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We propose a new approach to the Fourier restriction conjectures. It is based on a discretization of the
Fourier extension operators in terms of quadratically modulated wave packets. Using this new point of view,
and by combining natural scalar and mixed norm quantities from appropriate level sets, we prove that all
the L2-based k-linear extension conjectures are true up to the endpoint for every 1 <k < d + 1 if one of the
functions involved is a full tensor. We also introduce the concept of weak transversality, under which we
show that all conjectured L2-based multilinear extension estimates are still true up to the endpoint, provided
that one of the functions involved has a weaker tensor structure, and we prove that this result is sharp. Under
additional tensor hypotheses, we show that one can improve the conjectured threshold of these problems in
some cases. In general, the largely unknown multilinear extension theory beyond L? inputs remains open
even in the bilinear case; with this new point of view, and still under the previous tensor hypothesis, we
obtain the near-restriction target for the k-linear extension operator if the inputs are in a certain L? space for
p sufficiently large. The proof of this result is adapted to show that the k-fold product of linear extension
operators (no transversality assumed) also “maps near restriction” if one input is a tensor. Finally, we exploit
the connection between the geometric features behind the results of this paper and the theory of Brascamp—
Lieb inequalities, which allows us to verify a special case of a conjecture by Bennett, Bez, Flock and Lee.
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1. Introduction

Given a compact submanifold S € R?*! and a function f : R¢T1 > R, the Fourier restriction problem
asks for which pairs (p, g) one has

If1sllzacsy < NS p@a+1y

where f |s is the restriction of the Fourier transform f to S. This problem arises naturally in the study
of certain Fourier summability methods and is known to be connected to questions in geometric measure
theory and in nonlinear dispersive PDEs. The interaction between curvature and the Fourier transform
has been exploited in a variety of contexts since the works [Hormander 1973; Fefferman 1971; Stein
and Wainger 1978] in the study of oscillatory integrals. For a more detailed description of the restriction
problem we refer the reader to the classical survey [Tao 2004]. In this paper we work with the equivalent
dual formulation of the question above (known as the Fourier extension problem), and specialize to the
case where S is the compact piece of the paraboloid parametrized by T'(x) = (x, |x|?) € R4+ with
x € [0, 1]%. In this setting, the Fourier extension operator is initially defined on C ([0, 1]¢) by

Edg(xl,...,xd,t)=/[.

E. Stein [1993, Chapter IX] proposed the following conjecture:

BEGIS fa)e 2 Exitrtbax) 2miE 4 ED g (1)

H

Conjecture 1.1. The inequality
1€agllLa@a+1) Sp.g.a 1€lLr(o,119) @
holds if and only if q > w and q > (ddﬂp/.

Multilinear variants! of Conjecture 1.1 arose naturally from the works [Klainerman and Machedon
1993; 1995; 1996] on wellposedness of certain PDEs. Given 2 < k < d 4 1 compact and connected
domains U; € R?, 1< j <k, define

Eu,8(x,1) :=/ g(&)e 2 ixEp=2mitlEl? ge (v 1) e RY x R. 3)
f
Taking the product of all k such operators associated to a set of transversal U; leads to the following

conjecture (see Appendix A):

Conjecture 1.2 [Bennett 2014]. If the caps parametrized by U; are transversal, then

k
[1evs
j=1

Roughly, transversality means that any choice of one normal vector per cap is a set of linearly

k
2(d +k+1)
< ; p>———".
p~U||g,||z forall p 2 T

independent vectors, as shown in Figure 1.

Remark 1.3. From now on, we shall refer to Conjecture 1.1 as the case k = 1. It was settled only for
d = 1 in [Fefferman 1970; Zygmund 1974]. In higher dimensions we highlight the case p = 2 solved in
[Strichartz 1977], which is equivalent to the Tomas—Stein theorem [Tomas 1975] in the restriction setting.

I'Multilinear extension estimates also play a fundamental role in Bourgain and Demeter’s decoupling theory [2015].



A NEW APPROACH TO THE FOURIER EXTENSION PROBLEM FOR THE PARABOLOID 2843

Figure 1. A choice of normal vectors to the caps parametrized by U; via x |x|?.

Progress beyond these two results was made in many works over the last decades through a diverse set of
techniques: localization, bilinear estimates, wave-packet decompositions and more recently polynomial
methods. We mention [Bourgain 1991; Tao and Vargas 2000; Tao 2003; Moyua et al. 1996; Wang 2018;
Guth 2018; Hickman and Rogers 2019]. Analogous problems for other manifolds were studied in [Wolff
2001; Strichartz 1977; Ou and Wang 2022].

Remark 1.4. Guth [2018] proved a weaker version of Conjecture 1.2 for all 2 <k < d + 1 and up to the
endpoint, which is known as the k-broad restriction inequality. This estimate plays a central role in his
argument in [Guth 2018] to improve the range for which Conjecture 1.1 is known. In Lemma A.3 of
[Bourgain and Guth 2011], the authors proved an L?-based k-linear estimate for an exponent p slightly
larger than the conjectured threshold in Conjecture 1.2.

Only three cases of Conjecture 1.2 are well understood:

(i) Tao [2003] settled the case k = 2 up to the endpoint inspired by [Wolff 2001] for the cone. Lee
[2021] obtained the endpoint for k = 2.

(ii) Bennett, Carbery and Tao [Bennett et al. 2006] settled the case k = d + 1 up to the endpoint.
(iii) Bejenaru [2022] settled the case k = d up to the endpoint.

The goal of this paper is to propose a new approach to these problems based on a natural discretization
of the operators in terms of scalar products against quadratically modulated wave-packets. Our main
theorem reads as follows:

Theorem 1.5. Conjectures 1.1 and 1.2 hold up to the endpoint if one (any) of the functions involved is a
full tensor?

Remark 1.6. The endpoint (p,q) = (w, W)

to hold; therefore our main theorem implies the case k = 1 when g is a full tensor.

is not included in the range where (2) is supposed

Remark 1.7. For 2 < k < d + 1, Theorem 1.5 can be proved if the caps are assumed to be weakly
transversal, which is defined in Section 3. We will prove that transversality implies weak transversality
(up to dividing the caps into finitely many pieces), the latter being what is actually exploited in this paper.

2A function g in d variables is a full tensor if it can be written as g(x7, .. ., xg)=g1(x1)----- g4 (xgz). We refer the reader

to [Igari 1986; Tanaka 2001] for other results related to the restriction problem involving tensors, and we thank Terence Tao for
pointing these papers out to us.
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Under weak transversality, Theorem 1.5 holds if one (any) of the functions has a weaker tensor structure.
This will be made precise in Section 9.

Remark 1.8. For 2 <k <d + 1, Theorem 1.5 is sharp under weak transversality in the following sense:
if all functions g1, ..., g¢ are generic, it does not hold if the caps are assumed to be weakly transversal.

This is explained in Appendix A.

Remark 1.9. For 2 <k < d 4 1 we do not use the tensor structure explicitly. It is used in an implicit
way when comparing the sizes of natural scalar and mixed norm quantities that appear in the proofs.

Remark 1.10. For 2 <k < d, if all functions involved are full tensors, one has more estimates than those
predicted by Conjecture 1.2 assuming extra degrees of transversality, as proven in Section 11.

It is natural to try to generalize the statement of Conjecture 1.2 for L? inputs rather than just L. A
motivation for that is to deeply understand the role played by transversality; as we will see, the farther
our inputs are from L2, the less impact the configuration of the caps on the paraboloid has in the best
possible estimate (with a single exception to be detailed soon). The general statement of the k-linear
extension conjecture for the paraboloid is (as in [Bennett 2014]):

Conjecture 1.11. Let k > 2 and suppose that Uy, . .., Uy parametrize transversal caps of the paraboloid

x> |x]2inREFL [f

1 d 1

— < _— — E —

qg 2d+1) g d+k+1p
k

HnggJ'
j=1

For 2<k <d+1, to recover the interior of the conjectured range, it is enough? to prove Conjecture 1.2 and

k k
l_[ fu; &j
j=1

d+k—-11 1 d—-k+11 k—1

and - <——— — + ————
q d+k+1p k+d+1

then

k
<pa [ [ 18 Lrw).
La/k(Rd+1) j=1

e l_[ Igjll2@+vraw;y 4
j=1

L2(d+1D)/(kd)+e(Rd+1)

for all € > 0.
Remark 1.12. Observe that (4) covers the case (p,q) = (w, @ + 8) of Conjecture 1.11.

Notice also that this case would follow from the case (p,q) = (@, w +e

) of the linear
extension of Conjecture 1.1 and Holder’s inequality. This means that the closer we get to the endpoint
extension exponent, the fewer improvements transversality yields in the multilinear theory. The exception
to this is the k = d + 1 case, for which L? functions give the best possible output for the corresponding
multilinear operator (rather than [2@d+1)/d ). Indeed, when one function is a tensor, the best result in this

case is obtained in Section 10.

By adapting the argument that shows the case 2 < k < d + 1 of Theorem 1.5, we are able to prove the
following weaker version of (4):

3The interior of the full range of estimates follows by interpolation between these two cases and the trivial bound
(p.q) = (1,00).
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Theorem 1.13. Let2 <k <d + 1. If g1 is a tensor in addition to the hypotheses of Conjecture 1.11, the
following estimate holds:

k k
Eu; 8 < i p.a) . (5)
,-1:[1 2 8]]:[1 &l
for all e > 0, where

Ad+D)  en g4

ok, d) = d+k+1 2

’ Ad+D) ed g

2d —k+1 2~

Remark 1.14. Notice that @ < p(k,d), so Theorem 1.13 is not optimal on the space of the input
functions. On the other hand, the output L2(@+D/(kd)+e (for all ¢ > 0) is the best to which one can hope
to map the multilinear operator on the left-hand side. The case k = d + 1 of the theorem above coincides
with the case k = d + 1 of the L2-based theory, which is covered in Section 10.

Remark 1.15. Bounds such as the one from Theorem 1.13, i.e., in which one needs p big enough (and
not sharp) to map L? inputs to a fixed L4, are common in linear extension theory. For example, Wang
[2018] showed that & maps L>®([—1, 1]?) to L4(R3) for g > 3 + % As mentioned in [Wang 2018],
this implies the (seemingly stronger) bound

€28 La w3y Sq 18 La(—1,112)
forg >3+ % via the factorization theory of Nikishin and Pisier (see [Bourgain 1991]).

Remark 1.16. The multilinear extension theory for inputs near L2@+D/d yemains largely unknown in
general (except for the almost optimal result in the k = d + 1 case in [Bennett et al. 2006]). In fact, it is
not fully settled even in the k =2, d > 1 case (whose L?-based analogue is known). We refer the reader
to [Oh 2023] for partial results in this direction.

Remark 1.17. As the reader may expect, any function can be taken to be the tensor in the statement of
Theorem 1.13.

The linear and multilinear theories studied in this paper meet very naturally once more in the context
of the techniques we use: the simplest multilinear variant of a linear operator 7' is given by the product
of a certain number of identical copies of it:

k
Ty (81:---. 8k) = l_[ Tgj.
j=1

Proving that 7" maps L?(U) to L9(V') is equivalent to proving that 7(x) maps L?(U) to L1k V), as
one can easily check with Holder’s inequality. Multilinearizing £; without any regard to transversality
yields the operator

k
Ea,()(&1.-...8k) = l_[gdgj. (6)
j=1
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Combining the previous observation with the factorization theory of Nikishin and Pisier, Conjecture 1.1
follows from the bound

k
e 1_[ 185l oo 0,174 M
Jj=1

k
l_[ £agj

Jj=1

L2d+1)/(kd)+e

The proof of Theorem 1.13 can be adapted to show the following:
Theorem 1.18. Let2 <k <d + 1. If g1 is a tensor, the inequality

k k
[1¢ae <e [T lgsl24 o0y ®)
j=1 =

L2(@+D)/(kd)+e(Rd+1)
holds for all € > 0.
Remark 1.19. Since the inputs g; are compactly supported, Theorem 1.18 implies (7).

Remark 1.20. Given that the proof of Theorem 1.18 has the L*-L4+¢ bound for £; as its main building
block, it is not surprising that we have a product of L# norms in the right-hand side of the statement above.

We finish this introduction by highlighting the close connection between our results and the theory of
linear and nonlinear Brascamp—Lieb inequalities. The concept of weak transversality that we introduce
can be characterized in terms of certain Brascamp-Lieb data, and by exploiting the geometric features
arising from this fact we are able to verify a special case of a conjecture by Bennett, Bez, Flock and Lee.

The paper is organized as follows: in Section 2 we present the linear and multilinear models that
we will work with in the proof of Theorem 1.5. We also highlight the main differences between the
linearized models that are used in most recent approaches and ours. In Section 3 we define the concepts
of transversality and weak transversality, and state in what sense the former implies the latter. Section 4
presents what we refer to as the building blocks of our approach. Sections 5, 6 and 7 establish these
building blocks: in Section 5 we revisit the case k = 1 and p = 2 for our model, in Section 6 we revisit
Zygmund’s argument and recover the case k = 1 for d = 1, and in Section 7 we deal with the case k = 2
and d = 1. In Section 8 we settle the case k = 1 of Theorem 1.5, and in Section 9 we show the cases
2 <k <d + 1. Section 10 covers the endpoint estimate of the case k = d + 1. In Section 11 we discuss
how one can improve the bounds of Conjecture 1.2 under extra transversality and tensor hypotheses.
Theorem 1.13 (our partial result beyond the L2-based k-linear theory) is presented in Section 12 along
with its “nontransversal” counterpart Theorem 1.18. In Section 13 we establish a connection between the
classical theory of Brascamp-Lieb inequalities and our results, and give an application of this link to a
conjecture made in [Bennett et al. 2018]. In Section 14 we make a few additional remarks. Appendix A
contains examples that show that the range of p in Conjecture 1.2 is sharp, and also that one cannot obtain
this range in general under a condition that is strictly weaker than transversality. Appendix B contains
technical results used throughout the paper.

2. Discrete models

A common first step of the earlier works is to linearize the contribution of the quadratic phase x > |x|2.
One starts by studying £; g on a ball of radius R (hence |(x,?)| < R) and splits the domain of g into
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balls 0 of radius R™1/2_ Let us consider d = 1 here for simplicity. If

gok =g (Pok )
where ¢g, is a bump adapted to [kR™Y/2 (k +1)R~1/2], the quadratic exponential

ex,t(g) — eZJ‘L’ix%'eZTrith (9)

behaves in a similar way to a linear exponential e/*¢ when restricted to this interval. Indeed, the phase-

space portrait of ey ; is the (oblique if ¢ # 0) line
Ut x4+ 2tu,

as is explained in more detail in Chapter 1 of [Muscalu and Schlag 2013b]. When we evaluate this line at
the endpoints of the support of gg, (taking into account that || < R), we see that the phase-space portrait of

Doy €x,t
is a parallelogram that essentially coincides with the rectangle
IxJ=[kR2, (k+1)R 2] x [x +2tkR™2,x + 2tkR™2 + RZ]. (10)
Observe that / x J has area 1. On the other hand, the phase-space portrait of g, is a Heisenberg box

of sizes R™1/2 and R1/2, and the linear modulation

eZniE(x-i-Zth_l/z) (11)

shifts it in frequency to J. The conclusion is that the phase-space portrait of

06 _€2ni$(x+2th_1/2)
k

is the Heisenberg box (10); hence the effect of the quadratic modulation ey ; in this setting is essentially
the same as the linear one in (11).

Using bumps such as ¢g to decompose the domain of g and expanding each gy into Fourier series
allows us to write

20 (x) go.v(x)
e e .
g(x) = > g(x)@p(x) Po(x) = > D e G (),
feR—1/274n[0,1]4 feR—1/274n[0,1]¢ veR'/274

where ¢g is = 1 on the support of g and decays very fast away from it. Applying £; and using the
previous intuition gives rise to the wave packet decomposition

Eqg = > Ea(go,v)-
(6,v)€R—1/274N[0,1]4 xR1/274

where £4(gp,,) is essentially supported on a tube in R4+1 of size RY/2 x---x R1/2 x R whose direction
is determined by 6 and that is translated by a parameter depending on v. With this linearized model at
hand, one can study the interference between these tubes pointing in different directions (both in the
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linear and multilinear settings) and take advantage of orthogonality both in space and in frequency. This
leads to local estimates of type

I€agllLaB(o,R)) Se REIfllp foralle>0

and multilinear analogues of it that are later used to obtain global estimates via e-removal arguments (as
in [Tao 1999]). The reader is referred to [Guth 2016] for the details of the decomposition above. This
approach has given the current best L? bounds for £;.

In our case, we do not linearize the contribution of the quadratic phase. Instead, we consider a discrete
model that keeps the quadratic nature of £; intact.

2A. The linear model (k = 1). We consider d = 1 for simplicity, but the discretization process is
analogous for all d > 1. Recall that the extension operator for the parabola defined for functions supported
on [0, 1] is given by

1
E1g(x.1) = / g (E)e2mixE2miIE g (12)
0

We can insert a bump ¢ in the integrand that is equal to 1 on [0, 1] and supported in a small neighborhood
of this interval. Tiling R? with unit squares with vertices in Z? and rewriting &1,

figx.n =Y [/ gu)p(u)e 2= 2N du]xn(X)xm(t),

n.mez
where ), := X[n,n+1)- For a fixed (x,7), one can write
ComivE —omitE2 g —mimE2 il v—)E —D7ri (f—i)E2
e 27nx§-‘e 2mit€ w(i_-)ze 2ﬂln’;‘e 2wimé e 2mi(x n)i-‘e 2ri(t—m)é 90(5)
— e—27rin$e—2nim§2 . 2:(e—27ti(x—n)(~)e—27'ri(t—m)(-)2

uez

_ e—27‘rin§e—2nim§2 . Z C;,m,x,t . (p[%’l](é),

uez

1) ot 11 6)

where we expanded ¢ =271 (x—n) p=2mi(t—m)§ ? as a Fourier series at scale 1,
Cg,m,x,t — (e—Zni(x—n)(~)€—2m’(t—m)(-)2’(p[zt),l]%

@i 11 (E) == gpo,1)(6) - e 2E

and ¢[o,1] is a bump adapted to [0, 1] (and compactly supported) just like* ¢. Plugging this in (12),

Eigrn= Y [ [ s@rp@remiscezmie ds}xnmxma)

n.mez

=y [ [e® (e—z’”'”‘fe‘z”fméz St (é)) ds} Y () I (1)
n.mez ue’z

=2 2 C”’t[ / g@)e‘”""ée—zm'nfz.go“(@dé}xn(x)xm(t).
uczZ n.mez

4We will not distinguish between ¥[0,1] and ¢ from now on.
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g ¢3,1 5 (p3,1
¢2,1 (P0’3
(pl,l
<PO,1 (p3,—2
X ' X
0 1 0 1

Figure 2. The phase-space portrait of ¢y .

For the expression defining £; to be nonzero, (n, m) must satisfy |x —n| <1 and |t —m| < ; hence the
Fourier coefficients Cj”"™ decay like O(|u|~19?). In addition, the extra factor ¢* in the integral simply
shifts the integrand in frequency, and this does not affect in any way the arguments that follow. In order
to obtain the final form of our linear model, let us introduce the following notation: if ¢ is a compactly

supported bump (say, in a very small open neighborhood of [0, 1]¢) with ¢ = 1 on [0, 1]¢, we set

(ﬂﬁ’m(x) = q)(x)eZTH'xiieZﬂ”)dzm. (13)

Due to the fast decay of C/”* and CJ™, it is then enough to bound the u = v = 0 piece of the sum
above, which leads to the discretized model:>

Ev@= DY (&0nm)(tn® tm).
(n,m)ez?
With the appropriate adaptations, one proceeds in the exact same way in dimension d to reduce matters
to the study of the following model operator:

Definition 2.1. Let E; be defined on C([0, 1]¢) given by

Eq(@= D> (8 Gim)Xi® xm).

nezd mez

where y; and x, are the characteristic functions of the boxes [n1,n; + 1) x---x [ng,ng + 1) and
[m,m + 1), respectively.®

The wave packets (13) have a natural phase-space portrait that consist of parallelograms in the phase
plane. See Figure 2.

SThere is a slight abuse of notation here: observe that 7, (x) m (1) := C(;l XA Xn(X) xm () is a smooth function supported

in [n,n 4+ 1) x [m, m + 1), which is all that is needed in the proof. We will continue to call it y, (x) y (¢) to lighten the notation.
®Morally speaking, the discrete model and the original operator are “comparable”, but we were not able to prove that
rigorously. For that reason we included the proof of known extension estimates for £ ;.
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By keeping the quadratic nature of E; intact we take advantage of orthogonality in different ways.
For example, for a fixed m the wave packets ¢, ;; are almost orthogonal, as suggested by the fact that the
corresponding parallelograms are (almost) disjoint.

