Francia [34]. Here 1., denotes the inverse Fourier transform
of 1,,. Bernicot [4] has verified this conjecture for a particular case of equidistant intervals
of the same length, such as Q@ = {[j,j + 1) : j € Z}. The problem becomes simpler if
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we replace 1, with a smooth bump function adapted to w, as was already observed
by Lacey [28] in the case of the intervals [j,j + 1), see also [5], [32], [33]. The above
bilinear square function S is associated with smooth truncations of the lacunary intervals
Q={[27,2Y:j €7}

This paper is organized as follows: In Section 2 we begin the proof of Theorem 2
by splitting the jumps into the “long ones” (i.e. those corresponding to the scales t;
that are dyadic numbers 2¥, k € Z) discussed in Lemma 8 and the “short ones” (i.e.
those corresponding to ¢; from a fixed interval [2¥, 25+1]) discussed in Lemmata 9 and 10.
Propositions 5—7 are the key results here. Their proofs are postponed to Sections 3-5 and
these three sections contain the main novelties of our approach. Finally, the somewhat
standard transition from Theorem 2 to Corollary 3 and then to Theorem 1 is presented
in details in Section 6.

2 Averages on R?, long and short variations

In this section we split Theorem 2 into long and short variation estimates and show how
to deduce these from Propositions 5, 6, and 7 below.

For two non-negative quantities A and B we write A < B if there exists a constant C' >
0 such that A < CB. When we want to emphasize dependence of the constant on some
parameters p, g, ..., we denote them in the subscript, i.e. we write <, 4.... Occasionally
we may omit writing down parameters that are understood. We write A ~ B if both
A < B and B S A are satisfied.

For a function ¢ on R? and t > 0 we set ¢;(x) := t~%p(t~'z). Consequently, AY =
AY'. By S(R?) we denote the class of all Schwartz functions on R?, while the word
“smooth” will always mean C*>°. The Fourier transform of an integrable function ¢ on
R? is defined as

@(é) = /Rd (p(x)efhpi‘r'fdl’;

so the Fourier inversion formula takes form
o) = [ Bt
Rd

whenever ¢, 3 € L1(R?). Derivatives of a single-variable function ¢ will be denoted ¢/,
o", etc. or Dy, D@, etc., while we write 9"y for the partial derivatives. Let us remark
that we reserve the notation <p(") for the upper indices.

Now we can formulate the three propositions that will be the key ingredients in the
proof of Theorem 2. Their own proofs will be postponed to the subsequent sections.

Proposition 5. Let A > 1 and let ¥, € S(R) be such that
() < L+ IsD™ e(s)] < (14 s

for all s € R. Moreover, assume that J is supported in [—274,274], while § is supported
in [—1,1] and constant on [-272,272]. Then for anym €N, ko, ..., kn € Z, and for any
real-valued F, G € S(R?) normalized by

[E s gey = 1Gllpage) =1 (2.1)
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we have

> [ Fl+uy)Gley+ wF @+ o)y +0)
=17k

Do (1) (Pgh; — ok, 1) (v) drdydudv| Sy 1. (2.2)

Proposition 6. Let A > 1, t > 0 and let ® € S(R?) be such that
D (u,v)| < (1 + |u+ o))" 1+ tlu — o))~ (2.3)

for all u,v € R. Moreover, assume that 272 < | +n| < 1 for all (£,m) in the support of
®. Then for any real-valued F,G € S(R?) normalized as in (2.1) and for any N € N we
have

N
Z / Fx4u,y)G(x,y +u)F(z + v,y)G(z,y + v) Py (u, v) dedydudv| <y 1. (2.4)
j=—N 'R

Proposition 7. Let A > 1 and let ® € S(R?) be such that
|@(u,0)] < (14 u+ o)) AL+ u— o) (2.5)

for all u,v € R. Moreover, assume that d is supported in ([-2, —27°5] U [27°,2])2. Then
for any real-valued F,G € S(R?) normalized as in (2.1) and for any N € N we have
(2.4).

Note that for v = 3\, the estimate
|®(u, 0)] < (14 [u)) 21+ [o)) 21+ fu—v]) ™ (2.6)

implies (2.5) within an absolute constant. Moreover, (2.5) implies (2.6) with v = A,
modulo a constant. We will pass between the two formulations in the subsequent sections.
We also remark that the bump functions in (2.2) do not satisfy any estimates of the
type (2.3) or (2.5) within an absolute constant since there is no control on k; — k;_;.
However, the form in Proposition 5 has better cancellation properties than the one in
Proposition 7. The support of its multiplier symbol does not intersect the antidiago-
nal n = —¢, which is the key property we need in the proof. This is also the case in
Proposition 6, which will be the main ingredient in the proof of Proposition 7.

In the rest of this section we concentrate on deducing Theorem 2 from these propo-
sitions. Throughout the text, x will denote a fixed smooth frequency cutoff. More
precisely, we fix a function y such that its Fourier transform % is smooth, even, non-
negative, supported in [—1,1], constantly equal to 1 on [-27!,271] and monotone on
[271,1]. Moreover, we can achieve that ¥ is the square of some nonnegative smooth
function. Any constants are allowed to depend on y and this dependence will not be
mentioned explicitly.
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2.1 Long variation

The following lemma is derived from Propositions 5 and 7.

Lemma 8. Let ¢ € S(R) and assume that for some A > 1 and constants Cy,Cy one has
@5 x21 ()] < Co(1+1s1)™, [8(s)] < Cr(1 +[s) (2.7)

for all s € R, and that for some A > 1 and a constant Cy one has
[6(w)d(v)] < Co(l+ |u+ o) (L +u—v) 7> (2.8)

for all u,v € R. Moreover, assume that <$ is supported in [—1,1] and constant on
[-272,272]. If F,G € L*(R?) are normalized by (2.1), then

145, (B, G)llva 122y S Co2C* + 637, (2.9)

Observe that if ¢ vanishes on [—272,272], then the first estimate in (2.7) holds with
Co = 0. In this case Lemma 8 yields

1/2
HAg)k(F, G)Hvi(zﬁ(n@)) S Cz/ . (2.10)

Proof of Lemma 8. Standard limiting arguments reduce the estimate (2.9) for each fixed
choice of the integers kg < --- < ky, to the case of Schwartz functions F' and G. By
splitting into real and imaginary parts and using Minkowski’s inequality, we may assume
that F', G, and ¢ take only real values.

Fix integers kg < k1 < --- < k;, and denote

V(F,G) =Y [|AL (F.G) = AL (F,G)| 12 ge).
j=1

Expanding the L? norm gives

VFG) =Y / F(z+u,5)G(w,y + w)F(z + v, 5)Gl(z,y +v)
j=17%
(ngkj - ¢2kj71 )(u)(¢2k] - ¢2kj—l )(U) d'xdydUd/U
We have the identity

(¢2kj - ¢2kj71)<u) (¢2kj - ¢2kj71 )(v) = (gbgkjfl (u)(ﬁij,l (v) = ¢2’“j (u)(bg’“j (U))
+ ¢2kj (U)(%kg - ¢2kj71 )(U)
+ (ngkj - (Z)ij—l )(u)¢2kj (v) (2’11)

Summing (2.11) over 1 < j < m, the first term on the right hand-side telescopes into

Poko (u)¢2k0 (V) = om (1) Pokm (V).
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Applying Hélder’s inequality in (x,y) for the exponents (4,4,4,4) and using that (2.8)
implies [po [¢(u)p(v)|dudv Sy Co we obtain

’ /RALF(Q: +u,y)G(x,y +u)F(z +v,y)G(z,y +v)

(dar0 () oo (v) = Pk (W) Pokm (v)) dardydudo| Sx Coll F 4oy 1G4 g2y = Co-
(2.12)

By symmetry of the second and the third term on the right hand side of (2.11), it then
suffices to bound

m
AE.G) =Y [ Flo+uy)Gley+ WF@+ 0,06y + o)
j=1/R
Poiy (W) (Do — Dok )(v) drdydudv.
Now we localize the multiplier symbol associated with this form. Let w be defined by
W = Xg-1 — Xo4. Note that & is supported in [-2, —27°]U[27°,2] and that Y21 +& equals

1 on [—1,1], and in particular also on the support of a Then we can write

D=0 *Xoa + Pxw.

Using this decomposition we split A = Ay , + Ay, where for a function p, the form A, is
defined by

A(F,G) = zmj | P+ u)Glay+ WP+ v.5)Glay +0)
 n (W6 — Oy ) dedydud.
By the assumptions (2.7) on ¢, Proposition 5 gives
[ Ay, (B, G)[ Sx CoCh. (2.13)

Rewrite A, by separating the functions in u and v as
AEG) =Y [ ([ Pl )G+ w(o )y, (wda)
j=1

( /R Fa+0,9)G(@,y +v) (b, — byry_s )(v)dv) dzdy.
Applying the Cauchy-Schwarz inequality in z, y, and j gives
AL (F, G)| < Ay o(F,G)V2V(F, Q)2 (2.14)

where for a function p we have set

A, (F.GQ) = g/ﬂ@ (/RF(w +u,y)G (2, y + u) (@ * p)gk; (u) du)dedy.
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Note that, up to increasing the quantity A, ., (¥, G) by adding nonnegative terms, we may
assume that k; = j and that the summation is taken over all integers j from a sufficiently
large interval [—N, N]. Expanding the square in A, ,(F, G) we can write this form as

Z F (z +u,y)G(2,y + w)F(z +0,y)G(2,y + 0) (¢ * w)or; (1) (¢ * w),k; (v) drdydudo.

By the assumption (2.8), Proposition 7 implies
Ay (F,G) Sy Co. (2.15)
Inequalities (2.12), (2.13), (2.14), and (2.15) together give a bootstrapping estimate
V(F,G) Sy Ca + CoCy + Cy PV (F,G)V2.
This shows V(F,G) <) CoC1 + Co and hence proves (2.9). O
2.2  Short variation

The following two closely related lemmata are derived from Proposition 7.

Lemma 9. Let ¢ € S(R) and assume that for some X\ > 1 and a constant Cs one has

| [ oo Y| < stk o)D) @19

for all u,v € R. Moreover, assume that $ is supported in [—1,1] and constant on
[-274,274]. If F,G € L*(R?) are normalized by (2.1), then for each N € N one has

}N: ¢ 2 1/2 1/2
( HAt (F> G)||\/%([2i’2i+1]7L2(R2))> S,\ 03 ; (217)
i=—N

with the implicit constant independent of N.

Lemma 10. Let ¢, F,G be as in the previous lemma. If in addition for some A\ > 1
and a constant Co the function ¢ satisfies (2.8) for all u,v € R and if ¢ vanishes on
[—274,274], then for each N € N we have the estimate

N 1/2
(3 1A E OBy poey ) 2 GG, (2.18)
i=—N

with the implicit constant independent of N .

Proof of Lemma 9. As in the proof of Lemma 8 we may assume that F, G € S(R?) and
that F, GG, and ¢ are real-valued.
Denote ¢(s) := (s¢(s))’, so that one has ¢;(s) = —td:(¢¢(s)). By Lemma 12 (in the
Appendix) applied with a(t) = Af(F, G)(z,y) for each fixed (x,y), for any 2¢ < ¢y <
- <ty < 20T we have

dt
Z|\A¢ F,G) = A7 (F.G)|[f2 e, < / / (AL, (F.G)( ))27dxdy.
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Indeed, this follows from A;Z’(F ,G) = —té?t(Af(F ,G)) and by rescaling in ¢. Taking the
supremum over all choices of ¢; and summing over —N < i < N we obtain

N N
E : 2dt
HAf(F7 G)||3/%([2i72i+1]7L2(R2)) < E / / A;ﬁt F G )) Yd:zdy.
i=—N i=—N

Expanding the square on the right hand-side, in order to finish the proof of Lemma 9 we
need to bound

N 2
z_: /R4 Fz+u,y)G(x,y +u)F(z+v,y)G(z,y +v) (/1 wzit(u)¢2it(v)%) dxdydudv.

(2.19)
Observe that 121\(5) = —5(/5’(5) is supported in [—1, —2"4 U [274,1], so

B, v) = /1 wt(u)wt(m%

has its frequency support in ([—1,—27%] U [27%,1])2, and recall that we assume (2.16).
Proposition 7 implies boundedness of (2.19) within an absolute constant times Cs, which
yields (2.17). O

Proof of Lemma 10. Let all the notation and the assumptions be as in the proof of the
previous lemma. By Lemma 12 and the Cauchy-Schwarz inequality in (z,y) this time we

deduce

- odt 1/2
SR 45 (ED e < T ([ [ (.m0 L)
j=1 pefo R

Taking the supremum over ¢;, summing over —N < ¢ < N, and applying the Cauchy-
Schwarz inequality in ¢ we obtain

- ¢ 2 odt 1/2
> 1AL F By 2oy < 11 Z// £ (PG ) Ltaty)

i=—N pefop} i=—N

By the support assumptions on ¢, (2.8), and (2.16), Proposition 7 applied twice concludes
that the right hand-side is no greater than an absolute constant times C’l/ 26’1/ 2, which
in turn implies (2.18). O

Finally, we are ready to deduce Theorem 2 from these lemmata. The first step is to
show the estimate (1.5) for a general Schwartz function ¢.

2.3 Deriving Theorem 2 for a Schwartz function ¢

Let F,G € S(R?) be normalized by (2.1). If ¢ € S(R) is such that @ is supported in
[—1,1] and constant on [-272,272], then Lemmata 8 and 9 combined with the standard

separation into long and short jumps imply

1/2 ~1/2 1/2 1/2
147 (7, )| vz .00 Oyl r eyt <o (2.20)

L2(R2))
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The details can be found for instance in [21] or [12]. Note that the constants C; depend
only on some Schwartz norm of ¢ of a sufficiently large degree. This gives (1.5) in the
particular case.

Now we show (2.20) for a general Schwartz function ¢. Take ¢ € S(R) and denote
6 := x — x2. Observe that 6 is supported in [~1,—272] U [272,1] and that

> 02k =1 (2.21)

kEZ

for all 0 # £ € R. Then we can write

p=cx+(p—cx) =cx+ Y (p—cx)* b, (2.22)
keZ
where the number ¢ is chosen such that $(0) — ¢x(0) = 0, i.e. ¢ = $(0). Note that the
series in (2.22) converges pointwise (in any summation order) since ¢ — cx and 6 are
Schwartz and 6 has mean zero.
We proceed by bounding norm-variation of bilinear averages corresponding to the
individual terms in the expansion (2.22). For the part associated with ¢y boundedness
follows from (2.20) since x is Schwartz and X is constant near the origin:

[AP(F, G)llvz((0,00),12R2)) S 1- (2.23)
For the part associated with (¢ — ¢x) * A1 we show that the function ¥ = 9*) defined by

V= (p —cx)g-r x0

satisfies the estimate

[ANF.G S 2 (2.24)

) va((o,oo),L2 (R2))
for any k € Z. By scaling invariance of the left hand-side of (2.24) the same estimate

remains to hold for J,x = (¢ — cx) * Oy, i.e. for each term in the series expansion (2.22).
Then, from (2.22), (2.23), (2.24), Minkowski’s inequality, and Fatou’s lemma we obtain

[Af (F, G)llv(0,00),12(R2)) S 1+ 227%‘ S,
keZ

which finishes the proof.

