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ABSTRACT. We derive sparse bounds for the bilinear spherical maximal function in any
dimension d > 1. When d > 2, this immediately recovers the sharp LP x LY — L" bound
of the operator and implies quantitative weighted norm inequalities with respect to bilinear
Muckenhoupt weights, which seems to be the first of their kind for the operator. The key
innovation is a group of newly developed continuity LP improving estimates for the single
scale bilinear spherical averaging operator.

1. INTRODUCTION

In this article, we study the bilinear spherical maximal function (applied to nonnegative
functions without loss of generality)

M(f,9)(@) = sup Au(| ], l9) (), (1)
where at a single scale t > 0, the averaging operator A; is given by the formula
Af@) = [ Ha =ttt doly. ) ¢l

Here, do denotes the normalized surface measure on S2?~1. We are also interested in the
lacunary version of the operator

Miac(f,9)(x) = sup Azm(|f], 19 (). 3)

Our goal is to prove that there is a sparse domination for the trilinear form associated to
these operators, i.e.

(M9 S S QU aw(aahar (1)

QeS
(or with M, replacing M) for all functions f, g, h, where S is a sparse family and p, g, r satisfy
suitable scaling relations. Here, the inner product on the left hand side is the usual L? inner
product and the bracketed quantities on the right side denote LP averages over the cube @, i.e.

New =g / |f|”>1/p- 5)

Recall that a collection S of cubes is called 7-sparse if for every @ € S, there exists Fg C Q
satisfying |Eq| > 7|Q| and {Eg}ges are pairwise disjoint. The exact value of the sparse
parameter 1 > 0 in the article is not very important.
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Sparse domination has been a rapidly developing area in modern harmonic analysis, since
the seminal works of Lerner [Ler13] and Lacey [Lacl7]. It reduces the study of operators of
various natures to simpler dyadic operators that are localized and of averaging type. Sparse
domination has becoming a leading method in deducing sharp weighted norm inequalities (for
operators such as Calderén-Zygmund operators [CAR16, Lacl7, Ler13], rough singular integrals
[CACDPO17, DPHL20], the spherical maximal function [Lacl9], Bochner-Riesz multipliers
[BBL17, LMR19], to name a few, and even non-integral operators [BFP16]). In addition to
weighted estimates (which in particular include the unweighted LP space estimates), sparse
bounds are also known to imply (often sharp) weak type endpoint estimates. In some sense,
the range of exponents for which a sparse bound exists provides refined quantification of the
size of the operator. We refer the readers to the aforementioned articles and the references
therein for a more detailed account of the history of the sparse domination theory and only
highlight below the most relevant prior works to the main result of this article.

One of the most significant developments in the theory was obtained by Lacey [Lac19], where
the sharp (up to the boundary) sparse range for the (linear) spherical maximal function

Mismear () (@) = $Up Atimear.] f1(z) = sup / (& — ty)| do(y)
t>0 Sd—1

t>0

and its lacunary analogue were obtained. This operator is highly important in harmonic anal-
ysis, especially due to its close connection to the local smoothing estimate for the wave equa-
tions [MSS92]. Lacey’s sparse bound recovered the LP bounds of Mjipeqr in all dimensions
d > 2, originally due to Stein [Ste76] and Bourgain [Bou86], and implied novel quantita-
tive weighted norm inequalities. Most importantly, it opened the door to the study of sparse
domination for Radon type integral operators and inspired many subsequent works (see e.g.
[Obel9, CO18, BC20, Hu20, CAPPV20, BRS20, AHRS21]). A key achievement of [Lac19]
is a framework that reduces the sparse bound for the multi-scale operator to the “continuity
LP improving” estimate for the corresponding single scale operators. This general scheme ap-
plies to many singular Radon type operators far beyond the spherical maximal function, as
demonstrated in the aforementioned subsequent works. In particular, this established a di-
rect connection between the geometry of the manifold being studied and the range of sparse
exponents for the operator.

It would thus be natural to wonder whether similar phenomena also exist in the multilin-
ear setting. Our result is among such efforts in bringing sparse domination into the world
of multilinear Radon type operators, where very few results are known. Indeed, even though
there is already quite some success in obtaining sparse bounds for multilinear operators such
as Calderén-Zygmund operators [CAR16, LN19], rough singular integrals [Bar17], and bilinear
Hilbert transforms [CDPO18, BM21], the investigation for multilinear Radon transforms only
started very recently, before which the weighted norm inequalities for such operators (with
respect to multilinear Muckenhoupt weights) were far out of reach. To date, the only known
sparse domination results for such operators are due to [RSS21] and [PS21], where the product
type bilinear spherical maximal function and the triangle averaging operator are studied, re-
spectively. The multilinear operators under study here are natural analogues of important linear
Radon type operators. There are multilinear Radon type operators which are closely related to
questions in continuous geometric combinatorics and geometric measure theory, such as finite
point configuration problems and Falconer distance set problems ([GGIP15, IL19, GI12]). Our
motivation in investigating this natural bilinear spherical maximal function was not in a specific
application of this type, but in developing methods that may be useful in future explorations
of this general class of bilinear Radon type operators. It will be of interest to understand the
potential for sparse bounds of such operators as they will imply weighted estimates.
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Our main theorem is the following.

Theorem 1. Let d > 2. For all exponents (p,q,r) such that r > 1 and (%,%,%) is in the
boundedness domain

111 1 1 1
R(d)z{(,,):1<p,q<oo,0<r<oo, and<+<m(d,r)}
paqgr r p 4q

where

min{l—k%,% ifd=2,

the bilinear spherical mazimal function M has a (p,q,r’) sparse bound, where v’ is given by
% + % = 1. More precisely, for all functions f,g,h € C§°, there exists a sparse collection S of
cubes in R? such that

: d 2d—1 1 2(d—1) .
oy« { e 2, gz

[(M(f,9): ) S D QI an(9)q.alh)o.m-

QES

The LP x LY — L™ boundedness of the operator M has attracted a great amount of atten-
tion recently and has been studied by multiple authors (see e.g. [GGIT13, BGH™18, GHH21,
HHY?20, JL20]). In [JL20], Jeong and Lee studied the operator in d > 2 via its slices and made
a breakthrough observation that there is a pointwise bound

M(f, 9)(x) S M(f)(@) Miinear (9)(2), (6)

where M denotes the Hardy-Littlewood maximal function. Their slicing approach that led
to this inequality involved using the coarea formula to decompose an integral over S??~! into
an iterated integral over the d-dimensional unit ball and (d — 1)-dimensional spheres. The
pointwise domination beautifully concludes the study of the Lebesgue space bounds for M.
More precisely, (6) implies the sharp boundedness of M ([JL20, Theorem 1.1]): for d > 2,
1<p,qg<o0,0<r<oo, M maps boundedly from LP x LY to L" if and only if % + % L

T
and r > #‘il except the case (p,q,r) = (1,00,1) or (00,1, 1). Unfortunately, (6) doesn’t imply
that the bilinear sparse bound for M will be inherited from the linear ones for M and M;,car-
Indeed, it is not generally true that the pointwise product of two sparse operators is dominated
by a bilinear sparse operator. Nevertheless, our proof relies heavily on the slicing strategy.

Remark 2. Since the lacunary maximal function M, is obviously dominated by M, the same
result in Theorem 1 also extends to M;,.. However, it seems that our method doesn’t imply
an improved result (i.e. larger sparse range) for M4, unlike the linear case in [Lacl9] or
the case of the product type bilinear spherical maximal function [RSS21]. This is because our
proof involves slicing the bilinear operator, which would result in a linear single scale averaging
operator for a continuum spectrum of radii. The gain brought by the lacunary scales would
thus vanish. In fact, to the best of our knowledge, the optimal range of even the Lebesgue
space bounds L? x L? — L" for M, is still unknown, other than the d = 1 case very recently
obtained in [CZ22].

Using the sparse bounds obtained in Theorem 1 and standard arguments, one can immedi-
ately recover the full range of the LP° x L% — L™ boundedness of M proved in [JL20, Theorem
1.1]. Indeed, in general, let T be a bi-sublinear operator. Then the (p,q,r’) sparse bound for
(T(f,g),h) implies the LPo x L% — [ hound of T, for all py € (p,o0], qo € (g,00] with
min(po, go) < 00, and % = p% + qio (for instance, see [CDPO18, Proposition 1.2]). In Theorem
1, if one chooses 7 so that m(d,r) = 242 (for instance take any r € (1,d)) and chooses p, g so
that % + % is close to 2‘{7_1, the desired LP° x L% — L™ norm bounds then follow. It is also

of interest to study the mapping properties of M on Lorentz spaces (see e.g. [JL20, Theorem
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1.1]) and it seems likely that the method developed here could also lead to a sparse domination
for M that involves Lorentz norm averages. It would be interesting to develop such versions
of the sparse domination and see whether they imply improved Lorentz space estimates. We
leave that for future exploration.

Moreover, via standard arguments, Theorem 1 implies for the first time quantitative weighted
norm inequalities for M with respect to multilinear Muckenhoupt weights. Since this deduc-
tion is routine and is not the focus of the article, we refer the reader to [RSS21, PS21] and
the references therein for a more comprehensive discussion on the weighted corollaries. It is
unknown though whether the weighted norm inequalities derived are sharp.

In Theorem 1, some of the sufficient conditions on the range of exponents (p, g, ) for which
sparse bounds hold true are also necessary. We will show this in Section 6 using several explic-
itly constructed examples. Some of the examples already appeared in [JL20] in connection to
their LP improving estimate for the localized bilinear maximal function M (see (7) for its def-
inition). We also construct a new example that, in addition to providing necessary conditions
for the sparse bounds, gives a previously unknown necessary condition for such LP improv-
ing estimate, strengthening [JL.20, Proposition 3.3]. It is unknown though whether this new
necessary condition is sufficient for the LP improving estimate of M.