2B. The multilinear model (2 < k <d + 1). We recall the definition of the k-linear extension operator:

Definition 2.2. For Q={Q01,..., O} atransversal set of cubes, the k-linear extension operator is given by
k
Méra(gr.....g) =[] €0, (14)
ji=1
where

£0,;8j(x.1) =/ g (£)e 2 E2mIER g (x,1) e RY xR

J
By an analogous argument to the one we showed in Section 2A, it is enough to prove the corresponding
bounds for the following model operator:

Definition 2.3. Let ME 4 be defined on C(Q1) x---x C(Qk) by

k
MEgq(81.....80) == Y H(gja(/),{,,m)()(ﬁ@)(m)-
(n,m)ezd+1lj=1
where

d
i 1,j 1,j _1j 2mi 2wimx?
(pi]i,m = ®(/)n1],m’ (pn/],m(xl) =9 ](xl)e TR g = IE
=1

and <pl »J (x) is = 1 on the [-coordinate projection of the domain of g ; defined above and decays fast away
from it.

Remark 2.4. It is clear that the discretization process does not depend on whether the collection Q is
made of transversal cubes or not. In particular, it will be of interest in Section 12B to study the operator
given by the right-hand side of (14), but without the assumption that the cubes Q; are transversal. The
model for such operator is also given by MEy 4, but without that hypothesis.

3. Transversality versus weak transversality

We recall the following definition from [Bennett 2014]:

Definition 3.1. Let2 <k <d+1andc¢>0. A k-tuple Sy, ..., St of smooth codimension-1 submanifolds
of R+ is c-transversal if
[lvy A A V| > ¢

for all choices vy, ..., v; of unit normal vectors to Sy, ..., Sk, respectively. We say that Sy, ..., S; are
transversal if they are c-transversal for some ¢ > 0.

In other words, if the k-dimensional volume of the parallelepiped generated by vy, ..., vi is bounded
below by some absolute constant for any choice of normal vectors v;, the submanifolds are transversal.
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From now on, we will say that a collection of k cubes in R is transversal if the associated caps defined
by them on the paraboloid are transversal in the sense of Definition 3.1.

One can assume without loss of generality that the U; in the statements of Conjecture 1.2 are cubes
that parametrize transversal caps on P4 via the map x — |x|2. Even though these conjectures are known
to fail in general if one does not assume transversality between the caps (see Section AB), the theorem
that we will prove holds under a weaker condition, since one of the functions is a tensor.

Definition 3.2. Let Q ={Q1, ..., Ok} be a collection of k (open or closed) cubes’ in R%. The collection
Q is said to be weakly transversal with pivot Q; if there is a set of k—1 distinct directions &; =
{ei;,...,ej,_,} (depending on j) of the canonical basis such that

nil(Qj) m7Ti1(Q1) = J,

T4 (@;)nN Ty (Qj-1) =2,

15
7, (Q) N7mi; (Qj+1) = I, )

i1 (@) N7y, (Qk) = 2.
where 7; is the projection onto e;. We say that Q is weakly transversal if it is weakly transversal with
pivot Q; forall 1 < j <k.®

Remark 3.3. For each 1 < j <k, from now on we will refer to a set’ & above as a set of directions
associated to Q ;. Notice that there could be many of such sets for a single j. Also, if j; # j», it could
be the case that no set of directions associated to Q;, is associated to Q,.

Let us give a few examples to distinguish between Definitions 3.1 and 3.2. Consider the case d = 2,
k=3, 01 =[0,1%, Q> =[2,3]? and Q3 = [4, 5]?. The line y = x intersects Q1, Q> and Q3; then it
follows from Definition 3.1 that they are not transversal. However, observe that

m1(Q1) Nm1(Q2) = 2,
2(Q01) Nm2(Q3) = 9,

so {e1, ea} is a set associated to Q1 (and similarly one can verify that it is also associated to Q5 and Q3).
This shows that the collection defined by Q1, Q> and Q3 is weakly transversal.

Consider now the cubes K; = [0,1]%, K> = [4,5] x [0,1] and K3 = [2,3]?>. Not only are they
transversal in the sense of Definition 3.1, but also weakly transversal.

This is not by chance: a given transversal collection of k cubes can be “decomposed” into finitely
many collections of k cubes that are also weakly transversal.

7The word cube will be used throughout the paper to refer to any rectangular box in RY, regardless of the sizes of its edges,
and they always refer to the supports of the input functions of our linear and multilinear operators. In this paper, it will not be
relevant whether the sides of a box have the same length or not; therefore this slight abuse of terminology is harmless.

8The estimates that we will prove depend on the separation of the projections in Definition 3.2, just as they depend on the
behavior of ¢ from Definition 3.1 in the general case for transversal caps.

9The typeface &} is being used to distinguish this concept from the previously defined operators £; and E4.
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D

0 2 4 6 0 2 4 6

Figure 3. Transversality versus weak transversality.

Claim 3.4. Given a collection Q = {Q1, ..., Qk} of transversal cubes, each Q; € Q can be partitioned
into O(1) many subcubes

0= 0

so that all collections O made of picking one subcube Q) ; per Q

O={01,....0k}, 01€{01:},

are weakly transversal.
Proof. See Claim B.4 in Appendix B. O

As a consequence of Claim 3.4, to prove the case 2 <k < d + 1 of Theorem 1.5 it suffices to show it
for weakly transversal collections. To simplify the exposition, we will present our results for the cubes

01 =01,
Q; =232 x[4,5]x[0, 1197/ 2<j <k,

The associated directions to Q are {ey,...,er—1}, and we will use it as the pivot. Any other weakly
transversal collection of cubes can be dealt with in the same way.

4. Our approach and its building blocks

Notice that the operators £; and ME 4 are pointwise bounded by E; and MEy 4, respectively; therefore
we cannot directly conclude any result about the models from the fact that they hold for the original
operators. Some of these results will be reproven for the models in this paper, and they will act as building
blocks in the proof of Theorem 1.5, which is presented in Sections 8 and 9. More precisely, Theorem 1.5
relies on the following:

(1) Mixed norm Strichartz/Tomas—Stein (k = 1, p = 2). In Section 5 we show the following:

Proposition 4.1. For all p > %,

IEaglly <p llgll2-
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As a consequence, we have:

Corollary 4.2. Forall ¢ > 0,

E - — e
I d(g)”L)zf(li][st.z;f](.dt Diepz

, Selegll. (16)

Proof. Apply Minkowski’s inequality and Proposition 4.1 in dimension d — /. Notice that, after taking
L? norm in the first / variables, we can use Bessel to bound the left-hand side of (16) by

Po_ 1
2) % |70
|: Z ( Z |<(g,¢nl+1 ..... nd,m>’ @nq,..., nl,m)| ) :|
R]415--50g,mM “N],....n] 1
0 2(d —1+4+2)
s [ > ||<g,<pn1+l,__.,nd,m>||§°] . where po = ==
N4 15-00500d MM
This is how we will use Corollary 4.2 in (56). O

We will use Corollary 4.2 in Conjecture 1.2 to prove Theorem 1.5 for 2 < k <d + 1. It will not be
needed when k =d + 1.

(2) Extension conjecture for the parabola (k = 1,d = 1, p = 4). In Section 6 we prove the following:

Proposition 4.3. For all ¢ > 0,
[E18lla+e <e lIglla- (17
One can show by interpolation that Proposition 4.3 implies Conjecture 1.1 for d = 1. We will use it in
Section 8 to settle the case k = 1 of Theorem 1.5.
(3) Bilinear extension conjecture for the parabola (k = 2, d = 1). In Section 7 we show that the model

ME, ; in Definition 2.3 maps L2([0, 1]) x L2([4, 5]) to L?(R?).

Proposition 4.4. The following estimate holds:

IME2 1 (f.2)ll2 S 1 f 12+ llgll2- (18)

Transversality will be captured in Section 9 through (18).

By combining scalar and mixed norm stopping times!® performed simultaneously, we are able to put
together the key estimates (16), (17) and (18). In the 2 <k < d + 1 case, the tensor structure is used in
an implicit way to allow us to better relate these scalar and mixed norm stopping times.

Remark 4.5. The tensor structure g = g1 ® --- ® g4 in the k = 1 case allows us to write

d

(& am) =18/ 0njm)- (19)
j=1

10This is not meant in a literal probabilistic sense; strictly speaking, the argument combines the level sets of various scalar
and mixed norm quantities that appear naturally in our analysis.
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We then obtain the following multilinear form by dualization:

d
Aa(gr,-. g W) = (Eq(@).hy = Y [](g enym)- (h xi ® xm), (20)

nezd, mez j=1

The goal in the kK = 1 case is to show that

d
Aa(g1.....ga- WIS Ihllg- T lgsllp,
j=1
for appropriate exponents p; and g. Interpolation theory shows that it suffices to obtain
d
|Aa(g1.....ga - M| Se [FI7et - T T1E; 1 1)
j=1

foralle >0, |gj| < xg;, |h] < xF,'V E; C[0,1] and F C R* measurable sets such that y; (1 <j <d)
and y4 41 are in a small neighborhood of 5 ( dd+1) and 2&121) + ¢, respectively.!? We refer the reader to

[Thiele 2006, Chapter 3] for a detailed account of multilinear interpolation theory. To keep the notation
simple, all restricted weak-type estimates we will prove in this paper will be for the centers of such
neighborhoods. For example, we will show that

d
d+
Aa(g1.....ga. )| 5o |FI2a70+e T 1 Ej 7D (22)
j=1
for all ¢ > 0, but it will be clear from the arguments that as long as we give this ¢ > 0 away, a slightly
different choice of interpolation parameters yields (21). The restricted weak-type estimates that we will
prove in the 2 < k < d 4+ 1 case will also be for the centers of the corresponding neighborhoods.

5. Proof of Proposition 4.1: Strichartz/Tomas—Stein for E; (k =1, p =2)

Our proof is inspired by the classical 7' T* argument. It is possible to prove the endpoint estimate directly
for the model E; by repeating the steps of this argument (see for example [Muscalu and Schlag 2013a,
Section 11.2.2]), but we chose the following approach because of its similarity with the one we will use
to prove Theorem 1.5. By interpolation with the trivial bound for ¢ = oo, it is enough to prove the bound

IEqgll2w@ta ., Sellgll2
7 T
for all € > 0.
We start by dualizing E; to obtain a bilinear form A 4:

Aa(g.h) =(Eq(@).h) = Y (& Gam) (b X5 ® fm)-

nezd ,mez

HThere is an overlap of classical notation here that we hope will not compromise the comprehension of the paper: we chose
the typeface E; to represent the discrete model of the official extension operator £. On the other hand, the classical theory of
restricted weak-type multilinear interpolation usually labels the measurable sets involved in the problems by E; or F;. The
context will make it clear which object we are referring to.

12Rigorously, this only verifies the case k = 1 near the endpoint (
estimates in the full range. For details, see [Mattila 2015, Theorem 19.8].

w, W), but this is known to imply the desired
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Let £; C R? and E; € R?*! be measurable sets of finite measure with |g| < E, and |h| < yE,.
Split 74+ in two ways:

74+1 = U Al where (71, m) € A" < |(g, Pim)| & 2~
ez

74+1 = U B>, where (ii,m) € B> < I{h, x7 ® xm)| ~ 27k,
ez

Define X!1:©2 := Al N B2 and observe that

|Ag(g.h)| < Z 2~ lip=lb gl
l1,lre7

Notice that, for all (i1, m) € X/1-2,
275 [ 1l (0] dx < min {1 E4l. 1,
275 [ 1t © m (0] < min{| ol 13

In particular, /1, /> > 0 in the sum above. Now we bound #1112 in two different ways and interpolate
between them:

(@) L'-type bound: Exploit h:
#XI <#B2 22 N | p@am) 27 Y / || =2"2h]y <22|E,y|,  (23)
(I_i,m)GBl2 (ii,m)ezd+1 Qii.m
where Qj , := 0% [ni,ni + Ux[mm+1], 5= (n1,...,nq).

(b) L2-type bound: Exploit g:
p

#xIvl 22 N (g g )P

(m,m)ex’1:2

< Z <g7‘/’h’,m)‘/’ii,mvg>'

(1,m)ex’1-2

— 22[1

<22, )3 (24)

Z (g’ (p;i,m)got_i,m
2

(n,m)ex’1-12

(%)

For each set X/1"2 define 7, := {11 € Z%; (i1, m) € X'1"22}. Observe that

>= > >y Z(gwﬂﬁ,m)(g’<P,;,,;,)(<Pﬁ,m,<ﬂ,;,,;,)

M #D M 57D nETy, I;En,h

U((<gv(pﬁ,m))ﬁeﬂm ’(<g’(pl;.}’7l))];€ﬂﬁ1)
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We will estimate U in two ways. Let a; ,, := (g, 95 n,). First, by the triangle inequality and the
stationary phase Theorem B.3

U@ miiem: @ i)ien )| = D 2 18 G| 18 03 i)l ——
iiE]Tm ];e”m
_ g o-m)llet () - 168, @) ot ()

(m —m)

(N1

Another possibility is
V(@i m)ienn @ @ien,,)|

<

.ﬂ. ._). . _~ 2
= /Rd( Z (g, (P;,',m)ezm" x)( 2 : (g»‘P;}’,m>62”1kx)(p(x)qo(x)ezm(m )| x| dx
nem

-

m €y
S g e m) 2y - 148 0 md le2 ()
by Cauchy—Schwarz and orthogonality on the sets 7, and 73 (recall that m and i are fixed). Interpolating
between these bounds for 1 < p <2,

1{g. @ m)ler ) - (& @) er ()
|U((aﬁ,m)ii6n'mv (aif.,ﬁ’l)lzeﬂ,h)| S T (l_i)ln T .
p

[N

(m —m)
Back to (x):

2 (g, @-.m)ler ) - 1{&> @) ler ()
®*< > ) T
M T #D M w5 E0 (m—m)2r 0

(. @)l G
= Y el Y Frrm
2

M T #D m: w5 #9 (m —m)

IA

)3 1{g> ¢} ller )

_d(i_1)
g Ao (m—m)2 o

11{g. @ m)lercmller @
12405

< ll{g, @-m)ler ) ler @) - WI{g @) ler () ller @)

= (g -m)ler e 75 2
as long as

l_izl_i(___) 1_1__2
p 7 2\p P p p d+2
by discrete fractional integration. Plugging this back in (24),

1
#xil <22 E 12| 1(g, @-m) o2 Gy 7 2)

1
2
=22"|E1|5( ) |<g,<pﬁ,m>|1’) <220 BB Py s,

(n,m)ex’1:2

2 d ) 2d+4
= yTdr2 TP T Ta

which implies
#xivl < 2C@+Dh g 1+7 (25)
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Interpolating between (23) and (25):
Aa(g. )| Y 27T+ )0 ol2| £y )02

11,1,>0
(Z 2_11(1 (2+ )91 ) (Z 2—12(1—92)) |E1 |(1+%)91 |E2|92
1,>0 1>0 (26)

< 2—l~1 (1—(2+§)91)2—72(1—92)|E1 |(1+%)01 |E2|62
< min {| £¢|(CHDO) 1y min (| E, 1702, 13 £y 130 | E, )%
<|E |(x1(1 (2+4% )91)+(1+2)01|E |az(1 62)+6>

forall 0 <aj,ar <1, 61 +6, =1, with0 < (2—|— )01 <1, 0<0, <1, where /1 is the smallest possible
value of [ for Wthh Al # & and 12 is defined analogously. Picking oy = 1, oy =0, 01 =
and 6, = 2(d+2) + & gives

d
2d+2) ¢

d+4
IAg (g, 1) Se |Er|? - | Eo|ZaTD te
for all € > 0, which proves the proposition by restricted weak-type interpolation.

6. Proof of Proposition 4.3-Conjecture 1.1 for E; (k =1,d =1, p =4)

The following argument is inspired by Zygmund’s original proof of this case. Define

Oy (5,1) = |t — 5|2 (s)p(1)e > S0 2?2

1
Claim 6.1. Dnm. Ciim) = O p =
. (nm 3550 = O (o)

for any natural N if n # i and m # m.
Proof. We have

(@ i) = // [t =sllp(s) Plo(0)| P> 600 2T g g
[0,1]2

:[ Hw(u v)eZniu(n—ﬁ)eZniv(m—rﬁ) du dv,

where R is the region that we obtain after making the change of variables s —t = u, s> —t2 = v, and

v4+u? v—u?
w(usv):(p®(ﬁ( s )
u U
The claim follows by the nonstationary phase Theorem B.2. O

We now prove the following:

Lemma 6.2. For G smooth supported on [0, 1] x [0, 1],

Z (G, 0n.m ® Onm)(xn

n.mez

(// |G (s, l)lzd dz)z.
[0,1]2 |S—l‘|
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Proof. Define
G(s.1)

G(s,1) = 1
ls —1]2

on [0, 1]%\{(x, x); 0 < x < 1}. Observe that

2
> G Pnm @ Gnm)n @ xm)| = Y UG am ®@Pnm)> = D G, Pnm)* S G,
n.mez 2 n.mez n.mez
by the almost orthogonality of the @, ;; proved in the previous claim. O

Remark 6.3. By the triangle inequality,

Z (G, ¢nm ® ¢n m)(xn®xm)H / |G(s,1)|ds dt.
[0,1]2

n.mez
Hence by interpolation we obtain

1
o7

G017
AU

Let E C R? be a measurable set of finite measure with |g| < xE. Using Remark 6.3 and Lemma 6.2
for G = g ® g, we have

Z (G.onm @ Onm)(Yn @ xm)

n,mezZ

for 2 < p <oo.

2

[ > |<g,<pn,m>|4+8]4+s ~

n.mez

_ _2
4-+¢

| ( S g onml (1 ®xm))]

L/ R n.mez

_ 4-‘,—8 2

/ (Z l{g (an|(Xn®Xm)) ]48
- n,mez

Z l{g, (an)l (Xn ® xm)

n.mez

A

245

1
o’

(// HOIAHOLS ds dz) where p' = 4+e
oap  S—tlP T ’ 246

To bound this last integral, we proceed as follows:

V)l lo)] |p<)| |
// BT df—f <f>|/ y dsdr = [ (@) (|p| ||y)(t)dt
1

=111+ W) o]

s
if = = %— (1—7), by Theorem B.1. In our case, p = |g|?, y = p’— 1 and

, 4+ 8)2
22+ 8)

A

2
58 ||p||p

< llpllrar
L7 (dr)

L1(dr)

pp =
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Then

1 2 42+¢)

1 p1 . )4 7 1 , =57 1 )2 .
// 8@ -1gOI” 4" < / 1g(O)P? dt) " = / g0 EES =) g, )T
0 Jo |s —¢[7~1 0 0

4(2+¢)
42+¢)

1 i
5(/ |g(f)|4dt)(4+) = |E|@+o2.
0

Observed that in the second line of the chain of inequalities above we used the fact that |g| < 1. Finally,

1
T+ 202+5) 1
|Erglase = [ ) |<g,<pn,m>|4+8] < |Ejaio? < |E|F,

n.mez

This shows that £ maps L*([0, 1]) to L4 (R?) for any ¢ > 4 by restricted weak-type interpolation.

7. Proof of Proposition 4.4-Conjecture 1.2 for ME; 1 (k =2,d =1)

The model to be treated is
MEs1(f.8) = Y, (f-@nm) (& nm)An® Xm).
(n,m)ez?

Since d = 1, we do not have to deal with the multivariable quantity

d
. 1
(pé,m = ® wn/j,m
=1
from Definition 2.3, so we will simplify the notation by taking (p,ll’m = (p,%j,ln and (p,zl’m = go,%j,z,,. We also
replaced (g1, g2) by (f, g) here to reduce the number of indices carried through the section.

We provide a simple argument involving Bessel’s inequality. After a change of variables to move the
domain of ¢? to be the same as the one of ¢!, we have

IME2 1 (LIS Y. W lnm) (@)= 0 s g )| X ® xm)

(n,m)ez?
= > N @40 ® Bt gmm)| (hn ® Xm).
(n,m)ez?

where!3 (g)_4(y) = g(y + 4). Observe that

(f ® (g)—4, ‘prll,m ® ‘/_)r11+8m,m)
= // f(x)gly + 4)¢1(x)(pl(y)e—2ninxe—2m'mx2e2m‘(n+8m)y82m'my2 dxdy
— / f(X)g(y + 4)€2ﬂin(y—x)eZnim(y—x)(y—}-x)e16Jrimy dx dy

%/[/f(v;u)g(v—;—u +4)€2nimuv68nim(u+v) dv] p2minu g, _ I-Alm(—n)

Hpy (u)

13This was done to bring the support of <p,%’m to the one of <pn1 +8m.m- Ihe price to pay is the +4m shift in the linear
modulation index of the bump.
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Hence

IME2 1 (£ 35 )Y [Hu(=m)> = > [ Hnml3.

mezZnez mezZ

by Bessel. On the other hand,

||Hm||% = /'/ f(v;u)g(v -; u +4)ezm'muvesnim(u+v) dv
vTu vtu 2wimv(u+4)
= f ) g > +4)e dv

Hy,(v)

2
du

2 =
du=/|Hu(m(u+4))|2du.

Transversality enters the picture here through the factor (4 + 4) above: the +4 shift in ¥ comes from
the fact that the supports of ¢! and ¢? are disjoint and far enough from each other; hence u +4 > ¢ > 0.
This way,

IME21 (13 5 [ (3 1um+ )P ) au

meZ

s/ By )2 dvdu < 1712182,

by Bessel again.