In order to verify (2.24), observe that 9 is supported in [—1,—272] U [272,1], so in
particular it is constant on [-272,272]. Since § — cY vanishes at zero, we have |$(¢) —
ex(6)] Sy min{|¢|, [€]71} and hence, by 5({) =(p— c;’Z)(Q‘kf)é\(é) and the product rule,

H ‘glanBg(f)“Lgo(R) Sa,ﬂ 2_“9‘

for any o, > 0. Therefore, 219 satisfies (2.7), (2.8), and (2.16) with the constants
independent of k. The estimate (2.24) then follows from (2.20) applied with ¢ = 2/Fly
and by homogeneity.
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2.4 Deriving Theorem 2 for ¢ = 1o

Once again we can work with Schwartz functions F' and G only. Let F,G € S(R?) be
normalized by (2.1) and let x, 6 be as in the previous subsection. We have

—1
1[071) = :H'[O,l) * X —+ Z :H'[O,l) * 92k. (225)

k=—o0

By the Plancherel identity the series in (2.25) converges in the L? norm. However, the
same series also converges a.e., which follows from the weak L2 boundedness of the maxi-
mally truncated convolution-type singular integrals. Alternatively, we can pass to an a.e.
convergent subsequence of partial sums, as taking the limit over a subsequence is enough
for our intended application.

By the discussion in Subsection 2.3 we obtain

|4, “V™(F, G <1 (2.26)

)va((o,oo),LQ(RQ)) ~

Now we concentrate on the individual terms in (2.25) for negative values of k. By 6 we

denote the primitive of 6, i.e. 6(s) := [*_ f(u)du. Observe that, since 6 has integral zero,

its primitive ] decays rapidly. The arguments from the previous subsection give
0
147 (F, G)lvz((0,00) L2 (R2)) S 1- (2.27)

By scaling invariance of the left hand-side, (2.27) also holds with 0 replaced by §2k. We
will show that for each k < 0 and for the function ¥ = 9*) defined by

I(s) == 2%0(s — 27F)
we have the variational inequality
1AY (F, @) va((0,00) 122y S 2/ (2.28)

Once this is shown, by scaling invariance of the left hand-side, the estimate (2.28) remains
to hold with ¢ replaced by ¥9x. Then we need to observe that

]1[071) * 02k = 2k§2k — '192k.

From (2.25), (2.26), (2.27), (2.28), Minkowski’s inequality, and Fatou’s lemma we finally
obtain
14,0 (F, Allva(oeoy i@y S 1+ D 25 +2"%) S 1.
k<-1
In order to see (2.28), note that the Fourier support of ¥ is contained in [—1, —272] U
[272,1]. For any A >0, v > 0, and k < 0 we claim that

[9(w)d(0)] Saw 2KEV L+ [u) VAL 4 o)) VAL + fu— o)),

(2.29)
/ 00U ) | S0 2L )V o+ = ol)
(2.30)
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We have already commented how bounds of this form with v = 3\ transform into bounds
(2.8) and (2.16). Once these two estimates are verified, the separation into short and
long jumps together with (2.10) and Lemma 10, which require (2.29) and (2.30) to hold
with A > 1, give

147 CF, ) v ey ey S0 © + G

(
with Cy ~ 2F2=% and C3 ~ 2F(1=) " Choosing A = 5/4 we obtain (2.28).
Proof of (2.29). By the rapid decay of 0 we have

0(u—27%Y0(v — 27%)| <o (1 + Ju—27F)~N2V (1 4 | — 27F)) =2
< (L4 Ju—27F) V21 + o —27F) VAL u— )7,

where we used |u — v| < |u —27%| + |v — 27%|. From
(4 = 2772 < (@ Jul) 2272 S5 (L ]2
we then conclude (2.29). O

Proof of (2.30). Observe that —td:(9¢(s)) = V¢(s) + (s (s))e. Thus, t0(9¢(w))tor (I (v))
consist of four terms. We will show (2.30) corresponding to (s9'(s))¢, that is,

| [ Do | S 2000 )1 )V o) (281)

The analogous inequalities corresponding to the other terms are treated in the same
manner. To see (2.31) we first observe

(s9'(s5)) = (s280(s — 27%)), = st712F0,(s — t27F)

and bound |0,(s)| Sy, (14 |s])™27¥~! using ¢ € [1,2]. Then we estimate

dt
’/ uby(u — 2~ )th(v—t2 )t3‘
SJ)\,V |UU| / ((1 + |u — t2_k|)(1 + "U _ t2—k;|))*)\/2*l/71dt.
1

By the triangle inequality |u — v| < |u — #27%| + |[v — t27%| and the Cauchy-Schwarz
inequality in ¢, this is bounded by

2 1/2 2
1+ |u— v!)”|u!</ (I+|u— t27k\)7/\*2dt) M(/ 1+ |v— thkD—,\fde
1 1
Now, if |u| < 27%*2, then we estimate
2
(1 )2l ([ (1 fu 274 2ar)
1

s 1/2
< (1+ \u|)W+1(/ (14 |u— t2_k|)_’\_2dt>

—00

1/2

1/2

A 2L Ju VP gy 2V,
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where the second inequality follows by integrating in ¢. If |u| > 27%*2, then we have
|u — t27%| > |u|/2 and hence

2 1/2
(1+ |u’)>\/2|u‘</ (1+ u~— t2—k|)—)\—2dt>
1
<o (L4 [u)V2H A+ |u)) M2 =1 < 21072

The same estimates hold for the terms with v. After multiplication by 22¢ and division
by (1 + |u|)2(1 + |v])*? this shows (2.31). O

3 Proof of Proposition 5

Let us rewrite the form (2.2) from Proposition 5 in a more convenient way. Denote
1 1= @ — s. Then we have the telescoping identity

k-1
Pokj—1 = Pok; = Z Vot (3.1)

I=k; 1

We insert (3.1) into (2.2) and substitute

¥=z+y+u, yY=z+y+v, Fy,2):=F@ —-yy), G2):=Gx1 —uz).

Note that we still have HﬁHL‘l(RQ) = HéHL4(R2) = 1. Omitting the tildas for notational
simplicity, it then suffices to show the inequality

m kj—1
> Y [ PGl ) )G

j=11=k;_,

(U (2 — 2 — Y)Y (v — 2 — y) dodydx'dy'| < 1.

First, we would like to write the kernel as a superposition of elementary tensors in
the four variables x,y,z’,3’. Using the Fourier inversion formula we write

Dy (@' = =gy —a =) = [ DD ey,

Since @ is supported in [—1, 1] and constant on [-272,272], the function 12 is supported
in [-1,-273]U[273,1]. If 2% ¢ € supp(¥) and 2!y € supp(v)), then

(& 4+ 1) = 2 Hi2kig 4 ol € [2,—2~4 U 274, 2]

Let x be as before, which guarantees that there exists a smooth nonnegative even function
W, being the Fourier transform of some w € S(R), satisfying

B(6)” = x(27%) — x(2"¢).

The function @ is supported in [-22, —27°] U [277,2?] and equal to 1 on [-2,—-274] U
[274,2]. For each (£,7) € R? we have

D28 €)p(2'n) = 92 €) (2 )@ (2! (€ + 1)) (3.2)
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and hence

Dop; (@' — 2 =)o (y — 2z —y)
= / (25 ()P B (2 (¢ — ) TG (€ — )P dedn.
RQ
The last expression can be viewed as the integral of the Fourier transform of the function
H(z1, 2,3, 4) = Doy (21 4+ )1 (22 + 1 )wor (3 + 2)war (24 + Y)

over the hyperplane
{(fﬂ?,—§ - _5 —77) : 5&7] € R}
It equals the integral of H itself over the perpendicular hyperplane

{p+a.p+q¢.p.q) :p,q e R}

Therefore, .k, (v' — x — Y)Y (y' — = — y) can be written as
U@ = p = ly’ = p = @ (o = Pl (y = 0) dpda

and the object we need to bound is

m o kj—1
> % [ Pua)Gea)Ply)Glay)

j=11=k;j_1
Dor; (2" = p = (Y — p = Qwoi (& — plwg(y — q) dadyda’dy'dpdg.  (3.3)
In order to estimate this form we adapt the arguments from [24] to the Euclidean

setting. First we apply the Cauchy-Schwarz inequality, which will reduce the complexity
of the form. To preserve the mean zero property of w we rewrite (3.3) as

>

j=11=k;_,

o

i1

/w (AF(y7x’)F(y,y’)wzz(y —q) dy) (/RG(:c,a:’)G(x,y’)wzz (x —p) da:)

Oope; (2" = p — Q)Y (y' — p — q) da’dy’ dpdy.

Taking absolute values, using the triangle inequality, and applying the Cauchy-Schwarz
inequality in the variables 2/, ¥/, p, q, and t, we bound this expression by

L(F)Y20(G)Y2, (3.4)

where we have denoted

L(F) = i :kz /R4 (AF(y,x’)F(y,y’)sz(y— Q)dy)2

9y, (2" = p)|Ylot (v — p) da’dy’ dpdg.

79



Here the two appearances of the function w have been separated, which allowed us to
change variables p — p — ¢ in the last expression. Integrating in p, using [ < k; and the
normalization of ¥ and ¢, we get

/1R [0yt (&' = p) [l (y' = p)dp Sx 2™ (14275 2" — o))~ (3.5)

This fact can be shown along the lines of [37, Lemma 2.1]. For completeness and to keep
track of the constants we now give a detailed proof.
If |/ — 9| < 2%+ /(X — 1), then we can bound the left hand-side of (3.5) by

19505 Lo ) 19021 1 (m) Sa ||19HL°°(R)||¢J||L1(R)2_kj(1 +27M | — )

If |z' — /| > 2%+ /(X — 1), then let us denote by ¢ the midpoint of 2’ and 3. Without
loss of generality we may assume 2/ < ¢ < 3. We split the integral as [, = [+ [~
and estimate it by

Wl y2 (L + 27"y — )™+ 278 1+ 278 2" — ) MY gy- (3.6)
Since |z —¢| =y —c| = |2' —¥|/2, | < k;j,
27l71|x/ _ y/‘ Z 27]63‘71’%/ _ y/| 2 ()\ _ 1)71?

and the function s — s(1+s)* is decreasing on the interval [(A—1)~1, 00), the expression
(3.6) is at most

(91l gy + 1Ml gy) 2759 (1 + 2787 Ha! — o/ )7

It remains to note [[J{|pe®) < 1, [[I[pimy Sx 1, and [[¢[l gy <a 1, which shows the
claim.

Our inequality did not preserve the tensor structure in the variables 2’ and 3’ which
will be needed later in (3.13). For that purpose we further estimate (3.5) by a superpo-
sition of Gaussians as it was done in [14]. Denote

g(s) = e ™ and o(s):= /looga(s)a_)‘da, (3.7)

where g,(s) = a~tg(a~!s), as before. Observe that o(0) = (A — 1)~! and the change of
variables § = |s|/« gives

lim |s])‘a(s):/ B e 48 € (0, 00),
0

|s]—o0
so o(s) is comparable to |s|~* for large |s|. Therefore, using
(L+Is)™ Saa(s) (3.8)

we can dominate the right hand-side of (3.5) up to a positive constant by o,; (z' — ¢/').
This in turn controls

o m k-1
r s [ (XX [ Fee)Fea)Puy)Fey)

j=11=k;_,

oot (& =9 Jwar (x = @)wai (y — q) d:vdydx’dy'dq)a_Ada. (3.9)
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Integrating in ¢, summing in [, and using ©(¢)? = Z?:_Q ()?(215) - 5{(2”15)) we obtain
kj—l 3
> /szz (@ — Qua(y — @) dg =D (Xohj 1+ — Xgrs+s) (T — 7).

I=k; 1 i=—2

Inserting this into (3.9), the integrand in « can be rewritten as

S [ s R R PGy
Gooks (" = Y ) (Xghj—14i — Xopy+i) (2 — y) dedyda’dy'.

It suffices to prove an estimate uniform in « for each summand corresponding to a fixed
i and then integrate in o and sum over —2 < i < 3. For two functions p, p € S(R) define

m
05,(F)i= Y [ Fl.a)Flaa)Flys)F (o)
j=1
/32’“]' (x/ - yl)(pgkj—l — Pk )('7; - y) d‘rdydw/dyl
The needed estimate is a direct consequence of the following lemma applied with p = .

Lemma 11. For any real-valued F € S(R?), real-valued p € S(R) and a € (0,00) we
have

Ogap(F) Sp HFH%}(Rz), (3.10)

where g(s) = e™™”.

Proof. Once again we normalize F' as in (2.1). The first step is an application of the
telescoping identity. If we denote

Op(F) =) /R F(y.2)F(x,2')F(y,y)F(a,y))
j=1
(o1 = Pop; ) (@' =y ) pop; (v — y) dadyda’dy’

and for ¢ > 0 define the single-scale quantity

[1]

B i= [ Fla)Faa) P )F (el — 1yl ) dodyds'dy.
R
then we have

Os(F)+6;,(F) =2 5p2v0 (F) = j gt (F), (3.11)
Eppt(F) < HﬁHLl(R)HP”LI(R)- (3.12)

The identity (3.11) follows from summation by parts: all intermediate terms cancel. To
see (3.12) we substitute u = 2’ — ¢/, v = x — y, rewrite Z; ,(F) as

/]R2 </R2 F(x —v,2)F(x,2\F(z —v,2’ —u)F(x,2' —u) dacdx’) pr(uw)pe(v) dudv,
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and apply Holder’s inequality in (z,z") for the exponents (4,4, 4,4).
In order to show (3.10) we first use (3.11), which gives

ega,p(F) = Ega,p,ZkO (F) - Ega,p,ka (F) - ega,p(F)a
and hence applying (3.12) we get
19900 (F)] < [Eq, paro (F) + [Eg, potm (F)] +[0g, p(F)] Sp 1+ |Og,,p(F)|.

Therefore, it remains to estimate ‘égmp(F )‘
By the fundamental theorem of calculus we rewrite ©4, ,(F') as

Z / [ F(.a) o) F (0.9 Fa.)
(— 10u( s’ — 3/ ))) s (& — )y’ df

For h(s) := \/2/7¢'(v/2s) we have —t0;(gai(€)) = |l;;t(£)|2 and hence
= 0 g0a@’ =9) = [ horle! = Phen(s/ = D). (313)

By this identity and the symmetry of éga,p, which results from four repetitions of the
function F', we can express Og4, ,(F) as

m 2 2 dt
Z /k / (/ F(y,2")F(z,2" ) hat(2' — p)dx’) Popi—1 (T —Y) dxdydp7. (3.14)
=172 -1 JR3 R

Observe that the square in (3.14) is automatically non-negative, but the function p is
not non-negative in general. To obtain positivity and an elementary tensor structure in
x and y as in (3.13) we dominate |p| < o by applying (3.8) as before, where o is the
superposition of the Gaussians (3.7). This implies

‘ ga,p NP/ ega gﬁ )\dﬂ

We apply the telescoping identity (3.11) once more to get

ega,gﬁ (F) = Egmg/B,2kO (F) - E’ga,gg,ka (F) - ego“g[-x (F)

Now that we have reduced to Gaussian functions only, we have non-negativity of both
Oga,gs (F') and éga g5 (F). This can be seen by the fundamental theorem of calculus and
the equality (3.13), which allow us to write Oy, g,(F) and Oy, 4, (F) in the same way as
we did with the form in (3.14). Therefore, by (3.12) once again,

O (F) < Zy gy 00 (F) = Zy g, 00 (F) < 221 gy S 1.