In dimension d = 1, we also obtain continuity LP improving estimates for the single scale
averaging operator and hence sparse bounds for the bilinear spherical maximal function, but
only for the lacunary version (Theorem 16 in Section 3). In general, the lower the ambient
dimension is, the more singular the spherical maximal function becomes, which can be seen
as a consequence of the slower decay of the Fourier transform of the surface measure on the
sphere. In particular, in d = 1, the bilinear circular maximal function behaves very differently
from all its higher dimensional analogues. For instance, the boundedness result for M obtained
in [JL20] only applies in d > 2, and such Lebesgue space bounds in d = 1 were only very
recently obtained, independently, in [CZ22, DR22] via somewhat similar approaches involving
parametrizing pieces of the circle. For the single scale operators, the study of the LP improving
estimates for A; in d = 1 was initiated by D. Oberlin [Obe88] several decades ago but one still
only has limited knowledge on the optimal range for such estimates (see [BS98, SS21]). When
it comes to the localized maximal function M defined in (7) below, as far as the authors are
aware, there is no known result on its boundedness outside the Holder range (% + % = %) in
the literature. In fact, our results in the d = 1 case (on the sparse bound and the continuity
estimate for the single scale operators) seem to be the first of their kinds concerning Radon
type operators in the bilinear setting in dimension d = 1. Indeed, both the previously studied
operators in this direction, the product type bilinear spherical maximal function [RSS21] and
the triangle maximal operator [PS21], are only defined in d > 2.

Novelty of the proof. As in the linear case studied in [Lac19], the core of the matter here is
to obtain a continuity LP improving estimate for the single scale operator, which, in the case
of the full version of the bilinear spherical maximal function M, means the following restricted
range maximal function

M(f,9)(x) == sup |Ai(f,g)(x)|- (7)

te(1,2]
Let d > 2. It is shown in [JL20] that for any tuple (p, g, ) such that (%, %, 1) € R(d) (or certain
parts of the boundary of the region), M maps from LP x L9 into L", which is often referred
to as the LP improving estimate, as the target space L" is better than the space corresponding
to the Holder exponent. Following closely the methods in [RSS21, PS21], one can reduce the
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desired sparse bounds to the continuity LP improving estimates of the form

| sup [A:(f,g) — Ac(f, gl < CIA"| fllLellgllLa,
1<t<2

where |h| < 1, n =n(d,p,q,7) > 0 and 7,9(-) = g(- — h) denotes the translation operator by h.

Compared to earlier works, we are faced with several unique challenges here. First, our
operator doesn’t have a product structure, making it difficult to deduce multilinear estimates
from their linear counterparts. This is in contrast to the situation in [RSS21], where the product
type bilinear spherical maximal function

Mprod(fa g) (Z‘) = 21;18 Alinear,t (f)AlineaT,t (g) (J?)

is studied. For this operator, the continuity estimate obtained for the linear averaging operator
Ajineary in [Lacl9] easily implies the desired bilinear bounds.

Second, even though it is possible to use the slicing technique to reduce to the linear averaging
operator, the slices obtained for our operator are not local. For example, considering the case
t =1, a simple calculation [JL20, proof of Lemma 2.1] shows that

A7, 0)(0)
<[ @l [ ote = VTP doucs ()]0 = )

For each y fixed, the inner integral is the linear spherical averaging of g at radius /1 — |y|2. One
may thus be tempted to insert the linear continuity estimate from [Lacl9] here to estimate the
inner integral. However, with varying y, the radius /1 — |y|?> may become too small (smaller
than the translation parameter |h|) for the continuity estimate to apply. This is in contrast to
the triangle maximal operator studied in [PS21]

T(f,9)(x) *sup/fzfty g(x —tz)du(y, 2)|,

t>0

where Z = {(y,2) € R?? : |y| = |z| = |y — 2| = 1} and pu is the natural surface measure on
Z as an embedded submanifold of R2?. Notice that conditions |y| = |z| = 1 ensure that this
operator is always localized at scale t for each input function, making it possible to deduce the
bilinear continuity estimate fairly straightforwardly from the linear one.

In fact, one may actually try to prove the sparse bound in Theorem 1 solely based on slicing
and the continuity estimate for the linear single scale averaging operator, bypassing the bilinear
continuity estimate completely. However, the same difficulty seems to show up: the non-local
feature of the operator would introduce extra singularities for extreme values of y.

The main novelty of Theorem 1 lies in how we overcome these barriers and obtain the desired
bilinear continuity estimate. When d > 3, we apply an intermediate decomposition in [JL20] to
localize the operator to different dyadic scales and dominate each piece by a quantity involving
the linear version of the localized spherical maximal operator. The desired estimate then follows
from slicing and the continuity estimate for the linear operator obtained by Lacey [Lac19].

Things become much more complicated when d = 2, where the dyadic decomposition fails
to generate a convergent sum. This seems to manifest the fact that the spherical maximal
function, even in the linear case, behaves more wildly in d = 2, where the L? based argument
stops working (which was why Bourgain’s proof for the LP bound of M;peqr in d = 2 [Bou86)
came much later than Stein’s proof for d > 3 [Ste76]). In this case, the earlier argument relying
on slicing and reducing to the continuity estimate for the linear localized spherical maximal
function doesn’t work any more. Instead, we conduct a direct and more careful analysis for
the bilinear operator. The analysis is much more delicate and several new ingredients come
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into play. For instance, one needs to first break up the operator into two parts and prove a
continuity estimate for each part at different suitable tuples of exponents. Interpolation then
allows one to conclude the continuity estimate for the original operator. Moreover, a change
of variable reduces the problem to estimating the difference between averaging operators with
different radii, which is studied via a further decomposition into dyadic scales. A key estimate
in this part is Lemma 12, which is a rescaled version of [Lacl9, Proposition 4.2].

In the case d = 1, in order to obtain sparse bounds for the lacunary bilinear spherical
maximal function M., one needs to study the continuity estimate for the single scale averaging
operator A;, which we summarize in Theorem 15 in Section 3. The proof of this theorem follows
a completely different approach, as one is unable to slice the bilinear operator in d = 1. Our
proof directly makes use of information in the frequency space and relies on a very recently
developed trilinear smoothing inequality [CZ22], which implies Sobolev norm bounds for the
averaging operator.

In addition, in all dimensions d > 1, by making use of the shape of the region of exponents
R(d), we manage to prove the sparse bounds for the tuple (p,q,r) without assuming that
p,q < r. This is in contrast to prior works [RSS21, PS21], where (certain versions of) this
constraint showed up. This will be explained towards the end of the proof of Theorem 1 in
Section 5 where the “Bad-Good” case is discussed.

Plan of the article. We first introduce the bilinear continuity LP improving estimates for M
in d > 2 in Section 2, and then move onto the d = 1 case in Section 3 where the continuity
estimate for the single scale operator A; is obtained. These are the key intermediate results
of the article and may be of independent interest. We then give an initial reduction to dyadic
maximal operators in Section 4, and present the main lines of the proof of Theorem 1 in Section
5. Both of these two sections follow closely the arguments in [RSS21, PS21] and are included
mainly for the sake of completeness and to explain why the constraint p, g < r can be removed.
In Section 6, we give examples to show sharpness of part of the range of exponents for the
sparse bounds and the continuity LP improving estimates.

Remark 3. During the completion of the article, the authors learned that an updated version
of [PS21], simultaneously under completion, includes an elegant expanded framework that cov-
ers general multilinear Fourier multipliers which in particular includes the bilinear spherical
maximal function as an example. The proof in [PS21] (for the key continuity estimate) is of a
different nature, which beautifully links the problem to the decay of the Fourier transform of
the surface measure on the sphere. However, their result only holds in dimension d > 4. This
is probably not surprising, as the Fourier decay of the surface measure becomes worse in low
dimensions, where the behavior of the spherical maximal function and Radon type operators
is in general more delicate.

2. CONTINUITY ESTIMATES IN d > 2

In this section, we obtain several continuity estimates for the localized bilinear spherical
maximal function, which will play a key role in the proof of Theorem 1. Recall that we have
defined

Au(frg)(z) = / [ — ty)g(x — t2)do (y, 2).

SQd—l

Recall also the region

111 1 1 1
’R(d)z{(,,):1<p,q<oo,0<r<oo, and<+<m(d,r)} (8)
paqgr r p q
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where
min{1 + ¢, 241 77,—1—2(d DY ifd > 3.
(d,r) = _ (9)
min{1 + 1,3 1fd 2.
The main result of this section is the following.
Proposition 4. Let d > 2, and (%, 1 1) € R(d). There exists n =n(p,q,r,d) > 0 such that

prg’T

sup [Ai(f, 9 — 7h9)|

s<t<2s

l,l,7 h
< Cstti= ('Ufmwwm

L’V‘
for all s > 0 and |h| < s.
Moreover, there exist positive constants n; = n;(d, p,q,r), i = 1,2, such that

111y (|| (e
S C R = R PR
LT

By rescaling, it suffices to consider the case s = 1. In the rest of the section, we will thus
consider only the localized bilinear spherical maximal function

M(f.9)(x) == sup |Ai(f,9)|.
1<t<2

We first consider the case d > 3, which is simpler.

sup |At(f - Th1fag - Th29)|
s<t<2s

for all s > 0 and |h1| < s, |h2] < s.

Proposition 5. (n regularity condition for the bilinear spherical mazimal operator for d > 3)
Letd>3,1<p,q<o00,0<r<oo. One has

sup [A:(f,9 — hg)l

1<t<2

< A" f 1 ee llgll za (10)
LT

for all |h| < 1, where n = n(d,p,q,r) > 0, provided that

d 111
>2d—1 and <p7q,r>eR<d),

where R(d) is given in (8).
Remark 6. Note that defining

: { d2d—1 1 2(d—1)}
m = min 1+f ,—+ ,
r

d d
then
2d —1 ‘f1<1<2d_1
[ ] = — - -
mn da > taSr d
1 2(d—1) d—2 1 1
o m=" i <<
r d dd-1) —r — d
d 1 d—2
1+-, f—-< —.
R TE Y

Proof of Proposition 5. Note that the bound follows from the triangle inequality when |h| > 1,
so we may assume |h| is small. Given any measurable function  : R? — [1,2], define

Adt.oe) = [ fa = @gle = w@)doly. ).
By linearization, all we need to show is that

I A(f. 9 = T09)llr S RN lglg (11)
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for (p,q,r) as in the proposition, with n and the implicit constant independent of .
Recall the following decomposition from [JL20, Proposition 3.2]:

Aulf.9)(@) S 1] * xp(@) (Z 2l<d22>3[g<2“2~>1<2l/2x>> , (12)
=0

where B = B%(0,2) and

Stw = s | [ @ m)io(y) (13)

1<t<2

denotes the localized linear spherical maximal function. This estimate is a consequence of
slicing at each fixed y and decomposing the resulting linear spherical average of g into different
dyadic scales.