8. Case k =1 of Theorem 1.5

In this section we start the proof of Theorem 1.5. There are two main ingredients in the argument for the
case k = 1: Proposition 4.3 and the fact that the wave packets

27'rix-i't627ti|x|2m

Piim (X) i= @(x1) -+ @(xq)e

are almost orthogonal for a fixed m and n varying in 7. The latter fact will be exploited through Bessel’s
inequality whenever possible. Recall from Remark 4.5 that, since g = g1 ® --- ® g4, it suffices to study
the multilinear form

d
Ag(gr-ga =Y [1(g onjm)- (b 1 ® xm).

nezd, mez j=1
Now we focus on obtaining (22). Let E; C [0,1],1 < j <d,and F C R4+ be measurable sets for
which |g;| < yE; and |h| < y . Define the sets
AV = {(nj.m) € % gy on,m)l A 271}, 1< j <d.
B+t = {(,m) € 2T 1 [(h, 15 ® ym)| 27N,
Xtoolatt = (Gim) € 294 s (nj.m) € AV 1< j <dynBl+,

Hence,
IAg(g1s.. . gq.h)| < Z =l ... o= latigxlislat1
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As in Section 5, we know that /y,...,/74+1 > 0. We can estimate #Xla using the function /:
il g olast NG, i @ )| S 2444 | F. (28)
(n,m)ez4+1
Alternatively, many bounds for #X!1>-la+1 can be obtained using the input functions g, ..., g4:
#Xll,...,ld-l-l s Z 1&? (nl’m) ..... 1Aiid (nd’m)
(n,m)ez4+1
=2 2 ) Lptem Ly (aem) 3 Ly (igom) Y
meZn €7 ng_1€Z ! a=1 ny€z d
%d.m

Observe that oy, = #{n; (n,m) € Ai;f} and (n,m) € Ail" = 15224 (g4, @n.m)|?. Adding up in n,
@am S22 Y7 (g pnm) £ 22| Eq]
n: (n,m)e&ldd

by orthogonality. Notice that this quantity does not depend on m; therefore we can iterate this argument
for d — 2 of the remaining d — 1 characteristic functions:

wxclolat < 92la gy % ZlAil (n1.m)e 1o (ng—2.m) > Lyta—i (ra—1,m)

meZn|€Z ng—1€Z
Od—1,m
21 20—
S2M|EG|2?MEg ] ) Y 0 L (nam)eeL iy s (ng—am) Y 1, (ng_ym)
meZn, €7 ! a=3 ng_»€7Z d=2

$2ap?la=t 2B By Bl Y 0 Y L gy (na,m). (30)

meZni€Z !

#all

To bound #Ail we can use Proposition 4.3. For ¢ > 0 we have

(n,m) e Alll = 13 pW+ah |(g1,§0n,m)|4+'S

= #AD 204N ST (g g ) [*HE <o 24O By ).

l
(n,m) GAII
Using this above,

#Xll,...,ld+] SS 221d221d—1 . _22122(4+8)11 |Ed| . |E2| |E1 I (31)

We could have used the L*-L4*¢ bound for any g 7 and a Bessel bound for the remaining ones. More
precisely, if o € S; is a permutation, we have

Xttt g plowRlow—n .. oG ow | E |- | Eg )l [Egqr)l. (32)
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This amounts to exactly d different estimates. Interpolating between all of them with equal weight %,
we obtain

2(d—D+4+e 2(d—1)+4+e
#Xlls-~~sld+l §82 d l] 2 d ld

|Evl---|Eql
— 9@+ G+ . A2+ G+ ) |E1|-+|Eq]. (33)
Finally, we interpolate between bounds (28) and (33):

|Aa(g1,-- .. 8a-h)l
< Z ... = la+igyclisesla+i

A

Z =l 2~la+1(p(2+G+3)h ...2(2+%+§)ld|51|...|Ed|)91(zld+1|p|)92
Nyelgy1€24

d
S ( Z 2—(1—92)ld+1 |F|92) l_[ Z 2—(1—(24—%4-%)91)11' |EJ|91

lay120 J=11;>0
< |E1 |a(l—(2+%+§)91)+01 . |Ed|a(l—(2+%+§)91)+91 |F|02
for any 0 <« < 1. On the other hand, for several of the series above to converge we need (2 + % + %) 01 >1.
By choosing the appropriate @ and 6 close to (2 + %)_1, one concludes this case.

9. Case2 <k <d +1 of Theorem 1.5

Recall that we fixed a set of weakly transversal cubes Q = {Q1,..., O} in Section 3 and let g; be
supported on Q;. The averaged k-linear extension operator'# in R is given by
1 i :
ME (e g = Y ( |<g,-,<o,1,,m>|) (£ ® 1m)-
(n,m)ezd+1 “j=1
The conjectured bounds for it are
k
1 1 2(d +k+1)
k < |k
IMEG 1 g0 lerrn < T 81l forallp= Ty 69
As done in the case k = 1, it’s enough to prove certain restricted weak-type bounds for its associated
form ~ X L
Keaghy= 3 (1‘[ |<gj,<o,;,m>|) (h 15 ® g, (35)
(n,m)ezd+1 ti=1
where g := (g1, ..., gk) by a slight abuse of notation.

14We consider this averaged version of ME, 4 for technical reasons. The conjectured bounds for it have a Banach space as
target, as opposed to the quasi-Banach space (for most k and d) L2@d+k+1)/(k(d+k=1)) that is the target of Conjecture 1.2.
The fact that L? for p > 2(d +k + 1)/(d + k — 1) is Banach lets us use (49) effectively in the interpolation argument, since it
forces the final power y on |F|? to be positive.

When k = d =2, Conjecture 1.2 has L5/3 as target. We will discuss this case first to help digest the main ideas of the general
argument, and since this space is Banach, we can work directly with ME; > instead of considering the averaged operator ME2’2 .
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Remark 9.1. We will prove (34) up to the endpoint assuming that g is a full tensor, but the argument
can be repeated if any other g; is assumed to be of this type. As the reader will notice, the proof depends
on the fact that we can find k — 1 canonical directions associated to Q;, which is the defining property of
a weakly transversal collection of cubes with pivot Q;. In what follows, we are taking {ej,...,ex_1} to
be the set of directions associated to Q1.

Remark 9.2. As we mentioned in Remark 1.7, under weak transversality alone we do not need g; to be
a full tensor to prove the case 2 <k < d of Theorem 1.5. In fact, the following structure is enough in this
section:

g1(x1,...,xq) = g1,1(x1) - g1,2(x2) -+ -+ 81k—1(Xk—1) 81,k (Xko .., Xg).

Notice that we have k — 1 single-variable functions and one function in d — k + 1 variables. The single-
variable ones are defined along k — 1 canonical directions {ey, ..., ex—1} associated to Q1, and g; ¢ is a
function in the remaining variables.

In general, if we are given a weakly transversal collection O, for a fixed 1 < j < k — 1 we have a set
of associated directions &; = {e;,,...,e;,_, } (see Definition 3.2). Denote by X the vector of d —k + 1
entries obtained after removing Xx;,, ..., x;,_, from (x,...,x;). Assuming that the functions g; for
[ # j are generic and that g; has the weaker tensor structure

8 (X1s v, Xq) = g1 (i) oo & k—1 (Xig ) - 8ge (X)) (36)
will suffice to conclude Theorem 1.5 for Q through the argument that we will present in this section.

Remark 9.3. As a consequence of Claim 3.4, a collection @ = {Q1,..., O} of transversal cubes
generates finitely many subcollections Q of weakly transversal ones (after partitioning each Q; into small
enough cubes and defining new collections with them). However, for a fixed 1 < j <k, the associated
k — 1 directions in &; can potentially change from one such weakly transversal subcollection to another,
and this is why we assume g; to be a full tensor under the transversality assumption.

In this section we will use the following conventions:

e The variables of g; are x1, X2, ..., x4, but we will split them in two groups: k —1 blocks of one variable
represented by x;, 1 <i <k — 1, and one block of d —k + 1 variables X3 = (X, Xk+15---,Xd—1,Xd)-

 Theindex x; in (-, - ); indicates that the inner product is an integral in the variable x; only. For instance,

(), @)x; :=/jo(xh---’xd)'(p(xl’---’xd)dxl (37)

is now a function of the variables x5, ..., x;. The vector index xj in (-,-) x, 1s understood analogously:

(8, 9) % :=/ gj(x1,...,xq) @(x1,...,xq) dxg (38)
RA—k+1
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e The expression ||{g;,)x, ||2 is the L2 norm of a function in the variables x;, 1 </ <k —1, [ #i. To
illustrate using (37),

1
2 3

[(gj.@)xill2 = [/Rd_l‘/jo(m,...,xd)-gZJ(xh...,xd)dxl dxz-.-dxd}
The quantity [|{g;, ), [l2 is defined analogously as
2 3
||<gj,<ﬂ)x*k||2=|:/ / gi(x1,....xq) @(x1,...,xq)dxg dxl---dxk_l]
Rk—l Rd—k-}—l
e Forn = (ny,...,ny), define the vector
fll’ = (nl,...,ni_l,ni+1,...,nd).

In other words, the hat on 71; indicates that n; was removed from the vector n. For f : 74 — C, define

If@lg = 2 1f@I.

Ajezd—1
That is, ||f(n)||(1 is the ¢! norm of f overall ny,...,ng4, except for n;. Hence ||f(n)||z1 is a function
of the remaining "lariable n; i. The quantity || f'(n)|| ¢1 is defined analogously as
i
If@le = > 1fG@l.
ng

(nl"--ynk—l)EZk_l

Finally, the integral [ g d%; means

/g(xl,...,xd)dii :=/g(xl,...,xd)dxl-'-dx,-_ldx,-+1-~dxd.

In what follows, let £y 1, ..., Ey 1 C[0,1], E;x C[0,11¢7 k1 E; c Q; 2<j <k)and F CR¢*!
be measurable sets such that lg1,0l < xE,, for 1 <1 <k—1, [g1x| < XE 4> |8/l < xE, for2<j <k
and |h| < xF. Furthermore, E1 := Ey 1 X+ X Eq g1 X Eq .

A rough description of the argument in one sentence is: the proof is a combination of Strichartz in
some variables and bilinear extension in many pairs of the other variables. In order to illustrate that, we
will first present the simplest case in an informal way, which means that we will avoid the purely technical
aspects in this preliminary part. Once this is understood, it will be clear how to rigorously extend the
argument in general.

9A. Understanding the core ideas in the k = d = 2 case. Consider the model

MEz(g1.82) = ) (21,95 ,)(22.95 ) (i ® Km)

(n,m)ez3
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and its associated trilinear form!>

Aop(gr. g )= ) (g9}, )e2.95 ) (X3 ® 1m)-
(n,m)ez3
Assuming that g1 = g1,1 ® g1,2, we want to prove that

~ 1 1 2
|A22(g1,82)| Se |E1|2+|E2|2 - |F|5F¢

for all & > 0. The L% x L2 > L5/3%¢ bound will then follow by multilinear interpolation and Remark 4.5.
Given the expository character of this subsection, we adopt the informal convention

J’_

XT means x + §, where § > 0 is arbitrarily small,

X~ means x — 3§, where § > 0 is arbitrarily small.

We will always be able to control how small the § above is, so we do not worry about making it precise
for now.
The first step is to define the level sets of the scalar products appearing in ME; »:

l - —_
AY =G, m) (g1, op ) ~ 27,

I . _
Ay ={(m,m): |(g2,(p,%’m)| ~ 27y,

Transversality will be captured by exploiting the sizes of “lower-dimensional” information: in fact, we
want to make the operator ME; ; appear, and this will be possible thanks to the interaction between the
quantities associated to the level sets

By = {(n1,m): (g1, 00 p)x l2 ~ 27710,
C}' = {(n1.m) : (g2, 0120w, 12 ~ 27513,

Since there is only one direction along which one can exploit transversality, we will use the L? theory
for £ (i.e., Strichartz) along the remaining one. In order to do that, the following level sets will be used:

By = {(n2.m) : [{g1. 95 m)xz ll2 = 2772},

C2 = {(n2.m) : 1{g2. 952 xz 2 = 272},
The size of the scalar product involving / will be captured by the set
DX = {(.m) : [(H. x5 ® fm)| ~ 275},

We will also need to organize all the information above in appropriate “slices” and in a major set that
takes everything into account. The sets that do that are

X2t = A2 (G, m): (ny.m) € C51,
X252 .= AL (i, m); (np. m) € C2},
XEFSk — Alv AL 0 (G m) (01, m) € B NCSY, (12, m) € B NC2yNDF,

I5There is a slight abuse of notation here: we are using A 2,2 for the form associated to ME> > and not for its averaged
version MEj >, as established in the beginning of this section.
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where we are using the abbreviations [ = (I1,13), 7 = (r1,r2) and § = (s1, 52). This gives us

Raa(gr.g2. ) s Y 27ha o kyxiSk,
[7,5.k
For the sake of simplicity, let us assume that g1 = 1g, , ® 1g, ,. 2 = 1g, and h = 15.'® We will need

efficient ways of relating the scalar and mixed-norm quantities above. A direct computation (using the
definition of X!"5k) shows that

] e W )
27N = — . (39)
PAE
Using Bessel along a direction, for (ny,n,,m) € X%2:51 we have
l b, l
1~ 22 (g2, 07 I = #X2T 272 Y ((g.0] )P
15,51
anX(nl )
I, ,
= #2022 (g2, 002 I3
—S1 —S1
= 27k< e = 27 < - , (40)
(#X(nl,m))z ||1xl2,.§'1 ||£2’c1><1> me}lz
by taking the supremum in (71, m). Analogously,
—s
rhg 2 41)

1
2
” 1x12~S2 Hﬁﬁg,m&‘ll

Relations (39), (40) and (41) play a major role in the proof. The last major piece is a way of bounding
#X!T-5k that allows us to exploit transversality and Strichartz along the right directions, as well as the
dual function /2. We start with the simplest one of them:

#xEPSk <ok N ® am)| = 28| F . (42)
(n,m)ez3 R
By dropping most of the indicator functions in the definition of X 75k and using Holder, we obtain
a5k < Z Liin.s (n,m)- 1B:l e’ (n1,m) < ||1X12,s1 ||El(i<i,m£rlzz . Hqul nes! ||er1]1m
(n,m)ez3
The second factor of the inequality above will be bounded by the one-dimensional bilinear theory:

2 2 1,1 2 1,2 2
#BY NCY S22 3 (g1 on ) 13- 182 00 ) 13

ni,mez

=2 // ( ) |<g1,<o,1;{m>xl|2-|<gz,<p,1=,%m>x1|2) dxs s

niy,mez

2 2 2 2 ~ 2 2 2 2
=2 [z, el dndn <2420 13 el

16These indicator functions actually bound g1 and g», but this does not affect the core of the argument.
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by Proposition 4.4 since the supports of ¢! and ¢!+? are disjoint (this is equivalent to transversality in
dimension one). This gives us
I7 3.k 2r1+2
#XETHE < | Lyn.sy ||e,;~i.mz}12 25T Eq |- | Ea. (43)
Alternatively,
I3k .
#XOSK < Z lBgzmciz (n2,m) Z Lir.50 (n»m)'l[g? (n1,m)
(n2,m)ez? niez
1 1
2 2
= “1X12~52 ”Z}%ozme’l” : ” 1|Bql ”Z}gno&l” : ” 1B£20C;2 “&112”” .
We can treat the last two factors appearing in the right-hand side above as follows: For a fixed m € Z,
2 1,1 2 _ 2 2
D e (nm) S22 ) g eptnn 13 <277 213

ni€z n1€z

by Bessel (recall that the modulated bumps go,%’lfm are almost-orthogonal if n; varies and m is fixed), and
then we take the supremum in m. As for the other factor, observe that!”

5 2,1 5 2,2
#B2 NCY $2°2%2 3" (g op x5 1482, 02 0 xall2

npy,mez 5 1
o 6
5 2,1 6 2,2 6
<2 r2+32( E ||(g1,<,0n2,m)xz||2) ( E : ||(g2’90n2,m>x2“2)
n,mez n2,mez

5 5
<2272 g1 3 llg2ll2

by Corollary 4.2. These last to estimates give the following bound on #xT Sk

OGN 1 1 5 1
XTI S ol 27 1 Ea]2 272592 B3 Es . (44)

1— 2+ .
,5 and £, respectively.

We also take an appropriate of combination between (40) and (41), and use (39):

In what follows, we interpolate between (43), (44) and (42) with weights %_

) .9k

1R22(81.82. W) “ S Y i > —
i 112 5 10
r,s,k ||1X12351 ||€?lcl>me’112 ||1X1s552||€23,me}ll
y—
2 2 3
'(||1X12=51 “({gﬁ.meé2 -2 sy, |El| . |E2|)5
3 r L S 5ro+s 3 DN S 2~
(12yrz.50 L 2T Eg]2 22722 B2 1 | Ep|2) 5 - (28| F))5
X a3 mtn,

1 1 2+
SIELZ-|E2|2-|F|5
which is the estimate that we were looking for.!8
17Here we are also ignoring the fact that we do not prove the endpoint L2-L° estimate for the model Eq. It will not
compromise this preliminary exposition.
18This bound on 7\2,2 is of course informal, which is why we wrote “<”. Observe that we also removed the sum in /; it

contributes with a term that depends on ¢ in the formal argument. Later in the text we will see why we can assume 7,5,k > 0 in
the sum above.
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9B. The general argument. Roughly, this is a one-paragraph outline of the proof: we split the sum in
(35) into certain level sets, find good upper bounds for how many points (7, m) are in each level set using
the weak transversality and Strichartz information, and then average all this data appropriately.

First we will prove the bound

bl

[ ME} k.d @l L2@+k+0/@+k—D+e a+1) e l_l |En, 2% - l_l |Ej 2% (45)
j=2
for every € > 0. As we remarked at the end of Section 4, this is the restricted weak-type bound that will
be proved directly; all the other ones that are necessary for multilinear interpolation can be proved in a
similar way, as the reader will notice.
We will define several level sets that encode the sizes of many quantities that will play a role in the
proof. We start with the ones involving the scalar products in the multilinear form above:

AY = {(@.m) € 2711 |(g;. ol M~2HY 1<) <k

The sizes of the (g, ¢ ,,,) are not the only information that we will need to control. As in the previous
subsection, some mixed-norm quantities appear naturally after using Bessel’s inequality along certain
directions, and we will need to capture these as well:

B} = {(ni.m) € Z%: |{g1. 0y ) x; 2 = 277013, 1<i<k-—1,
B = {(ni.m) € Z*: gisr ot o A 277y, 1 <i<k—1,
By = (i, m) € 297K 1 gy 0 gl w27y 1<) <k,

Set [EBri'j := @ for any other pair (i, j) not included in the above definitions. Observe that g; (the
function that has a tensor structure) has k sets B associated to it: k — 1 sets B, ’11 and one set Brk’l The
other functions g;, j # 1, have only two: one set B]“ 11 J’ and one set B ’ foreach1 < j < k The
idea behind the sets B: ’1] and B. ’l ’: 11 is to isolate the “piece” of each functlon that encodes the weak
transversality information from the part that captures the Strichartz/Tomas—Stein behavior, which is in
the set B}/ * ’ . Foreach 1 <i < k — 1, we will pair the information of the sets B. ’11 and Blr’l’:f and
use Pr0p0s1t10n 4.4 to extract the gain yielded by weak transversality. The information contained in the
sets Blrck]’ will be exploited via Corollary 4.2.

The last quantity we have to control is the one arising from the dualizing function 4:
= {(i,m) € 2% | {h, x5 ® xm)| ~ 271}

In order to prove some crucial bounds, at some point we will have to isolate the previous information

for only one of the functions g;. This will be done in terms of the following set: 19

Xl — AJI/ N {Gi.m) € 29%" : (nj.m) € B]'/ ).

19Many of these sets are empty since we set [EB:" / = @ for most (i, j), but only the nonempty ones will appear in the
argument.
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In other words, X%"i./ contains all the (11, ..., ng, m) whose corresponding scalar product (g s Piim)
has size about 2~/ and with (n;, m) being such that || (gj,(ﬂ;il’ij;m)xi |2 has size about 27"/,

Finally, it will also be important to encode all the previous information into one single set. This will
be done with

xR = N A ﬂ{(n m) e 29t (n;.m) e () B}/ 1§i§d}mcf,

i,j°
1<j=<k J
where we are using the abbreviations [= (I1,...,lx) and R:=(r;,;)i,;. Hence we can bound the form IL{ k.d
as follows:
Aralehls Y 27 1‘[ xR 46)
I,R,t>0 J=

Observe that we are assuming without loss of generality that /;,7; ;,¢ > 0. Indeed,

27 < Ugj 05 M = Ngilloo el < 1

so [; is at least as big as a universal integer. The argument for the remaining indices is the same.

The following two lemmas play a crucial role in the argument by relating the scalar and mixed-norm
quantities involved in the stopping-time above. Lemma 9.4 allows us to do that for the quantities associated
to g1, the function that has a tensor structure. We remark that this is the only place in the proof where the
tensor structure is used.