This finishes the proof of Lemma 11. O
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4 Proof of Proposition 6

Our aim is to reduce the proposition to Lemma 11 from the previous section. Let x and
w be the functions as in Section 3. Then @ equals 1 on {{ + 71 : (§,7n) € supp(P)}, so for
each (&,7) € R? we can write

B(&,m) = (&, )B(E +n)?,

similarly as in (3.2). Choosing the same substitution as in Section 3 and performing
the analogous steps from (3.2) to (3.4) with k; and [ being replaced by j, it remains to
estimate an analogous quantity to I'(F),

N
> | Fly,)F(x,2)F(y,y)F(x,y)
Do (2" — p, 3y’ — P)was (& — Q)was (y — q) dadydz’dy' dpdg.

Using the decay assumption on ¢ we obtain

/ 1B)(2' — pyyf — p)dp < / HL 4t — o)A+l — 2p) N
R R
St -+t =y )N

Estimating the right hand-side as in (3.8) by the superposition o defined in (3.7) and
proceeding as we did with (3.9), it then suffices to bound

N
> / P ) (e, a)E(y, ) F(2,) garw (2 = §) (Xaiei = Xasvinn) (@ — y) dwdyda’dy’
j=—N'R

uniformly in o, ¢ € (0,00) and for each fixed —2 < i < 3. Such an estimate follows from
the particular case of Lemma 11 when p = xqi+1 and k; = j.

5 Proof of Proposition 7

We would like to decompose the kernel of the form appearing on the left hand side of
(2.4) into elementary tensors analogous to those from Section 3. Then we could bound
this form by the Cauchy-Schwarz inequality and iterations of the telescoping identity and
positivity arguments. However, the multiplier support now intersects the axis n = —¢, so
a desired decomposition is not readily available.

To overcome this issue, the idea is to transfer to the multiplier with the symbol (5.8)
below, which is homogeneous, i.e. constant on the rays through the origin, symmetric

with respect to n = —¢, and smooth away from that axis. Since the form with a constant
multiplier is trivially bounded, we can then subtract the constant on n = —¢ from that
homogeneous multiplier. This leaves us with a function vanishing on n = —£ up to a

certain positive order. By a bi-parameter lacunary decomposition with respect to the
axes n = £ and 1 = —& we reduce to the consideration of certain angular regions to which
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the arguments from Section 3 may be applied. Due to the vanishing along n = —¢§ we are
able to sum over all such regions.

We can assume that 1 < A < 2, as the claim only becomes stronger as A decreases to
1. Recall that the form from Proposition 7 is associated with the kernel

N
v) 1= Z Dy (u,v).
J=—N

Let 6 be x — x2, so that gpartitions the unity as in (2.21). Then fo 2 is the same
constant for all 0 # 7 € R and up to that constant K (&, 7n) equals

/ R (& maltl(e.m)% = 0 KO((e,m) (5.1)

for all (£,1) # (0,0), where K() is defined via its Fourier transform as

KO(¢,n) = Kt~ (€n)0((E,n)))-

Observe that the support of K )(&,7m) lies in the intersection of the annulus 272 <
|(&,m)] < 1 with the quadruple cone 27¢ < |p/¢| < 29, which in turn is contained in
the Cartesian product

(-1, 271U 272 1))~ (5.2)

Let ¥ be such that 9 is a smooth nonnegative even function supported in [-2, —2710] U
[2710.2] and such that (£,7) — 9(£)Y(n) equals 1 on the set (5.2) and thus also on the

support of each K(t). Then

KO(¢,n) = KO n)d(€)d(n),

which implies

KO, v)= [ K®(a,b)d(u— a)d(v — b) dadb. (5.3)
R2

Using (5.1) and (5.3), the form from Proposition 7 can be rewritten as

/RZ/ K¢ ab)44F(x+uy)G(xy+ u)F(x +v,y)G(2,y + v)

Ut (u — ta)d¢(v — tb) dedydudv d— dadb. (5.4)

Observe that for x € S(R?) defined by 7(£,7) = §(|(§, n)|) we have
N
K(t)(a'ab) = Z / q)Zj/t(a_mvb_y)K/(x?y) d.%'dy
i JR?

and by the support conditions on ® and % the sum is taken only over —N < j7 < N that
also satisfy 277 < 27/t < 27. Thus, there are at most 14 non-zero summands for each
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fixed ¢ and 27/t ~ 1 holds for each of them. From the assumption (2.5) transformed into
(2.6) and the rapid decay of x it follows that

| KO (a,b)] S / (L+la—a)) M@+ b —y) V21 + |a -z —b+y)) r(z,y)| dedy
R2
Sx (L la) V24 )2 (1 Ja — b)) N

Taking absolute values in (5.4) and denoting

Hagsat)i= [ Flats5.9)G(y+ 5)ih(s — ta)ds,
R

we can now bound (5.4) by

0 dt
[ a2 2 ja =) [ a0 dody 5 dad
R2 0 R2

Next, we apply the Cauchy-Schwarz inequality in z,y and ¢, which gives

o 1/2
[aria=oPasla) ([ a0 )
R2 0 R2

t
o0 1/2
(1+|b|)‘A/2(/0 /Rzl(x,y,b,t)dedyait) dadb. (5.5

If we denote

1/2

J(a) = (1+ |a])_>‘/2(/OOO/RQ I(z,y,a,t)? dmdy%) ,

the expression (5.5) can be rewritten as

[ L+ a-ostaa s

Applying the Cauchy-Schwarz inequality in b we obtain

(/R (/R(H |a—b!)AJ(a)da)zdb)l/2</RJ(b)zdb>1/2. (5.6)

Note that the integral in a is the convolution of J with s + (1 4 |s|)™*. By Young’s
convolution inequality from L!(R) x L?(R) to L2(R), the expression (5.6) is bounded by
a constant multiple of

%0 dt
1712 gy < /(1+a2)_”2/ / I(z,y,a,t)* dzdy —da.
R 0o Jr2 t

Expanding I, this equals

/R(l + q2)H2 /OOO/R4 Fz4u,y)G(x,y+u)F(z+ v,y)G(z,y + v)

Ve(u — ta)d¢(v — ta) dmdydudv%da. (5.7)
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Observe that this form is associated with the multiplier symbol

d
Mg = [ B+ m) . (5.8)
where we have denoted
p(s) == (14 s%)™2, (5.9)

Note that the function p is even and hence M(§,n) = M(—n,—¢£). Moreover, M is
constant on any line through the origin and in particular M (&, —¢&) = M (1, —1) for any
0 # £ € R. Now we write

M(&n) = M(1,—1) + (M(&n) — M(1,-1))

and split the form (5.7) into the two corresponding parts. The part associated with the
constant multiplier yields M (1, —1) times

/ F(z +u,y)G(z,y + u)F(z +v,y)G(2, y + v)d(0,0)(u, v) dedydudv
R4

= /R4 F(x,y)zG(.fc,y)2dxdy < ||F||12_,4(R2)||G"i4(]1§2) =1,

where (g g) denotes the Dirac measure concentrated at the origin. Thus, our remaining
task is to estimate the form associated with the symbol My := M — M(1,—1).
For each (&,7) € R?\ {(&,7) : € =nor & = —n} we decompose

=35 Mo(€,mB@ITHE(E —0)B( (€ + ). (5.10)

k€Z jEZ

If we denote
¥)(€,m) == Mo (& m)B(2"(€ — n))B(E +n)

and

)i= > m®(gm) = Mo(g.m) (D 02" (€ — ) )A(e + ),

k>0 k>0

and split the summation in (5.10) over the regions k£ > 0 and k < 0, we obtain

=3 Y mP@(gn)=> m@En)+> > mP(IEn).

k€Z jeZ JEZ k<0 j€Z

Here we used that Mo(&,m) = Mo(27(€,71)) by homogeneity.
First we treat the form associated with the multiplier symbol

> m(27(&,m). (5.11)

JEL
Observe that m is compactly supported in the strip 272 < [€ +7| < 1. Moreover, we have
[, 0)| Sa (L [u+ o)) A1+ fu— o) 7% (5.12)
Indeed, this estimate can be seen by bounding the inverse Fourier transform of
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where we have set

o(&.m) = (20028 — ) )0lE + ).

k>0

Therefore, the inverse Fourier transform of (5.13) is nothing but
o dt
(u,v) — / / pla)di(u — ta)d (v — ta)?da
R JO

convolved with the Schwartz function gzvb and by the support localization of ¢ we may
assume that t ranges over a fixed bounded subinterval of (0,00). It remains to observe
that

‘/p(a)ﬁt(u—ta)ﬁt(v—m)da Soa (1+|u—v|)_2/p(a)(l+\u+v—2a!)_2)‘da
R R
Sa (L Ju— o)) (1 + Ju+ o))~

which in turn implies (5.12). Boundedness of the form associated with (5.11) now follows
from Proposition 6 applied with ® = m and by letting N — oo.
It remains to consider the form associated with the symbol

Yo > mP (@ (En). (5.14)

k<0 jEZ

Note that m(¥) is supported in the strip 272 < |¢ + 7| < 1 for each k. To estimate the
form associated with (5.14) it now suffices to show that for each k£ < 0 we have

Im®) (u, )| < 2FAD (14 Ju+0)) 72271 + 27Fju — v|) 2, (5.15)

with the implicit constant independent of k. Once we have that, boundedness of the form
associated with the symbol in (5.14) for a fixed k follows from Proposition 6 applied with

——

® = m(k) and by letting N — oo. In the end it remains to sum the geometric series:
2 k<0 20D 51

The estimate (5.15) will be deduced by integration by parts in the Fourier expansion
of m® once we verify the necessary symbol estimates. At this point we switch to the
frequency coordinates & —n and £ + 7, which are better suited for our problem. First, we
claim that for any 0 <n <2, |a| ~ 1, and 0 < |3] < 1 we have

0505 (Mo(e + 8,8 = )| Sx 1817, (0505 (Mo(ac+ 8,8 = )| Sx1B*. (5.16)
For now let us assume that the estimates in (5.16) hold. For 0 < n < 2 define
u" (0, B) = 0 (Mo(a + B, 3 — o))

and note that ™ (a,0) = 0. Therefore, for any |a| ~ 1,0 < [8| <1, and 0 < n < 2, the
first estimate in (5.16) implies

B
02 (Mo(a+ B, 8~ )| = | /0 O™ (o, )y | Sx 181 (5.17)
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The estimates (5.16) and (5.17) together imply that for any 0 <,n < 2 one has
|0501 (Mo(a+ 258,288 — 0)0(20)0(28)) | <x 26D,
which is by the homogeneity of My equivalent to
0501 (m™) (27 a + 8, 8 — 27%a)) | <y 2KAD, (5.18)
We proceed by verifying (5.15). Let us write
ug +on =27 (u—v)2" 1€ —n) + (u+0)27 (€ + 7).

Changing variables (a, ) = (2871(¢ —n),271(& + 1)) gives
m) () = [ mO (€ nyem et dedn
RQ

_ 2—l<:+1 m(k’)(Q—ka +8,8— 2—]90[)62m‘(2*’“(u—v)oc—&-(u-i—v)ﬁ)dadﬁ'
R2

If |u — v| < 2% and |u + v| < 1, then we bound
) (a,v)| £ 27 m® |l ey $a 270D 27,

which implies (5.15) in this case. Here we used (5.18) to control the L* norm and
observed

{(e, B) :mP(27%a + 8,8 —27Fa) £ 0} C (271, -2 U273, 271])2 (5.19)

Now assume that |u—wv| > 2¥ and |u+v| > 1. Integrating by parts we bound [m®)(u,v)|
by a constant multiple of

_k(2_k|u—v])_2|u+v]_2‘ /R2 8%62(m(k)(2_ka+5,ﬁ—Z_ka))eQWi(Tk(“_”)O‘H“”)mdadﬂ :

Together with (5.18) and (5.19) this shows (5.15) in the present case. If |u —v| > 2¥ and
|lu 4+ v| < 1, or vice versa, we simply combine the arguments from both of the discussed
cases.

It remains to show (5.16) and for that we need

PO S €772 18"(©)] Sa e (5.20)

for |£| < 1, where p is our very particular choice of function (5.9). The following formulae
that hold for £ > 0 can be found using [40] or [1]:

(&) = 2 2EPTVK |y 9(2m€) [T(N/2),
7€) = —4mtT2ENDRK o 0 (21€) /T(V/2),
p'(&) = 1+A/25A D2(2mEK (r—5)2(27E) — K(r—3)/2(27€)) /T(A/2),
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where K, is the modified Bessel function of the second kind, given for o ¢ Z and z > 0
by the series

Ka(2) = QJTW(Z)MQ) - E:On'l“(nia—kl)<2>+>

From this expansion we read off the asymptotic behaviors in a neighborhood of 0:

[Ka(2)] ~a 2™ [F O ~a €172 17O ~a 6172,

which establish (5.20). Alternatively, to obtain these estimates one could decompose p
into the Littlewood-Paley pieces and argue by scaling. Finally, differentiation of M (« +
B, 8 — a) using (5.20) and the product rule gives (5.16).

6 Ergodic averages, deriving Theorem 1 from Theorem 2

Take m € N and arbitrary positive integers ng < n; < --- < n,. For F,G € L*(R?)
1
denote A;(F,G) := A,V (F,G), so that

1
ARG ww) =7 [ Flats,)Glay+s)ds
[0,¢)

1

:/ Fu—y,y) G(z,u — z)du. (6.1)
t Jltyaty+o)

Applying Theorem 2 to the scales t; = n; and arbitrary functions F,G € L*(R?) normal-
ized as in (2.1) gives

Z ”Anj (F> G) - Anj—l(F7 G)H?}(Hp) S L. (6'2)
j=1

Now we transfer the obtained estimate from R? to Z?. Recall the definition (1.6) of
the averages A, and observe that they can be rewritten as

- o~ ~ 1 ~ ~
An(F,G)(k,1) = — > F(i—1,1)G(k,i— k). (6.3)
b <ih -1

Pick arbitrary F,G € ¢4(Z%) normalized by HﬁH%(Z?) = ||é”g4(z2) = 1. Define the
functions F,G: R? - R as

F(z,y) =Y F(i—1L,1) L1z + ) Ly (),
i,EZL

G(z,y) == Z é(/@i — k) L g1y () Loy (2 + ).
ikeZ

Note that F' and G are constant on certain skew parallelograms of area 1 and || F HL4(R2) =
|Gl ar2y = 1 as well. Splitting the integral (6.1) into the pieces over i <u < i+ 1 we
get

1 ~ ~/ .