Hence, replacing g by g — 7,9, one gets

Au(fr9—1h9) (@) S |f] % x5(@) (Z 25 8] (g - Thg><2-l/2->1<2“2x>> . (19

1=0
Following the notation of [JL20], for d > 2, let A(d) denote the closed region which is the
convex hull of the vertices

d—1 d—1 d—1 1 2—d d—1
d_ d _ d _ 2 d _
Bl_(o’o)’82_< d  d )’83 ( d ’d) and By <d2+1’d2+1) (15)

When d = 2, B = B = (1/2,1/2) so this region is actually a triangle. The relevance of
the region A(d) is closely related to the LP improving region for S [Lee03, Sch97, SS97], as we
recall in the following proposition.

Proposition 7. [Lee03, Theorem 1.1, Theorem 1.4] Letd > 3 and (1/q,1/r) € A(d)\{BS, B¢, B¢},
ord=2and (1/q,1/r) € A2)\{(1/2,1/2),(2/5,1/5)}, then

IS£1lr < Cllfllg- (16)

From (14) and the LP improving estimates of S from Proposition 7 we will get the following
lemma, which is a version of Proposition 5 for a more restricted set of exponents (p, ¢,7):
Lemma 8. Letd >3, 1 <p<oo and (1/q,1/r) € int(A(d)) such that

1 1 d-2

r q d

Then there exists n = n(d,p,q,r) > 0 such that

A (f,9 =)l S R lplgllg (17)

for all |h| < 1.

We will defer the proof of Lemma 8 for now and instead see how it implies Proposition 5.
By the boundedness properties of A, given in [JL20, Proposition 3.2],

1A (f9 = 9l S IA:(F, 9l + 1AL (F, Th9)
S I llpllgllq

as long as 1/r < 1/p+1/q < m, where m = m(d,r) as in (9).

Lemma 8 gives us an open region inside the half-space {r > d/(d — 1)} where the desired

continuity estimate holds. We can use bilinear interpolation with the estimate above (which
has no |h| gain) and we will get continuity estimates of the form

M (£, 9 = m9)lr S 1R 1F 16 ]9l 0,

(18)
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v

=

FI1GURE 1. The red region in the figure above illustrates the region where the
pairs (1/¢,1/r) in Lemma 8 live.

in the whole open region 1/r < 1/p+1/q < m.

Inspired by Figure 1 we see that it is interesting to subdivide the points that one gets from
Lemma 8 in three sub-regions, according to the value of 1/r, to have a more clear description of
the points (1/p,1/q,1/r) that one is getting from that lemma. In each of the following figures,
the red region represents the continuity region given by Lemma 8, and the dashed contour in
blue is the boundary of the open region 1/r < 1/p + 1/q < m(d,r), for which we will get the
proposition via interpolation with (18).
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In this case (%, 1) € int(A(d)) with 1 > % — ©=2 if and only if L < % < =1
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1
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In this case, (;, ) € int(A(d)) with > - — 5= if and only if 7 < < L.
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So far multilinear interpolation for the parameters p, ¢ led us to

I A(f.9 = T09)llr S RN lgllg (19)

when 1/r < 1/p+1/q <m(d,r) and 1/r < 2L,
Notice that until this point the parameter r hasn’t played a role in the multilinear interpo-

lation, and we still didn’t prove the continuity estimate (17) for the case % < % < 2‘{%1. To

address this, take (p, ¢,r) with % < % < % and % < %4’% < % =m(d,r). We want to
show that

1A (f.9 = )l < R £ 15l gl

11 (1 2d-1
Denote s := o + ¢ € (5, =G

Pick 0 < 71,72 < 0o satisfying 2(;%1 <rg<r< % < r1 < d. We may also choose 15 such
that % < s. Since I < % < 421 and % <s= % +% < 2421 — m(d, ry), one has by (19) that
[Ac(f, 9 = @) llr S TRI™ 1 fllpllgllq-

Also, since we chose 72 so that % < s, (1/p,1/q) satisfies % < % + % < 2L = m(d,ry),
and (18) gives the boundedness estimate

1A(f:9 = T09) s S 1F 15 ll9llq-

Since 19 < r < rq1, we get by interpolating those two estimates that

1A (9 = mg)lle S [RI"11F 115 9llq
where 1 = (1 — 9)% —i—H%, and n = (1—0)n;.
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S= =

T
L

-

T +y

Ul +

FI1GURE 2. Figure illustrating how interpolation in the parameter r gives us

continuity estimates when % < % < 2‘{7_1.

Proof of Lemma 8. By (14) and Hoélder’s inequality,

14w (f,9 = 09l SNV xm(2) D 275 8](g = mag)(27/2))(2/22)]|
=0

> d—2y, x
<II£1 % xBlloo D277 181(g — Tag) (27212 2) I
=0

< fllp Y- 2 =2 28] (g — mg) (272
=0
Denote g;(z) = g(2~2z), then
(Thg)(27 2) = g(27 & —h) = g(27 (x — 220)) = 7.1 _gu(x)

22 h
and we get

~ e 7L _ g ~
IA(f,9 = 09l S HfllplZQ 22018 — 74l
=0

Now we consider two cases for [ > 0. We will prove a continuity estimate for each and then
choose 7 to be the minimum of the values in the cases.

e First case: |22h] < 1, ie., | < QIOgQ(ﬁ). Denote L := |2 logQ(l—}bl)j.
For this case, we use the known continuity estimates for S, proved in [Lacl9]. Since
(1/q,1/r) € int(A(d)), one has
- n In L.d
1Slge = 7,1, 9lll» S 22 [h["lgillqg = 22 [R["22 4 ]|gl[-
Thus,

L
_l(d— e
L T
=0

L
_Ll(g— r—d/g—
Sl Y 2722 g
=0
S £l lglas

where we used that by hypothesis d — 2+ d/r — d/q > 0.
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e Second case: |22h| > 1, ie., | > 2log2(ﬁ).

Since (1/q,1/r) € int(A(d)), by the known bounds for the localized operator S in
Proposition 7 one has

_Llig— &
Hfllp;2 2| Slg — 7y gl

_Ll(d— r 5 &
Sfllp Do 2782 (1S, + STy, gl )
I>L

_lig— r
Sl Y 272 =2t g
I>L

_l(g— —
SIfllp Y2722 ta/r=d/a| g,

I>L
LM

<272 b llgllas

where M = d — 2+ d/r —d/q > 0. Hence, this term is bounded by |h|™|| |, lgll4-
O

Remark 9. One can simplify the interpolation argument in the proof of Proposition 5 by directly
using interpolation for multi-sublinear forms of generalized restricted type. Since the region
of known LP improving estimate 1/r < 1/p+ 1/q < m(d,r) is a convex domain in R?® (being
the intersection of half-spaces) and p,q > 1, the generalized restricted type bounds obtained
by bilinear interpolation automatically upgrade to the desired LP space bounds. We refer to
[Thi06, Chapter 3] and [BOS09, Proposition 2.2] for details of multilinear interpolation.

Remark 10. If we revisit the proof of Lacey’s continuity estimate in the case d > 3, one can see
that one can actually get continuity estimates in the open segment in the boundary of A(d) that
connects (0,0) to (42, 9=1). That is because the continuity estimate is proved at (1/2,1/2)
which lives in the interior of that segment (the same is not true for d = 2). This can allow us
to improve the continuity estimates to include % + % = %, but for simplicity we will be mostly
interested in proving the sparse domination bounds in an open region. Indeed, the boundary
points of the range of exponents usually don’t seem to change most of the implications of sparse

bounds.

We now consider the d = 2 case of the continuity estimate. Note that the argument in the
d > 3 case above doesn’t apply anymore, as one would end up with a divergent sum. This
technical difficulty stems from the fact that the spherical averaging operator becomes more
singular as the dimension gets lower. We first collect two preliminary lemmas relating to linear
spherical maximal functions.

Lemma 11. Let d > 2, and C > 1. For exponents satisfying (1/q,1/s) € int(A(d)), we have
the bound

< |Blllgllze, for all |h| < 1. (20)
Ls

sup lg(x — ty)| dy

te[1,2] /10|h|<|y<1+0h

Proof. Let Sy, denote the local spherical maximal operator across scales [1/2, 3], for instance.
That is,

Se(g)(@) = sup / g — ty)|dy.
te[1/2,3] J sd—1

Obviously, Sy, satisfies the same L? — L°® bound as S (as defined in (13)).
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Then, using polar coordinates, we have for any |h| < 55,

sup [ o = ty)] dy
t€[1,2] J1-C|h|<|y|<1+C]h] Ls
1+C|h|
=|| sup / lg(z — tr6)|ri=t do(8) dr
te[1,2] J1-C|n| Jsd-1 L
14C|h
<|| sup / Srg(x)drLs
te[1,2] J1-C|h|
SISyl s < [Plllgllze-
Here, we used that if t € [1,2], r € [l — C|h|,1 4 C|h|], and || < 55, then tr € [1/2,3]. O

We also will find it useful to rescale a result of Lacey [Lacl9, Proposition 4.2].
Lemma 12. Fiz (% LY in the interior of Fy = A(2). Then there exists n > 0 such that for all

T

0<vy<1/2and all0 < e <1, we have

sup |Aesf - Aetf| S 7”62/T_2/p|‘f||Lp' (21)

s,te[1,2],|s—t|<vy

Lr
Proof. From [Lac19, Proposition 4.2], we know that this holds when e = 1. Adopt the notation
deg(u) = g(eu) for convenience. Then we have the identity

|Aesf - Aetf‘(x) = |A35€f - At(sef‘(x/e) (22)

Taking the supremum, taking an L" norm and changing variables, we can apply the scale 1
result of Lacey to deduce

sup [ Acf = Ao fll| S 7716l (23)
s,t€[1,2],[s—t|<y .
Then changing variables on the right side of the estimate immediately gives the claim. (|

Now, we are ready to prove the key two-dimensional estimate. The proposition below shows
that one still has a quite satisfactory continuity estimate when d = 2.