Lemma 94. If xRt # &, then

1 27T ..., 2 Tk,1
lgil5
Proof. Observe that
k k
2t 2R [ e ok el = [ g1 ® -+ ® g1k 0 ) 2
i=1 i=1
k

=11 |(g1,i,<Pf;’il,m)xi|'||81,1 ® - ®81i® - ®gikl2

i=1

= g1 o - lg 5™ ~ 27" g5,
and this proves the lemma. O

Lemma 9.5 gives us an alternative way of relating the quantities previously defined for the generic
functions g», ..., gk-

Lemma 9.5. If X!"R:! £ &5 then

g 2 Tii+1
27l g : (47)
Lorir i |2
” Xii+1 ii+1 ”e’c;?.me’l?i
. 2 Tk.i+1
7=li+1 < T (48)
”1X11+1 Tk, i+1 ||eoo oL
nk m ”k

foralll <i<k-—1.
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Proof. Inequality (47) is a consequence of orthogonality: for a fixed (n;, m), define

Xé;ﬂr;r)i,iﬂ = {h; 1 (i, m) € Xli+l,ri,i+l}.
1

This way,

liyuriy 21; j+14 2
B R0 N (g gl

A i1
niGX(n['m)

2
. P ] 27 . x2 COiN X aA
< 22[,+1 Z /(gi-i'l’(»o}lfil,-"r;zl)xi e 2mim(Yj2i X7) He 2wing x; d%;
i J#i

21; i1 2 qa
<2 t+1/||<g,-+1,qo,z;,; ), P i

~ 22lit1 7 2Tii

where we used Bessel’s inequality from the second to the third line. The lemma follows by taking the
supremum in (n;, m). Equation (48) is proven analogously. |

The following corollary gives a convex combination of the relations in Lemma 9.5 that will be used in
the proof.

Corollary 9.6. For 1 <i <k — 1 we have

2k . _@d—k+D) .|
! DT adFkFT i+ 2T @FhkFD Tki+1
il < .
2 ~ k d—k+1) *
[P Y ARSI A
i+1:75.i4+1 Il goo i+17k,i+1 1
X e’li’meﬁi x‘i+ i+ [’ﬁ'm[ﬁk

Proof. Interpolate between the bounds of Lemma 9.5 with weights

2k d—k+1

= d ——
d+k+1 " dik+1
respectively. O

We now concentrate on estimating the right-hand side of (46) by finding good bounds for #X!:Rt The
following bound follows immediately from the disjointness of the supports of y; ® xm:

#XERE< 3 (h xq ® xm)| S2VIF). (49)

(n,m)ezd+1

By definition of the set xRt ,
2 k
wx R < Z l_[ 1A/j (n,m)- l_[ 1B{‘i,_j (nj,m). (50)
Gmezisti=t 8 e

We will manipulate (50) in k different ways: k — 1 of them will exploit orthogonality (through the

one-dimensional bilinear theory after combining the sets B;';' and B;;"*', 1 <i <k —1) and the last one
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will reflect Strichartz/Tomas—Stein in an appropriate dimension. The following lemma gives us estimates

for the cardinality of X/>®* based on the sizes of some of its slices along canonical directions.2?
Lemma 9.7. The bounds above imply:
(@) The orthogonality-type bounds:!
XY S llgge 0 222 g3 llgill3, 1<isk—1. (D)
(b) The Strichartz-type bound:
LR g % ;ZI‘(_I"' @ or +Zk B o £ B
X0 S l_[ 11yt ks ||ec>9 N 2K &=Ly ]|y 2FTe T =2 “'||g1||2'1_[ lgrlly, (52)
j=2 e i 1=2

where
g 2dAkAD o (dAk+D
" k(d—k+1) k(d —k+3)’
2 -~ (d-k+1)

Pkt kd—k+3

with 8,8 > 0 being arbitrarily small parameters to be chosen later.*>
Proof. For each 1 <i <k — 1 we bound most of the indicator functions in (50) by 1 and obtain
#xRE < Z 1A{i"]l (n,m)- 1B:ii1 (nj,m)- 1B;ii’fnl (nj, m)
(imyezd+1 T ’ ’

= E 1X’i+1 rp i (R, M) - 1Bfii1 ani::_-iil (ni,m)
1, 1,1
(n,m)ezd+1

= E 1B;ii'ﬂB:i;f:]1(ni’m) E lxz,;_‘_l;r,-.i_,_l(n,m)
, . y

ni,m
— ||1Xll+1”l,l+1 “Z’??me’lal ”:I'IB:’ll1 mBlr,l'l_:ql ||e’171m (53)
Transversality is exploited now: the cube Q1 with {eq,...,ejr_;} as associated set of directions satisfies

(15), which allows us to apply Proposition 4.4 for each 1 <i <k —1 since weak transversality is equivalent
Tii41

to transversality in dimension d = 1. By definition of the sets B;i’ll and B;;,"}", Fubini and Proposition 4.4

20The reader may associate this idea to certain discrete Loomis—Whitney or Brascamp—-Lieb inequalities. While reducing
matters to lower-dimensional theory is at the core of our paper, we dg not yet have a genuine “Brascamp-Lieb way” of bounding
#X!-R:! for which our methods work. For instance, no “slice” of X/+R:! given by fixing a few (or all) n; and summing over m
appears in our estimates, which breaks the Loomis—Whitney symmetry.

2l'weak transversality enters the picture here.

220pe should think of § and § as being “morally zero”. They will be chosen as a function of the initially given ¢ > 0, and the
only reason we introduce them is to make the appropriate up to the endpoint Strichartz exponent appear in (56). The main terms
of & and B are also chosen with that in mind.
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we have
2ri 1421 i1 2
I Rt D DI Ll e (AR
(n;,m)eB; e lﬁBl’lq_ﬁl
2 2 i1 12 g2 44,
< 22T t2riit //( glvﬁl’;,i,m>x,| “[gi+1, (Prlz,l,—ir;z )yl )dxl dy;
(n;,m)ez?

< 22ri,1+2ri,i+l // ||g1 Hiz ' ||gl 1”122 Ai Ai
x; Vi
22TIAT2Tiit1 gy 13- || gi g1 |3

Using this in (53) gives (a). As for (b), bound #Xi Rt a5 follows:

xR = N L, m)
(n,m)eZ”H'1
< Z nlz i (1, m)l_llrll(nl,m) lekz(nk,m)
(n, m)eZd'HJ =2 i=1 ' =1
=Y ]_[1 rkl(nk,m) > ]_[1 Lo (A, m)l_ll r,,(nl,m)
ny, ml—l Nlseesfg—1 j=2 i=1
1
%
§anrk/(nk m)HHle e (1, m)|| m)|
nk,m =1 "k i=1 i
k
= 1_[ ||1 Ljiirk.j ”Koo Kl 1_[ ”1 rl 1 ||£c>oel 1_[ 1B;kl[ . s (54)
ngm T I=1 enakym
where we used Holder’s inequality from the third to fourth line. Next, notice that
||1B" 1 ||goozl < SUP 22711 Z (g1, §0£;’l{m>x; [Es
= sup 22 / D el 0
<200 g1z (55)

by orthogonality. Now let

k(d —k +3) k(d—k+3)

- E2) - forall 2 </ <k
PRU="a kv PR @ sery SIS

and notice that

Z_:

pkl
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2873
This way, by definition of B}*; ll and by Holder’s inequality with these py ; we have
k
[ ]2y
B
l=1 o erlfk.m
B
<%, o Boric Z (g1, e Ve 15 1_[ Ig;. (p”k el
(nkc,m)
1
. k . B A
<o rkatli=28 rk,z( Z g1, (pnk m>xk ”a DPk. 1) l_[( Z g, wnk . o “Pk. 1)
(n)c,m) 1=2 “(njc,m)
2(d k+3)+3 pkl 2(d— k+3)+8 pkl
eI ﬂ( 3 ler g b 170 ) 1‘[( Y ereg! i 124D )
(ry ,m) 1=2 (ny ,m)
. k
<0k +Xi=2BTil || gy 13-TTs: 12, (56)
=2

by the up to the endpoint mixed-norm Strichartz bound in Corollary 4223 Using (55) and (56) in (54)
yields (b). O

Given ¢ > 0 small,2* we interpolate between k 4 1 bounds for #X"®-! with the following weights:2>

1 &
o= 1=!sk—1. for(sD),
d—-k+1) ¢
_d-k+D) ¢ for (52
2d+k+1) k or e
(d+k-1)
S . for (4
Oh+1 [ 2d+k+n e or (49).

which leads to

|Ak.a(g.h)l

k k—1
- £ 2 2 _£
$ 3 T2 T legg ey 22204 g Bl 13) 777
[,R,t>0 J=1 =1

£

(d—k+1)
k 2d+k+1D " k
(Hlll bl g 2R g e+ B gy 1‘[||g1||2)

ng.m s

1=2
x(2f|F|)[ m]“

23See the footnote related to Corollary 4.2.

24Perhaps it is helpful for the reader to think of &, § and §as equal to zero to focus on the important parts of the proof. The pres-
ence of these parameters here is a mere technicality, except of course for the fact that ¢ > 0 makes us lose the endpoint in this case.
250bserve that 3 I:II 6; = 1. These weights are chosen so that the correct powers of the measures | E; | and | F| appear in (58).
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Using Lemma 9.4 and Corollary 9.6 to bound the 2% in the form A k.a yields
Ak, (g.h)

1_ &
R e n )t
vl 115 8
1_7
k-1 S k-1 2 T Tii+1 2~ KR Thi+1 k
2t
=1 [NURREURES ||go<; o i i || ( +e1+)
k-1 R "k "k
2 2 13
T v legg e 227 2 g 5 g I3 2)arierT
Tk i St
(Hlll Y Y o> = L BN P B L RS X K P 2 n||g1||2)
=2 e g =2
d+k—1)
(2| F 1= 2@viernl e
Developing the expression above,
~ Y k et (=)o i)
Rrawiiz ¥ 2@ ([T2) ey
I,R,t>0 =1
k—1 . k—1 ) Akt D)
X 1—[ 2_;?2’1*1 % l_[[z_d+k+l'ri»i+l .2_7k(d+k+l)'rk-i+1]l_%
i=1 i=1
k—1 1 e _(d—k+1)
1 m'(%‘) 1 2k(d+Ek+1) (k )
X L sgtigr7ii41 ”eoo /1 Ntiprorain ” o ]
i=1 M= nkm iy
k—1 L k—1 .,
by e iy _2&
% [H ”1x11+12’1./+1 ”ZOJngr[ll kj| > |:l_[(2r1,1+r1,/+1)d+k+1 k ]
I=1 1—1
d2(kk 1) 2(k De T k ?E
1 1
xllgally ™ ]_[ lgr+1ll5 ™"
=1
(d—k+1) _¢ (d—k+1)
xl_[ 11y, ,kj||eoo2(dejrk+1> ) (2k YiZiria. 2ark1+21 2ﬂrkz)z(d+k+n 13
k _
<lig 1||(2(k ) [T a1y Gaeen =0

X (2f|F|)[1—%]+6,

At this point we set the values of § and § (as functions of ) to be such that?®

8_[(d—k+l) B (d+k+1)s]_l[_i z(d+k+1)1

k(d—k+3) k2(d—-k+3)] 2 k2(d —k+1) |

g.[ (d—k+1)? _(d—k+1)s]_l[2_e_ (d—k+1)s]
2k(d +k+1)(d—k+3) k2(d—k+3) k2 k%2(d+k+1) |

26We emphasize that these particular choices are just for computational convenience, and we have not developed the
expressions because this is exactly how we use them to simplify the previous calculations.
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Simplifying (and using the expressions that define « and § in Lemma 9.7),

~ k—1
|de(g,h)|5[z z—lel]x[n( ) 2—(2;f+;2)r,-,1)] [ Y o k2+<(3+;;¢;;3)}
11>0 j=1"r;1=0 rk.120
k-1 e (d+k—1)
LT X 2 ) || Dottt
i=1 li_l’_lZO t>0
k—1 Akt
X[l—[( Z 2_21cs(1_d+}c+1)ri.i+l):|x|:l_[( Z 2~ kz(l 2(d+k+1))rkl+l):|
i=1 r;;i4+1>0 i=1 “rg,i+1=0
(1 ﬁ) 2(1 2(&+kk—i-_i-11))
Xl_[ sup ||1Xlt+l Tii+1 ||£oo el sup ||1Xll+l Tki+1 ||eoo Ay ]
i=1 li+1sTiit1 Lit 15Tk, i+1 nie.m” g
g | TFRD e e AR ) 1_[||gz||;“+k2(%_l)
><|F|[1 Jareahlte.

Observe that
Y omeh g 0Tl
11>0

where [ | is the smallest index /; such that X/-Rf # &. Hence there exists some (I; ,m) such that
I A ! <
2 g1, 0z ) =B

Therefore

POERERE A

11>0
Notice also that
2¢ & 2¢e g \y
—(3+-5)r; —(3+-5)F
Z 2 (% kz)./.l <.2 (% kz)_/.l,
rj1=0

where 7} 1 is defined analogously. We can then find (n,,m) such that

—p; i1 1
27 S (gn @)y 2 < | En 2.
Therefore
—(Z+-5)r; e &
Z 2kt < By f T %7
rj1=0
We can estimate all other sums in the bound above analogously. Observe that since the cardinalities
appearing in

k-1 (d—k+1)
k2 (1

— & (= gt7) NdThFD)
l_[[ sup ||1Xli+1iri,i+1 ”Ko]:) eld+k+l + Sup ||1X11+1 Tk.i+1 ” /1 ] (57)
i=1 li+iriig iy Lit1,ricit Caieom g
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are integers, the whole expression (57) is O(1). Using these observations and the fact that | E;| <1 gives us

~ k
Aka(g ) <o |[FI' 2@ mwnte T |Ej|%. (58)
Jj=1
To simplify our notation, set g :=(g1,1, 81,2, - - - &1.k—1>&1.k>&2- - - - » &k )- To rigorously use multilinear

interpolation theory, one can run the argument above for the following averaged multilinearized version
of MEg 4:
1 1
1 13
Ak L k,1
ME 0= Y (1‘[ . >|) Nerao o' It (1‘[ ) (X3 ® 1m).
(n,m)ezd+1 “l= Jj=2

27

with associated dual form
1 1

k—1 L k
~ k L . k
Reaehy= Y (1‘[|<g1,1,<o,’,;{m>|) Meraeds! ) k(l‘[|<g,-,qo,1,,m>|) (h 13 ® xom).

(n,m)ezd+1 ~l=1 Jj=2

Hence (58) gives us

k k
— 1 1 1L
I MEE (Dl L2w@+k+1/@+k—1tega+1y Se 1_[ |Eq,1|2F - 1_[ |Ej[2F, (59)
=1 j=2
which is (45) for MEy, 4. Finally, observe that
| MEk 4 (g)||L2(d+k+1)/(k(d+k—l))+8(Rd+1)
k times
— 1 — 1
S| MEg,q(8)% | 2@+k+1)/(@+k—1)+hkega+1y " | ME.q(g)% ||L2(d+k+1)/(d+k—1)+kg(Rd+l)

k k k k k
1 1 1 1
s[]‘[|El,z|2k-1"[|E,-|2k] “TTIE - TTIE (60)
=1 j=2 I=1 j=2
which finishes the proof of the case 2 < k < d + 1 by restricted weak-type interpolation.

10. The endpoint estimate of the case k = d + 1 of Theorem 1.5

Letg1:01—R, gj: 0 > Rfor2 < j <d + 1 be continuous functions. Recall that the multilinear
model for k = d + 1 is given in Section 2 by
d+1

MEgi1,4(81.. .- 8a+1) = D H(gwfpé,m)()(ii@)(m)’
(fi,m)ezd+1 j=1

27There is a slight difference between the forms A k,q and A k,d: the latter is 2(k — 1)-linear, whereas the former is k-linear.
We cannot apply multilinear interpolation theory with inequality (58) directly, because all we proved is that it holds when g1 is a
tensor. In order to correctly place our estimates in the context of multilinear interpolation, we need to consider a form that has
the appropriate level of multilinearity, which is A k.d-
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where

d
J 1,j 1,j _ LJ 2mi 2wimx?
0 = Q0T hlmxr) = ¢! ()P 2T
I=1
and ¢’/ (x) was defined in Section 2. From now on, we will assume without loss of generality that g is

the full tensor. To simplify our notation, set g := (g1,1..-.,&1,d+ &2 ---»&d+1)- Define
d d+1 ‘
MEgi1a(@) =Y. [lter.ek'n) H(gjv(/),{,,m)()(ﬁ@)(m)-
(n,m)ezd+11=1 Jj=2

We will show that ME d+1,4 Maps
L2([0.1]) x -+ x L2([0. 1]) x L*(Q2) x -+ x L*(Qa+1)

2d times

to L.2/4 which implies the endpoint estimate of the case k = d + 1 in Theorem 1.5.

Endpoint estimate of the case k = d + 1. Notice that we have d factors in the first product and d factors

in the second. We will pair them in the following way:
d+1

MEga(@) = Y [l i) (-1 05’ 0n) Ui ® am)
(imyezd+1 j=2
Now observe that

d+1
—_— 2 _ i _ 2
IMEqira@ls = Y []le®a-1.0),, ®6", w7
O Gmezatt j=2
d+1 ) L
<TI0 > e ®g‘1,,-_1,<p§,m®¢,i;l_l,m>|2) : (61)

J=2 “(n,m)ezd+1
Let us analyze the j = 2 scalar product inside the parentheses (the others are dealt with in a similar way):

(gj ® 81,1, (p,%,m ® (Z)r%i{m)

= /d 1(g2’1 ® gl,l»(p,i’lz,m ®¢r1’11,m)(1_[ g0u,2(xu))e—27rim(2122)Clz)e—Zﬂi(Z,lzznlxl) d/;l
Rd—

u=>2
= Hnl’m(nz, e ,I’ld),
where
. - 1,2 -1,1 2 —2mi >0 X7
Hnl,m(XZ» ceXg) = (gz’l ®g1,1,§0n1,m ®¢”1,m>(1_[ (pu (xu))e ﬂlM(Zlile)‘
u=>2
We can then use Plancherel if we sum over ns, ..., n 4 first:

Y. Hg®a-1.9h,®0" I
(n,m)ezd+1 ~
=> Y |Hummz.....nd)? =Y [Huymll3

ny,Mmnz,.. .ng ni,m

-/ (H <p"»2(xu))(2 (g2 ® Z1e 02, ®¢;;{m>|2) T,

u22 ni,m
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By our initial choice of cubes, supp((pnl m) N supp(gon1 m) = &, so the sum in (n1,m) is actually M> 1
(we are freezing d — 1 variables of g5 in this sum). Our results from Section 7 imply

Yo g ®zu-1.0l, 08" W =le®zil3

(n,m)ezd+1
Arguing like that for all 2 < j <d + 1, (61) gives us
N ,  d+1 d+1
I MEat1a()ll5 H lg2® 81 -1llf = H g1
and the result follows. O

11. Improved k-linear bounds for tensors

In this section we investigate the following question: can one obtain better bounds than those of

Conjecture 1.2 if one is restricted to the class of tensors??®

The answer depends on the concept of
degree of transversality. The extra information that the input functions are supported on cubes that
have disjoint projections along many directions leads to new transversality conditions, and we can take
advantage of it in the full tensor case. This is the content of Theorem 11.2.

Let {e; } 1<, <q be the canonical basis of RY. If 0cC R4 is a cube, 7 (Q) represents the projection

of Q along the ¢; direction.

Definition 11.1. Let {Q1. ..., Ok} be a collection of k closed unit cubes in R? with vertices in Z¢. We
associate to this collection its transversality vector

T=(T1,...,74),

where 7; = 1 if there are at least two distinct intervals among the projections 7;(Q;), 1 <! <k, and

7; = 0 otherwise. The fotal degree of transversality of the collection {Q1, ..., Ok} is
Iz|:= Z 7.
1<il<d

The k-linear extension model for a set of cubes {Q;};<;<k as in Definition 11.1 is initially given on
C(Q1) x---xC(Qk) by

MEZ; % (g1...og) = ) H 80 ) Ui ® ). (62)
(n,m)ezd+1 j=1
where the bumps goq are analogous to the ones in Section 9 but now adapted to the cubes Q.
From now on we w111 assume that g; is a full tensor g Q- ® gj for 1 < j < k and that the
transversality vector of the collection {Q1,..., O} is t. To s1mphfy the notation, we will replace the
superscripts Q; in (62) with t and define

:(g},...,gil,...,g},...,gfl,...,g,i,...,gk)

28Extension estimates beyond the conjectured range have been verified in [Mandel and Oliveira e Silva 2023] for a certain
class of functions when the underlying submanifold is si-1, [Shao 2009] also contains results of this kind for the paraboloid.
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We are then led to consider

d
ME] 4(8):= ) H H gh ol V(1 ® Am). (63)

(fi,m)ezd+1 j=11=1

where
l,j 2wingx 2mwimx>? l,j .
on ) (x) = @' (x)e e . supp(¢”™’) C 71 (Q;).