An(F,G)(k+ o1+ 8) ==Y a; F(i — 1,1) G(k,i — k), (6.4)
n
€L
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for any k,l € Z, a, f € [0,1), where we have denoted

a; = |[i,i+1)Nk+I+a+Bk+1+a+B+n)

Observe that
a; =1 when k+14+2<i<k+Il+4+n-—1,

a; =0 wheni<k+l—1ore>k+1l4+n+2,
€ [0,1] otherwise.

Comparing (6.4) with (6.3) it immediately follows that

Au(F.G)(k+ ol + ) = (B Q)0 <~ S0 [F+i,0) Gl 1+3)],
i€{0,1,n,n+1}

3

so for any n € N we get

W

| An(F,G)(k + a,l + B) — A,(F,G) D, @) < 5

Observe that this estimate is uniform in «, 8 € [0,1). Consequently,

140, (F,G)(k + 0,14 B) = An,_((F,G)k+ a1+ Bz, (a2

~ 8
~|| A, (F,G) = An,_, (F,G)llg2(z2y| < —
n]_l
so, taking the L%([0,1)2) norm in («, B),
~ o~ = = ~ ~ 8
HA”j (F7 G) - Anj—l(F7 G)HLQ(RQ) - HATL] (F7 G) - Anj_1(F7G)H€2(Z2) < N1 .
-
Combining this with (6.2) and using Z] 11 2, <37 n2 < 1 we conclude

Z Hgnj (ﬁ7 é) - gnjfl(ﬁaé)ui(zz) S L.

If we multiply the right hand side by || F|2 ) IG|2 74(z2)» then by homogeneity the in-

equality remains to hold for arbitrary F G and this estabhshes Corollary 3.
Finally, we transfer to the measure-preserving system (X, F, i1, S, T). Let f,g € L*(X)
be normalized by || fll s(x) = l9llLs(x) = 1. Take a point 2 € X and fix a positive integer

N > ny,. The function F n: 7Z? — R defined by

~ SETly) if 0 < k1< 2N —1,
FIN(k:,l)::{f( ) if0<k 1<

0 otherwise
and analogously defined éx ~ keep track of the values of f and ¢ along the forward

trajectory of x. Observe that for integers 0 < k,l < N and 0 < n < N we have

n—1

My(f,9)(S*T'z) = % D AT ) g(SF T ) = Ay (Fen, Ga ) (K1),
=0
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where we used ST = T'S and the definition (1.6). The fact that S and T are measure-

preserving enables us to write
2
HM’H]' <f7g) - Mnj_1 (f7 g)”i2(){) = /){ ‘Mnj (f'}g)(x) - Mn]-—1(f7 g)(l’)‘ dlu(m)

NQ ; Z | Mo, (£, 9)(S*T'w) — My, (£, 9)(S*T'x) [*dp(x)
k,[=0

- N2/ HAn] :L‘N7 Q?N) A?’LJ 1(F$N7éq}N HZQ Zz)d (.73)

for each 1 < j < m. Similar computation as above gives

2N-1
1

1=l = gz [, O VST @) = 5 [ 1 lisgonydito).

k=0

Taking F= ﬁx,N, G= C~¥x7N in Corollary 3 gives
m " " " " " _ 9 " "
Z HAn] (Fx,N7 Gx,N) - Anj—1 (Fx,N7 G:L‘,N) “32(22) 5 ”FSU,NH;%‘*(ZZ) + ||Gx,N”;}4(ZQ)‘
Integrating this inequality in z over X and dividing by N? yields
m
D MM (£,9) = My (f,9)IF2x) S 1
=1
for any ng < nj < --- < ny. This completes the proof of Theorem 1.

7 Appendix

The following inequality (7.1) is taken from [21]; we reproduce a proof for the convenience
of the reader. An alternative inequality serving the same purpose appears in [31].

Lemma 12. Ifa: [2¢,2°71] — R is a continuously differentiable function, then

2
21<t0<81i1t)m<21+1 Z ‘a tg - a(t] 1)’ < Ha( )HL2 (21,2141 dt /1) Hta( )“L?((2i72i+1)’dt/t),
(7.1)
sup la(t;) — a(t; 1)]2 < ||t (t )H22 Do . (7.2)
20 <t <o Ly <201 jz j a LF((2¢,2¢41),dt/t)

Proof. To obtain (7.1) we first show that for any 2 < tg < --- < t,, < 2!*! and each
index 1 < 57 < m one has

la(t;) —altj—1)]* < laC Lz, t5).ae/0 1t Oz (1 t),0e0)- (7.3)
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It suffices to prove this under the assumptions that a is non-negative and absolutely
continuous. Indeed, in general we then split a = a4 — a— where a; = max(a,0) and
a— = —min(a,0). Note that ay, a— and satisfy the required properties and that

+ Oz 1,85),dt/0) < L2ty vty ey 1O O ) .are) < 00 Oz, o tp),1/0)
llay ()]l < la(®)|| llta’y ()] < lta’(2)||

and analogously for a_, a’_. Using the triangle inequality and applying (7.3) to a4 and
a_ we obtain the inequality for any real-valued absolutely continuous function a.
Let us assume that a is as claimed above. Then

dt ti dt
|(t])—a(t]1|2<‘atj )* —altj-1) }<‘/ ‘—’/ t'
tj—1

Applying the Cauchy-Schwarz inequality in ¢ we bound this up to a constant by
tj dt\1/2 tj dt\1/2
([ a@ )" ([ ermrd)”,
ti—1 t tj—1 ¢

which shows (7.3). Summing over j and applying the Cauchy-Schwarz inequality we
obtain

m m 1/2

;\a(tj)—a(tj 1 (2; B2, 1t) dt/t) (Z”t“ MLz, 1tj)dt/t))

j= =
< la(t )HL2 (21,2¢+1) dt /t) ||ta( )||Lf((2i,2i+1),dt/t)

for any 2¢ <ty < --- < tp, <2771 which establishes (7.1).
To see (7.2) we estimate

lalty) — alt; )2 = ‘/ dt 2 < (t _tj_l)/tjl(ta/(t)yf; < Qi/j (ta’(t))2%-

tj,1

The first inequality follows from the Cauchy-Schwarz inequality in ¢, while for the second
inequality we used the crude bound ¢; —¢;_1 < 2. Thus,

2i+1 2i+1

“ , L gd gd
3. lal) ey <2 [ ewrh < [ word,

which gives (7.2). O
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positive density subsets of
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On side lengths of corners in positive density subsets of the

Euclidean space

Polona Durcik, Vjekoslav Kovac, and Luka Rimanié¢

Abstract

We generalize a result by Cook, Magyar, and Pramanik [3] on three-term arith-
metic progressions in subsets of R? to corners in subsets of R? x R%. More precisely,
if 1 <p<oo,pz#2, and d is large enough, we show that an arbitrary measurable
set A C R? x R? of positive upper Banach density contains corners (z,y), (z + s,y),
(x,y + s) such that the ¢P-norm of the side s attains all sufficiently large real values.
Even though we closely follow the basic steps from [3], the proof diverges at the part
relying on harmonic analysis. We need to apply a higher-dimensional variant of a
multilinear estimate from [5], which we establish using the techniques from [5] and

[6].

1 Introduction

The upper Banach density of a set A C R? is defined as

_ \Am(azﬂo,N]d)}
0q4(A) =1
ald) =l sup = o N

where | - | denotes the d-dimensional Lebesgue measure, so that |z + [0, N]¢| = N<. If
d > 2 and 64(A) > 0, then there exists a sufficiently large A\g(A4) > 0 such that for any
real number A > A\g(A) the set A contains points x and x + s with ||s||,2 = A. This fact
was shown independently by Bourgain [2], Falconer and Marstrand [7], and Furstenberg,
Katznelson, and Weiss [9]. Here || - ||,z denotes the Euclidean norm. More generally, we

denote the ¢P-norm on R? by

d 1/p
(Z]s#’) for 1 <p < oo,
i=1

Jsllr = f
[max |si| or p = o0,
if s =(s1,...,54). It is another observation by Bourgain [2] that the same statement fails

if we replace the trivial pattern z, z 4+ s by a 3-term arithmetic progression

x, T+8, x+28.

2010 Mathematics Subject Classification. Primary 05D10; Secondary 11B30, 42B20.
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Indeed, the set A obtained as a union of the annuli n — 1/10 < |[z[% < n+1/10 as n
runs over the positive integers clearly has density 04(A) > 0, but if z,s € R? are such
that z, z + s, £ + 2s € A, then the parallelogram law

20l + sl|% + 2ls|% = = + 2s||% + [l«|Z

implies that n —2/5 < 2|[s||%, < n+ 2/5 for some integer n. Therefore, the (2-norms of
the common differences s of the 3-term progressions in A cannot attain values in the set

G(\/Em—?) \/512—2)
et 10 ’ 10 ’

which contains arbitrarily large numbers.

An interesting phenomenon occurs in large dimensions if one replaces the £?-norm by
other P-norms. A recent result by Cook, Magyar, and Pramanik [3] sheds new light on the
Fuclidean density theorems by establishing that a set of positive upper Banach density
still contains 3-term arithmetic progressions such that the fP-norms of their common
differences attain all sufficiently large values when 1 < p < oo and p # 2.

Theorem 1 (from [3]). For any p € (1,2)U(2,00) there exists d, > 2 such that for every
integer d > d, the following holds. For any measurable set A C R satisfying 64(A) > 0
one can find \o(A) > 0 having the property that for any real number A > \o(A), there
exist ¥, s € RY such that x, x + s, +2s € A and ||s|w = .

The authors of [3] place this result in the context of the Euclidean Ramsey theory
and demonstrate that it is sharp with regard to the exponent p. Indeed, measuring the
common differences in the ¢! or the £*°-norm allows for quite straightforward counterex-
amples. They only leave the optimal value of the dimension threshold d, as an open
problem.

The aim of this paper is a generalization of Theorem 1 to so-called corners, which are
patterns in R? x R? of the form

(z,9), (x+s,9), (z,y+5) (L.1)

for some z,y,s € R? s # 0. The fact that any subset of Z x Z of positive upper
density contains a corner was proved by Ajtai and Szemerédi [1], while the first “reason-
able” quantitative upper bounds (of the form n?/(loglogn)® with ¢ > 0) for subsets of
{1,...,n} x{1,...,n} without corners are due to Shkredov [17], [18].

We are interested in finding corners exhibiting all sufficiently large side lengths in
positive upper Banach density subsets of R? x R%. Here is the main result of this paper.

Theorem 2. For any p € (1,2) U (2,00) there exists d,, > 2 such that for every integer
d > d, the following holds. For any measurable set A C R? x R? satisfying 6oq(A) > 0
one can find \o(A) > 0 with the property that for any real number A > \o(A), there exist
z,y,5 € R? such that (x,y), (x + s,9), (x,y +s) € A and ||s||p = ).
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It is easy to see that Theorem 2 implies Theorem 1. One simply observes that if
A C R?% has 64(A) > 0, then the set A defined by

A:={(z,y) eRIxRY: y —z € A}

satisfies ggd(g) > 0. For this purpose it is convenient to change the coordinates on R x R?
to («/,y') = (z +y,y — 2)/Vv/2 and rotate the cubes [0, N]2¢ in the definition of daq(A),
possibly at the cost of losing a multiplicative constant. Moreover, any corner in A with
side s via the projection (x,y) — y — x gives rise to a 3-term arithmetic progression in A
with s as its common difference. The same argument also enables the use of the previously
mentioned counterexamples, which rule out the possibility of Theorem 2 holding for p = 1,
2, or oo.

We need to emphasize that our proof of Theorem 2 closely follows the outline of [3].
The most significant novelty appears in the harmonic analysis part of the proof, where
we need to prove an estimate for certain “entangled” singular multilinear forms, stated
as Theorem 3 below. For previous work on patterns in sufficiently dense subsets of the
Euclidean space we refer for instance to [2], [12], and [15]. Bourgain [2] has shown that
any set of positive upper Banach density in R¥ contains isometric copies of all sufficiently
large dilates of a fixed non-degenerate k-point (i.e. (k — 1)-dimensional) simplex; non-
degeneracy being essential there. Moreover, Lyall and Magyar [15] extended his result to
Cartesian products of two non-degenerate simplices. In particular, they are able to detect
patterns like (z,y), (x + s,y), (x,y +t) with ||s||2 = ||t||s2, which have more degrees of
freedom than the corners in definition (1.1), and as such are easier to handle.

We now turn to the analytical ingredients that will be needed in the proof of Theo-
rem 2. For 1 <p < oo let | - ||r» denote the Lebesgue LP-norm defined by

£l i= ([ pas)

and let LP(R%) be the corresponding Banach space of a.e.-classes of measurable functions
[ such that || f|lL» < co. Denote by 9% f := 97" - -- 95 f the partial derivative of a function
f:R? — C with respect to the multi-index x = (k1,...,Kq), the order of which will be
written |k| := k1 +- -+ k4. Finally, we use the notation fand f for the Fourier transform
and its inverse respectively, both initially defined for Schwartz functions f by (2.1) and
(2.2) below, and then extended to tempered distributions.

Theorem 3. Suppose that m € C*®(R??) satisfies the standard symbol estimates, i.e. for
any multi-index K there exists a constant Cy, € [0,00) such that

(@ m)(&,m)| < Call(&,m 2" (1.2)

for all (€,1) € RExRY, (&,1) # (0,0). Suppose also that the tempered distribution K = m
is equal to a bounded compactly supported function (denoted by the same letter). Then
for any real-valued F, G € LY(R??) we have the estimate

‘/(Rd)‘l F(z+u,y)G(x,y + u)F(z+v,y)G(z,y + v)K (u,v)dudvdzdy SC”FH?J‘HG”i‘“

with a constant C' € [0,00) depending only on the dimension d and the constants C.
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We will only need a particular case of the theorem when F' = G, but the given
formulation is more natural since the proof will perform different changes of variables in
F and G.

The singular integral form in Theorem 3 will appear by expanding out a certain
square function quantity; see the proof of Proposition 8 below. It is more singular than
the form used in [3] for the same purpose, so we cannot invoke any standard references
on modulation-invariant operators. In fact, boundedness of a related singular integral
operator, defined as

T(F,G)(x,y) := p.v. /R F(zx+u,y)G(z,y + u)d;u, (z,y) € R?, (1.3)

and called the triangular Hilbert transform, is currently an open problem; see [14] for the
partial results.