Proposition 13. (n regularity condition for the bilinear spherical mazimal operator for d = 2)
Letd=2,1<p,qg<00,0<r<oo. One has that there exists n = n(p,q,r) > 0 such that

sup [Ai(f,9 = mug)l| < ClAP Il llgllee (24)

1<t<2 I

2
for all |h] < 1, provided that r > 3 and
1 1 1 1 3/2, ifr <2
<+<min{1+73}: /,zfr‘_ o
r p q T2 14+1/r, ifr>2
Proof. In the previous notation, our goal is to prove estimates of the form

1A (f.9 = 709l S RNl lgllg (25)

in the case d = 2.
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We start by making a change of variables y' = y+ - (x) in the integral involving the translation
of g, from which we get

Aﬁ(fagf'rhg)( )
/32(0}1)(97-;79 & / flo = k(@)1 = [yP2)do(z)dy

— [ gt~ x(aly {me /fx—f-c VI lyP2)do(2)
o (1= o) [ o= roVTT- h/m<x>|2z>do<z>}dy

= [ oo~ @) X004, ) ()
—xB2(0,1)(y — h/K(z))A KWW( )(x) }dy,
where A;(f = [ [z —ty)do(y).

If |y| > 1 + |h| then X p2(0,1)(y) = 0 and xp2(0,1)(y — ﬁ) =0 (because k() € [1,2]).
If ly| <1 —|h|, then xp2¢0,1)(y) = 1 and xp2(0,1)(y — %) =1.

Denote iL(x) = Hf’z). Then, for a constant C' > 1 to be chosen, the quantity above can be
rewritten as Iy (f, 9)(x) + IIn(f, 9)(x), where
Ih(fa g) (iE)

j(CMqu<lkh9¢tfdwhn{xB%ogﬂy%iﬂwyﬂyp(fxx)
~xmn W= WAs()(@)} dy

and

= /32(0,1C|h|)g(x — R@)y{A, o aE (D) = An(z)m(f)(x)}dy'

We observe that for h fixed, ~Ih(f, g) and II,(f,g) are both bilinear operators that inherit
the boundedness properties of M. This follows from the following inequalities:

[1n(f, 9)(x)]
< glx — k(z x — k(x)/1— 2 do(z)d
<[ - ol [ 156 VI ToP2)| do(=)dy

/Ig x — K(2)y)[XB2(0,1) (y — h)-
. |f (@ = K(z)\/1 = |y — h|?z)| do(z)dy
<A (] 19]) ()

+/BQ(071)|(Thg w sl |/ (@ = a(@)V/1= [y P2)| do(z)dy’
<A(If1, 19D (@) + Au( £, Ing ) (@),
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and similarly

[In(f,9)()]|
</BQ(071_C|h)| x — k(x |/ (z — k(z)\/T = [y[22)| do(2)dy

+/ 9z — (a |/ (& — (@)1 — Jy — h[22)] do(2)dy
B2(0,1—C|h|)

<A:(If].1g1)(2)

[ e s |1 = re) VTP do )y
B2(0,1)

<A(If1, 1) (@) + Ax (1], Imngl) (@)

We will show that ||I,(f,9)|» S |h\"||f||p||g||q, for some triples (1/p,1/¢,1/r) and get the
rest via interpolation with the boundedness estimates of A,. Similarly with I1,(f,g).
Since d = 2, A(2) is a triangle with vertices

11 21
B =(0,0), B3 = (27 2) = B2, and B3 = (57 5) . (26)
Observe that
In(f, ) (2)] <2 / 9z — r()y)| sup Au(F)() dy
1-ClhI< |y <1+]y] >0

Sleinear (f) (l‘) sup

/ 9z — ty)| dy.
te[1,2] J1-C|h|<|y|<14+C|h|

Hence, for s given by the Holder relation 1/r = 1/p + 1/s, we get from Lemma 11 that

(£, <IMisnear () | 500 [ e — )] dy
tef1,2] J1-Cln<y|<1+Clyl L.
SIPIAAlpllgllas
if p> 2, and (%, %) € int(A(2)). The condition p > 2 comes from the boundedness properties

of Miipear for d =2 [Bou86].

In terms of (p,q,r) we are asking (7 1_ 7) € int(A(2)), and % <1

We can prove Proposition 13 assuming r is suﬂﬁmently large, say r > 5. Then using the same
trick at the end of the proof of Proposition 5, namely, multilinear interpolation in the three
parameters p, ¢, of the known continuity estimates for r large, and the boundedness estimates
(no power of |h| gain) we can get the result for small r as well.

Recalling the definition of A(2) in (26), we know that a point (z,y) € int(A(2)) if and only if
y<azx,y>x/2,and y > 3z — 1. For y < 1/5 the condition y > 3z — 1 does not add restriction.

Whenr>5,0nehas%—%§%so
11 1 1 1 1 1 1
(L1 oy = L1l a(t])
q T p r q rp
That is,
1 1 1 1 1 1
- <-+- and —4+-<-.
r o p q 2q r

This means that the pair (1/p,1/q) is in the region between the red and the orange lines in
the figure below. Note that the constraint 1/p < 1/2 is automatically satisfied for a point in
this region since we are assuming r > 5.



16 TAINARA BORGES, BENJAMIN FOSTER, YUMENG OU, JILL PIPHER, AND ZIRUI ZHOU

S o+
S

FIGURE 3. Figure illustrating the initial region for which we get continuity
estimates for Ij,(f, g).

Interpolating with the boundedness estimates we get

12 (f; 9)lr S TR Npll9 g
forall 1/r <1/p+1/g<1+1/r=m(2,r).
To estimate the L™ norm of I, (f, g) we start by using the Minkowski inequality for integrals:

(ol < [ oo 190 = RO A i = A,y e dy -
’ 27

<lgllo- /Bzm,lcm) 14,y i @) = A, ) i @)z .
We will now split the y being considered into annuli where (1 — |y|) lives at scale 27! as in
[JL20]:
Ay={yeB*0,1):1-27""" <[y <1-27""?%}
for i > 1 and Ag = {y € B(0,1): |y| < 3/4}.
In two dimensions, each annulus has area comparable to its scale, i.e.

1-2-t=2
1
1A S / rdr=-{(1-2""2)2 - (1-27"1)2} < 27h
1_2—1—1 2

We observe that if [ is too large then A; does not intersect B?(0,1 — C|h|). Indeed if

y € B2(0,1 — C|h]) N A; then

1

1-27"1 <y <1-Clh| =271 > Clhl =1+ 1 <log, (C|h) . (28)

Hence if we define Lj, = |log, (ﬁ)] one has

Lp
B*(0,1-C|h|) = J AN B(0,1-C|n)) (29)
=0

Denoting B = B?(0,1—C|h|), using the splitting above, we can break the integral into pieces

Ly
HIIh(fy g)”r S HgHoo ;/AmB HAH(QJ)\/Wf(x) - An(x)\/mf(x)HL; dy.
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Observe that since | < Ly, if C' > 8 then one has |h| < %l < 27173 50 for all y € A; one
has that \/1 — [y[2 and /1 — |y — h|? are both comparable to 27/2 .

Indeed,

VI=]yP = V1+ylV/1- |yl ~27"2

and

1-27'<ly—-hl<1-27173% — \/1—|y—i~z|2~ \/17|y7}~z|~27l/2.
By Taylor expansion, there is some universal constant Cs such that

1 1/ =
2,W\/1—|ZJ|2—2,W 1—ly—hl?

with the last inequality following as long as we choose C' > 2C5. Thus, we can apply Lemma
12 to get that if (1/p,1/r) is in the interior of A(2) then || II,(f,g)|l» is dominated by

- 1
< 02222 |h| < Cp2Yh| =1 v < 3

Lp,
_ 1_ 1
Shgllee S (11127271220 =D A1 £1],
=0
Ly,

—(i-_1_
Shglloollfllp Y 1AI72716 727 Ay
=0

Ly
— 1_1_
Slgllocl 7SS 2104 =4
=0
SR fllpllglloo

1

since we have that 1 + - — — > — > 0.
r r

In conclusion, we have that
LI (f 9) e S RNl Nl glloo

for exponents satisfying (1/p,1/r) € int(A(2)).
Note that for r > 5, one has (1/p,1/r) € int(A(2)) if and only if 1 < % <2

1
q
A~

1 4+=-~

.

Y
~
Y
Y
~
N
Ay
l 1 .
2 ‘s‘
2/r .
.
]./T'\" \|
= —— ]
1 p
P

FIGURE 4. Figure illustrating the initial region for which we get continuity
estimates for I1,(f,g), namely the open segment in orange.
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Interpolating with the boundedness estimates for IT(f,g) we get the continuity estimates
in the interior of the boundedness region of M. Then

A DN < (s )l + 1R ) S RN lg g
for some n(p, q,r) > 0 for any point in 1/r <1/p+1/g<1+1/r. |

We now move onto the continuity estimate that involves translation in both input functions
fand g.

Proposition 14. Letd > 2, and (%, %, 1) € R(d). Then there exists m1,m2 such that

IM(F = T fo9 = Tha@) e S B ™ [ha|™ | £ o llgl| o
for all |hy| < 1, |ho| < 1.

Proof. Again, it suffices to prove this bound for the linearized operator A, where  : R% — [1,2]
is measurable.