As was the case in Section 9, we will deal first with an averaged version of ME; for technical reasons.
Define

ME; 4 (9= ). l_[ ]_[I b b T M (1 ® am). (64)

(n,m)ezd+1j=1[=1

and consider its dual form
- ;
A/z,d(g’h):: Z 1_[1_[|g] gonlm k(h’Xﬁ®Xm>
(n,m)ezd+! j=1[=1

Let E;;, 1 < j <k and 1 </ < d, be measurable sets such that |gjl-| < XE;,- Let F C RA+1 be a
measurable set such that |#]| < y . Under these conditions we have the following result:

Theorem 11.2. ME IE g Satisfies

2(d + 17| +2)

k d
ME ! Ilp>p:=
|| kd(g)”Lp(Rd-‘rl) ~p l:[ 1:[1 ||g] ”2 fOra p Pz k(d + |'E|)

Proof. It is enough to prove that

k d
—_— 1
| MEg 4 (@llzr@a+ry Sp [ [ TT1E 17

j=1l=1
holds for every
2(d +|t]+2)
(d +1z))

Define the level sets
A = {(ng,m) € 2% (g}, onlm)| 277013,

L= {(i.m) € 20TV [, xq ® am) | A 271
Set R := (I’i,j),"j and
k
XR”:={(71,m)€Zd+1 H(ngom) € [\ A 1515d} NB'.

We then have

k d
Afalemls Y 27" HH —F xR
j= =

R,t>0
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As in the previous section, we can assume without loss of generality that r;;,7 > 0. We can estimate
#XR using the function h:

#XRE <2t N (R 25 ® xm)| S 2IF) (65)
(n,m)ezd+1

Alternatively, by the definition of X7,

#xRi< ) ]‘[ ]‘[ 1 r,l(nl m) (66)

(n,m)ezd+1j=1[=1
There are many ways to estimate the right-hand side above. We will obtain d different bounds for it,
each one arising from summing in a different order. Fix 1 <[ <d and leave the sum over (n;, m) for last:

#xRr= 3" []‘[1 .,(nl m)] ]‘[ [anr”(nl,m)}

(n;,m)ez?2=j
4 . (67)
Yij.i
< 5 [Magom] 11 T[St
(ny,m)ez? )= ! I=1,0#1 j=1_" A
where we used Holder's 1nequahty in the last line and y; i dre generic parameters such that
k
2 =1 (68)
j=1

forall 1 <I,] <d with[ #+ [ fixed. Let us briefly explain the labels in these parameters that we just
introduced:

[ indicates that the last variables to be summed are (n;, m),
Vi J corresponds to the j-th function g 7>

I # [ corresponds to the [-th variable n L

We will not make any specific choice for the Viii since condition (68) will suffice. Now observe that
for a fixed m € Z we have

Zl r (n,,m)<22012| &5 oum) > <2790 |E; 7] (69)
ny
by Bessel’s inequahty Usmg (69) back in (67):

#x Rt < 1_[ 1_[2271]/]1|E~~|V111 Z [l_[lrjl(nlm)]

=1,0#1 j=1 (n;,m)ez?2-j=1
d k
= 1‘[ l_[22)’1._7.ir].i.|E]TJP’L]J. Z [ H 1 A1 1(np,m)-1 ,jzl(nl m)] (70)
=1, 1#1 j=1 e R WIS L X

We simply used the fact that 12 = 1 in the last line above. Our goal is to pair the scalar products in
(63) corresponding to the functions gjl-l and gjl-z. There are two kinds of such pairs:
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(a) A pair (j1, j2) with ji # jo is [-transversal if supp(¢’/1) N supp(p’/2) = &
(b) A pair (ji1, jo) with ji # j» is non-I-transversal along the direction ¢; if supp(¢’/1)Nsupp(¢’/2) # @.

Thus we have by Holder’s inequality for generic parameters o;_j, ;, and B; ; i,

& j1.Jn
#XRI‘<|| ||227111rff |EN~|V111 || ( E 1’/11(”1 m) 1’]21(’11 m))
Jo.l

=1j=1 (J1,42) (n;,m)ez? B
l;él [-transversal, j1 # j2
Bi.jy.iz
I 2, Lonalrm) L. m)) . @D
(1,72) (n;,m)ez? B

non-/-transversal, jj # j2

Define
o1, j,.j» =0 if (j1, j2) is non-/-transversal,
Bi,ji.j» =0 if (j1, j2) is [-transversal.

Hence Holder’s condition is

Z o B, =2 (72)
U1,42)
1</1,j2<k
N#EJ2
since we are counting each «; ;, ;, and By ;, ;, twice, for all 1 <[ < d. The labels in the parameters o
and S track the following information:

[ indicates that we are summing over (n;,m),
arjy,j, and Brj j, —> 1 . . ‘g .
J1 and j» correspond to two distinct functions g;, and gj,.
We can then use Proposition 4.4 for the transversal pairs and a combination of one-dimensional

Strichartz/Tomas—Stein with Holder for the nontransversal ones:

d k
Rt 2 s~ . 2 P . . P .
#X < | | | | 2 yl,jvlrj,l.lE]’ilyl,j,l. | | 2 al’jl’jz(rjl’l+r12’l)'|Ejl,1|w'“’/2'|Ej2,l|a1”1’12)

l 1]_1 (.]1 7.].2). .
IN# [-transversal, j|# >
" 1—[ @ Bijy.in iy rjz,l)_|Ejl’l|2ﬂl,jl,/2 '|Ej2,l|2ﬂl’“’12)' (73)
U1,/2)

non-/-transversal, j| % j»
As mentioned earlier in this section, we have d estimates like (73). We will interpolate between them
with weights 6;:

d
#XR,I — H(#XRJ)Q[,
, I=1
with
d
> 6 =1 (74)
L. =1
This yields
k d b
#XRJ S l_[ 1_[ 2#j,1~rj,1 . |E_],l|T” (75)
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where
#i1 = [ > Qe +3B1 )} O+ D275 O
N#J I#1
In order to prove an estimate like L2 x --- x L? — L?, we will need all these coefficients #;, to be
equal. Let us call them all X for now and sum over j:
k
RO b

k k ;
Y o x= [Z > Qe +3Brj)
j=1 J=11#]) - I# 7=1
By (68) and (72)

k -
X:%[6_ZZO‘1,J‘J1 91+Z%91~ (76)

J=1j1#] I#1
for all 1 </ < d. Together with (74), (76) gives us a linear system of d equations in the d variables
01,...,6,. The solution is

d k _
o=[3 A= i1 X ppi i ] o
B RIS AN ST
=1 j=122j1#j %), )

Plugging (77) back in (76) gives us

XZ%[I"‘(g [4_Zj‘c=1lejwéjo‘i,j,jl])_l]' )

To minimize X we must maximize

k
22 %y
J=1h#]
This is achieved by choosing f; ;, ;, = 0 for all (j1, j2) if there is at least one /-transversal pair
(j1, j2). In other words, choose

Bjrjn =0 forall (ju, j2) if 7 = 1.
Hence by (72),
: 2 ifr=1,
2.2 % =0 ife—0
J=1it#] =
This choice of parameters gives us
_2d+]el+2)
k(d+t)) ~

which implies the following estimate for #X&-/:

k d
xRt < TT [T 257 - 1Ej1 2, (79)
j=11=1
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Finally, we interpolate between (79) with weight ' — & and (65) with weight (1 — ') + & to bound
the form A} ;-

k d k d

v Fxe
Afg@mls Y 2 T []2 % x [1‘[ 1‘[2X"f"-|E,-,z|’2‘}” PR e
R,1>0 Jj=1l=1 j=11=1
Developing the right-hand side:
k d d
AL 4(g. )| < (Zz—(k.'x—s)t) I 1—[( 3 Z—SX.r_/,z) x [1_[ I1 |Ej’l|21k_8§:| (F|0-7x)+e,
t>0 j=11=1 "r; ;>0 j=1[=1

As in the previous section, these series are summable. We have
—eX 1 eX
E 2 ! SelEj,l| :
rj =0

For the series in # we can just bound it by an absolute constant depending on ¢. This leads to

k d k d
1 4 eX _ 1 €1 __1_
A% 4(g.1)] <e [1_[ 1_[ |Ej |26+ ]-|F|(1 Fx)+e < [1‘[ 1—[ |Ej’l|2k:|.|F|(1 Fx)+e

j=11=1 j=11=1
since |E; ;| < 1, which finishes the proof by multilinear interpolation. O

Remark 11.3. If ;; =0 for 1 <[ <d, then
_2(d+2)
Pt = “xd
which could have been proven in general with Holder and Strichartz/Tomas—Stein. This is because there
is no transversality to exploit; therefore the best bounds we can hope for in the multilinear setting come
from the linear one.

Remark 11.4. If there are exactly k — 1 indices / such that t; = 1, then
_2(d+k+1)
e k@t k—1)

which is consistent with Theorem 1.5.

Remark 11.5. Finally, if one has more than k — 1 indices / such that 7; = 1, then

2d+k+1)

Pr<1 75

k(d +k—1)
which clearly illustrates the point of this section. The extreme case is when 7; = 1 for 1 </ <d, which gives

_2(d+1)

Pt = d

This can be seen as an improvement upon the linear extension conjecture itself in the following sense: if

we take the product of k extensions F U &js 1 < j <k, and combine the linear extension conjecture with
Holder’s inequality, we obtain an operator that maps L2@+1/d ... [ 2d+1)/d 1o [ 2(d+1)/(kd)+e
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On the other hand, if we are in a situation in which we have as much transversality as possible and all
g; are full tensors, we obtain L2 x ---x L2 to L2(@+1)/(kd)+e,

12. Beyond the L2-based k-linear theory with and without transversality

Given a collection @ ={Q1,..., O} of cubes, the purpose of this section is to investigate near-restriction
k-linear estimates associated to Q. In other words, we study bounds of the form

k
HnggJ'
j=1

for all € > 0 and for some p > 1. There are two cases of interest here:

k
Se [T g0, (80)
L2@HD/ G+ Rd+1)

e O is a collection of transversal cubes.

e All cubes in Q are the same.

It will be clear that all cases in between these two can be studied in the same framework that we now
present.

12A. Near-restriction estimates with transversality. We start by restating (4). For2 <k <d + 1,
to recover the whole range of the generalized k-linear extension conjecture, it is enough to prove
Conjecture 1.2 and

k k
l_[ &u, 8j e l_[ Igjllz2@+vraw;y (81)
i=1 L2d+1)/(kd)+e(Rd+1) =1 :
for all ¢ > 0.
Let Q ={01...., Ok} be our initially fixed set of cubes.?’ In what follows, we recast the statement

of Theorem 1.13 in terms of this set:

Theorem 12.1. If Q is a collection of transversal cubes and g1 is a tensor, the operator MEy 4(g1, ..., 8k)

satisfies
k
IMEk,a (g1, i)l L2@+1/khar+ega+1y Se l_[ llg; ||Lp(k,d)(Qj), (82)
j=1
where J J
4 1
d+k+1 2
plk.d) =
4(d +1) 'fd<k<d—|—1
2d—k+1 Y27 '

As anticipated in the Introduction, we prove it by adapting the argument from Section 9.

Remark 12.2. As in Section 9, the theorem above holds under the assumption that the given set of cubes
is weakly transversal and any other g;, j # 1, can be assumed to be the tensor.

29Gee Section 3.
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Remark 12.3. Roughly speaking, the difference between the proof of Theorem 12.1 and the one done in
Section 9 is in the building blocks we use: instead of Strichartz/Tomas—Stein (in the form of Corollary 4.2),
we will use the best extension bound for the parabola (in the form of Proposition 4.3). One can think of
the argument in this section as a rigorous way of replacing the former piece by the latter in our machinery.

Proof of Theorem 12.1. We work in the same setting as in Section 9. Even though there are some slight
differences between the level sets from that section and the ones that we will define here, the approach is
very similar.

It is convenient to recall a few important points from Section 9:

e The form of interest here is (in its averaged form):

—

~ k ) 13
Reaey= Y (1‘[|<g,~,¢;m>|) (b 23 ® m). (83)

(n,m)ezd~+1 “i=1
e The tensor g has the structure g1 = g1,1 ® - ® g1,4-
e E11,...,E14C[0,1], E;CQ; (2<j <k)and F CRYT! are measurable sets such that |g1 ;| <XEi,
for 1 <1 <d, |gj| < xg; for2< j <k and |h| < xF. Furthermore, £y := E1 1 X+ X Eq 4.

We start by encoding the sizes of the scalar products appearing in (83):
l; > _1I; .
A/ :={(n,m)€Zd+1:|(gj,<p;,’m)|%2 v, 1<j<k.

Now we see the first difference between the argument in this section and the one in Section 9: the
mixed-norm quantities here are all of the same kind, in the sense that the inner products inside the
L2 norms are all one-dimensional:

B/ = {(ni.m) € Z%: (g ol )i 2 ~ 27707}, 1<i<d, 1<j<k,
The remaining sets are defined just as in Section 9, and with the exact same purpose:
C = {(,m) € 297" 1 |{h, 15 ® ym)| ~ 27"},
Xbirii = A 0 {(G@,m) € 294 (ni.m) € B ),

xbRE= M Ajfﬂ{(ﬁ,m)ezd“:(ni,m)e (| B/ . 1<i=<d;nC,

i’j ’
1=/ 1<j<k
where we are using the abbreviations [ = (l1,...,1x) and R := (ri j)i,j. Hence,
N k l; -
A J
Aka(g. )<Y 27 []2 ok

f,R,t j=
The analogue of Lemma 9.4 is the bound
by 2=TLI..... 2—rd.1

e (84)
lgllg~*
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which is proven in the same way. By an argument entirely analogous to that of Lemma 9.5, we can show
2=t

27l < :

forall 1 <i<d, 2<j<k. (85)

2
” 1le TiLj ”eﬁ?me}l,

The following corollary of the estimates above will give us the appropriate convex combination of

such relations:3°

Corollary 12.4. For 1 <i <k — 1 we have

1
2~ d+1 Tii41 2T a1 Tui+1

d
2—lit1 <
~ | | 1
@D Ik ICEDY)

1 Lsti1eri i1 ”Zoo 41 1Lyt 1 ”Z"O mt}

Proof. Interpolate between the bounds in (85) with one weight equal to d_+1 for (i, j):=(i,i +1) and
d—k+1weightsd#ﬂfor(i,j):(u,i—kl),kfufd. |

Xi,R,t

We can estimate # using the function /:

RS 3 [k s ® am) S2UF. (86)

(n,m)ezd+1

#XT’R’t < Z l_[ 14 (n,m) l_[ 1_[ 1 /l j (ni,m). (87)

(n,m)ezd+1j=1 A i=1j=1
Similarly to what was done in Section 9, we will manipulate the inequality above in d ways: k — 1

Alternatively,

of them will exploit orthogonality (from the combination of the sets B; e i and Blr’l’_:rll, 1<i<k-1,

but now the other d —k + 1 ones will reflect the linear extension problem in dimension 1. The following
lemma is the appropriate analogue of Lemma 9.7 in this section:

Lemma 12.5. The bounds above imply:
(a) The orthogonality-type bounds: forall1 <i <k —1,
XS Limii g ey 2224 g3 i I3 (88)

(b) The extension-type bounds: forallk <u <d,

2(d 1)

k
N 1
#XI’RJ 5 1_[ ||1le;ru,j ||é<’c1>o mel 2k Zl#u rl ! ||g1||
j=2 u, Au (04 k
x 28 T+ X2 Bt (H g1, ||2) Ngval - [T ey, @9
j#u I=2
2k+1) . (k+1) 2 s 1
= 8' 5 = 8'_’
T Pr=i oo

with §,8 > 0 being arbitrarily small parameters to be chosen later.

where

30Notice that instead of using just two mixed quantities for each scalar one (as in Corollary 9.6), we are using d — k + 2
many of them here.
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Proof. Part (a) is the same as in Lemma 9.7(a). As for (b), fix k <u < d and bound #XURL a5 follows:

#Xl,R,t — Z 1XZ,R,1 (’-,i’ m)

(n,m)ezd+1
< Z 1_[1X’ ru,(n m)nlrll(nl,m) leu,(nu,m)
(n,m)eld'HJ =2 i#u )
=Y ]‘[1 rul(nu,m)znl i, (m) [T 4 ri1 (i, m)
nu,ml—l nu j=2 i#u ’
<> ]"[1 ru,(nu,m)]_[ 1Lytyir, ; (. m)|| AT 15 ri1 (i,
nu,ml—l u i#u ’
1
< H 12ytsem. ||ew el Tl el H Ly, (90)
;éu I1=1 ny.m
where we used Holder’s inequality from the third to fourth line. Next, notice that
1475 lispey, S sup 2™ Z g1, @ )i 13
oD
= e / X Her b 5 5 27 Ll
by orthogonality. Now let
2k
pu,l Can (k—}-l)’
Pug =2k forall2<I<k
and notice that
k
1
>l
=1 Pu,l
This way, by the definition of B “l’ and by Holder’s inequality with these p, ; we have
ul enu,m
X k
soxrertlim b N ey gl ) 19 TT M8 0l el
(ny,,m) =
1 k 1
. k__B. . u,1 Y Pud
<2 Ful+2 =2 Bru.t ( Z g1, (pnu’m)Xu ”0‘ p 1) . 1_[( Z g1, w}t:;l’mhu ”13 p 1)
(ny,m) =2 “(ny,m)

1k 1
. k . Pu.l
—aerr Tt et l$H) " TT( X Meetlabatst) ™ 02

(ny,,m) 1=2 Mny,m)
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At this point we see another difference between this proof and the argument in Section 9: We do
not obtain a pure L? norm when using the near-L* extension analogue of Corollary 4.2 for [ =d — 1.

Alternatively, we use Holder in the term involving g; once more:

e g 47 = [ / (1‘[ |g1,j|2<x,->) - |<g1,u,w,7;{m>xu|2dxu]

445
2

JFu
44§
<(TThensle) - levweisbnat ™.
JFu
For the remaining g; we simply use Holder and the fact that they are compactly supported:3!

N) 446 A 4+5
gz @i x5 S g1 on ) e 1370

These observations imply

4+
k Py
l_[ 1 rul 5 2a-ru.1+21:2 ,B-ru,l . (1_[ ”gl,j ”2)

1

S
1 Py,1
( ) |<g1,u,<p,z‘;,{m>xu|4+5)

Bui e m j#u (ny,m)
k 1
Pyl
~1‘[( Y e el e ll“”)
=2 (nu,m)
k * £
< 207w+ Ei=2 Pt (H lg1,s ||2) 5Tl (93)
=2

JF#u
where we used Minkowski for norms and the L*-L4t¢ one-dimensional extension estimate from the

second to third line above. Part (b) follows from applying (91) and (93) to (90). O

Given & > 0, we bound the multilinear form A k,4 using the estimates from (84) and Corollary 12.4 (with
the appropriate e-losses for later convenience), and the ones from Lemma 12.5 with the following weights:

1 I3
) =———, 1<l<d forthe d estimates in (88) and (89),
'To2d+n 4 (88) and (89)
d
6 =l-———+c¢ for (86).
d+1 2d+1) (86)
Hence,
L_sbe
= d4+De
Ara(g s S 27 x2 %l ( _ 11—[ — )
ol 114
k-1 k—1 r d SN B |_(d+De
e a+1Tii+1 Td+D Tu.i+1 7
Xl—[2 @1 ll+1x1_[[ 2~ i l_[ ) : :|
i=1 i=1 ||]_ Ligyirs s ||2(d+1) ek “11 . ||2k(d+1)
Xi+1Tii+1 KOO fl Xi+1Tui+1 umzlu

31We use this crude estimate for the remaining g; because they do not have the same structure that allows “pulling out” the
one-dimensional functions g1, like g1 does. There is a clear loss here and it is reflected in the fact that p(k, d) is not the best

exponent for which (82) holds.
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k—1
1 &
2 2 2 2\2d+D) " d
< T T trgvimsgn lgge g1 227127004 gy |13 [ €144 113) 7@ FD
nyp.m g
=1
k 1 _£
% Z ri1 2(d D\2d+1)  d
[T (TT1emei s o 2FLiuTir g, *
k<u<d “j=2 v
o-r +Zk B-r * o £ B 2((11—’_1)_5
x [T (20mwrtzizzbrer ( TT g llz) levul§-TT el
k<u<d JFu =2

(2| F|)\ - zdFnte,

Developing the expression above,

|Ak,a(g.h)|
l_(d—l—l)e
- @+ , kd d+D(d—De_ (d—1)
E 27 %27 T 2kad flx l_[2 j.1 ><||g1||2 2kd 13
iR t>0
1_{d+Ds
2d
xl_[2_ 2kd ll+lx1_[[2 d+1 Tii+1, 1_[2 k(d+1)’uz+1i|
i=1 i=1

(Wibe_y) (Wibe_y)
1 @D 1 HATD
Xl_[ (1 dytipririig ||£09 ‘! l_[ Lyt g1: rul-l—l”
1 .m nj

1
. me
i=1
(k=1) 7(k e k=1

k—1 1 . — _2¢
[ — 1 2e
T s 1227 d}x[n(zmm.ww eleatd ™ T g™
np.my,

=1 : =1 =1

d k 1 e
1(. -1 ___=& k 2d+1) " d
% ”1 . ”k (2(d+1) d) . 2%Zi#urisl‘2a-ru,1+21:2ﬂ~ru’1
le~ru,j ) KIA
u=k ._ nu.m=p,,
2(d— k+1)(d 1)

<llg1l, (GGaro—4). l—[ [( allar .|2)a(2(d1+1)—§):|
Jj#u

5]
k<u<d

><l_lll (15T ot e, 04

Observe that the product of the blue factors above (for k < u < d) is32
d

I (||g1,u||4-1‘[ ||g1,,~||2) - [1‘[ lgndlld™ "“} Tl lgnlal
k<u<d J#u u=k
d
2]-[1‘[ ||
u=k

k—1
- [1‘[ ||g1,j||§‘kH
j=1 I=1

32Recall that |g1] = [g11 ® -+ ®¢1,4| <1g, , ® - ®1E, , <1g,.