Only recently the techniques required for bounding the form in Theorem 3 were devel-
oped as byproducts of the papers [5] and [6], both of which are primarily concerned with
unrelated problems. Indeed, Theorem 3 can be viewed as a higher-dimensional variant of
an auxiliary estimate from [5], which established a norm-variation bound

sup Y[ AL (F.G) — Ay, (F.G)F2 < CIFIZNIGIE (1.4)

O<to<ty<-<tm =1

for two-dimensional bilinear averages
I 5
A(EG)(@y) = 5 | Fla+uy)Gla,y+u)du,  (z,y) € R
0

Inequality (1.4) in turn proved a quantitative result on the convergence of ergodic av-
erages with respect to two commuting transformations. Moreover, the paper [6] studied
multilinear analogs of (1.3), with a more modest goal of proving boundedness with con-
stants growing like (log(R/r))!~¢ as R/r — oo, where the integration variable u is now
restricted to intervals [—R, —r] and [r, R] for 0 < r < R. Interestingly, early instances of
the method used for solving these problems were devised for bounding significantly less
singular variants of the operator (1.3), such as

T(F,G)(z,y) = p.V./ F(z+u,y)G(z,y + v)K(u,v)dudv, (x,y) € R2:
RQ

see [4] and [13]. Roughly speaking, the mentioned technique can be described as follows.
Instead of decomposing the given operator and bounding its pieces, one rather performs a
structural induction and gradually symmetrizes it by repeated applications of the Cauchy-
Schwarz inequality and an integration by parts identity. Eventually, the operator in
question becomes so symmetric that a monotonicity argument applies, bounding it simply
by single-scale objects.

Finally, let us say a few words about the organization of this paper. In Section 2 we
give a detailed self-contained proof of Theorem 3. Unlike in [5], where the proof of a special
case was given, we do not need any finer control of the constant C here, and are able to
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make use of further ideas from [6]. Section 3 contains the predominantly combinatorial
part of the proof: we derive Theorem 2 from Theorem 3 by mimicking the steps from
[3]. Consequently, we frequently refer to [3] and only comment on the ingredients that
have to be altered. Finally, in Section 4 we discuss the current obstructions to extending
Theorem 1 to longer progressions and Theorem 2 to generalized corners.

2 The analytical part: Proof of Theorem 3

If A and B are two nonnegative quantities, then A <p B will denote the inequality
A < CB, with some finite constant C' depending on a set of parameters P. We will write
A ~p Bif both A <p B and B <p A hold. The standard inner product on R? will
be written (x,y) +— x -y, while the Euclidean norm || - ;2 will simply be denoted by
| - || in this section. Moreover, let S(R?) be the Schwartz space on R? and let i denote
the imaginary unit. We normalize the Fourier transform of a d-dimensional Schwartz
function f as in

fie)= [ r@eeitan, (21)

so that the inverse Fourier transform is given by the formula

)= | JEeTtde. (2:2)

Throughout this section we will use the following notation for the standard Gaussian
function on R? and its partial derivatives:

— |||
)

g(z) :=e
h'(z) := dig(z) fori=1,...,d.

Moreover, for a function f: R — C we will denote by f; its L'-normalized dilate by
t > 0, defined as

fe(x) =t~ 4f(t ). (2.3)
An important property of the Fourier transform is ﬁ({ ) = f(tf).

We begin by stating an “integration by parts” lemma, which will be used several
times in the proof of Theorem 3. Its one-dimensional variant can be found in [4] or [5],
but we prefer to give a self-contained proof. For real-valued functions 1, ¢ € S(R?) and
F € S(R??) we define the singular integral form

Ouotf) = [ [ P P Puy)

d
Yi(z — Q) i(y — q)pe (2" — p)ee(y' — p)dwdydw’dy'dde% (2.4)

Note that ©y ,(F) can be rewritten as
> / / 2 / / 10 dt
( B, 2 ) F(z,y ) (@ — Q)dfﬁ) (2’ —p)eu(y’ — p)dx'dy'dpdq—
0 (Rd)4 R4 t

) / Neoula! % dt
- /0 /(Rd)4 </Rd F(z,2")F(y,x")pi(2" — p)dx ) PYi(x — @)y — q)da:dydpqu,
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so that Oy ,(F) > 0 when ¢ > 0 or ¢ > 0.

Lemma 4. For any real-valued function F € S(R?*?) and any o, B > 0 we have the
estimate

Z@hl 96 ~ HFHL47
where the implicit constant is an absolute one, i.e. independent of «, 3, d, and F'.

Proof of Lemma 4. We claim that

d
> (Ons 4, (F) + @gmh%(F)) = 7||F||2.. (2.5)
=1

By the remark preceding the lemma, all terms on the left-hand side of (2.5) are nonneg-
ative. Therefore, (2.5) implies the inequalities

Z@hlgﬁ ) SIFIs, Zegahz ) S IIFIlga-

This establishes the claim of Lemma 4, up to the verification of (2.5).
To show the identity (2.5) we observe that by the fundamental theorem of calculus

d 0 2 2 dt > 2 2 dt
3 ( / (2ratey)e>mlowPe-2rlom P ALy / e=270t€1P (90 3. 22800 7)
0 0

i=1 t
oo
_ 71_/ ( —to, (6—27rHozt§H26—27r||5t77||2))% =7
0

for any £ = (51,...,/\&1) € R and n = (n1,...,mq) € R? such that (£,7) # (0,0). Using
G(&) = e ™IEI* and hi(¢) = 2mi&;g(€) this can be rewritten as

d 00 o) —
S ([ ROPGEmET + [ PRmET) =5 (20

i=1

Note that for real-valued Schwartz functions ¢ and v one has

/ PO |G Pl D gy
(R)?
} /(Rd)Q U(@ = ey — Qe — p)en(y’ — p)dpdy. (2.7)

Indeed, for a function p we denote p(s) := p(—s), so that the Fourier transform of p is
the complex conjugate of p. Equality (2.7) follows by noticing that its right-hand side
equals

(e * G (@ = y) (e x Bo) (@' — o),

which in turn transforms into the left-hand side using the Fourier inversion formula and
/\~ ~ 2
¢t*¢t |¢t| s ek Qr = |@r]”
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Now we multiply (2.6) by
F(x,a)F(x,y)F(y,2')F(y,y )&’ (-0 €+ =0)m)

and integrate in z,y, 2’, 3y and £, 7. Then we apply the inversion formula (2.7) twice, once
with (¢, ) = (h%,gs) and once with (¢, ) = (ga,h%), and recall the definition (2.4).
This gives

d
> (Ong g5 (F) + Oy, s (F)
i=1
= W/ F(z,a")F(z,y")F(y, &) F(y,y)d0.0)(x — y, &' — y)dedyda’dy’ = 7| F|| .
(RE)4
Here 69,0y denotes the Dirac measure concentrated at the origin and it is a well-known

fact that its Fourier transform is the function constantly equal to 1 on the whole space
RY x R O

Observe that for v > 0 and x € R% we have

(1 + Hx”)—u ~y, /loo 6—71',8*2||x||2ﬂ (2.8)

/81/—}—1 .

This formula is easily verified by continuity and considering the limiting behavior as
||z|| = oo, when the ratio of the two sides converges to

o B [® e 1 (v
lim e~ l2l/8)? (|| ”—/ e T " da = =Y (2) € (0, 00).
Jim (=185 = | 57 0(5) € (0,00)

It will be used in the proof of Theorem 3 to gradually reduce to forms in which all
bump functions are Gaussians or their derivatives. Gaussians possess several convenient
algebraic properties, such as positivity, elementary tensor structure, and the fact that
they relate differentiation to multiplication.

Proof of Theorem 3. By a density argument we can assume that F' and G are real-valued
Schwartz functions. Substituting

x/:$—i—y—|—u, y':x—i—y—l—v
and introducing the functions

F(a,b):=F(b—a,a), G(a,b):=G(a,b—a)

the form in question can be written as
/ F(y,2)G(@, ) F(y,y)G(x,y )(a’ —x —y,y —x —y)dedydd'dy’.  (2.9)
(R)4

We need to bound its absolute value by a constant times

IFIZlGIEs = IFIFaIGIIEs.
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Let us henceforth omit writing tildes on the functions in (2.9). We will say that the form
(2.9) is associated with the symbol m.

The first step is to decompose the kernel m into elementary tensors in the variables
x,y, 2,1y, which will allow for an application of the Cauchy-Schwarz inequality.

Let ¢ € S(R??) be a nonnegative radial function supported in the annulus {7 € R?? :
1 <||7]| < 2} and not identically equal to 0. The constants in any estimates that follow
are allowed to depend on ¢ without explicit mention. Then

24t

D= [ ot tm)leg e s g

is the same constant for each (£,n) # (0,0). Therefore, for each such pair (£,7) we can
write

2d
m(&n) = D~ / m(&,n) (e, tn)|| (€, tn)||2e~ Il tt'

Using the identity
1€ mII? = l1€ +nll* —2¢ - n (2.10)

we can split further

m =ml + m[Q],

where

o [T . dt
Mg m) =D 1/0 m W (t¢, tn)||t& + tn||%e ll(t&tmlI??

2 dt

Bl n) = —2D7! /O m®(tg, tn) (t€ - ty)e IS

and we have set
e, n) = m(t' &t n)d(E,m).

Now we separately study the forms associated with m!! and m/2.

First we consider m!!

. This is the easier term, as it vanishes on the plane £ +7n =0,
which brings useful cancellation to our form. The remaining part of the proof related to
ml! can be compared with Sections 3 and 4 in [5].

Define the functions ¢® and 9(4) via their Fourier transforms as

——

0 (&,m) == m" (g, n)e?,

—

IED(E,n) = O (&, ) (& +my)e2 mIEmIH)2,

Observe that by ||€ + 7|2 = Zle(fi +n;)? and (2.10) used in the exponent we have

m(e,n) = 12/ 19” t§tn . (2.11)
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By the Fourier inversion formula we can write
I~ —yy —x—y)

— /(Rd)2 o (€, tn) ((t&' 4 tm)e*Q‘lﬂllthnIIQ)262@((90’*%@/)-£+(y/f:vfy)-77)dgdn
1 “® iz ey’ n) (1d 2 oz (—E— (—f—
=33 - Spgt)(gm)e? (2"-&+y n)(hrwt(_f_n)) 2w (=E=n)+y (=€) ge g,
(2.12)

To pass from the second to the third line we have used Ez(g) = 27r]'1£ie_””5”2. Using the
definition of the Fourier transform, (2.12) can be, up to a constant, viewed as the integral
of the Fourier transform of the 4d-dimensional function

H(a,b,c,d) == o (&' + a,y + b)Yy o, (2 + )12,y + )
over a 2d-dimensional subspace of R*¢ parametrized by
{(&.n ~€—n~6—n):&neRT). (2.13)

The integral of the Fourier transform of H over the above mentioned subspace equals the
integral of the function H itself over the orthogonal complement of this subspace. This
fact can be found for instance in [16], and it is easily verified by performing an orthogonal
change of variables, which rotates the two subspaces onto 2d-dimensional coordinate
planes in R?? x R2¢. The orthogonal complement of (2.13) can be parametrized by

{(-p—a,—p—a,—p,—q) : p,q € R'}.
Therefore, (2.12) is a constant multiple of

/(‘Rd)2 ‘Pgt)(x’ —p—q,y —p— q)hé_l/Qt(x — p)hé—l/zt(y — q)dpdg.

Combining this with the decomposition of m!! given in (2.11), we see that the form

associated with m!Y can be, up to a constant, recognized as

d e | |
Z/O /(Rd)6F(y, 2)G(z, 2 ) F(y,y)G(, y’)h;—uzt(iﬂ —p)hl e, (y — Q)
=1

oD —p—qy —p— Q)dl‘dydfﬁ’dy’dpdq% (2.14)

Note that vanishing of the multiplier on £ + 7 = 0 is crucial for the cancellation in z and
y on the spatial side.

Now we are ready to proceed with an application of the Cauchy-Schwarz inequality.
We separate the functions in (2.14) with respect to the variables z,y and rewrite (2.14)

as
Z/O /(Rd)4 ( RdF(y,w’)F(y,y’)hg_l/zt(y - q)dy) (/Rd G(z,2")G(x,y Yoy, (2 —p)dx)
=1
dt
o (@ —p—ay —p— q)dz'dy'dpdq—.
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Then we apply the Cauchy-Schwarz inequality in 2’,vy',p,q,t and in ¢, after which it
remains to bound

d o
Z/ / (/ F(y,a')F(y,y )l 1o, (y — Q)dy>2|¢§t)($/ —py —p)\dw’dy’dpdq%
— Jo (Rd)4 Rd
(2.15)
and an analogous term involving the function G, which we omit. Note that we changed
the variable p to p — ¢ while simplifying (2.15). The next step is to reduce to Gaussians
using the formula (2.8). We have

o™ (u, 0)| Sac (1 + I, 0) )72

a2z 4B > dp
Nd/l el 2 _/1 g5 ()95 (0) 55 (2.16)

The first estimate above can be verified integrating by parts in the Fourier expansion

of ®. It holds uniformly in ¢ > 0, with the implicit constant depending only on d
and the constants C,, appearing in (1.2). The second estimate above is simply (2.8) for
r = (u,v) € R?*? and v = 2d + 1. Substituting (2.16) into (2.15) and expanding out the
square dominates (2.15) by a constant multiple of

/z (P

where a = 27'/2 and we recall the definition (2.4). By Lemma 4, the last display is
bounded by a constant multiple of

/1 17145 = Il

which concludes the proof of boundedness of the form associated with m!l.

It remains to consider the form associated with the multiplier symbol m, which does
not vanish on £ + 7 = 0. This part of the proof can be compared with Section 5 in [5]. In
the one-dimensional case [5], the multiplier was symmetrized to become constant on the
axis € + 71 = 0. Then that constant was subtracted from the multiplier and a lacunary
decomposition with respect to the critical axis was performed. In the present higher-
dimensional setting we also reduce the problem to parts vanishing on the problematic
plane £ + 1 = 0. However, working with Gaussians allows us to do that by using several
related algebraic identities.

Applying the Fourier inversion formula to m® and using ||(&,7)]?> = ||€]|> + |[7]|? in
the exponent we can write

(§ 77 — 9D~ / / u ’U tf tn) f7rHt£||26727r1'1u-t§ef7rHtr]||26727rﬂv-t17%dudv.
]Rd

Using € - = Zle &n; and taking the inverse Fourier transform of

é—‘e—7r||t§||2—27r1'1u~t§ —7|[tn||2—2miv-tn
i )

and ne
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we see that the form associated with m[? can be, up to a constant, recognized as

d 0
> / / m® (u, v) / Fy,2)G(z,2")F(y,y/)G (z,y)
i—1” RH2J0 (R)4

; ; dt
hy(x' —z—y—tu)hi(y —z—y— tv)dwdydw'dy'?dudv. (2.17)

Now we would like to reduce the parameters v and v to only one parameter, which
gives more symmetry. For this we first write (2.17) as

d o ‘
Z/ / m® (u,v) / ( F(y, 2" )G(z, 2 hy(a' —x —y — tu)dw')
i1 (]Rd)2 0 (Rd)2 Rd

( / F(y,y" )G,y )hi(y —x —y - tv)dy')dmdy%dudv.
Rd

Then we use v
|m® (u,0)| Sac @+ [lul)~ 1L+ [of)~ 4,

which can be deduced analogously to the first estimate in (2.16), and apply the Cauchy-
Schwarz inequality in z,y, and ¢t. This yields

> (Lo ([ ([ roanee

i=1
. 2 A
hy(x —x—y— tu)dx') dxdy?) du) .