For (1/p,1/q,1/r) € R(d), take (1/p;,1/q;,1/7) € R(d), ¢ € {1,2}, such that
(1/p,1/q) = 0(1/p1,1/q1) + (1 = 0)(1/p2,1/q2).

From what we proved in Propositions 5 and 13, we know that

||Am(f - Th1f7g - Thzg)”T < “jn(f - Th1fa g>||T + H"iﬁ<f - Th1fa Th2g>||T
SR [[fllp 19l g -

Similarly, using the linearity in the first entry,
[A(f = Thi fr.9 = Tho@) e S Thl [ fllp.ll9llq.-

Interpolating these estimates we get
M (f = Thi f29 = Thog)llr S 1 Rl == £l g -

3. A DIGRESSION TO THE d = 1 CASE

In this section, we study the continuity estimate of the single scale bilinear averaging operator
in dimension d = 1. A completely different method is needed in this case, as the operator is
much more singular and the slicing technique stops applying. More precisely, we shall get the
continuity estimate as a consequence of a new trilinear smoothing theorem recently developed
in [CZ22]. This theorem extends the earlier trilinear smoothing inequality from [Chr20] to
include a class of degenerate surfaces. In particular, the surface parametrized by ¢1 = z, ¢3 =
x — cost, 3 = x — sint, which is the surface in our problem, falls into this class.

Let d = 1, in which case it suffices to study the single scale bilinear spherical averaging
operator

2T

An(f.0)@) = [ 1= vga = do(w2) = [ fa = costigla —sin )t

0
Denote by Ry the boundedness region of A, that is,

R1={(1/p,1/q,1/r) € [0,1]*: Ay : LP x LY — L" is bounded}.

The region R was first investigated by Oberlin in [Obe88] in the case p = ¢q. The results were
further improved in [BS98] and then very recently in [SS21], where some necessary and sufficient
conditions for the LP improving estimates for .4; were obtained. However, these conditions do
not yet match and one still only has a partial description of R;. As these conditions are fairly
complicated to state, we omit them here and refer the reader to [SS21, Theorem 2.1 and 2.3].
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Our main theorem of the section is the following continuity estimate.

Theorem 15. Let d = 1, then for any (1/p,1/q,1/r) in the interior of Ry there exists n =
n(p,q,r) > 0, such that

[AL(fr = 7 f1, f2)lle S R il 21l
for all |h| < 1.

By a standard argument, this theorem implies the following sparse domination result for the
lacunary version of the bilinear spherical maximal function

Miac(f,9)(x) = sup Azr (|11, 191) ().

Theorem 16. Let d = 1. For all exponents (1/p,1/q,1/r) in the interior of the region Ry such
that 7 > 1, the bilinear lacunary circular mazimal function Mi.. has (p,q,7’) sparse bound,
where r' is given by % + % = 1. More precisely, for all functions f,g,h € C3°, there exists a
sparse collection S of intervals in R such that

[(Miac(£,9). )1 S D 1QI w9l

QeS

Theorem 16 follows from Theorem 15 and an almost identical (and even simpler) deduction
as in Section 4 and Section 5, where the full version of the maximal function M in dimensions
d > 2 is discussed. One needs to slightly modify those arguments because now we are in the
lacunary (rather than the full) case. Such modification (for instance, see [RSS21, PS21]) is
routine and we omit the details. Note that an analogue of Proposition 14 involving translations
in both components is needed as well, which is an obvious corollary of Theorem 15 following
the same proof of Proposition 14.

There is, however, a subtlety in the proof of Theorem 16 that we would like to point out.
Unlike previous works, where certain versions of the assumption p,q < r were needed in the
sparse domination theorem, we are able to remove this assumption in our theorem. As detailed
in the “Bad-Good” case in Section 5 below, such assumptions are not necessary once the
boundedness region for (1/p,1/q,1/r) satisfies the following property: for all 1 < p < oo,
there exists some ¢* such that (1/p,1/¢*,1/p) is in the interior of the region; symmetrically,
for all 1 < g < oo, there exists some p* such that (1/p*,1/q,1/q) is in the interior of the
region. Even though the full description of the boundedness region R here is not yet available,
it is proved in [SS21, Theorem 2.3] that the region contains the convex hull of the points
(0,0,0),(0,1,1),(1,0,1), (% %7 %)7 hence it has this property.

It is unclear to us whether Theorem 15 can be extended to the localized bilinear circular
maximal function sup; «,<o A¢, which, if true, would yield sparse bounds for the full version of
the bilinear circular maximal function M.

We now move on to the proof of Theorem 15. It will be implied by the following proposition,
which is in turn a consequence of the trilinear smoothing inequality (Theorem 18 below). We
leave the proof of the proposition to the end of this section.

Let {Qr} be the Littlewood-Paley projections. More precisely, for any k € Z define Q. f :=
br * f where ¢p = ¥ — p_1 and Pr(z) = (27%z). Here, ¢ is a smooth bump function
supported on [—2, 2], taking values in [0, 1] and satisfying ¢(§) = 1,V|¢] < 1. Let P, = >, ., Qi

and Q; = Qi—1 + Qi + Qit1.
Proposition 17. Let d = 1. There exists § > 0 such that for all functions fi, f» € L? and all
ke,

1AL Qs f2)lln S 27K (1 frll2ll 22
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Proof of Theorem 15 assuming Proposition 17. We first show the continuity estimate at the
tuple (p,q,7) = (2,2,1). It is well known that .4; maps boundedly from L? x L? into L' (see
e.g. [Obe88, SS21, CZ22]).

Fix a parameter k € Z, which shall be chosen later, and decompose f; to get
[Av(fi = 7nfr, f2)lln SIA(Pefi — P fr, f2)l1a
+ D NAQifrs )l + Y A (TQifrs f2)lh

i>k i>k
=I+1I+1I1I.

The first part is bounded by O(22%|h|| f1|l2/| f2|l2) by using the L? x L? — L' boundedness of
A and estimating || Py f1 — 7 Pr f1l|2 via ||¢']|1 and Minkowski’s integral inequality. Indeed,

I S| Pefi — mPrfill2] f2ll2

Il f2ll2

L2

h
/ Fue (o + ) dt
0

h ~
< (/ 1f1 g (2 + 1) 2 dt) [1f2]]2
0

< Rl fr 2l f2 2kl < 22 A1zl 22
By Proposition 17,

2
IT=Y " [A(Qifrs o) lr < Y27 % fallall foll2 Ss 272 T I ill=-
=1

i>k i>k

Similarly, one can obtain the same estimate for the last term:

2
1= Z AL (Ta Qi f1, f2) = Z [AL(Qif1, T-nf2) (- = W)ll1 Ss 2%k H Il fill2-

i>k i>k i=1
Since we are only interested in the small h case, we are allowed to choose k such that
2k = |h|=1/(2+9) "and we get

2
s
AL =71, F2)lln < CO)[R[=5 T I ill2-
i=1
Interpolating this continuity estimate for (p,q,r) = (2,2,1) with the L? improving estimate in
the region R; (for instance, those tuples obtained in [SS21]), we get continuity estimate for any
point in the interior of R;. (Il

We now prove Proposition 17, with the main tool being the trilinear smoothing inequality
recalled in the theorem below. Let 1 be a smooth bump function with compact support in R?,
and f = (fo, f1, f2) be a tuple of functions on R. Define

T() = / / [1 7o 61t (e, ) ot (30)

Theorem 18 ([CZ22]). Let U be a connected neighborhood of the support of n. Let ¢; : U — R!
be real analytic. Assume that for anyi # j € {0,1,2}, det(V¢;, Vo;) does not vanish identically
n any nonempty open set. Assume that for any nonempty connected open subset U' C U, for
any g € C¥(®(U’)) that satisfies Z?:O(gj o¢;) =01in U’, each g; is constant in ¢;(U’).
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Then there exist § > 0 and C < oo such that for all Lebesgue measurable functions f =
(fo, f1, f2) € L*(R) x L*(R) x L%*(R), the integral defining T (f) converges absolutely and

ITE < T Ifllm-s- (31)
j=0

Proof of Proposition 17. Let n be a smooth bump function supported on [—%, 1+ %], and
nn(x) = n(x — n) satisfying > 7, = 1. Define for each n € Z that

Tolhr. forg) = / / e ()X (0,20 (6) 1 (& + cOS ) fo( + sin t)g () dzdt.

It is straightforward to check that 7, satisfies the assumption of Theorem 18, and applying the
trilinear smoothing inequality gives rise to the same constant for all n.
Then, by duality,

AL (@r 1, f2) 1 < sup T ((Qr.f1); f2, gn)l-

n Suppgn Cln—§,n+1+¢1,gn|<1

We now introduce another localization to the input functions. Let x be a smooth bump
function supported on [—¢, 1 + €], taking values in [0, 1], and satisfying x = 1 on [¢, 1 — €], for
some e sufficiently small. Denote x,,(z) = x(z —n) and X = Xn—2+ Xn—1+ Xn + Xn+1 + Xnt2-
Notice that ¥, =1 on [n —2+¢€,n+3 — €] and supp({n) C [n —2 —€,n + 3 + €]. From the
definition of 7, one has that the above sum is bounded by

S Z sup |7;l((Qkf1)>~(naf2>~(nvgn)‘ S I+II3
. suppgn Cln—%,n+1+3],g,|<1
where
1= sup |7:'L(Qk(f1)zn)7f2>2n7gn)|a
n SuppgnCln—%,n+1+¢],|gn|<1
11 = Z sup |7;L((Qkf1))2n - Qk(flf(n)v f2)~(nygn)|~
n SuppgnCln—g,n+1+3],1gn|<1

Notice that ||gn|lg-s < ||gnll2 < 1 uniformly over n. By the trilinear smoothing inequality
and Cauchy-Schwarz,

IS NQkRnf)lm-sl%nfollm—s < 27 I%afilD) Q- TnfllD) 2 S 271 frllz ] folo-

For the error part 11, let my(z) = 28 (1+2%|z[2) =10, which satisfies [¢x (2)|X|z/>1 < 27 Fmi(z).
The following pointwise estimate holds true by the fast decaying property of ngS and the fact
that X, (x) — Xn(u) =0 when |z —u| < 1,z € supp(n,):

Q)% = Qulfrn) (@) = ‘ [ ) = Sl (e~

52—k/\f1<u>|mk<x—u>du

= 27k|f1| xmy(x).
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This then implies
sy sup (A1 1] s | f2)) s g )

n sSuppgnCln—% n+1+1]|gn|<1

< AR AL ms | fal)inln

S 278 AL mil2llf2ll2 S 275 (a2l fl2-

where we used that A; : L? x L? — L' is bounded, which is an easy consequence of Holder’s
inequality. O

The proof above works for averaging operators over a more general class of curves in R? as
well. See [CZ22] for necessary conditions on this class of curves.