_ 1
]5||g1||§ €.
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Notice that the previous step was lossy, which also reflects in the suboptimal final exponent p(k, d).

Now we set the values of § and § (as functions of &) to be such that

s 6ED( 1) (@t
2k ( )_ kd

2d+1) d
5 1 1 e\ _ ¢
2k\2(d+1) d)  kd

Simplifying the expression above with this choice of § and 8,

|Ak,a(g.h)l
k—1
@d+De _3d+De . (d+De.

[ I 2o {1 32 )]
11>0 j=1"r; 120 u=k “ry,1>0

k1 (d+1) d

£

X[H( Z 2~ "3ka 'li+1)]x|:§ :z—t(2<d+1)_€)i|

i=1 li+120 >0

k—1 d

Z _3e Z —E

Xl_[[( 2 H l’l+1)‘1_[( 2 e uJJrl)}

i=1-"rii41=0 u=k “ryi+1=0

k—1 3¢ d

— a7
Xl_[|: Sup ||1Xll+l Tii+1 ”eoo el '1_[ Sup ||1X]z+l Tu,i+1 ” m(l :|
i=1Li+1rii+1 iyl i1 Tu i1
(d=k) _2(d=k)(k+De 4 (d=k)d+De | (d+D(d=De _2(k=De _2(d—k+1)(d=De D
X“g ||k(d+1) kd kd 2kd d kd |E1|4k(d+l)
d+k+1) (d—k+1e | (d—k+De d

XH|EH_1|4k(d+1) a7 2ka T akd X|F|[1_2(d+1)]+8,

=1

By considerations identical to the ones in the end of Section 9, this implies

—1

_ k+1

|Akd(g»h)| < |F|l 2(d+l)+8 |E |4k(d+l) 1_[ |El+1|4k(d+l)
=1

To make all exponents of |E;| (1 < j < k) the same, we have to take

L f2d—k+1 dik+]
plk.d) 4k(d +1) " 4k(d +1)

Again by the same considerations from Section 9, (96) implies>* Theorem 12.1.

d+De
4kd

(95)

(96)

|

12B. Near-restriction estimates without transversality. To make the notation lighter, let us omit the
index Q and set £; be the extension operator associated to a fixed cube Q C R?. Recall the k-product

33Notice that we obtain something slightly better than Theorem 12.1 if one is looking for asymmetric estimates: (96) implies

abound of type LP1 x LP2 x LP2 x ... x LP2 — [2(d+D/kd)+e 5 £ p)and py, pr < p(k,d), if g1 is a tensor.
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operator obtained from £; defined in (6)

k
Eady(81.---gk) =[] £ag)-
j=1

In this subsection we prove Theorem 1.18, which we restate here for the convenience of the reader.

Theorem 12.6. Let2 <k <d + 1. If g1 is a tensor, the inequality

k k
[]¢ag So.e [ llgi 4o (97)
j=1

Jj=1

L2+ 1/ (kd)+e(Rd+1)
holds for all ¢ > 0.

Remark 12.7. As in the previous subsection, the difference between the proof of Theorem 12.6 and the
one done in Section 9 is in the building blocks used: since there is no transversality to be exploited, we
only use the best extension bound for the parabola (in the form of Proposition 4.3).

Proof of Theorem 12.6. The framework is the exact same as in the proof of Theorem 12.1. We have to

bound #X5R:1 10 effectively estimate3*
k

Aka(eg W< Y 27 [] Lyl R
IRy /=1
in terms of the measures of the sets £y ¢, 1 <{ <d, E;, 2 < j <k, and F. This will be done by the
following analogue of Lemma 12.5:

Lemma 12.8. The two following extension-type bounds for the cardinality #Xi Rt hold:
() Forall1 <i <k—1andall®® 1 >0,

#XZ,R,t s ”1

D2CEDCiaFTLID) gy

245 (H lgne

§ii)~||gi+1||i“. (98)
LH#i

l; i 0o 1
i1 41 ”e”bmeﬁi

(b) If k <d +1, forallk <u <d,

YO L 2y 2=
#X5 5 1_[ ”lxl./'lru.j ||glc1>?4 mfl 2k siFuliL ”g1||2 k .
j=2 R . kK a o
< 2@ Tua + e B (1‘[ lev,) ||2) Ngnul-TT el ©9)
ju 1=2
where 2k+1) . (k+1) 2 1
+ + -
= 8' s == 8'_’
* K 0T Pty

with 8,8 > 0 being arbitrarily small parameters to be chosen later.

Remark 12.9. We highlight that (99) is only going to be used if £ < d + 1. The argument that follows
will make it clear what changes in the case k = d + 1 if we only use (98).
34Rigorously, we are dealing with a different operator here, but we will keep the notation unchanged for simplicity.

35The parameter A will be chosen later. It should be regarded as morally zero, and we only introduce it to be able to use
Proposition 4.3 since it does not hold at the endpoint.
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Proof. We only prove (98), since (99) is identical to (89). From (53),
IR,
#X S ||1Xli+1:ri,i+1 ”[ﬁ?m[} ”l rz lﬂBrl I+l “Z,ll m’

We bound the second factor in the right-hand side above as follows:

g ngyiis e,

24+A)(r; i i i1 2+ 1 241
52( +A) (i +rii41) Z ||(g1,90,l1i’m)x,- ||2 ||(gz+1,§0,11,lj7_1 )yi ll3 *
(ni,m)eB;’; ‘mBl’lfl‘
T VS /)1 242 1y 244
< 2@tV iatriitr) Z ||(g1,§0,’,l.,m)x,- ||2+,1'||<gl+1 ‘p;z,l,_lr;z )i ”2+A
(ni,m)elei ! Bl’ll_:il
241 i1 241 1 24+A
<20+ )<r11+r,l+1>//( en 0l ) P g, @liH0),, 24 )dx dy;
(ni,m)ez?

1 1

2 2
i1 4422 1y 4+24)° ge s
(g1, 00 ) |+ ) ( Y g1 en By 1t ) dx; dy;

(n;,m)ez?

<2CHA, 1+r,l+1)//(
(n;,m)ez?

<, 2@+, 1+rl,+1)/ e ||2+A ||g,+1||2Jr dx; dy;

T Car UREVTN PR L (H les enm) lgi I3,

LH#£i
where we used Holder’s inequality from the second to third lines, Fubini from the third to fourth, Holder
again twice, Proposition 4.3 and the fact that g; is a tensor. This finishes the proof of the lemma. O

As in the previous subsection, given ¢ > 0, we bound /Kk,d using the estimates from (84) and
Corollary 12.4, and the ones from Lemma 12.8 with the exact same weights3® we used in the proof of
Theorem 12.1:

1 e

= ————, 1<l<d, forthed estimatesin (98) and (99),
'=2@+y a4 '~ (98) and (9)
d
0 =l—-—F-H+c for (86).
d+1 2d+ 1) (86)
Hence,
b- e
_(d+1)el _
< 1 rj1
Aralg.h S Y 271x2 X(||g1||d - H . )
l,R,tzo
k—1 k—1 - d S R 1_d+De
e a1 tii+1 kd+1D Tui+1 2d
Xl—[2 (dz-};(ll) ll"rlX 2 +l l—[ 2 1 : :|
=1 ERPRRIN ooy e |
Xll+l‘rl,l+1 KOO el Xll-'rl Tui+1 KOO m£’11

36If k = d + 1, we give weight CES)) +1) d to each one of the d estimates in (98) only.



A NEW APPROACH TO THE FOURIER EXTENSION PROBLEM FOR THE PARABOLOID 2893

1 &
2(d+1) " d
241
) lgr1ll3" )

1 _£&
2(d 1))2(d+1) d

< T1 (H Ly o 2F Zrruris g

k—1
Xl_[( Q@+ (rratrii+1), ||gll||2+/1 (
=1

L#l

k<u<d “j=2
ary 1+ 5, Bor * a £ B m_ﬁ
« TT (2ererrteatous (T henshe) lenels TT el
k<u<d J#u I=2
x (2! |F|)! o e,
Developing the expression above3’,
|Ak,a(g.h)
(d+1) d %_% d+DHd—=De_ (d—=1)
& —
3t ([T ) e,
7Rt>0 j=1
1_(d;—dl)s
xl_[2 2kd ll+1xl_[|:2 d+1 Tii+1, 1_12 k(d-‘rl) ’Ml+1:|
i=1 i=1
i s@rn (15775 -1) e ({5725 -1)
xl_[|:||1xli+llri.i+1”eoo el l_[ ||1Xll+l "ui+1 ||eoo il :|
i=1 e hu
k—1 ]
2(d+1) ~d + 24+ (57— %
|:1_[||1 Lt ”Zoo el ]X|:1_[(2r/~1 "/,H—l)( )(2((1+l) d)i|
=1
k-1 244 1 e d I e ko1 @+4)
X[ (3% +(k—2))'(z<d+n—d)].[l—[ |Elu|(z<d+n—d)'(k—1)][n Ep4i] (C sy (1):|
1

&
1(_1 ___=& 2d¥0)~ d
k (2(d+1) d))_(zlgZ[#uri.l'2a~ru.1+25€_2,3~ru,1) @+ :|

d k
x]‘[[(]—[||1xzj;ru'j||%mﬂ
. 4 ny
u: =2
2(d— k-};cl)(d 1)(2(d+1) %) a( 1 _é)
x| g1l “TT I Ngrala ] lgrjll2 )* 2@ —a

k<u<d JjFu

Xl_[” l”ﬁ(d k+1)(2(d+1) d) (2t|F|)[1_2(dc{|—1)]+8' (100)

Observe that we highlighted a few factors in red in (100); this is just to compare them to the red terms

in (94): the red terms are the only ones that differ in the right-hand sides of (94) and (100). On the other

hand, we will bound the product of the blue factors>® in (100) in a slightly better way than we did in the

37The products in the fourth and fifth lines above are void if k = d + 1. We can think of them as being 1.
38The seventh and eighth lines are void if k = d + 1, hence the blue factors do not contribute at all in this case
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proof of Theorem 12.1:

I (||g1,u||4- I lsv.s ||2) - [ﬁ g ||3"k} - Eij ||g1,l||2} - [11 ||g1,u||4]

k<u=<d JFu =
kol d—k+1 d d—k | 1
< |:1_[ |Evg| 2 :||:1_[ |E1,u|2+4:|- (101)
=1 u=k

Setting § and § exactly as in the previous subsection and using the observations we just made, we

conclude that the final bound for |/~\ k.d (g, h)| compares to (96) exactly as follows:

* The coefficients of the “r; 1 power” is now

d+1e .
5l- AP A G =) ’
whereas in (96) it was

22

e For 1 </ <k—1,(101) gives |E | an extra power of>°

I 1 1 € (d+1e
(§+ﬁ)'(z(d+1)_3)+ skd

On the other hand, still for 1 </ <k — 1, the red factors in (100) produce a power of | E ;| that is exactly

(2_’\).( ! —3) (102)
+ \2@+n 4

less than the one produced by the corresponding red factors in (94). If k < d + 1, these provide a net

I A 1 € N (d+1e

2k 4 2(d+1) d 4kd
in the final power of |E; ;|. If k = d + 1, we just lose (compared to (96)) (102) in the final power
of |E1,l |

gain of

e For k <u <d, the powers of the measures | E1 ;| are exactly the same in both (94) and in (100).

e For 2 <[ <k, the red factors in (100) produce a power of | E;| that is exactly

2-2) 1 £
4 (2(d +1) E)

less than the one produced by the corresponding red factors in (94).

e All other factors are precisely the same.

39Here we are using the explicit choice of 8.
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By choosing A small enough compared to € and by the same considerations made in the end of Section 9,
this implies
= d 2d—k+2 K1 1
Ak (g.h)| Se |FI' 7270 | By [5G0 [ |Epgq |5
=1

fork <d +1 and

- k
Aka(g. | <e || xdw0+ T |Ey 5%
I=1
for k = d + 1. Again by the same considerations from Section 9, these imply Theorem 12.6. O

13. Weak transversality, Brascamp-Lieb and an application

We were recently asked by Jonathan Bennett if there was a link between our results and the theory
of Brascamp-Lieb inequalities. The motivation for that comes from the fact that, assuming g; =
21,1 ®---® g1,4, one can see the operator ME 441 4 as the 2d -linear object

T(g1,1.---.81,d-82+---+8d+1) = MEg11,a(81,1 0 ®&1,d-82+--+8d+1)-

and given that such a link exists in the theory of ME& 441 4 (see [Bennett 2014]), it is natural to wonder
if boundedness for T is related somehow to the finiteness condition of certain Brascamp-Lieb constants
BL(L, p).

The purposes of this section are to make this connection clear and to give a modest application of our
results to the theory of restriction-Brascamp—Lieb inequalities.

13A. A link between weak transversality and Brascamp-Lieb inequalities. We start with some classical
background. Let L; : R” — R™ be linear maps and p; > 0, 1 < j < m. Inequalities of the form

m m Pj
/Rn [T(fieLpP(dv=cC H(/ﬂw fj(yj)dyj) (103)
j=1 j=1 ;

are called Brascamp—Lieb inequalities. Bennett, Carbery, Christ and Tao [Bennett et al. 2008] established
for which Brascamp-Lieb data (L, p) the inequality above holds, where L = (L1,...,Ly) and p =
(P1,- .-, Pm)- The best constant for which (103) holds for all nonnegative input functions f; € L1(R"/)
is denoted by BL(L, p).

Theorem 13.1 [Bennett et al. 2008]. The constant BL(L, p) in (103) is finite if and only if for all
subspaces V C R"

m
dim(V) < > pj dim(L; V) (104)
j=1
and
m
> pinj=n. (105)
j=1

Remark 13.2. By taking V =R" in (104) it follows that each L ; must be surjective for (105) to hold as well.
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We will work with explicit maps L; and use Theorem 13.1 to establish a link between the concept of
weak transversality and inequalities such as (103).4? These maps will be associated to the submanifolds
relevant to the problem at hand: the d-dimensional paraboloid P4 in R*! and some “canonical” two-
dimensional parabolas.

In order to define L, we fix standard parametrizations for the submanifolds mentioned above. Let

:R? — R4+, (106)
(X1 X@) > (Y1 X i x2), (107)
parametrize P9 and
yj i R— RIFL (108)
xr—>(x'81j,...,x-8¢/-,x2), (109)

parametrize a parabola in the two-dimensional canonical subspace generated by e; and ey (§;; is the
Kronecker delta). Their differentials are given by

1 0 0 |
0 1 0
Al R — Mg iyxas (X1, xg)— | 58
o o0 ... 1
_2x1 2Xo ... 2xd_
and
dyjiR—>M(d+1)X1, x|—>[51j 52j 8dj ZX]T.
For d + 1 points x/ = (x{, ...,xé) eRY, 1< j <d + 1, define the linear maps*!
1
Ly = (dyg(x)))* forall1 <{<d,

(110)
zfel = (dF(fo,...,xle))* forall1 <{<d.

It is important to emphasize that Lz ¢ depends on xt*1 (and similarly, Ly depends on x l})' The main
result of this subsection is:

Theorem 13.3. Let Q={Q1,..., Q441} bea collection of closed cubes in R4, If Q is weakly transversal
with pivot Q1, then for any choice of points x/ = (x{, e ,xé) € Qj, the linear maps in (110) satisfy
xl1 xd+1 1 1
BL(L(x), p) <oco for L(x)=(L}',....,L5; )andp= 77 ) (111)

Conversely, if (111) is satisfied by the linear maps in (110) for any choice of points x/ = (x{ s xé) €
Q;, then Q can be decomposed into O(1) weakly transversal collections Q" of d+1 cubes, each one
having a cube Q'} C Q1 as pivot.

40From now on, we will replace n by d + 1 when referring to the dimension of the euclidean space.

4lwe highlight that the superscript j in xl.j denotes the point, whereas the subscript i denotes the i-coordinate of the

corresponding point. Notice also that we are identifying the adjoint operator 7* with the transpose of the matrix that represents T’
in the canonical basis.
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Remark 13.4. If Q can be decomposed into O(1) weakly transversal collections Q" of d 41 cubes (in
the sense of Claim 3.4), each one having a cube Q' C Q1 as pivot, then the conclusion of the first part of
the theorem above also holds for Q. Some important examples to keep in mind are the ones of transversal
configurations that are not weakly transversal by themselves, but that are decomposable into such: for
instance, {Q1, 02, 03}, where Q1 = [1,4] x [2,3], Q2 =[0,2] x[0,1] and Q3 = [3,5] x[0,1] is a
transversal collection of cubes in R, but not weakly transversal with pivot Q1 since 71(Q) intersects
both 71 (Q2) and 71(Q3).

Remark 13.5. We can of course obtain a similar statement if Q is weakly transversal with any other
pivot Q;, j # 1. The linear maps Ly and L, would have to be changed accordingly.

Proof of Theorem 13.3. Suppose that Q is weakly transversal with pivot Q1. We can then assume without
loss of generality that

71(Q1) Nm1(Q2) = 2,
: (112)

7 (Q1) N7 (Qa+1) = 2.
The strategy is to apply Theorem 13.1. Condition (105) is trivially satisfied, so we just have to
check (104). Fix the points x/ = (x{, .. ,xcji) €0, l=j= d. To avoid heavy notation, we will

. 41 . . .
t+1 when referring to Lze and L% ¢ » respectively, but these points will

omit the superscripts xL} and x
be referenced whenever they play an important role. We emphasize that the maps Ly, 1 <{ <d, are

being identified with the row vector
[61¢ S2¢ ... Sar 2x]].
whereas the maps L, 1 <{ <d, are identified with the d x (d +1) matrix
10 ... 02xtH!
01...02x*!

00 ... 125
IfVcRItlisa subspace of dimension k, we have to verify that
d d
dk <) dim(L;V)+ Y dim(Lg4eV). (113)
j=1 (=1
Suppose that there are exactly m > 0 indices j € {1,...,d} such that dim(L; V) =0. If m =0, we
must have L;V =R forall 1 < j <d; hence

d
> dim(L; V) =d. (114)
j=1
Surjectivity of Lgyy, 1 < £ < d, implies dim(ker(Lgz4¢)) = 1, which gives the lower bound
dim(Lg4¢V) > k — 1. We then obtain
d
> dim(LgyeV) = d(k —1). (115)
{=1
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It is clear that (114) and (115) together verify (113) in the m = 0 case. If m > 1, assume without loss
of generality that

LW=---=L,V =0, (116)
Lmi1V=...=LsV =R (117)
This gives us
d
> dim(L;V)=d —m. (118)
=1
We will show that
d
> dim(LgyeV) = (d —m)(k —1) + mk. (119)
=1
Observe that (118) and (119) together verify (113) in the m > 1 case.

We claim that there are at least m maps Ly, among Lgy1, ..., Lag such that dim(Lg; V) = k. If not,
there are d —m+ 1 maps Ly, ..., Lg,_, ., withdim(Lg, V) <k —1. Since dim V' =k, the rank-nullity
theorem implies the existence of

0#vY eker(Ly,) NV, 1<j<d-m+]l. (120)
By (116),
Lo =v/ +2x}0Y, =0, 1<r=m, (121)
and by (120) we have
10 ... 02074 T ol ol + 20y Y
£j—d+1 ¢ ¢ Ci—d+1 ¢
Lejvej _ 0 1 0 2x2" ) v?’ _ | v’ +2x2’. Vit | =0 (122)
00 ... 1257 L ] oY 4y

for1 < j <d—m+ 1. For each 1 <r <m, combining the information from (121) and (122) gives us

¢ Cj—d+1
vd’H-(x,l—xr’ )=0.
If U?-H = 0, then (122) also implies vﬁj =O0foralln e{l,...,d}; thus vl = 0, which contradicts
(120). Then we must have
xr1 =xfj_d+1, 1<r<m.

Let us now see why this cannot happen. We have just shown that there are d —m + 1 values of « for

which
m1(01) Nm1(Qe) # 9,

: (123)
m(Q1) N7 (Qa) # 2.

On the other hand, (112) tells us that o ¢ {2,3,...,m + 1}; hence there are at most d — m possible
values for o (we cannot have o = 1 either), which is a contradiction.
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Hence there are at least m maps Ly, among Ly 1,. .., Log such that dim(Lg,; V') = k. The remaining
d — m maps have kernels of dimension 1, so the image of V' through them has dimension at least k — 1
(again by surjectivity of Ly, and the rank-nullity theorem). This verifies (119).