Indeed, note that after application of the Cauchy-Schwarz inequality the integrals in u
and v have separated and they are equal. By another application of the Cauchy-Schwarz
inequality, this time in u, we obtain

(/ <1+\|u||>d1du)§d;( Laswrs [~ [ (], s

1=

Ly / 2 dt
hi(z' —z —y — tu)dx ) dxddeu . (2.18)

We evaluate the first integral in u and dominate (1 + ||u||)™*~! in the second integral
using (2.8), analogously to the domination in (2.16). Expanding the square in (2.18), it
then remains to bound

/100 zd; /Rd gl /ooo /(Rd)4 F(y,a')G(z,')F(y,y )G, y)
dt da

hi(z) —x —y—twhi(y —z —y— tu)d:zdyda:/dy’du7ﬁ. (2.19)

Note that it suffices to consider the expression in (2.19) for each fixed a and obtain
estimates that are uniform in o > 1. Taking the Fourier transform of

d | |
> [ atwohita —whio )i
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in variable (a,b) gives a constant multiple of

(€ - tn)efﬂll(tévtn)IIQe*ﬂllat&athQ‘
Therefore, the form (2.19) for a fixed « is, up to a constant, associated with the symbol

/ "t - ty)eIeE )P ~rlateratnl? % , (2.20)
0

Now that we have symmetrized the multiplier in v and v, we go backwards: we again
use the identity (2.10) and write twice the expression in (2.20) as

/ te + ty[2e—eEen) fwnatgmnn”i’f (2.21)
0
= 2 —ml||(t&tn)||% ,— t+t||2dt
_/ | (t€, tn)| e || (&,tn)[|* o =l até+atn - (2.22)
0

The term (2.21) is easier to handle, and can be treated similarly as (2.11). Indeed,
note that (2.21) can be further rewritten as

d
a2 Z /OO ol )12 ((at&' + at??i)e_flﬂnat&atn'lz)2%' (2.23)
=170

Performing the steps analogous to (2.11)-(2.14) and observing a2 < 1, since we only
consider o > 1, it suffices to bound

Z/ Rd)fiF b )G( /)F(y, y')G(x, y/)hfxt(fv - p)hfxt(y -q)

dt
Gor/2,(2" — D — @) go1/2,(y —p — Q)dxdydx’dy’ddeT (2.24)

uniformly in the parameter a. Separating the functions with respect to the variables z,y
and applying the Cauchy-Schwarz inequality analogously to (2.15), we estimate the last
display by

/2, & /
(ZGhQ,gB N (X010, (@) " SIFIRIGI

where 8 = 21/2 and the last inequality follows from Lemma 4.

It remains to consider the second term (2.22). Here we first use an integration by
parts identity to transfer to a multiplier vanishing on the critical plane £ +7n = 0. By the
fundamental theorem of calculus we have

2 8

2t /OOO Il (t€, tn)HZe—TrH(t&tn)H?e—WllatHatnl g (2.25)
& 2 2dt
+27T/0 e~ NI | ot + ot loteFetnl — (2.26)
o 2 2.\ dt
_ / ( — toy (e=lE I =rlote ot )>? 1
0
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for (£,m) # (0,0). Since (2.22) is up to a constant equal to the term in (2.25), and the
form associated with the constant symbol 1 is trivially bounded, it remains to consider
the form associated with (2.26). Note that it is analogous to (2.21), up to scaling in a.
Expanding ||até + atn||? as in (2.23) and performing the steps analogous to (2.11)-
(2.14) we again arrive at the form (2.24), which is bounded by the preceeding discussion.
This finishes the proof. O

3 The combinatorial part: Proof of Theorem 2

As mentioned in the introduction, our strategy of proof closely follows that in [3]. In our
presentation we try to find a compromise between elaborating the key steps and avoiding
repetition.

For a fixed 1 < p < oo the authors of [3] start by defining a measure supported on
Sy = {s € R?: ||s||pr = A} that detects the correct size (of common differences or sides)
in the fP-norm. More precisely, for each A > 0 we define o) formally via the oscillatory
integral

o (s) = AP / e2mitlslfs =37) gy
R

which turns out to be a measure that is mutually absolutely continuous with respect to
the surface measure on Sy. The form

Napy= [ [ S s spsy s o)y

counts corners with respect to this measure. The main idea is to approximate N, (f) by
a more convenient and smoother integral, defined using an appropriate Schwartz cutoff
function, at which point we will be able to count the number of corners using a result
from additive combinatorics.

Let ¢: R — [0,1] be a Schwartz function such that 12 is nonnegative and compactly
supported, ¥(0) = 1, and J(l) > 0. All constants in any estimates that follow are allowed
to depend on 1 and this dependence will be suppressed from the notation.

For £, A > 0 define a function wy: R? — C that approximates the measure oy by

wi(s) = )\dﬂ”/

. 62““(”5”51’*)‘p)w(gx\pt)dt = /\*des*lzZ(a*l (1- H)\*lsHng)).

It is a nonnegative, bounded, and compactly supported function (by our assumptions on

). Note that
wi(s) = A (A1),

so the notation is still consistent with (2.3) from the previous section. Moreover, in [3] it
is shown that

/Rd wi(s)ds = 61(5)/ wi(s)ds, (3.1)

Rd
where
61(6) ~p.d 1, (3.2)
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for 0 < e < 1/100d. Define
M) o= [ )t s+ s ()dsdsdy.

The first goal is to prove that ./\/l}\( f) is large provided that the function 0 < f <1 is
dense.

Proposition 5. For any 1 < p < 0o, any positive integer d, any 0 < § < 1, and any A
and N satisfying 0 < X\ < N the following holds. If f: R x R? — [0,1] is a measurable
function supported in [0, N]¢ x [0, N]% and such that f[o N]2d f>0N?? then

MA(f) Zpas N2

When proving Proposition 5, we borrow the following idea from [3]. In that paper the
authors cut R? into boxes that can be thought of as scaled images of [0,1]¢. On each of
these boxes one then uses Roth’s theorem for compact abelian groups [2], the underlying
group being the d-dimensional torus T¢. We prove a similar result regarding corners in
the unit box [0, 1]¢ x [0,1]¢, which is equivalent to the same statement on T% x T¢.

Lemma 6. Let 0 < § < 1 and let f: R?x R? — [0, 1] be a measurable function supported
in [0,1]% x [0,1]% and such that f[o jj2a f = 0. Then

/([0 o f@,y)f(x+s,9) f(@,y + s)dsdrdy Za5 1.

Even though this lemma could be considered a quantitative variant of the well-known
corners theorem [1], we could not find the exact reference to the corners theorem on
compact abelian groups in the literature, so we deduce Lemma 6 from its more familiar

finitary formulation using the averaging trick of Varnavides [20)].

Proof of Lemma 6. Suppose that a positive integer n is large enough so that each subset
S C {0,1,...,n — 1}? of cardinality at least (§/8)n? must contain a corner. Such n
certainly exists by the result of Ajtai and Szemerédi [1], and by the theorem of Shkredov
[18] we even know that it is sufficient to take any n > exp(exp(8/6)¢) for some absolute
constant c.

First, we note that the set

A= {(x,y) € [0, 1) x [0,1)7: f(a,y) > g}

has measure at least §/2 and that f > (§/2)1 4, where 14 denotes the indicator function
of A. Therefore, it is enough to show

/([0 s Ta(x,y)la(x +s,y)1a(z,y + s)dsdrdy 245 1. (3.3)

Take e = §/16d and observe

n—1
1 5 5
- ' ' > — € > Z _4de = =
][ <n2 ‘;0 L(u+it,v —i—ji))dtdudv >|AN[e, 1 — € > 5 Ade n
(0,e/n]%x ([0,1—¢]4)2 L=
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where f denotes the average value of the function on the given set. Defining
1= 5
T:= {(t,u,v) € (0,¢/n)" x [0,1 = x [0,1 = = > Ta(u+it,v+jt) > g},
=0
from the previous estimate we get
b /eNd
T>7<7> 1— )2 2,51 3.4
112 5 () 1= 0 2as (34)
For each triple (¢,u,v) € T we consider the set
Biuy={(1,j) €{0,1,...,n —1}*: (u+it,v + jt) € A}.

Since By, contains at least (§/8)n? elements, by the choice of n we conclude that By,
must contain a corner (i,7), (i + k,j), (¢,j + k), which can be rewritten as

> La(u+it,v 4 jt)La(u + it + kt,v + jt)1a(u + it,v + jt + kt) > 1.
i,j,ke{0,1,....n—1}

k>1, it+k,j+k<n—1
Integrating this over (t,u,v) € T, using (3.4), and changing variables to
r=u+it, y=v+jt, s=kt
we obtain
1
>
i,5,k€{0,1,....n—1}
k>1, itk,j+k<n-—1

/ La(@,9) La(a+s,9)La(w,y-+s)dsdady 2a5 1. (3.5)
[0,ke/n]@x([0,1]4)2

It remains to observe that the left-hand side of (3.5) is at most n® times the left-hand
side of (3.3), recalling that n can be taken to be a function depending only on 9. O

Proof of Proposition 5. It is straightforward to adapt the proof of the analogous propo-
sition from [3] in the language of corners, replacing Roth’s theorem on compact abelian
groups [2] with Lemma 6. O

Our next aim is to prove that Ay and M5 are in some sense close to each other.

Proposition 7. For any p € (1,2) U (2,00) there exists v, > 0 such that for any positive
integer d, any 0 < e < 1, and any A and N satisfying 0 < X\ < N the following holds. If
f:RYx R? — [~1,1] is a measurable function supported in [0, N]? x [0, N]?, then

INA(S) = M) Spa e T INZ

The proof of this proposition uses uniformity norms or the U¥-norms, which Gowers
introduced in his work on Szemerédi’s theorem on the integers [10],[11]. For a measurable
function f: R? — C we define the Gowers uniformity norm on R% of degree k by

”f”%kk = / Ap, -+ Ay, f(x)dzdhy - - - dhy,
(Rd)k+l

where Ay, f(z) := f(z)f(x 4+ h). A linear change of variables immediately yields
e 1 (3.6)
for all £ > 0.
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Proof of Proposition 7. By a density argument we can assume that f is continuous.

From the discussion preceding the proof we know how ||w] — w5||ys is defined for
0 < n < e. The authors of [3] also give a meaning to ||oy — w5|ys by interpreting it as
the limit lim, g+ [|w) — w§||ys, which is justified by the facts that (w}),>o is a Cauchy
net in the U-norm and that it converges vaguely to oy as n — 0F. Moreover, in [3] it is
shown that for any 1 < p < oo, p # 2 there exists a constant 7, > 0 such that for each
integer d, any 0 < € < 1, and any A > 0 one has

lox — willgs Spa A2 (3.7)

Indeed, it suffices to work out the case A = 1 and the general result follows from the
scaling identity (3.6).

On the other hand, by applying the Cauchy-Schwarz inequality three times, for an
arbitrary measurable function g: R¢ — R supported in a constant dilate of the cube
[\, A]¢ one obtains

| o S0 801yt S)g(s)dsdady] S NN gl

the so-called generalized von Neumann’s theorem, this time for corners. Setting g =
w{ — w§ and letting n — 07 we get

M) = MRS NXY2 oy = wils- (38)
It remains to combine (3.7) and (3.8) and the claim follows. O

As the final step, we use Theorem 3 to connect M}(f) and M5(f), where A goes
through a sequence of scalars. Motivated by [3], we define

kS (s) = wi(s) — c1(e)wa(s),
which is consistent with the notation (2.3), and also set
ENf) == MA(F) = (&) MA(),
where ¢ (¢) is the constant from (3.1). We prove the following result.

Proposition 8. Let 0 < € < 1, and let d and J be positive integers. Suppose that
Al < Ay < -0 < Ay are positive numbers such that )\j+1//\j >2 foreach1 <j<J-—1.
If f: RY x R? = [~1,1] is a measurable function supported in [0, N]? x [0, N]%, then

J
> IES (NP Sae N (3.9)
j=1
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Proof of Proposition 8. Using the definition of £5(f) and applying the Cauchy-Schwarz
inequality we estimate:

J , J 2
;|5/\j(f)| S; </(Rd)2 f(x,y)’/Rd f(m+s,y)f(ac,y+3)k/\j(3)ds‘dxdy>

J
2
<IBY [ ([ gt sfey+ s, (s)ds) dody
j:1 (Rd)2 Rd
= 1R [, S 00T+ 0T )+ 0K ) dudvdady
where we have written K (u,v) := ijl kS, (u)kf\J (v). Tt was verified in [3] that m = K

satisfies the symbol estimates (1.2) with the constants Cy, depending only on «, d, and e.
Therefore, Theorem 3 can be applied and yields

J
S IEL (P Sace If1RlIFIIEs < N4 0
j=1

We now deduce Theorem 2 from Propositions 5, 7, and 8.

Proof of Theorem 2. We argue by contradiction. Recall the constant 7, from Proposi-
tion 7. If Theorem 2 does not hold, then for some 1 < p < 0o, p # 2 and some d > 1/,
there exists a measurable set A C R?? with §94(A) > 0 such that the side lengths of corners
in A, measured in the fP-norm, avoid values from some positive sequence ()\j);-”;l converg-
ing to +00. We can sparsify this sequence if necessary, so that it satisfies A\j11/A; > 2
for each index j. Fix any positive integer J. It will be enough to consider finitely many
scales A\; < --- < AjJ.

By the definition of upper Banach density, for any fixed 0 < § < 24(A), there exists
a number N > \; for which there is zy € R?? such that |A N (zy + [0, N]?9)| > SN2
If we denote Ay := (—xyx + A) N[0, N]??, then Ay is a measurable subset of [0, N]
with measure at least I N2 such that the side length of any corner inside Ay avoids the
values A1,..., ;. The latter property immediately implies that N, A (Lay) = 0 for each
1<j<J.

Let us apply the three auxiliary propositions with f = 1,4, , recalling that this is the

dyp—1

indicator function of Ay. Note that lim__,g+ € = 0 by our choice of d. Therefore, if

e > 0 is taken small enough (depending on p,d,d), then (3.2) and Propositions 5 and 7
give

1E5, (D] = c1(e) M3, (f) = INa, (f) = M5, ()] Zpas N>
Consequently,

J
D IE (NP Zpas JNY. (3.10)
=1

Combining (3.9) and (3.10), and dividing by N?, we conclude that .J Sp.dse 1. Recalling
that J could have been taken arbitrarily large we arrive at the contradiction. O
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It is worth observing that a variant of the bound (3.9) with a constant o(J) on the
right-hand side would have been sufficient. It is plausible that such a bound could be easier
to establish than the uniform estimates in Theorem 3 and Proposition 8. However, the
scales A\; < --- < Ay in such a bound must comprise an arbitrary lacunary sequence. For
instance, obtaining a o(J) estimate for consecutive dyadic scales A\; = 27 is considerably
easier; compare with the closing remarks in the next section.