4. REDUCTION TO DYADIC MAXIMAL OPERATORS

In this section, we follow closely the argument in [PS21] to reduce the problem to sparse
bounds for dyadic maximal operators. The arguments in this section work for all d > 1.

Without loss of generality, assume f,g > 0. If D’ is a dyadic lattice whose cubes have side
lengths in the set {327}, j € Z, then by the Three Lattice Theorem

(3Q: Qe D} =, D,
where each D! is dyadic lattice whose cubes have side lengths in the set {27: j € Z}. Denote
1
D, = {Q eD: Q)= 32"‘},
Di, ={QeD":1(Q)=2"}.

Define
A*,t(f:.g)(x) = sup Aé(fag)(x)
s€(t,2t]
Then
Asom-a(f,9) (@) =Aam-a( > fxa Y. 9x@)(x)
QeD!, Q'eD.,
< > Avana(fxa 9xe) (@)
Q,Q' €Dy,

We claim that if A, om-1(fXq,9xq")(x) # 0, then Q' C 3Q. Indeed, if

sup / (Fx@)(@ - t)(gxa) (@ — t2)do(y, z) £0,
SQd—l

t€[2w1—4’2m73]

take t € [2m4, 2m73] and (y, z) € S??~! such that z —ty € Q and z — tz € Q' so

HQQ) < (e —ty) — (o~ t2)] < ly — 2 <2772 < 29" =1(Q) = @' € 3Q.

Let Q(1),Q(2),...,Q(3%) be an enumeration of the cubes in D!, that comprise 3Q. Then

3d
A*,Q”L*“(fag)(x)g Z ZA*,2M*4(fXQngQ(j))(I)

QeD;, j=1

3d
=: Z Z A*7Q,Q(j) (f7 g)((E)

QeD;, j=1
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Moreover, if @ € supp (A..q.0@)(f.9)), then (z — ty) € Q for some (y,z) € S?**~! and
te2m=4,2m73] so d(x,Q) < [ty| < 2m73|y| < 12™. This implies that

suppA. 0.q(j) (f,9) € 3Q.
Putting all of this together,

M(f, 9)(x) = sup A, am-a(f, g)(x)

meZ

3(1
< sup Z ZA*,Q,Q(j)(fvg)(x)

meZ QeD:. j=1

34 34
:supz Z ZA*,%Q,(%Q)(j)(fag)(w)

meL ;4 QeDi j=1

3d
—:sup Y ALo(fi9)(@)  (with supp(AL ,)(f,9) € Q)
ML j=1QeD;,
3d
< Z sup sup Aﬂ;yQ(ﬁ g)(z)  (because the cubes in D!, are disjoint)
1521 mEL QED;,

3¢ 3¢
=3 swp A (f0) (@) = 3 M (f0)().
i,j=1 QED’ ij=1

Hence, it is enough to find sparse bounds for dyadic maximal operators of the form
M. i(f,9)(x) = su .Ai ,9)(x) = sup A, gm-4 10,9X (1o )(T),
J(f9)() Qe% Q(f 9)(x) QeII)J 2 (fX3Q gX(BQ)(j))( )

where D is a dyadic lattice, and for each @, m is given by I(Q) = 2™.

The previous reduction to the sparse domination of dyadic maximal operators, combined
with the following lemma, will allow us to reduce our problem to prove the analogue of Lemma
4.2 in [PS21], which we will state and prove in Section 5.

Lemma 19. Let D be a dyadic lattice. Suppose f,g,h are bounded compactly supported func-
tions in QQ € D. Then if Qo € D is a large enough ancestor, one has

Al o (f.g),h) =0, for all Q' €D, Qo C Q'
*Q
Proof. Since supp(h) C @, it is enough to show that Ai)Q,(ﬂg)(a?) =0forallzeQ,ifQ isa

large enough ancestor of Q } 4
Suppose there exists o € @ such that A] ,(f,g)(x) # 0. Then for 2™ = /(Q’), one has

0# N /Su_l (Fxi)(@ = ty)(gxon ) (@ — tz) do(y, 2),
which implies that there is t € [2m~4 2m~3], (y, z) € S??~! such that
(Fx1g)(x —ty)(gx 1) (@ —tz) # 0.

This then yields that (z — ty, z — tz) € supp(f) x supp(g) € Q x Q. Since (y,z) € S~ we
have |y| > % or |z| > % Say |y| > %, then

HQ)

S0 < 2"l < (@ —ty) — o < diam(Q),
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which will not be satisfied for Q' sufficiently large.

5. PROOF OF THEOREM 1

We follow the exposition in [RSS21] and [PS21] most closely in this section.

By arguments already contained in [PS21] we can reduce the proof of the sparse bounds to
the case when f and g are characteristic functions and A > 0 is a compactly supported bounded
function.

Lemma 20. Let d > 2. Let (1/p,1/q,1/r) with r > 1 in the boundedness region R(d). Then
for compactly supported indicator functions f = xr and g = xg, and h > 0 compactly supported
bounded function, there exists a sparse collection S such that

(M(f,9),0) S D 10K w9l g

Qes

Lemma 20 follows from the main lemma below and the two facts that we observed in Section
4. One of them was that we could reduce the proof of the sparse domination to sparse bounds
for dyadic maximal operators of the form

M., i (f, = A, gm-—a 10,9X(10) () = »Ai ) )
i(f9) (@) Sup Az (Fx1q:9X0)6) sup o(f,9) (=)

where D is a dyadic lattice, and for each @, m is given by I(Q) = 2™. The second ingredient
is the localization property proved in Lemma 19, which allows us for given functions f,g,h
to pass from sums over all dyadic cubes to sums of subcubes of some dyadic cube (Qg. The
details can be found in [PS21], when they show that Lemma 4.2 implies Lemma 4.1, with small
modifications because we are in the full (rather than lacunary) case. We omit the details.

Our main Theorem 1 will thus follow from the next lemma. The continuity estimates we
developed in Section 2 will play a key role in its proof. To simplify the notation, (f)g , below
will denote the p average of |f| over the cube Q.

Lemma 21. Let d > 2 and (1/p,1/q,1/r) € R(d), the interior of the known boundedness
region of M given in (8), satisfying r > 1. Let f = xr, g = xa be measurable indicator
functions supported in a dyadic cube Q¢ and h a bounded measurable function also supported
in Qo. Suppose there exists Cy > 1 and Dy be a collection of dyadic subcubes of Qg such that

(Now | Daa , (Mo r’)
sup sup = 4 =+ : < (.
Q€D Q: Q'CQCQo <<f>Qo,p (Doa (Mo ’

Then if {Bg} is a family of pairwise disjoint sets indexed by Q € Dy with Bg C Q and
hqg = hxB,, we have the estimate

> (AL G (F.9):hQ) S 1Q0l(F)op(9) o (B o

QEDy
where Ai,Q(f» 9)(z) = A*,zm%(fX%QvQX(%Q)(J‘))W); for 1(Q) =2m.

Proof. Without loss of generality, assume h > 0. It will be convenient to work with the slightly
larger operators. If I(Q) = 2™,

j _
A o(f,9)(z) _te[Q"LSBlI,)QW*S] Ai(fx10:9X10)()) (@)

< sup Alfxigi9xog) (@) = Sl o(f,9)(@)
te[2m—4,2m=3]

where Q(j) is the union of dyadic children of Q which cover the cube (2Q)().
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The operator Si’Q( f,g) is bi-sublinear but we can define bilinear operators to control it.
Namely for a given measurable function s : R? — [1,2] define

S o(f,9)(@) = Apm-in(a) (FX10: 9X () (%)-

It is enough to prove that for all measurable » : R? — [1,2], one has

D (SLalf9):h0)| S 1Q0l(F) Q0w (9)Q0a (M) o,

QEDo

Following [PS21], one can define adjoints for Asm-4,. Recall that since (1/p,1/q,1/r) €
R(d),

[(Agm-sn (£, 9)s )] < [ Ao (£, )l lRll S @™ 7572 Fllp gl 1Bl

This implies that for any g € L%, and h € L" | the map f — (Aym—a,.(f,g), h) is a bounded
linear functional on LP. By LP duality there exists A;} _a(g,h) € L' such that

< 2m—4y (f7 )7 > <f7 27n4( h’)>7 VfELp-
Similarly one can define AQ,,L 1 (f h) € L7 such that

<A2m—4m(fvg)’ > <gv 2m 4 (f; )>, VgGLq.

Now, we perform a Calderén-Zygmund decomposition on f,g. Write f = v+ ¢, where the
selected cubes satisfy

By = {maximal dyadic cubes P C Qg : M > C’O} , (32)
<f>Q07P
and as usual, we set
Br= Y (= {(fr)xr. (33)
PGBf

Similarly, g = 7, +8,. Moreover, we can group all the cubes in By of side length 2* together,
call this collection By, and let 3¢ denote the part of 3 supported on those cubes. Thus, we
have

mo—l

> Brk (34)

k=—oc0

where mo = log,(1(Qo)).