For the converse implication, suppose that (111) is satisfied by the linear maps in (110) for any choice
of points (x{ s xdj) € Q;. As a consequence of the proof of Claim B.4, each Q; € Q can be partitioned
into O(1) subcubes

0=\ 0

so that all collections Q made of picking one subcube Q 1,i per O

O=1{01.....0at1}. 01€{Quhi.
satisfy the following:

(a) For any two Q~r, Qs € O, either Nj(ér)ﬂﬂj(gj) =g, or nL(Qr) = ﬂj(és), or Nj(Qr)ﬂnj(Qs) =
{Pr.s}, where p, s is an endpoint of both 7; (Q;) and 7; (Qy).

(b) All 7, (Q s) that intersect a given mr; (Q ») (but distinct from it) do so at the same endpoint.*?

By a slight abuse of notation, let Q denote one such subcollection that has the two properties above.
Suppose, by contradiction, that Q is not weakly transversal with pivot Q; (recall that this is a cube
obtained from the original Q). The strategy now is to construct a subspace V C R4 *1 that contradicts
(104) for a certain choice of one point per cube in Q. This construction will exploit a certain feature of a
special subset of Q, which is the content of Claim 13.6.

For simplicity of future references, let us say that a subset A C Q has the property (P) if:

(1) Q1 €A
(2) Ais not weakly transversal with pivot Q7.

We say that a subset A C Q is minimal if A" C A has the property (P) if and only if A" = A. It is clear
that, since Q has the property (P) itself, it must contain a minimal subset of cardinality at least 2.

Claim 13.6. Let A={01, K>, ..., K,} be a minimal set of n cubes.*> There is a set D of d—n+2 canon-
ical directions v for which

m(Q1) Nmy(Kj) #D  forall2 < j <n. (124)
Proof of Claim 13.6. See Claim B.6 in Appendix B. O
We know that Q has a minimal subset of cardinality 2 <n < d + 1. By the previous claim and by

conditions (a) and (b) of our initial reductions, if A’ = {Q1, K>, ..., K,} is a minimal subset of Q, for

421n other words, all 7 ' (Q s) that intersect a given 7 (Q ) (but distinct from it) do so on the same side. In short notation,
let S;, be the set of s for which 7; (Q;) N7 (O @. The conclusion is that there is some real number y; such that
7, J 7 Vi
yj €mj(Qr)N ﬂsesj’r 7 (Qs).
430Observe that Q1 is the only “Q” cube in this collection. The others are labeled by K;.
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every v € D there is a number y; such that
n

yo € m(Q0) N ) 7 (K)).
j=2
Indeed, , (Q1) intersects each 1, (Q ) “on the same side”, so the intersection above must be nonempty
(the existence of these y, is the only reason why we may need to decompose the initial collection Q into
subcollections that satisfy (a) and (b)).

For simplicity and without loss of generality, assume that A = {Q1, O, ..., O} is minimal** and
D ={ey,...,eq_p+2}. Consider the points
J J .
V1o Vd—nt2:X5_py5o---2 X)) €Qj. 1=j=n,

hoxlyeor, n+i1<i<d4

By hypothesis, BL(L(x), p) < oo for the following collection of linear maps and exponents:

LYr(vi,...,v441) =Vr +2yr0441, 1<r<d-n+2,
1
Ly (V1,..., Vg 41) = Vs +2xs1vd+1, d—n+3<s<d,
V1 + 2Y104+1
G1seesVd—nt2: Xy gy T _ _
LaHl—r TR (V1,002 Vg 41) = vd n+2+2)/¢ri+zlz+2vd+1 , 1=r=<n-1,
Vd—n+3+2x50,  3Va+1
va + 235 v
U1 +2xi+1vd+1
I+ . 1 1
d+l= N . nflfd, p: E,...,E .
2yl +1
Vg +2x;" vg41
Define
d—n+2
V= ﬂ ker(L)").
r=1
Observe that dim(}V') = n — 1. Indeed, if we start with a vector v = (vy,...,v441) of d + 1 “free

coordinates”, we lose one degree of freedom for each kernel in the intersection above, since L} (v) =0
gives a relation between v, and vgz41. We have d —n + 2 many of them; hence the total degree of
freedom is (d + 1) — (d —n 4+ 2) = n — 1, which is the dimension of V. On the other hand, for every
v € V we have by definition
LIr(v)=0, 1<r<d-n+2.
Hence
d
> dim(L; V) <n-2.
i=1

44Here we are assuming Ki=0Qj,2<j<n.
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Also,
— O =
()/ seeesVd — 7xr—"__l 7"'7xr+1) O
LdJlrr d=n+2:%g_p43>%q (v) = 5 , 1<r=<n-1
Vd—n+3 +2X5_, 4 3Vd+1
va + 235 vg
Thus

dim(Lgy,V)<n—-2, 1<r=<n-1.
Since dim(V') = n — 1, we have the trivial bound
dim(LgV)<n—1, n<l<d.

Altogether, these bounds imply

d d
1 . . 1
7 (Z dim(L; V) + Z dim(Lg4¢ V)) < j[(” -2+ m—-1)n—-2)+(d—-n+1)(n—-1)]
j=1 (=1
- é[(n —)d—1]<n—1=dim(V).
Our initial hypothesis, however, is that BL(L (x), p) < o0o; therefore by Theorem 13.1 we must have
d

> dim(Lase)),

{=1
which gives a contradiction. We conclude that Q is weakly transversal with pivot Q1. O

d
dim(V) < %(Z dim(L; V) +
j=1

13B. An application to Restriction-Brascamp-Lieb inequalities. The following conjecture was proposed
in Bennett, Bez, Flock and Lee [Bennett et al. 2018]:

Conjecture 13.7. Suppose that, for each 1 < j <m, Z; : U; — R" is a smooth parametrization of a
nj-dimensional submanifold S; of R" by a neighborhood U; of the origin in R"/. Let
&6 i= [ TEDW g (0 dx
i
be the associated (parametrized) extension operator. If the Brascamp—Lieb constant BL(L, p) is finite

for the linear maps L := (dX;(0))* : R" > R"/, then provided the neighborhoods U; of 0 are chosen to
be small enough, the inequality

m m
. 2p;
[ Teer < e, (125)
R j=1 j=1
holds for all g; € L>(Uj), 1 < j <m.
Remark 13.8. The weaker inequality

m m
. 2p;
1€ig; 1?7 <e RE | | llgi 175 (126)
Juow 11 11512,

involving an arbitrary € > 0 loss was established in [Bennett et al. 2018].
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d.45

Remark 13.9. Very few cases of Conjecture 13.7 are fully understoo Recently, Bennett, Nakamura

and Shiraki settled the rank-1 case n; = --- = n, = 1 as an application of their results on tomographic

Fourier analysis.*6

Given their hybrid nature, estimates such as (125) are called restriction-Brascamp—Lieb inequalities.

Our goal here is to verify Conjecture 13.7 in a special case. We chose to state the main result of this
subsection in a way that does not emphasize the origin in the domains of X ;. The reason for this choice
is that it brings to light key geometric features of the problem.

We will need a result from [Bennett et al. 2018] on the stability of Brascamp-Lieb constants*”:

Theorem 13.10 [Bennett et al. 2018]. Suppose that (L°, p) is a Brascamp—Lieb datum for which
BL(L®, p) < oo. Then there exists § > 0 and a constant C < oo such that

BL(L,p)<C
whenever |L — L°|| < §.

Now we are ready to state and prove our result:

Theorem 13.11. Let I' and y; be the parametrizations from (106) and (108), respectively. If, for
x/ = (x{, . ,xé) € Rd, the linear maps in (110) satisfy

1 1 1
BL(L(x). p) <oo for L(x)=(L',.... L5y Yand p = (E’ o E)’ (127)
then there are small enough cube-neighborhoods Ui C R (1 <i < d) of xl.l and Vy C R4 of xt
2 <t <d+1) for which (125) holds.

Remark 13.12. Rephrasing Theorem 13.11 in terms of the original statement, it says that Conjecture 13.7

holds for*8
Y=y —S1i-x}, .., 8qi-x1,0), 1<i<d.

T, =T—x"+10), d+1<t<2d.

1 1
m=2d, p=(g,,g)

Proof of Theorem 13.11. The argument is just a matter of putting the pieces together. By (127) and
Theorem 13.10, there are small enough cube-neighborhoods U; C R (1 <i <d) of xl.1 and V; C R? of
xt (2 <€ <d + 1) for which (127) still holds*°. Define

01:=Ux--xUz, Qpi=Vy 2<L<d+1.

45Most of them being very elementary situations, as mentioned in [Bennett et al. 2018].

46See [Bennett and Nakamura 2021] for a more detailed exposition of this approach.

47TTheorem 13.10 says that the map L — BL(L, p) is locally bounded for a fixed p, and this is enough for our purposes. On
the other hand, it was shown in [Bennett et al. 2017] that the Brascamp-Lieb constant is continuous in L. It was later shown in
[Bennett et al. 2020] that BL(L, p) is in fact locally Holder continuous in L.

48(Observe that we are just translating the domain of the s back to the origin.

490ur maps L ;j are sufficiently smooth for the stability theorem to be applied. The entries of the matrices that represent them
are polynomials.
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Figure 4. Unveiling the geometric features of the problem when d = 2. The cubes we
find from Theorem 13.10 are weakly transversal, which gives us access to our earlier
results.

Now we apply Theorem 13.3 to conclude that the collection Q@ = {Q1, ..., Q4+1} can be decomposed
into O(1) weakly transversal collections Q' of d + 1 cubes, each one having a cube Q) C Q1 as pivot.
To each such subcollection we apply the endpoint estimate from Section 10 (all we need to apply it is
weak transversality), which finishes the proof. O

14. Further remarks

Remark 14.1. It was pointed out to us by Jonathan Bennett that the d-dimensional estimates (2) for
tensors are equivalent to certain one-dimensional mixed norm bounds. We present this remark in the
following proposition:

Proposition 14.2 (Bennett). For all p,q > 1, the estimate
I€agllLg < llgllp (128)
1 +1
holds for tensors g(x) = g1(x1)----- g4 (xg) if and only if

€1 f I paaya <N Fllp- (129)
& &
holds.
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Proof. Assume first that (128) holds for tensors. Then

:/[/ |51f(§1,$2)|ngl]dd$2]c}q
- / lill[/ |glf(ﬂj,§‘2)|qdnjj|d§_2j|dlq
L) L

_ d a4
- /1_[/|5d(f®"'®f)(’]l,---,rld)|qd77d§2:|
= =1

& d =
“ 1f”L82ngl

1 1
=l&a(f @@ N SIf & flly <Ifllp.
which proves (129). Conversely, assuming that (129) holds for all f € L? ([0, 1]) yields

I€a(g1®--®@ga)llZ =/|51g1(§1,$d+1)|q """ €18a(a.6a+1)|T d&r - - d§g+1

d
=/l_[|:[ |51gj(5j’§d+1)|qd§j].dgd_,_l
j=1
d p s
< EIGH: )|ng} at }
]1:[1|:/|:/ 15j18j5Sd+1 j d+1

d
=[Tleiglls o <TTlei0E=lglg. O
j fa+178 =

Estimates such as (129) can be verified directly by interpolation. Taking sup in &, gives
||<91/’||L§<2>Léz:l Se I/ 2o, 11)- (130)
Conjecture 1.1 for d = 1 follows from
||51f||Lg;§1 Se 1.f L4 qo,17) (131)

for all € > 0. Using mixed-norm Riesz-Thorin interpolation with weights ~ 3—;} for (130) and ~ di—i-l for
(131), one obtains (129) for p = @ and g = w + ¢, which shows (128) by the previous claim.

The reader will notice that our proof for the case k = 1 of Theorem 1.5 has a similar idea in its core:
we interpolate (at the level of the sets X!1:-la ) between two estimates similar to (130) and (131). On
the other hand, we have not found an extension of Bennett’s remark to the case 2 <k <d + 1, in which
we still need to interpolate locally instead of globally and assume that only one function has a tensor

structure.
Remark 14.3. In [Tao et al. 1998] the authors obtain the following off-diagonal type bounds:
Theorem [Tao et al. 1998]. ME&, 4 satisfies

MEs.a(g1.82) 2 Sllgll2- ||g2||%,
[ME2 a(g1.82) 2 < ||f||% Jlgll2.
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In general, under the extra hypothesis that either g or g, is a full tensor, one can obtain all k-linear
off-diagonal type bounds like L?! x --- x LPk > L? by a straightforward adaptation of the argument
presented in Section 9. We chose not to include them in this manuscript.

Remark 14.4. Under the assumption that g; are full tensors

gi(x1,...,xq) =gj1(x1)----- gj.d(xq), 1=j<=k,

the methods of this work allow to prove Conjecture 1.11. We will not cover the details of this result here,
but the idea is simply to interpolate between the p = 2 result and the case k = 1 for tensors.

Appendix A: Sharp examples

The goal of this first appendix is to discuss the sharpness of Theorems 1.5 and 11.2. We remark that sharp
examples already exist in the literature, notably in the context of the bilinear problem for the sphere in
[Foschi and Klainerman 2000], and in the multilinear case for surfaces of any signature in [Hickman and
Iliopoulou 2022]. Our examples, however, exploit different ideas than those present in those works in the
sense that they are robust enough to address weakly transversal configurations of caps and give sharp
results in such cases as well.

The first part of this appendix is about Theorem 11.2, whereas in the second one we prove that, to
attain the sharp range of Conjecture 1.2 in general, transversality cannot be replaced by the concept of
weak transversality that we introduce.

AA. Range optimality. The main result of this subsection is the following:

Proposition A.1. The condition
- 2(d + 171 +2)
T k(d+1z])

is necessary for Theorem 11.2 to hold.

Our examples are constructed based on one-dimensional considerations. For the benefit of simplifying
the notation, smoothing the exposition to the reader and to establish a clear link with Conjecture 1.2, we
present them in the |7| = k — 1 case, which is the smallest possible value for the corresponding |z| of
a given collection of transversal cubes (up to decomposing it into weakly transversal collections, see
Claim B.4). It will be clear, however, how to work out the general case of arbitrary |t|, and we will point
that out along the proof of Claim A.3.

Consider the caps that project onto the following transversal domains via x — |x|?:

Uy =[0.1)%,
Uy =232 x[4,5]x[0, 1197/ 2<j<k
1;50

Observe that these caps are transversal as wel therefore the following argument for the case

|t| = k — 1 of Proposition A.1 also shows that the range of Conjecture 1.2 is necessary.

50For general || we would have to start with a different collection of cubes with the appropriate total degree of transversality.
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“X\v H

Figure 5. Cases k =3 and k = 4 when d = 3.

H

We present the examples separately to distinguish their features. For k = d + 1 we will take appropriately
placed cubes, whereas for 2 < k < d we will take slabs (boxes with edges of two different scales).

Claim A.2. Letk =d + 1, 6 > 0 small and let Af be given by
A8 =10,8)4,
AV =[2.2468) 72 x[4,4468]x[0,8)/T 2<j<d+1.
Define fj‘s :=14s. Then
’ d+1 8
”Hj=1 5Ujfj Hp - 57d(d2+1)—§(d+1)
7 .
e WA P

Therefore, letting 5 — 0 implies p > % is a necessary condition for the (d+1)-linear extension

conjecture to hold for this choice of the U; and for all f; that are full tensors.
Claim A.3. Let2 <k <d + 1, 8 > 0 small and let B} be given by
Bis — [0, Sz]k—l % [0, S]d—k+1,
B =122+ 8% 2 x[4,4+ 8] x[0,6F 7 x[0,8]197F ! 2<j <k

Define gf :=1gs. Then
J

k 8
”Hj=15Uf'ngp > gh@rk-D—F@d+k+D)
k § :
Hj:l ||gj||2

Therefore, letting § — 0 implies

2(d+k+1)
P21
k(d +k—1)
is a necessary condition for the k-linear extension conjecture to hold for this choice of the U; and for all

gj that are full tensors.

Before proving the claims, we need the following lemma:
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Lemma A .4 (scale-1 phase-space portrait of e ixz). There exists a sequence of smooth bumps (¢y)nez
such that
(i) supp(gpn) C[n—1,n+1], n € Z,
(ii) |<p,$€) (x)| < Cy uniformly inn € Z and such that
eZnix2 — Ze4m’nx(pn(x)‘

nez
Proof. See [Muscalu and Schlag 2013b, Proposition 1.10, page 23]. O

2mwitx? ;

Rescaling with ¢ > 0, the corresponding phase space portrait of e 18

p2mitx? _ 2mi(Vix)? _ Ze“”"”ﬁ"wn(«/?x}

nez
Observe that @;(x) = ¢, (+/1x) is adapted to the Heisenberg box [%, %] x [0, /1], but strictly
supported on [%, %] This way, we can write
p2mitx® _ D Dy (), (132)
nez
where @, ; is adapted to the Heisenberg box [% ”:Zl] x [2n+/t, 2n + 1)/1].

Proof of Claim A.2. Motivated by the uncertainty principle, the first step is to analyze the behavior of the
extension operator £y; applied to fj‘g on a box whose sizes are reciprocal to the ones of supp( ]’].8). More
precisely, we will show that |Ey; ( fj‘g)| > 89 on such boxes.
1
If§ < 7;,

§ : 2
o, (er e ba = []| [ e2mitre 2o gy |

-
Il
—_

d s '
= l_[ |:/0 e 2mikjx) [@o,r (X)) + P1,r(x;)] dxj],

since supp(®,,) N[0,8] = @ if n € Z\{0, 1}. If |§;x;| < % (N is a big number to be chosen later), we
then have

v, (F) & Eau )]

i

where N is picked so that [e

’

§
/ e 27X [Po,r(xj) + Pr,r(x;)] dx;
0

8 $
/0 [@o.0(t)) + P10 (/)] dx; —‘ /0 [ 2755 _ 1] [Bo (x]) + B1s ()]

), (133)

—27&xj _ 1] is close enough to zero to make

8
Aj = ‘/0 [@o,:(x;) + D1, (x;)] dx;
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dominate each factor above. Since A; % § (recall that ®¢ ; and ®; , are adapted to Heisenberg boxes of

size % X 4/t and § < %) we conclude that if |§;| < Lfor1<j<dandlt| < 82’ then

Eu, (D) Ea, )] = 87
If ¢ is a bump supported on [—1, 1], we have just proved that
o, (D) Er - Ea D] 2 89 g5 (En) -+ ps (Ea)ps2 (1), (134)
where ¢5(£) := ¢ (6x). Analogously, if § < -1

ﬁ,
Eu, (D). 60, 0)

446 ‘ - d
|:/ e—2m§'1X1e—2mtx1 dxl] . 1_[[/ 2m$jxje 2mtxj dos ]
4 j=2 0
446 . d 8 .
[/ e ik (Z (Dn,t(xl)) dx1j| 1] [/ e HEN (Do (x7) + D1 (x)] dxj] -
4 0

nez j=2

I, 1

There are at most O(1) integers n such that supp(®, ;) N [4,4 + 5] # &, and they cluster around
L4\/_ t |. Without loss of generality, one can assume that n = 44/t so that the main contribution for I,
comes from &, Vit whose Heisenberg box is [4 4+ f] [8t, 8¢ + +/t]. The modulation o 2mikix;
shifts this box vertically by —£1, and I; is negligible if the boxes [4 4+ f] x [8t — &1, 8t + /1 —&1]
and [0, §] x [ , 8] are disjoint in frequency, so we need |&; — 87| < 8 to have a significant contribution
to 7. In that case,

at+s
|11|Z/ e NP, o (x1)dx |26
4

The analysis of I; for j > 2 is the same as the one for the factors of Ey, ( fl‘g). We conclude that if
&1 =8t < 8’ €] < % for2<j <d and |t] < 82,then
€0, (F) (- Ea 1) 2 87
As before,

€Uy (F)E, - Ea )] 2 89 95 (€1 —81) - g5 (E2) -+ b3 (Ea) P2 (0).

The extensions £y, ( fj‘g) for 3 < j < d + 1 are treated in the same way we treated £y, ( f28). The
conclusion is that

Eu, (FD)Er ... 8a. 1))
> 695 (E) — 1) ¢s(Ej—2—41)-ps(§j—1—81) - ps(§j) -+ ¢s5(Eq)ps2(t)  (135)

forall2 <j <d+1.
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Let ¢ = (&1,...,&4). From (134) and (135) we obtain

d+1
I tev, () E012 8‘“““[%2@) l'[mz)]
j=1

[H¢5($1—4t) ---- Ps(Ej—2—41)Ps(§j—1—81)-¢s(§j)- -+ ¢8($d)¢32(l)] (136)

j =2

Now we analyze the support of the product of the right-hand side of (136). Notice that we have at least
one bump like ¢s(§;) forevery 1 < j <d +1,s0 [§;| < % is a necessary condition for the product not to
be zero. On the other hand, the conditions

1 1
< Z R < _—

together imply |¢| < 8’ which is much more restrictive than the |7| < 82 that comes from the support of
the bump @42 (¢). We conclude that the right-hand side of (136) is supported on the box

1
R;;: ¢1..... 84, l‘)ERd+1 |t|< |gj|<_ 1<j<dy.
Finally,
d+1 s 1
[1521 €u, f; §d(d+1) | p* 15 .
| l—[d—H ¥ b R %2 55T T (137)
f §— 2
and the claim follows. -

Proof of Claim A.3. The outline of the following argument is the same as the one used in previous proof.
Letf = (&,....&). If 62 < L

ﬁ’
k—1 52 ' d 5 . .,
Eu, (8D (E.1) = l_[[/ o 2miE X] o T2MIIN] g } H[[ e 2miEIXI g 2milx; dxl]
j=1L70 1=k -0
k—1 d .
= l_[ |:/ —anfzx/ [q>0 ,(xJ)+<I>1 t(xj) dxj:| l_[ |:/ —2mwi& x; (Z an,t(xl)) dXI:|,

j=1L70 I=k nez

()

since supp(®,,;) N[0,8%] = @ if n € Z\{0,1}. If § < \/i; (Which is stronger than the previous condition
8% < L), we can eliminate most ®, ; in (x) as well:

Ev, (¢))(E,1)
k—1 §2 ' 3 '
= 1_[ [/0 o 2iE X, [Po,:(xj) + P s (x;)] dxji| . 1_[ |:/O e 2migIx [Do.0(x7) + D1 (x1)] dxl],

=k
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If |& x| < % (for N big enough), we then have

v, (€9 (&, 1))
k—1
=11
Jj=1

> §2U=D+(d—k+1) _ gd+k—1

d

11

8
/ e 271X [ Do, (x7) + D1 ,p (xp)] dxy |,

0
I=k

§2
/ e BTN [Dg 4 (x)) + Pr e (x))] dx;
0

by the same argument presented when we analyzed (133). We conclude that if |&;| < 5% forl <j<k-—1,
&1 < § fork </ <d and 1] < g, then®!