4 Remarks on possible generalizations

It is natural to ask if the generalization of Theorem 1 holds for k-term arithmetic pro-
gressions in R?,
x, c+s, x+2s, ..., v+ (k—1)s,

and if Theorem 2 extends to the generalized k-element corners in (R?)*~1,
(331,1’2, L) l‘k—l)) (1)1+S,$2, s 7‘Tk—1)7 (Q:la T2+S,. .. 733}(3—1)7 sy (1:17'1"27 s 7$/€—1+8)'

The result that any positive upper density subset of Z*~1 has to contain a nontrivial k-
element corner is popularly known as the multidimensional Szemerédi theorem and was
first shown by Furstenberg and Katznelson [8].

The following proposition is a straightforward generalization of the aforementioned
counterexample of Bourgain. It prohibits p from taking any integer value less than k.

Proposition 9. Let d, k,p be positive integers such that p < k — 1. There exists a
measurable set A C R% of positive upper Banach density such that no Ao > 0 satisfies the
property that for each A > A\g one can find a k-term arithmetic progression ¢, x + s, ...,
x+ (k—1)s in A with ||s|[w = .

Proof of Proposition 9. Take x = (x1,...,24) and s = (s1,...,54) in R? such that = + js

has nonnegative coordinates for j = 0,...,p and observe the identity
P e
177 (1)l + s, = sl (@)
j=0

It is a direct consequence of the scalar identity

p — _
Z(—l)p_j<?>(a+jﬁ)l: {0 for I =0,1,....,p—1,

=0 p!gP  for | = p,

applied with l = p, a = x;, 8 = s;, 9 = 1,...,d, which in turn can be easily established
by induction on p.
Led by the example for three-term progressions, we define

9]
A= J{zel0.00) sn 277 < flallfy <n 27777 (4.2)
n=1

As before, the set A is made up of parts of spherical shells, but this time with respect to
the fP-norm. It is easy to see that it still satisfies 54(A) > 0.
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Suppose that z, s € R? are such that = + js € Afor j =0,1,...,k — 1. We only need
to consider the first p + 1 terms of this progression. By construction, |z + js||}, differs
from some positive integer n; by at most 27772, From (4.1) we see that p!|s|/?, differs
from the integer ?zo(—l)p_j (?)nj by at most

p P

p . P\ e 1
N IERFNANED S (A ERSS
o \J —o
j= j=
Consequently, ||s||¢ cannot attain values in the set

[j <<47;p!3>1/p7 <47:lp!1>1/p>7 (4.3)

which is unbounded from above. O

Example (4.2) from the previous proof also leads to a counterexample for generalized
corners, by considering

A= {(z1,29,...,2p-1) € R ay + 2004+ (k—Dap_y € A}

Once agairl, this set has 5(k,1)d(A) > 0, but the P-norm of the side s of each k-element
corner in A cannot belong to the set (4.3).

There is still a chance that Theorems 1 and 2 generalize to kK > 4 and any 1 < p < 00
other than 1,2,...,k — 1, and co. However, the corresponding analogs of Theorem 3
would involve operators of complexity similar as to the so-called multilinear and simplex
Hilbert transforms (see [14],[19],[21]), for which no LP-boundedness results are known
at the time of writing. An encouraging sign is that the papers [19] and [21] establish
estimates for the truncations of these operators with constants o(J) in the number of
consecutive dyadic scales J, while [6] improves this bound to J!~¢ for some ¢ > 0. As
one needs to consider arbitrary (and not only consecutive dyadic) scales for the intended
application, we believe that generalizations to large values of k are still out of reach of
the currently available techniques.
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Power-type cancellation for the simplex Hilbert transform

Polona Durcik, Vjekoslav Kovac, and Christoph Thiele

Abstract

We prove L? bounds for the truncated simplex Hilbert transform which grow with
a power less than one of the truncation range in the logarithmic scale.

1 Introduction

The simplex Hilbert transform of degree n > 1 is given by

n
1
A, i=pov. Fi(xo,. ., Xi—1,Tit1,-- . Tp)——dxg .. .dT,.
n P /Rnﬂg) z(o i—1> Ti41 n)xo+---+:cn 0 n
It is a multilinear form in the n + 1 functions Fy, ..., I}, which for simplicity we assume

to be in the Schwartz class. If n = 1, then the simplex Hilbert transform is the form
obtained by dualization of the classical Hilbert transform. The case n = 2 was called
the triangular Hilbert transform in [4]. A major open problem is whether for n > 2 the
simplex Hilbert transform satisfies any LP bounds of the type

n
Anl < CTTIEp,-
i=0
Partial progress in the case n = 2 was made in [4] for a dyadic model and under the
additional assumption that one of the functions F; takes certain special forms.
The papers [5] and [6] initiated the study of growth of the bounds for the truncated
simplex Hilbert transform

n

1
An,T,R = / HE(:L'(), ey Li—1, Lj41y - - - ,a:n)—dxo cee dl‘n
TS‘I0+---+:E»,L|§R i=0 Zo + -+ Tn
for some truncation parameters 0 < r < R. The trivial estimate
R n
[Anrrl < 2(1og ") [ 171 (1.1)
=

with Banach space exponents 1 < p; < oo satisfying the Holder scaling > 7" (1/p; = 1
follows by substituting xg = —x1 — - - - — Ty, applying Holder’s inequality in x1, ..., zx,
and integrating in x. Alternatively, if one is careless about the actual constant 2, one
can simply break the kernel into about log(R/r) many scales and estimate each scale
separately.
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Using techniques from additive combinatorics, Zorin-Kranich [6] improved this bound
to o(log(R/r)) when R/r — oo in the open range 1 < p; < oo with the Holder scaling. A
special case of this result was shown before by Tao [5].

The main result of this paper is the following bound.

Theorem 1. There ezists a finite constant C' depending only on n such that for any
Schwartz functions Fy, ..., Fy, on R" and any 0 < r < R we have

127t

R n
Al <C(1og =) [Follan [TIFllnesor. (1.2)
" i=1

By interpolation of (1.2) with (1.1) we obtain the following corollary.

Corollary 2. Let 1 < pg,...,pn < 00 and 1/py+ -+-+ 1/p, = 1. There exist a finite
constant C and a number € > 0, both depending only on n and py, ..., pn, such that for
any Schwartz functions Fy, ..., F, on R" and any 0 < r < R we have

R\1—e¢ n
Al < C(1og =) T I
1=0

In particular, this strengthens the results from [5] and [6]. The special case n = 2 was
commented on in [2], where it followed from boundedness of a certain square function. A
modification of our arguments could yield bounds for a simplex transform associated with
more general Calderén-Zygmund kernels on R replacing K (t) = 1/t, but we do not aim
for that kind of generality here. The reader can also consult [4] and [6] for the ways of
encoding various lower-dimensional or less singular operators into A, so that Corollary 2
gives nontrivial estimates for the truncations of these operators too, even though some
of them are already known to be (uniformly) bounded.

The proof of Theorem 1 is a special case of a more general estimate in Lemma 3 on
auxiliary forms involving an additional parameter 1 < k& < n, which is in turn proved
by induction on that parameter. The induction uses higher-dimensional analogues of
the arguments in [1], [2], and [3], i.e. intertwined applications of the Cauchy-Schwarz
inequality (2.8) and an integration by parts identity (2.15). The base case is closely
related to the quadrilinear forms studied in [1] and [3].

In Section 4 we discuss a dyadic version of Theorem 1.

2 Proof of Theorem 1

We fix an integer n > 2 and numbers 0 < r < R. One can suppose that log(R/r) > 1,
since otherwise (1.2) is even weaker than (1.1). We also fix Schwartz functions Fp, ..., F,
as in Theorem 1. It is enough to work with real-valued functions, since complex-valued
functions may be split into their real and imaginary parts. By homogeneity we may
assume that the functions are normalized as

[Follzn = [[F1llzn = [[F2llon-1 = - - = [[ [l = 1. (2.1)
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Next, we pass from rough to smooth truncations of the simplex Hilbert transform.
Let us write
Vg g\ [—rr) (%) — (g(x/R) — g(x/r))  L_yy(x/R) —g(xz/R) 1_yy(x/r) —g(z/r)

QO(I') = T = T - T ’

—7TIL‘2

where ¢ is the Gaussian function g(x) := e . Note that ¢ is integrable uniformly in

the truncation parameters 0 < r» < R and that the bound

n n
‘/R HHFi(xo,...,xi_l,x,;H,...,wn)gp(:ro—l—---—i—xn)dxo...dxn < H(PHlHFOHQnHHEH2n—i+1

i=1
follows from the change of variables x9 = ¢ — 1 — - -+ — x,, and Holder’s inequality in
Z1,...,ZTn. Therefore, in order to prove Theorem 1 it suffices to prove the estimate for
the kernel

T

g(z/R) —g(z/r) _ _/Rt2g/(t1x)dt.

That is, it suffices to obtain, in lieu of (1.2),

R n
‘/ / HFi(an-w7xi—1a$i+l,-~7$n)
? 1
r R
1_277l+1

dt R
hi(xo+ -+ xp)dzg . .. dm”?‘ < C’(log ?) , (2.2)

where h is the derivative of g, and we use subscripts to denote L!-normalized dilates of
functions:

hy(z) ==t th(t™ ).

For the inductive statement we need to define further expressions. For 0 < k < n we

define F* as a function of variables xo, ..., Zn, x8, 33(1), o2zl € R by
k
k . k+1 n
F .—H H Fi(xo,...,xi_1,$i+1,.. xk,xkﬂ,...,xfl ) (23)

=0 (Tk+17"'7rn)€{0’1}n_k

Note that F* does not depend on xj41,...,x, and zd, g, . . xk,:):k Each factor F; in
the product has the property that for each k+1 < j < n it is mdependent of precisely one
of the variables :c? or le If n = 3, the structure of F* for k = 3, 2, and 1 is illustrated in
Figures 1-3 in the next section. The set {0,...,k} x {0,1}"7* is viewed as set of vertices
of a polytope in R™. To each hyper-face of the polytope we associate a variable and to
each vertex a function Fj of the adjacent n variables. In the cases k = 0 and k = 1,
the polytope is an n-dimensional cube, while for £k = n the polytope is an n-dimensional
simplex.
For 2 <k <nanda,aqa,... ) we define

Y B AT I
Rn—k+1 JR2n—2k JREK

Gta(To + -+ Tp1 +pr 4+ -+ po)dag ... dr_

- dt
( I 91e:(2? = pi)gia (i} —pi)d:ﬂ?dw})dpk oo dpa—. (2.4)
i=k+1
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For 1 <k <nand a,ag,...,a, € (0,00) we define

aak, a / / / / /]: hiay, (x1, — pr)day,
Rn— k+1 RQn 2k ]Rk

hia(xo + -+ 4+ K1 +pk+~-+pn)dm0...dazk,1‘

- dt
( H Gro () — i) Gta; (X} — pi)dx?dxll)dpk . dpnT. (2.5)
i=k+1

The differences between (2.4) and (2.5) are the occurrence of gy versus hi, and the
position of the absolute value signs. Also, we have no need to define (2.4) for k£ = 1.
Observe the trivial identity

h=2"2hy 2% gy,
Therefore the left hand-side of (2.2) is bounded by
21/2A2 1/2 2— 1/2-

The estimate (2.2) is then a consequence of the following lemma.
All constants in what follows will depend on n and k and we write A < B if there
exists a finite constant C' depending on n and & such that A < CB.

Lemma 3. For any 2 < k < n and any o, ag,...,0, € [2_("_k+1)/2,oo) we have the
estimates
k G 2 Ry1-27H0
Adopons Mo S (aak...an) (log ?) . (2.6)
For k=1 and any a, o, ..., ap € (0,00) we have the estimate
Al <1

A, e yOp, Y

Proof of Lemma 3. We induct on 1 < k < n and let us begin by establishing the inductive
step. Take 2 < k <n and a,ag,...,a, € [2_("_k+1)/2, 00). We first reduce the desired

bound on A’O‘j pay, 10 that on Ak pan - We can dominate pointwise
) S /1 g5(x)5~4a8 (2.7

for each € R. Indeed, the right hand-side of (2.7) is comparable to z~* for large |z|.
By the triangle inequality and (2.7) we can then bound

—4
ao‘kv - Qn N/ Aaﬁak, ,anﬁ d/B

Assuming the estimate (2.6) for A% g,y the Tight hand side of the last display is
integrable in 3. Since « € [27 (n—k-+1)/ 2, oo) is arbitrary, it suffices to prove upper bounds
for AX hroonsin
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Now we apply the Cauchy-Schwarz inequality in the variable ¢, which yields

R R
Ak 2< (1og = / / / / / F* hye, (2 — pr)d ‘
( a’ak"“’a") - ( 8 7“) r Rr—k+1 Jr2n—2k JRk | JR t k(xk pk) Tk

gta(l'o + o+ T+ P+ +pn)d$0 .. .da:k_l

n 2
dt
( H Gioy (ZE? - pi)gtai (le - pz)dl'?d.%‘})dpk o dpn> ?
i=k+1

We expand the definition of F* and for each fixed ¢ we apply the Cauchy-Schwarz in-
equality in all remaining integration variables but x;. This way we obtain

R
2 R dt
(M) < (1087) / M (2.8)
T
where
k—1
M, = / / / </ H Fi(l‘o,...,l‘ifl,l‘zurl,...,:L'k,lef:ll,...
Rn—k+1 JR2n—2k JRE R (Pleg1yern ) €{0, 1} F

2
htak (xk - pk:)dl'k) gta(l‘o +- o+ T+ P+ +pn)d{l}0 coodxg_q

n
( I 9e: (@) = pi)gta (z} — pi)da??da:}) dpy. . .. dpn
i=k+1

and

Ny = H Fk(mo,...,xk,l,ngf,...,x;;"F
Rn—k+1 R2n—2k ]Rk (

ThtlseoTn)E{0,1}7—F

gta(xo +- -+ Tp—1+ppt-- +pn)d$0...d$k,1

n
< I 9e: (@) = pi) gt (z} — pi)dx?dw%) dpy. . . . dp,.
i=k+1

To estimate N; pointwise for each fixed ¢, we first integrate in p, getting rid of g,

then introduce the variables y; and ¢; via a:? = :cll —y; and p; = a:zl — q;, respectively.
Next, we apply Holder’s inequality in variables xy through xp_; and 55/%; 41 through zk.
Finally, we integrate the remaining Gaussian factors in y; and ¢; for k +1 <7 < n. This

yields

2n—k 2n—k+1

N < B2 =[R2 =1, (2.9)

so we have obtained an estimate which is uniform in ¢ > 0.
It remains to control

R
/ Mt% (2.10)
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Expanding the square in the definition of M, the expression (2.10) becomes the special
case k = j of the following more general expressions defined for j > k:

R
NG ::/ / / Fh (2.11)
r Rn—k+1 JR2n—2k+2 JRFK

gta(xo+ -+ xp—1 +pp+ -+ pp)dro...drg—1q

- dt
hia, (acg — pj)hta; (asjl — pj)dx?dx} ( H Grer, (2 — D§) Gpa; (T} — pi)dx?dle)dpk . .dpn,—.

t
i=k
i#j
Also define

n R
0:=— (1 +a2y a;) / / / / / FUh (e — P )
j=k r Rn—k+2 JR2n—2k+2 JRE-1 JR

htoa2*1/2 (xO + -+ T2+ Pr—1+--+ pn)dl’o - d.fEk_Q

- dt
(TT gtau (@2 = Pi)ga, (2} = pi)daddart ) dpi-s .. dpa -
i=k
We claim that
0+> e < (2.12)
j=k

Before proving the claim, we show how it can be used to control ©¥). Note that ©*)
is non-negative because the real-valued terms in the expression assemble into an integral
of a square that came from previous application of the Cauchy-Schwarz inequality. The

terms ©U) are also non-negative for each j > k; the argument is the same after renaming
k

the variables. Therefore, comparing the definitions of ©® and Ka,ak’m,an,

ok < Zn:@@ S1+]0) <1+ (1 +a—2zn:a2.) AF1

J 0212 02-1/2 oy, .o
Jj=k Jj=k

By the induction hypothesis (i.e. the statement for & — 1), we may estimate this display
further by

1—27k+2 1—9—k+2

<a? (a2 + ]2 oz?) (Pay, . .. an)2<log R) < (aag ... an)4(log R) ,

T r

where we have estimated the sum of the squared alphas by their product. We combine
this estimate with (2.8) and (2.9). Multiplying with log(R/r) and taking the square root
shows (2.6) for the given k, completing the induction step up to the verification of the
claim (2.12).