As usual, the maximality of the selected cubes guarantees that the good part of f (the
~vf) satisfies nice estimates such as ||vsllr~ S (f)g,,p. We break into a fourfold good-bad
decomposition:

| > Alo(F 9, h)l <1 D (AL o0, 79) hadl +1 D (AL g (Br,79) )l

Q€EDy QeDy Q€eDy
1Y AL (s Be) hd + 1Y (AL o (Br,By) had|  (39)
Q€EDo Q€eDy

= GG+ BG +GB + BB.
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The GG term: This term can be dealt with easily using Holder’s inequality and the
disjointness of the sets B:

GG < > [vlloollvgllsollells
Q€EDo

S (V1) Q0w(V9) Qo.al Qol(R) o1
< |Q0|<7f>Q07p<79>Q0,q <h>Q0,'f”'

(36)

The BG term:

BG =] Y (A 5(Bs,79),hq)l

Q€Do
< Z Z A Bf,m ka’yg hQ ‘+ Z Z| A ﬂf,m kar}/g) h’Q>|
q€Dg k=1 q€Dg k=4

For 1 < k < 3, just using the boundedness properties of M we get

Z ‘<A1,Q(/Bf,m—k:7 79)? hQ>‘

Q€eDy
d(L_1_1
S D 2T T W8 ke @) sl @ 1l
Q€eDy
S QB m-k)@r ()0 (h)qur
Q€eDy

as long as (1/p,1/qo,1/r0) € R(d).
Mimicking the argument in [PS21, Section 4.3] we get to the point where for all Q € Dy with
1(Q) =2™, and for all k > 4,

|<Si,Q(Bf,m—ka V), hQ)|
1 .
S Aprns (1= 7-] (sign(h (s = )Brm-rx30) »VoXag ) (@) (87)

~1Po] Jp, Jra
- ho(z) dedy,
where Py is the cube centered at the origin with sidelength 2/(P) = 2-2™~* and

I(x,2)

=Brm-k (@)X 30(@) { A5k, (uXau) @) @) = A3 4 (X ha) (@) } -

Remember that the condition £ > 4 was important to guarantee that if P € By ,,_; with
Pn %Q # (), then P C %Q, and analogously for Q(]) Then we can exploit the fact that 57 has
average 0 in each of the bad cubes P. The main reason why we passed to the slightly larger
cubes %Q and Q(]) is to have these nesting properties satisfied.

Once we have (37), we may use the continuity estimates that we proved in Proposition 4
for (1/p,1/qo,1/19) € R(d) to be chosen smartly later. The right hand side of (37) is then
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bounded by
n
1 vl gmd(1/ro=1/p=1/20) | 8. Nl ooy el Lao @ @l g o Ay
“Po| Jp, \ 27 ’ ’ e
S22 i 1)) 2T g o @)@ e )

=27"Q|(B1m-k) Q. (V9) Q.0 (hQ) @y -
Observe that independently of the choice of gy > 1, one always has

(Vo) Q.00 < [7glloo S (9)Qoug-

Now all we need to check is that for a suitable choice of (&, L), with (1, 2 L) € R(d) one
g0’ To P’ 490’ To
has for all kK > 1 that
> 1RIBrm-kawhe)ary S Qo) up(h)qer- (38)

Q€EDo

For completeness, we state and prove the following lemma, which was already implicit in
[Lac19] and [RSS21].

Lemma 22. Let k > 1 fized. Let p1,p2 € [1,00) such that 1/p1 + 1/ps > 1. Then
Z ‘Q|<ﬁf’m*k>Q,P1 <h‘Q>Q,p2 < |Q0|<f>Qo,;D1 <h>Q0,P2>

Q€EDo

with implicit constant independent of k.

Before proving it, let us see how Lemma 22 implies (38).

We will consider two cases, 1/p > 1/r and 1/p < 1/r, and we describe the choice of the auxil-
iary pair (1/qo, 1/7q) for each of those cases. Basically all we need is a triple (1/p,1/qo,1/r0) €
R(d) with 1/p+ 1/r(, > 1, so we can apply Lemma 22.

If 1/p > 1/r, one can simply take (1/qo,1/79) = (1/q,1/r). Then Lemma 22 can be applied
directly to get (38), because 1/p+1/r' > 1.

If 1/p < 1/r, take ro = p and choose 1 < gy < oo large enough so that 1/p+1/q0 < m(d,p),
where m(d, p) is the quantity defining the region R(d) for the continuity estimates. Then, the
continuity estimate holds for (1/p,1/qo,1/r0) and again since 1/p+ 1/rj =1/p+1/p’ =1 we
can get from Lemma 22 that

S 1QUB s awhadar, S QoI ausFhaur-
QEDy
Notice that 1/p < 1/r implies 1/p’ > 1/' and thus r{ = p’ < r/. Hence, we can bound
() Qo.ry < (h)Qq,r, Which implies (38).

Remark 23. Notice that exploiting the fact that v, is bounded we were able to choose the triple
(1/p,1/q0,1/70) with ro > r and g conveniently, so we can handle both cases 1/p < 1/r and
1/p > 1/r. This is an improvement in comparison with the estimate of the BG part in [PS21]
where they assumed 1/p > 1/r. Similarly we don’t need to assume 1/q > 1/r for the estimate
of the GB term.

Proof of Lemma 22. This proof depends on the fact that f = yr and g = x¢ are characteristic
functions.

Bf,m—k = Z (f - <f>P)XP = Z XPNF — Z <f>PXP

PeEBfm—k PeEBf m_& PeEBf m—&

=XFn.— >, (Hrxp,

PGBf‘m,k
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F1GURE 5. Figure that illustrates how for each p one can find gy such that

where Fy, . = Upep;,,_,. (PN F). Therefore,

|ﬁf,m—k| < XF,m.k + <f>QoXEf,m,k7

where Ef ., x = Upen,,,_, P Here, we used that by the maximality of the bad cubes of f,
(Hp s <f>Qo'

We can then write

> QB m-k) @ h@)aw: S D 1QIXE. ) @w (hQ)Qp

Q€EDo QeDy

+<f>QOvPl Z |Q|<XEf,m,k>Q7P1 <hQ>Q,pg = I+II
QEeDy

Since 1/p; + 1/pa > 1, let 7 > 0 such that 1/p; + 1/py = 1 + 7, define p; via - = -

. 1 p1 T
Then since @ € Dy,

:<XFm);c .XFm,,k>Q7p1 < <XFm,k>Q7p1 <XFm‘k>Q71/T
SXF) @ (XFIQ S (XFn )@ (XF)Qy-
Now we use this and the fact that 1/p; +1/ps =1 to get

I= Z |Q|<XFm,k>val <hQ>Q,P2 < <XF>7C—20 Z |Q|<XFm,k>Q,ﬁ1<hQ>Q,P2

<XFm,,k>Q7p1

QEDy QEDy
1/1’7'1 1/]92
=(xF)a, Y. (/ XFm,k) (/’%2)
Q€EDo Q@
1/p1 1/p2

<(XF) 0, Z Z

/ XF”m,k
m QeDy: U(Q)=2m "

<(XF) G, (; /QO me,k>1/ﬁl </0 hm>1/p2

F 1/]51"!‘7'
<1Qo] ('Q') B2 ps = 1Qol(F)00.r (F 2o o

D

Q€eDy

/ hpz
Bq
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For IT the estimate is simpler:

> 1RIXE )@ (BQ)aws < Y 1QIXE.)@w (hQ)aup

Q€eDy QEDy
1/p1 1/p2
< (Lres)  ([15)
Q€D Q@
1/p1 1/p2
DO RO I oy LS
Q€eDy QEDy
. 1/p2
<l ([ 1) = @0l
Qo
|
The GB term is treated symmetrically to the BG term.
The BB term:

By similar computations as in [PS21, Section 4.3] we can use the boundedness propertles of
./\/l the continuity estimates proved in Section 2, and the adjoint operators Azm s, and A2m 4,
to get the estimate

BB <sup Y [(S] o(B5. By) ha)l < sup > ZZI 2@ (Bf.m—t: Bg.m—j), ha)l
" QeDy QEDy k=1 j=1
(39)
S Z Z 2770 N QB m—k) @ (Bam—i)@.a(h@) @

k=1 j=1 QeDy
Lemma 24 below will then imply that

BB 5 Y 27" IQol (1) gupte) oo (Manr < 1Qol{ @0 (9)00.a (M@0

j=1

which concludes the proof of Lemma 21. |

Lemma 24. Let f = xp and g = xg as before, and 1 <r < oo. Assume 1/p+1/q+1/r" > 1,
then

> 1RIBrm—K @wBam—i)eatha)ar S 1Qol(F)or (0P gor

QEDy
with implicit constant independent of k and j.

Proof of Lemma 24. We start with the bounds

Btm—r)ap S (XFmk)Qp + (F)Qop{XE1,mk)Qp
<59,m7j>62,q N <XG,m,j>Q,q + <9>Qo,q<XEz,m,k>Q,q7

where
Evme= || P, Fmr= || PnF
PEBf i PEBf m—k
Bymi= || P, Gu;= || PnaG

PEBy m—j PEBy m—j
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Therefore

> QB m—k)@p (Bam—i)0a(hQ)q.r

QEDy

S Y QI Em e @p(Xami)@athe)ar
Q€eDo

+(Daoa D 1QUXFmE Qp(XEs.,)0.alhQ) Q.
QEDy

+ <f>Q07P Z |Q|<XE1,m,k>Q7P<XG7m,j>Q,q<hQ>Q;T'
Q€eDy

+ (N ow(Daoa Y 1QIUXE m k) Qp(XEs ;) 0alhQ) @
Q€eDy

=:BBy + BBy + BB3 + BB4y.

Since 1/p+1/q+1/r" > 1, take 0 < 71 < 1/pand 0 < 75 < 1/g such that %+é+% = 14+71+7.
Define p, ¢ by % = % — 7 and % =1 _ 7, then the Holder relation % + % + % =1 is satisfied.