8§2°
v, (&) (&, 1)| 2 89 FK1,

Using the same notation from the proof of Claim A.2, we have just proved that

€0, (8D(E DI Z 87 B52(51) -+~ 52 (Ee1) s (x10) -+ B3 (xa) - $52 1), (138)
where ¢g(§) := ¢(8x) and ¢ is a bump supported on [—1, 1]. Analogously, if § < %,

Eu, (D) (E.1)

4+62 k=1r .52 d §
— [/ e—2ni.§1xle—27ritxf dx1:|'l_[ |:/ e—2m'éjxj e—2nitxj2-dxj:|.1_[ |:/ e—2m’$/xle—2m'tx12 dxl:|
4 j=2L70 1=k L0
4+82 k=1~ .82
= [/ e~ 2mifix (Z <I)n,t(xl)) d)C1i| : l_[ |:/ e RN [ B 4 (x))+ P (x]-)]dx]}
4 nez j=2L70
M, d s M;
<[] [ / e‘z’”f“”-[<1>o,t(xl)+<1>1,t<xl)]dxl}. (139)
1=k <20
M,

As in the proof of Claim A.2, the main contribution for M; comes from @, /7 » Whose Heisenberg
box is [4,4+ %] x [8¢, 8t 4+ +/7]. The modulation e ~27&i%i ghifts this box vertically by —&;, and M is
negligible if the boxes [4, 4+ JLE] x [8t —£1,8t 4+ +/t —£1] and [0, §2] x [O, 8%] are disjoint in frequency,

so we need |§1 — 87| < SLZ to have a significant contribution to M. In that case,

4482 .
My 2 / R, () dy| 2 8
4

The analyses of M; for 2 < j <k —1and of M; fork </ <d —k + 1 are the same as the one for
the factors of Ey, (g%). We conclude that if |£; — 8¢| < SLZ’ €] < 8% for2<j<k-—1, |&§| = % for
k<l<dand|f| < 55, then

0, (g5) (€, 1) > §4Hk1,

31Eor general ||, we would have || conditions of type 1§11 < 8% and (d —|7|) like |&| < %
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As before,
€0, (83) (5, 1) Z 89 s (61— 81) - g2 (§2) - - $s2(Ek—1) s (Ex) -+ b5 (Ea) sz ().

The extensions £y, (gf) for 3 < j <k are treated in the same way. The conclusion is that

€0, (8D)(E. )] 2 8% s (1 —41) -+ p5 (72— 41) - Ps(§j—1 — 81) - 95§/ -+ s (Ea) 52 (1) (140)
for all 2 < j < k. From (138) and (140) we obtain

k
[] 160, ¢ 0]
=l k—1 d
> s k=) [«pgz(z) [T #5260 [T 4 (e;n)}
da j— =1 n=k k—1 d
xﬁiﬁiwﬁf4ﬂwwg+ww(ﬂ¢M%j(ﬂm@»¢ﬂﬂ.am
j=2 "n=1 m=j r=k

Notice that we have at least one bump like ¢g2(§;) for every 1 < j <k —1 and at least one ¢s(&;) for
k<l<d,so|§|< SLZ and |&;| < % are necessary conditions for the product not to be zero. On the other
hand, the conditions

1 1
Gl<5 -85
together imply |¢| < 8%, which does not add any new information compared to the one coming from the

~

bump ¢s2 (¢) (this is the main difference between the analysis in Claims A.2 and A.3). We conclude that
the right-hand side of (141) is supported on the box

1 1 1
SF=1G1....&0.0)eRIT 1] < §1S 5 1sjsk-1 lalss k=sl=dp.

52’
Finally,
k § _ 1
C_ &7 of (d+k—Dk | ¢* _
”H’dlll el L 2 B (142)
j=1 ||gj 2 57
and the claim follows. O

AB. Transversality as a necessary condition in general. A natural question is: given k cubes Uj,
1 < j <k, is it possible to prove

k k
[Téve| <]]leil
j=1 poj=t

2(d +k + 1)
P
k(d +k—1)

for

and all g; € L?(U,)if the U; are assumed to be weakly transversal?
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The answer is no and we will address it in this second part of the first appendix. As a consequence, we
conclude that Theorem 1.5 is sharp under weak transversality, as observed in Remark 1.8.

We will treat the case k = 3 and d = 2 for simplicity, but a similar construction holds in general. If
three boxes Uy, Ua, U3 C R? are not transversal, there is a line that crosses them. Assume without loss of
generality that Uy = [0, 1]?, U, = [2,3]? and Uz = [4, 5]%>. We will show that

| Ev, (h1) - Eu,(h2) - Eus (h3)[lp < h1ll2- 12212 - | A3ll2

only if p > %. The trilinear extension conjecture for d = 2 states that p > 1 is the sharp range under the
transversality hypothesis.

Claim A.5. Define the sets D]‘? by

s [V2-8% V2+62 5 8
Dl = ’ Xl==, =]
| 2 2 22
s [5v2-8% 5¢2+82 § 8
D2 - s X | ——.—
L 2 2 2°2
s [9v2—8% 92 +8? § 8
D5 = , x| == =
L 2 2 2°2
Define hf. = 1Df' Then
”HJ3‘=1‘90 ” 93
3 3 Z82 p.
Hj:l ”hj ”2
Proof. The proof is analogous to the ones of Claims A.2 and A.3. O

Let the rhombuses D i be given by

Dy =COHV((0,0);(£ ﬁ)(i —i) (V2, 0))

22 2
D2—C0nV((2\/_ 0); (5*/_ {)(% —i) (3+/2, 0))
D3—Conv((4\/— 0); (9‘2/_ {)(% —i) (5v2, 0))

Observe that Df ch ; for § > 0 small enough. Extend the domain of hf to D ; so thatitis O on D j \Df.

Let T be a % counterclockwise rotation and let

HY(x):=h8 o T7 (x).

Notice that 7' takes D j to Uj, as shown in the picture below.
Since L? norms are invariant under rotations, we have

ITT=1 &0, H,
= ||H,~8||2

9_5
> 82 D

~
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AN

I 4

H
T\ <\

Figure 6. Left: The function h?. Right: H f is supported on U;.

from Claim A.5. Letting § — 0 shows that we need p > 19—0, so the sharp range p > 1 cannot be obtained

if the boxes Uj, U,, U3 are not transversal.

Remark A.6. As expected, the functions H ;3 do not have a tensor structure with respect to the canonical
basis. If this was the case, our methods would have allowed us to prove that the corresponding trilinear
extension operator maps L2 x L2 x L% to L.

Appendix B: Technical results

Here we collect a few technical results used throughout the paper.

Theorem B.1. ForO<y <d, l<p<g< oo,andé = %—dd;y, we have
1f s Ay1™) N La@ey < Ap.g - ILf |Lr @a)- (143)
Proof. See Proposition 7.8 in [Muscalu and Schlag 2013a]. O

Theorem B.2 (nonstationary phase). Let a € Cg*° and

10)= [ Oae) de

If V¢ # 0 on supp(a), then
1) = C(N.a,p)A~N

as A — oo for arbitrary N > 1.
Proof. See Lemma 4.14 in [Muscalu and Schlag 2013a]. O

Theorem B.3 (stationary phase). If Vo (&) = 0 for some &y € supp(a), V¢ # 0 away from &y and the
Hessian of ¢ at the stationary point £y is nondegenerate, i.e., det D¢ (&) # 0, then for all A > 1

[I()] < C(N.a.$)2~%.
Proof. See Lemma 4.15 in [Muscalu and Schlag 2013a]. O
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We now restate and prove the main claim from Section 3:

Claim B.4. Given a collection Q = {Q1, ..., O} of transversal cubes, each Q| € Q can be partitioned
into O(1) many subcubes

0=\ 0
i
so that all collections Q made of picking one subcube Q 1.i per Qg
O={01.....0k}. 01 €{01}i.
are weakly transversal.

Proof. For each 1 < j <d, consider the set A; of endpoints of the intervals 7;(Q1), ..., 7;(Qk). Using
these endpoints to partition this collection of intervals, one can assume that there are three cases for two
cubes O, and Qy:

(D) 7;(Qr) N7j(Qs) = 2.
(2) 7 (Qr) =7 (Qs).
() m;j(Qr) N7 (Qs) = {prs}, Where p, s is an endpoint of both 7;(Q,) and 7; (Qy).

We can go one step further and assume that all 7;(Q,) that intersect a given 7;(Q,) (but distinct
from it) do so at the same endpoint. Indeed, if 7; (Qs,) N7; (Qr) = {p}, 7;j(0Qs,) N7; (Or) = {q} and
i (Qr) = [p.q], we can simply split 77; (Q) in half and obtain intervals that satisfy this property.

Now we choose a point x; , in every interval 7; (Q,):

(1) fmj(Qr)Nmj(Qg) = forall s #r,let x;, be ¢ r, the center of ;(Q).

(2) If 7; (Qr) intersects some ;(Qy, ) at p, any other 7; (Qs,) that intersects 7; (Q,) also does it at p.
In this case choose x;, = x; s = p for all s such that 7; (Q,) N 7; (Qs) # 2.

Let us now show that, after the reductions above, the transversal set of cubes Q is weakly transversal.
More precisely, for a fixed 1 </ < k, we will show that there is a set of k—1 canonical directions that
together with Q; satisfy (15). Let x; € Q; for 1 <i <k be given in coordinates by

Xi= (X1, X024, ... X4 ;).
The normal vector to P4 at Xj is
v; = (—2x1,is—2x2,5, ..., —2x4,,1).

Then the cubes in Q are transversal if and only if the matrix

—2)(1,1 —2x1,2 —2X1’k

—2XZ,1 —2X2,2 s —2x2,k

—2Xg,1 —2Xgp rr —2X4k
1 1 “e 1

hasrank k forall x;; e m;(Q;), 1 <j <d, 1 <i <k.
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By Lemma B.5 (proven at the end of this appendix), there are k—1 rows
R;, = (—inml, e, —2xin,k)
of the above matrix, 1 <n <k — 1, such that

xil,l 7é xilyl

Xip_1,l # Xip_1,01-1
Xig,l 7é Xig l+1

Xig—1.l # Xig—1.k-
Because of the choices we made, x;, ; # Xx;, » implies
7, (Q1) N1, (Qr) = D,
which finishes the proof. O

Finally, we state and prove the auxiliary linear algebra lemma used in the proof of Claim B.4.

Lemma B.5. Let M be the (d+1) x k matrix

a1 diz o0 dyk
dz,1 dzp - Aok
wel : T .
ad,a Adp " Adk
11 1
and assume that it has rank k. For each column C; = (ay,j,...,aq,;,1) there are k — 1 rows R;, =
(@ij1.---.ai, k), 1 <1 <k—1, such that
aiy,j 7 iy 1y

iy, j 7 ix I

Aig_y,j F Qig_y Iy
where (I, 12, ..., lx_1) is some permutation of (1,2,...,j—1,j+1,...,k).
Proof. Let us first consider the case k = d + 1. We have to show that for all columns C; the first k —1 rows
satisfy the property of the lemma. Observe that the product

1 1 1 1 1

at,i iz - 41k 10 --- 0 0

az.l azpz -+ dak 0 -1 -+ 0 0 0

MA = : o ' T :
Ak—1,1 k—-1,2 " dk—1,k 0 0 _.1 0 0

1 b 0 0 - 0 —10

kxk matrix A
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is a rank k& matrix equal to

(a1,1—ar,2) (ar,1—ar3) -+ (ar,1—apk—1) (ai,1—aik) ar,i
(az,1 —azp) (a21—az3) -+ (az2;1—azk—1) (az2,1 —az k) a1
(as3,1 —as,2) (az1—azz) -+ (a3 1—aszg—1) (a3,1 —ask) as,
(ak—1,1—ak-12) @k—1,1—ak-13) * (@k—1,1 —Ak—1k-1) (@k—1,1 —Ak—1,k) Ak—1,1
0 0 0 0 1

By computing the Laplace expansion with respect to the last row, we conclude that det (M A) is equal to

(a1,1 —ar,2) (@ar1—ai3) -+ (ar,1—apk—1) (a1,1—aik)

(az,1 —azp) (az1—az3) -+ (a2;1—azk—1) (a2,1 —az k)

det (az,1 —as) (a31—asz) -+ (a31—azg—1) (a3,1 —ask)
(ak—1,1 —ak-1,2) (@r—1,1—ak-1,3) -+ (@Ax—1,1 —@k—1k—1) (@r—1,1 —Ak—-1,k)

The entries of this matrix are
Xi,j i=aj1—0ai,j+1, 1§i,j§k—1.

The column C; has the property of the lemma if and only if there is some permutation 7 of
(1,2,...,k —1) such that

X1,7z(1) =a1,1 —d1,z(1)+1 # 0
X2, z(2) = A2,1 — A2, z(2)+1 7 0

Xk—1,m(k—1) = Ak—1,1 — Qk—1,m(k—1)+1 7 0.

If this was not the case, for all such permutations 7 of (1,2,...,k —1) at least one among X (1),
X2.7(2) - -+ » Xk—1,7(k—1) Would be zero. Hence

det(MA)= " sgn(m)-X1,z1) **** Xk—1,m(k-1) = 0.

weSk_1

a contradiction. A similar argument shows that any other column also has this property.
The case k < d + 1 can be reduced to the previous one. Indeed, the rank-k condition guarantees that
there is a k x k minor of M that has rank k. There are two possibilities:

(1) There is a k x k minor of rank k that has a row of 1s. This is identical to the case k = d + 1 and we
conclude that the rows that generate this minor are the ones that satisfy the property of the lemma.
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(2) No k x k minor of rank k has a row of 1’s. Here the rows of all nonsingular minors are among the
first d ones of M. Let R;,, 1 <! <k, be k rows of M that generate such a minor M:

ai],l ai1,2 ai],k
ais, 1 a2 0 Aizk
Aig 1,1 Qig_q,2 " Qi k
aikal aikaz T aik’k

Proceed as in the case k = d + 1 and multiply M by the matrix A to obtain

(aiy 1 —ai 2) (@i q—aij3) (aiy,1 —aj k) air1

(aiz,l _ai2,2) (aiz,l _ai2,3) tee (aiz,l _aiz,k) ai2,1

MA _ (ai3,1 _ai3,2) (ai3,1 _ai3,3) e (ai3,1 _ai3,k) ai3,l
@i 10— Qi_y,2) @iy 0 —@ix_y,3) 0 (@i 1,1 — i k) Qig_q 1

(aik,l _aik,2) (aik,l _aik,3) t (aik,l _aik,k) Aip,1

By computing the Laplace expansion along the last column of M A, we conclude that at least one
(k—1) x (k—1) minor obtained from the first k—1 columns of M A is nonsingular. We argue again as
in the k = d + 1 case to find the k—1 rows that satisfy the property of the lemma for the column Cj.
An analogous argument works for any other column of M, but these k—1 special rows may vary from
column to column. O

Let us recall some of the terminology from the proof of Theorem 13.3 in Section 13. A subset A C Q
has the property (P) if:
(1) 01 €A
(2) A is not weakly transversal with pivot Q1.

We say that A C Q is minimal if A" C A has the property (P) if and only if A" = A. Since Q itself has
the property (P), it must contain a minimal subset of cardinality at least 2.

Claim B.6. Let A = {01, K>, ..., K,} be a minimal set of n cubes.>> There is a set D of d—n+2
canonical directions v for which

m(Q1) Nmy(Kj) # D forall2 < j <n. (144)
Proof of Claim B.6. If n = 2, then Q1 N K, # @ and the claim follows directly. If n > 2, observe
that A’ = {01, K>, ..., K,—1} is weakly transversal with pivot Q; otherwise A would not be minimal.
Hence there are 1 < jy, ..., jn—2 < d distinct such that

7j (Q1) Nmjy (K2) = 2,
: (145)
T (Q1) N7j,_, (Kn—1) = @.

520bserve that Q1 is the only “Q” cube in this collection. The others are labeled by K;.
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Let D :={e1,...,eq}\{¢j,.....ej,_,}. In what follows, we will show that (144) holds for this set of
directions. Notice that if

m(Q1) N (Ky) =2 (146)

for some / € D, then A would be weakly transversal with pivot Q' (because (145) together with (146)
verify the definition of weak transversality), which is false by hypothesis. Hence (144) holds for j = n.

Let us argue by induction that, if (144) holds for 1 <m <n —1 cubes K, Ky, , ..., Kqy,,_,, then it’s
possible to find a new one Ky, for which (144) also holds®3 This will be achieved by the following
algorithm: consider the set

A// = {Ql:Kn:Kala ey Kamfl}'

By the minimality of A, we know A" is weakly transversal with pivot Q1; hence there are 1 <
Fl,...,m <d distinct such that

TTry (Ql) N TTry (Kn) =,

T, (0Q1) N7try (Ky,) = 9,

ra ) ra aq (147)

nr’n(Ql) m ﬂrm (Kam_l) = @.

Property (P) for A implies 71 € {j1...., ju—2}.>* Then there is Jp, such that r; = jg, ; therefore
mjg, (Q1) N7jg (Kp,41) = 9,
75, (01) N5 (Kn) = 2.

Since Kg, 41 appears in (145), it is one among K>, ..., K,—1; hence Kg, 11 # K. We are done if
Kg, +1 ¢ A”: indeed, if

(148)

m(Q1) N (Kg 1) =@ (149)

for some [ € D, then
njl(Ql) mnj] (KZ) =,

njﬁlfl(Ql) mnfﬂlfl(Kﬂl) =,
m(Q1) N (Kg,4+1) = 2,

(150)
Tjpy+1 QN iy +1 (Kg,+2) = 2,

njn—z(Ql) N njn_z(Kn—l) = .
Tjp, (Qn Tjg, (Ky) =09,

and A would be weakly transversal with pivot Q; (by definition again), which contradicts property (P).

This way, we would find a new (nor in A”) cube K g1+1 for which (144) also holds.

53We are done if there are m = n — 1 for which (144) holds, therefore we assume the strict inequality m < n — 1.
54Otherwise we face the same problem that appeared in (146).
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On the other hand, if Kg, +.1 = Kq,, for some Ko, € A”\{Kp}, then we simply switch the projections
Tjg, and Trg, +1 in (145) (they are distinct because jg, = r1 # rq,+1) and consider the conditions

7j (Q1) N7mj (K2) = 2,

Tjg, 1 (Q1) Nwjg _ (Kp,) = 2,
nrql+l(Q1) ﬁ nrql+1(Kaql) = g,

(151)
Tjpy+1 (@) N iy +1 (Kp,+2) = 2,

njnfz(Ql) N T[jn72(Kn—l) =
7jg, (Q1) N7jy, (Kn) = 2,

where the last condition is taken from (148). Since jg, # rq4,+1, property (P) for A again implies that
rq1+1 = jp,. Notice that B # B1 because r1 = jg, and r1 # rg, +1. This way, from (145),

{njﬂz(Ql) N7jg, (Kgy+1) =2,
Tjg, (Q1) N7y (Ka,, ) = 2.
The index jg, is one of the elements in the set {j1,..., jg,—1.jg,+1+-- - n—2}; hence Kg, 1 isin
the set {K>,...,Kg,. Kg, 2,..., Kn—1}. As before, we are done if Kg, 1 ¢ A”. If not, Kg, 11 = Ko,
for some Ko, € A\{Ky, Ky, } and we switch the projections ), and 7y, in (151) to find some

B3 ¢ {B1, B2} such that

(152)

{ﬂjﬁ3(Ql)mnjﬁ3(Kﬂ3+l):®’ (153)

Tjg, (01N Tjgy (Kaqz) = .
We keep doing that until we find some Kg,; ¢ .A”. This is guaranteed to happen since there are n — 1
cubes K, but only m < n — 1 of them in A”. The conclusion is that

m <n—1 cubes K; satisfy (144) == m + 1 cubes K satisfy (144);

therefore (144) holds for 2 < j <n. O
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