To see this claim, we employ the Fourier transform which we normalize as

fie) = [ sy isaa.
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For fixed =z, ... ,xk_l,xg,xi,, ...,22 ! the integral in pg,...,p, in 00U is the integral
of the function

H(q, a0, s - -+ Qo @) =Gta(q + T0 + -+ + Tpp—1)

hta, ( )hm] - ( H Gta, (¢ N Gta, (@7 — ml))
1#]
over the (n — k 4 1)-dimensional subspace
{(pk + -+ + P, Phs Phs Pht15 Pht1s - Py Pn)  Phs - -+, Pn € R}

of R?"=2k+3  The orthogonal complement of this subspace is

{(777 £k7 _gk - fk’-i-l? _gk-‘rl =1 7§n7 _fn - 77) : 7775/% s >§n € R}

The previously mentioned integral is equal to the integral of the Fourier transform of H
over this orthogonal complement, which in turn becomes

L e € (- Hgml €0 (€ + 1)
iséj
o2 (@0t e 1)n—307 (@€ +a) (—€ )dndsz dé,. (2.13)
Quite similarly, the integral in py_1,...,p, in © can be expressed as

/]R Crte hta2—1/2 (n)hta2 1/2 Hgtal ‘Sz Gta; (& + 77)

e2mi((wottwi1)n—Fiy (276t <—fi—”> ) dndey . .. dé,. (2.14)

Now we state the crucial “telescoping” or “integration by parts” identity

(1 + o QZ )/ ta2— 1/2(?7)h;2\1/2 Hgtal &i gtal(gz +77)d7

dt
+ Z/ gta htaj gg)hta] H Jta; fz Gta, (52 + 77)
wfj
:W(Gr(n’glﬁ“'?gn) _GR(n7£ka"-7£n))a (215)

where for ¢ > 0 we have denoted

G, 8k> -+ 6n) = Gia(n) [ | Gty (&) G1a; (&5 + ).

j=k
To see this identity, we use the fundamental theorem of calculus, together with g(§) =
e~ which yields that the right hand side of the identity (2.15) equals

R’ d
- / ﬂ-tat(Gt(naglﬁagn))?t

B a0 92 N~ 202 2 dt
:/ 2t (a n —I—Zaj(§j+(§j+77) ))Gt(ﬁafk,...,fn)7

j=k
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Using iAL(f) = 27mi€g(&) gives
h(ta2™2n)h(ta2 % (—n)) = (2mita)*2 'n(—n)g(ta2 " n)g(ta2/?n) = 2x%2an?G(tan)

and
h(ta;&)h(tas (=& — n)) = 4m*2a36; (& + mg(tas&;)dlta; (& +n)),
so the left hand side of (2.15) becomes

/<+a_2z 2)2niay Gt(n,fk,...,fn)%

T

R
+/ (Z47‘r2t2a§£j(£j —1-77)) Gt(n,gk,...,fn)%

i=k

A straightforward polynomial identity finally establishes (2.15).

The terms on the left hand side of (2.15) correspond to the terms on the left hand
side of (2.12): one only needs to multiply (2.15) with 7¥~! and the complex exponential
from (2.13), (2.14), and perform the remaining integrations. We thus need to show that
the corresponding terms for the right hand side of (2.15) can be bounded by a constant.
However, for t = r or t = R we have

‘ Fh-1
Rn— k+1 RQn 2k+42 Rk

oo+ -+ X1+ + -+ pn)dxg ... drp_q

n—k+1 n—k+1
qh% — p)gta (@} — p)dafda} )dpr.....dpa| < | Fol3: Hw@m—

(2.16)
i.e. these single-scale estimates are uniform in ¢ > 0 and «; > 1. This follows by first
introducing new variables y, y;, and ¢; viaxg =y—x1 —T9— -+ — Tf_1, x? = a:ll —1;, and
D = le — @;- With these new variables, we first apply Holder’s inequality inxy,...,TE_1,

then integrate in y, then apply Hoélder’s inequality in 9:,16, ...,xL, and finally 1ntegrate in
y; and ¢; for k < i < n.

Inserting (2.15) into (2.13) and (2.14), passing to the spatial side and using the esti-
mate (2.16) we obtain the desired claim (2.12). This completes the proof of the inductive
step.

It remains to establish the base case k = 1 of the induction, i.e. to estimate Aé ool
Unlike in the inductive step we do not dominate one of the functions h. Instead we apply
the Cauchy-Schwarz inequality to (2.5) immediately in such a way that each of the terms
on the right hand side invokes cancellative functions h. This is possible only in the case
k = 1 because here the integration in the variables xg and x; separates. More precisely, we
apply the Cauchy-Schwarz inequality in the integrals over the variables 29,3, . .. x%x}b,
D1, ..., Pn, and t to obtain

(R, ) < O ()OO0 (F), (2.17)

&, .., 0n
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where for 1 < 7 <n and a Schwartz function F' on R" we have set

89 (F) ::/TR/H/R%( [ Far....a)

1., ) €{0,117

u dt
Pt (l’? = pj)Pta; (le - pj)d:v?dle- ( H Grer, (2 — Pi) Gpa; (F — pi)d$?dxil>dp1 - dpnT.
i=1
i#]

Similarly as in the inductive step, we now have

i eUl(F) <1 (2.18)

for any F with ||F|l2n = 1. Namely, ©U)(F) coincides with ©U) for k = 1, except for
the choice of functions F' making up F*~1. Moreover, F° does not depend on zg, so
the integral in x( is merely the integral of a Gaussian. Likewise, the integral in zg in
the definition of © for £k = 1 is an integral over the derivative of a Gaussian and hence
vanishes. Thus claim (2.18) follows analogously to claim (2.12).

It remains to observe that ©@) > 0 for each 1 < 7 < n, which is again analogous to the
proof of the inductive step: simply observe that we are integrating squares of real-valued
expressions. Together with (2.18) this implies

0 (), 6 (F) < 1,

which by (2.17) concludes the proof of the base case k = 1 of the induction. O

3 An illustration of the induction steps

Figures 1-3 represent the induction scheme for n = 3. The polyhedra in Figures 1-3
represent the structure of F* for k = 3, 2, and 1 in this order. The vertices represent
the various factors Fj in the definition of F*, while the faces represent the arguments in
these factors, such that adjacency of a face to a vertex means that the argument appears
in the corresponding factor of F*.

F3 2 V By

F2 Fl F2 " Fl

Fy Fy

Figure 1: Case k = 3.

The passage from left to right polyhedron in each figure represents the effect of the

k

Cauchy-Schwarz inequality (2.8), passing from a form Ag ,, . involving F * on the left

to a form M, or ©%) involving F*~! on the right.
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The shaded faces of the left polyhedra correspond to the variable xj, in Ag’akw”an ap-
pearing in the cancellative function . On the right hand side this variable has bifurcated
into two variables 332 and 3’311€ in ©%)_ both of which still carry cancellation.

Comparing the right polyhedron in one figure to the left polyhedron in the next figure,
the shaded faces move to a different location indicating the effect of the telescoping
estimate (2.12). Note that the picture depicts only the most important of, in general
many, terms in the telescoping identity. In all but the last figure we have only one shaded
face on the left polyhedron, since after domination of one function h by Gaussians only
one function h survives.

Fy P
" £ pa 1
V .

F 2 Fl F 1
‘FO ' . - -

Figure 2: Case k = 2.

The last figure corresponds to the base case, which is treated differently. On the
one hand we have two shaded faces of the left polyhedron, and on the other hand the
Cauchy-Schwarz inequality does not change the geometry of the polyhedron, but merely
the labeling of the corners. This stabilization of the process is ultimately the reason that
the recursion stops.

" P Foy F
A= =
Fy Fo Fo Fo
A F Fy R
N N
Foy Fy Fo £

Figure 3: Case k = 1.

4 Dyadic model of the simplex Hilbert transform

In this section we discuss the analogue of Theorem 1 for the dyadic model of the truncated
simplex Hilbert transform. Define

n n
> 61,10,...,In/ [1FEo. ... 21, i, 7$n)27Z<HﬂlIi(ﬂfi)d$i>,
R4 55 i=0

m—1
=0 (Ip,...,In)€ETL

d .
A =
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where n,m > 1, Ry = [0,00), and for [ € Z we denote
7 ={(lo,..., In) : 0€ [y ® - D I, I; dyadic interval, I; C Ry, |[;| = 2l 1<i< n}.

Here a dyadic interval is any interval of the form [2'm,2!(m + 1)) with m,l € Z and @
is the addition of the Walsh group; see [4] for further details. The otherwise arbitrary
coefficients € 1, 1, are assumed to be bounded in the absolute value by 1 and we have
denoted by hy the L>-normalized Haar function on I. A convenient property of the Haar
functions is that

hern (21 @ x2) = hy, (x1)h, (v2)

whenever I1, Is are dyadic intervals of the same length, x1 € I, 2o € I5, and I} & I5 is
defined to be yet another dyadic interval of that same length whose left endpoint is the &-
sum of the left endpoints of I; and I. Indeed, this is simply the character property of the
more general Walsh functions. In dyadic models it is common to replace 1/(xo+- - +xy)
with kernels such as

K(Jjo, - ,xn) = Z 6[27lﬂl[0’21)($1 ®©---D l‘n Z Z 6[271 H ]h[i (Il)
l (Io, ,In)GIl =0

This time the trivial estimate grows linearly in the number of scales m and we want
to improve on this trivial bound with a power less than one.

Theorem 4. There exists a finite constant C' depending only on n > 1 such that for any
tuple Fy, ..., F, of finite linear combinations of Haar functions and any m > 1 we have

n
_9— 1
[Af ] < Cm =2 Bl [T 11 Eillgnso1
=1

Sketch of proof. Fix positive integers n, m and functions Fy, . .., F}, normalized as in (2.1).
In order to perform the structural induction we introduce expressions indexed by 1 < k <

Ad’k —
(R4 )2n—2k

l 0 (Io,.. ,In =
( H 17, (x )dmod:c)

i=k+1

n

/ Lk Fhem kH(H]hI i d‘r’)

=0

where F* is defined as in (2.3). We claim that

AdE < pt=27h (4.1)

for each 1 < k < n. Since |Ag7m| < Ad’”, this then implies the theorem.
We prove (4.1) by induction on k and begin with the inductive step. Let 2 < k < n.
Performing the analogous steps from (2.8) to (2.9) we obtain

H

(A9 <m M, (4.2)
=0



where

M= Z / / H Fi(Z0, - i1, Tig Ly oy They Ty - -
I )EI 2” F R+ 1=0 (T‘k+1 rn)E{O,l}"*k
l]hIk(xk)d:rk ) k( H 17, (z)dz; )( H 17, (z )dxod:n )

i=k+1

Therefore it remains to control 21@61 /\/l?, which can be rewritten, in analogy with display
(2.11), as

m—1

/ B (4.3)
=0 IO""Jn)EIl (R+)2"*k+2

k—1
(2—l)n—k+2< H ]l[l(xz>dxz) (]h]k< (0))]hlk( (1))d.’IJ 0)d$(1)>( H ]l] (0) ]lI 51))d1‘(0)d$(1)>
=0

i=k+1

The identity (2.15) is now replaced by the dyadic “telescoping” identity

2 (ﬁhn(%))(ﬁ( 1, @by, (@) + b, (001, 2)))

(Io,-.,In)EL i=0 i=k

+ (’ﬁ Il[i(l'i)) (ﬁ (17,(= 50))11 (z 1(1)) + hy, (xz(»o))]hji (xgl))))>
i=0 ‘

=2y (kﬁl 1y, (xi)) (f[ 1, (21, (2) ). (4.4)
=0 i=k

In order to verify it, we split each interval I; on the left hand side into its left “child” IZQ
and its right “child” I}, so that (4.4) turns into

k—1 n
DY (( [T (o) = 1)) ) (TT (1@ 10 a@l) = 10 (@)1 2)))
(Io,...,0Jn)ET i=0 i=k
k—1 n
+ (TT o) + 1 (@) ) (TT (@10l + 110 (21 <m§”>)))
=0 i=k

X (M) (el

(107--~7In)€.’[l,1 =0

This identity becomes apparent once we observe that the tuple (I3°,...,I5") for some
(50, - - -, 8n) € {0,1}"*! belongs to Z;_; if and only if the number of s; that are equal to
1 is even.

What we have in (4.3) can be recognized as one of the terms beginning with 1’s in
(4.4), after multiplying (4.4) by F*~1, integrating and finally summing over the intervals
and [. All terms in the second line of (4.4) lead to non-negative expressions analogous to
(2.11), so it suffices to control their sum. What remains after summing the above identity
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in [, up to single-scale quantities analogous to (2.16), are the terms beginning with h’s.
By the triangle inequality, these terms lead to at most 2" times

k—1 n—k+2
z / )2n—2k+2 /(R+) 7 ( ) * (HIhI ZT; dl’l>

1=0 (In,...,.In)€T;
(Hﬂl )1, (2(0)da® >dx§1>>,

m—1

which can be recognized as AY*~1. Applying the induction hypothesis combined with
(4.2) finishes the inductive step.
The base case k = 1 can be deduced similarly as in the previous section. O
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