_E—

BBy = Y Q{xrmk)er(Xc.mi)eqlha)or

QEDy
<xm e, xa), > (1R (xpmr) @) 1R Xm0 1R (hg)g.)
Q€EDoy
1/p 1/4 1/
<(xr)g,(Xc) 5, Z /XF,m,k Z /qug Z /hQ
QeDy V@ QeDy 7 QeDy V@

m)ﬁ+1/i) (|G«)T2+1/li %+% ( T/)l/r’
= <|Q0| Qo) ol /Q h
=|Q0l(f)Q0.p(9) @0,a{) Qo

Notice that

1 1

1 .
6 = 6 — T2 < 5 = q=2q — <XE2,1n,j>Q7q < <XE2,m,j>Qv(j'

This allows us to estimate BBy in the following way:

BBy =(9)qoq Y, |1QIXFmk)Qp(XEs . ;)00 (hQ)
Q€eDy

<90 (XF) Gy > 1QUXFm K QX8 ;) 0.0(hQ)
QEDy

1/7"
<(6)@ualxr )T | FIYP1Qo] 0 ( /Q W )
0

=1Q0l(f)Q0.p(9)Q0.a{P) Qo
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The term BBj is symmetric to BB, and finally we have

BBy =(£)qop(®aoa > 1QUXE: i) @p(XEs ) @a(ha)
QEDy

<Dor@ o Y 1QUXE 1)@ (XEa @i (hQ) @
QEDy

- . . /7’
§<f>Qo’P<g>Q0’q|QO|1/p|Q0|1/q </ " >

=|Q0l{f)@0.p(9) @0.a(P)Qo.r-
This finishes the proof of Lemma 24 |

6. SHARPNESS OF THE BOUNDS

By considering specific examples, we can show sharpness of part of the range of exponents
obtained for the sparse bounds in Theorem 1 and the continuity estimates for the localized
bilinear spherical maximal function M in Proposition 4, up to the boundary. We rescale to
unit size for simplicity in all cases. We will reuse some examples considered in [JL20, Proposition
3.3], and we also introduce a third Knapp-type example (motivated by an example in [Lac19])
which extends the necessary conditions derived in [JL20, Proposition 3.3].

6.1. Sharpness of the range for sparse bounds. The following proposition establishes
necessary conditions on the range of exponents (p, g, r) for which sparse bound of the bilinear
spherical maximal function holds.

Proposition 25. Letd > 2, 1 < p,qg < 00, and 1 < r < co. Suppose further that % + % > %
and the bilinear spherical mazimal function M has (p,q,7") sparse bound. Then,
1 1 { d 2d—1 2d d—1 }

4yl <mind1l+ =
p+q_Inln +r7 d ’d—|—1+r(d—|—1)

Note that sparse bound is only interesting when % + % > %, as otherwise one can trivially
get (p,q,r’) sparse bound using the LP? x LY — L™ bound of M, for 1/rg := 1/p+ 1/q, and
Hoélder’s inequality.

Comparing the necessary conditions in the above to the sufficient conditions for sparse
bounds stated in Theorem 1, one sees that the first two necessary conditions are also suffi-
cient (up to the boundary), while the third one is a bit weaker than the sufficient condition
% + % < % + 2(%1). In fact, as pointed out in [JL20], it is also unknown whether this last suf-
ficient condition is necessary for the LP improving estimate for the localized bilinear spherical
maximal function M. An immediate observation from the proof below is that the third example

we present below also shows that if M is bounded from LP x L to L", then %—i—% < % + r(dd_Jrll) .

This improves the best known unboundedness range for LP improving estimate for M [JL20,
Proposition 3.3].

Proof. We present three examples here, each of which will imply one of the claimed upper
bounds.

First, fix 0 < egp < 1 sufficiently small. For 0 < ¢ < €9, consider functions f15 = Xpa(0,s)
91,6 = XBd(0,c5), and hy = xa, where A = {z € R : % < lz| < % + €o}. It is proved in
[JL20, Proposition 3.3] that there exists a choice of constant C' > 0 such that

M(fr5,91.6)(x) 26271 Vo e A
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Indeed, C' = 100 is certainly sufficient for our purposes and it works in [JL20] argument, as can
be seen by writing the operator in sliced form and considering intersections of balls and spheres
centered at points in A with points in B4(0,§). This immediately implies the lower bound

(M(fro,908)sm)| = [(M(fr,5, 91.0)s )| 2 6271 A

On the other hand, in any sparse form >, s [Q[(f1,6)Qp(91,6)Q.q(h1) g, if @ € S makes
a nonzero contribution, then @) needs to intersect the support of all three functions. Thus, @
will have scale at least 1/2 and the contribution of all such Qs decreases as the side length of
the cube increases. Therefore, it suffices to consider the case that S contains a single cube @
that has side length ~ 1. One thus has the upper bound

DRI fusyomlgrs)eqlhn)e,

QeS

I ~ 81D A

Playing these two bounds against each other, one immediately has % + % < 2’{7_1.

The second example is very similar, which we also borrow from [JL20, Proposition 3.3]. Let
0 > 0 be sufficiently small. Consider

f2.6 = XBa(0, L1260\ B0, 25 —26)) 928 = XBa(0, L5 +C)\B4(0, % ~C6)>

and has = Xpi(o,5)- It is shown in [JL20, Proposition 3.3] that there exists a choice of C
(which can be taken to be 100, similarly to the previous example) such that for all |x| < 4,
M(fa,5,92,6)(x) Z 6. Therefore, one has

(M(f2.5,92.6)s h2,8)| = [(M(f2.6,92,5): has)| Z 6.

Similarly as in the first example, one also has the upper bound
d
> QU F2s)an(g20)0alhes)qr S If2sllir g2l iallhaslly ~ 65375
Qes
which implies § + ¢ <1+ ¢
The last example is adapted from [Lacl9, Proposition 5.1] and is a Knapp type example.
Let § > 0. Consider three rectangles in R¢:

Ry = [-C1V6, 01V x [=C16,C18], Ry = [—~CaV/6, CoV/8) 1 x [—C48, Cad),

1
Rs = [—V6, V6]t x [—=, V2],
3= ] [ 7 ]
where the constants C;, (5 can be chosen to be 100 if § is sufficiently small. Let f55 = xr,,
93,6 = XR,, and h3 s = xpg,. For every & € R3, one has from the slicing formula [JL20, (2.2)]
that

M(fss,95.5)(x) = sup / faslx — ty) / g35(x — ty/T— [gPz) do(2)dy
L,5<‘y|<; Sd—1

1<t<2
d—1
2 Xr; (z —t(z)y)d 2 dy.
= —6<|y|< =

The last step above follows from the fact that for all € R3, there is always some t = t(z) =
V2z4 € [1,2] such that for all 1 -0 <yl < f’ the circle centered at x of radius ¢|y| intersects
a large portion of R; (with arc length comparable to §(4—1)/ 2), and the circle centered at x
of radius t4/1 — |y|? intersects a large portion of Ry (again with arc length comparable to
§(d=1)/2) This further implies that the above is bounded from below by

>6 55t =6,
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This implies the lower bound
d—1
[(M(f3.6,935), hss)| 2 0% Rs| = 6772

On the other hand, by a similar argument as in the previous examples, one can obtain an upper
bound

dilgl 1y, d-1
D 1R fa5)0p(95.5)@.ahss)or S I fsslliellgssllallhasll e ~ 672 GFaTer,
QeS
The sparse bound then implies that % + % < dQ—fl + %. O

6.2. Sharpness of the range for continuity estimates. We now discuss sharpness of the
range of exponents in Proposition 4 for the continuity estimates of M. The first necessary
condition obtained below is based on standard results regarding multilinear Fourier multipliers.
We include the argument here for the sake of completeness. In fact, it suffices to prove this
for the single-scale spherical average A;, which is pointwisely bounded by M and thus the
necessary condition extends to M as well.

Proposition 26. Suppose that we have for some 0 < p,q,r < oo the following estimate
[AL(f, 9 — h9)llr < ClA"|| fllzellgllLa

uniform across all |h| < 1. Then % + % > %

Proof. For simplicity, denote Ay (f,g)(x) = A1(f,g — 7hg)(x). This operator commutes with
simultaneous translations, which is to say that for any vector v, we have the identity

TvAh(f7g)(x) :Ah(va7T’Ug)(x)’ (40)

We can fix a value of h > 0 and f, g such that equality holds in this bound. By standard density
arguments, we may assume that f, g both have compact support as well. We then have that

[AR(f + 7o f 9+ Tog)llr < CRI"F + 7o fllLrllg + TogllLa- (41)

We also have by bilinearity and translation invariance that the left hand side of the inequality
can be rewritten as

IR + 7o f 9+ Tog)llr = [ AL(S, 9) + T AR(f, 9) + An(Tof, 9) + An(f, 7og)llLr (42)

Since f, g have compact support, if |v| is sufficiently large then the last two terms are identically
0. Finally, recalling the fact that for s < co

|k + 7ok s — 2Y°||k|| L as |v] = oo, (43)
we can send |v| to infinity to get the estimate
1.1
27| AR (f,9)llr < CIA"27 5 || f | Lo gl - (44)
Since f, g, h were chosen to make the original estimate hold with equality, we get a contradiction
unless %4— é > % O

When r > 1 the necessary conditions on the exponents for sparse domination (p, ¢,r’) are also
necessary conditions for the continuity estimate (since when r > 1 a larger region of continuity
estimates would imply a larger range where the sparse bounds hold). If » < 1, one can observe
that

min{1+d 2d—-1 2d . d—1 }_ 2d —1
r’od Td+1 r(d+1) d -’

so all we need to show is the necessity of the condition 1/p +1/q < %;1. This can be done

by using the corresponding example in the previous subsection and by taking the translation

parameter h in the continuity estimate such that |h| = §'/* for instance with h aligned in the



34 TAINARA BORGES, BENJAMIN FOSTER, YUMENG OU, JILL PIPHER, AND ZIRUI ZHOU

x1-direction. We summarize this observation in the following corollary and omit the proof; see
[Lac19, Proposition 5.5] for a similar reasoning in the linear case.

Corollary 27. Let d > 2. Suppose that we have for some p,q,r the following estimate

IM(f.9 = mmg)llL- < CLR"|If e llg] o (45)
uniform across all |h] < 1. Then
1 1 d 2d—1 2d d—1
— 4+ - <min{ 1+ — . 46
p+q_mm{ +r7 d ’d+1+r(d+1)} (46)
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