SOME NOTES ON RESTRICTION THEORY

KONSTANTIN MERZ

ABSTRACT. In these notes, we review the state of progress on the restriction problem in
harmonic analysis with an emphasis on the developments of the past decade or so on the
euclidean space version of these problems for spheres and other hypersurfaces. As the field is
quite large, we will merely give the main ideas and developments in this area.

The restriction problem is connected to many other conjectures, most notably the Kakeya
and Bochner—Riesz conjectures, as well as PDE conjectures such as the local smoothing con-
jecture which will be discussed as well.

These notes are mostly based on Tao’s famous review [I85], his lecture notes on restriction
problems [I79], the lecture notes by Wolff on harmonic analysis [200], recent lecture notes by
Hickman and Vitturi on decoupling theory [I07], and the introductory review [I71] by Stovall.
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1. THE RESTRICTION PROBLEM — SOME BACKGROUND

From now on, we fix d > 2 and remark that all constants A or a are allowed to depend
on d (although it would be interesting to track the precise dependence of the constants on the
dimension as d — 00). The Fourier transform of a function f on R? is formally defined as

f) = | flapemtan,

By the Riemann—Lebesgue lemma we know that f is a continuous bounded function on R? which
vanishes at infinity if f € L'(R?). In particular, f can be meaningfully restricted to any subset
S of R?, thereby creating a continuous bounded function on S.

For applications, the above definition needs to be extended to a larger class of functions. For
f € L' N L2, the Plancherel theorem states that ||f||z = ||f]]2 and since L* N L? is dense in
L2, the Fourier transform extends uniquely to a bounded linear operator of L? onto itself. By
interpolation, we obtain the Hausdorff-Young inequality which states that for 1 < p < 2, this
extension maps LP boundedly into L and obeys | f|l,; < Ap.allf|l,. This range of LP — LA
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estimates is the best possible; for the sharp constant A, 4, see Beckner [4] and for extremizers,
see Lieb [I31].

For f € LP, p > 1, f is usually interpreted as an L limit, f = lim, fn where f, is a
sequence of integrable functions converging to f in LP. By the Hausdorff-Young inequality, one
can therefore restrict f to any set S of positive measure. However, the above interpretation leads
to an obvious obstruction to restricting a Fourier transform to sets of Lebesgue measure zero.
Indeed LP consists of equivalence classes within which its members are allowed to differ off of
sets of measure zero, i.e., it makes no sense to define Fourier restriction to a set of measure zero
as a simple composition. In particular, there is no meaningful way to restrict L? functions to
any set S of measure zero.

In 1967 Stein made the surprising discovery (unpublished work) that when such sets contain
“sufficient curvature” (see also Subsection, then one can indeed restrict the Fourier transform
of LP functions for certain p > 1. This lead to the restriction problem [163]: for which sets S C RY
and which 1 < p < ¢ < oo can the Fourier transform of an LP function be meaningfully restricted,
ie.,

I flsllzacs) < Ap.gall flle e
for smooth, compactly supported f7
Of course, there are infinitely many such sets to consider, but we will focus on sets S which

are hypersurfaces, or compact subsets of hypersurfaces. In particular, we shall be interested in
the sphere

Ssphere = {f € Rd : |£| = 1}7
the paraboloid

Sparab = {€ € Rd : fd = |§‘2/2}a

and the cone

Secone 1= {£ € Rd : fd = |§‘}
where € = (£,&4) € R¥™! x R = R%. These three surfaces are model examples of hypersurfaces
with curvature, though of course the cone differs from the sphere and the paraboloid in that it
has one vanishing principal curvature. These three surfaces also enjoy a large group of symme-
tries (the orthogonal group, the parabolic scaling and Galilean groups, and the Poincaré group,
respectively). Moreover, these hypersurfaces are intimately related (via the Fourier transform) to
certain PDEs, namely the Helmholtz equation, the Schrédinger equation, and the wave equation,
respectively. This is going to be the topic of Section

Organization. The rest of the notes is structured as follows. In the next section, we will use a
duality argument to reformulate the restriction problem as an “extension problem” which (as of
this writing) is a more convenient point of view to think of the problem. In Section 3| we will
find two necessary conditions for the restriction problem which lead to the restriction conjecture.
In Sections [6] and [7] we will describe two classical tools to tackle the restriction conjecture.
A more recent approach via Littlewood-Paley theory is discussed in Section [§] Connected to
Littlewood—Paley theory is a recently established tool by Bourgain and Demeter [29, B0] (see also
the references in [107]), namely ¢? decoupling, which is the topic of Section In Sections
and [16] we will illuminate certain relations between the restriction problem and conjectures
concerning nonlinear, dispersive PDEs, the Kakeya, and the Bochner—Riesz conjectures.

2. RESTRICTION AND EXTENSION ESTIMATES

From now on let S be a compact subset (but with non-empty interior) of one of the above
surfaces Ssphere; Sparabs O Scone. We endow S with a canonical measure do. For the sphere, it
is the surface measure; for the paraboloid, it is the pullback of the d — 1-dimensional Lebesgue
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measure d€ under the projection map & +— &; for the cone it is the pullback of d§/|¢| as it is
Lorentz invariant.

In order to restrict f to .S, it will suffice to prove an a priori “restriction estimate” of the
form

I flsllzacs,do) < Apgsllflleray (2.1)

for all C¢° or Schwartz functions f and some 1 < ¢ < oo, since one can then use density
arguments to obtain a continuous restriction operator from LP(R?) to L%(S, do) which extends
the restriction operator R : f — f |s for such nice functions. (Finding the sharp value of A, , s
in is another interesting difficult problem, which has only been solved in a few cases so far).

We will denote by Rs(p — ¢) the statement that holds for all f. From the introductory
remarks on the Hausdorff-Young inequality (the faster a function decays, i.e., f lives in low
LP spaces, the smoother is its Fourier transform, i.e., f lives in high L7 spaces), we see that
Rs(1 — ¢q) holds for all 1 < g < oo by Holder’s inequality while Rg(2 — ¢) fails for all
1 < g < co. The interesting question is what happens for intermediate values of p, i.e., our aim
is to find the highest value of p (the slowest decay of f) and ¢ (greatest smoothness of f) such
that the restriction estimate still holds. (Observe the implication Rs(p — ¢) = Rs(p — q)
for all p < p and ¢ < ¢ by Sobolev and Holder inequalities.)

The dual of the restriction operator Rg is the extension operator

(Rs)'F(a) = EsFla) = (Pdo) = [ F@=doc).

A simple duality argument based on Parseval’s identity (think of a change of variables to under-
stand (Fdo)Y better, too)

sw | lslsan = sw s [ FOR@do(©)
151 oty =1 1oty =1 1Pl gt .00y =175 02)
= sup sup /(Fda)v(x)f(x)dx: sup ||(Fda)v||Lp/(Rd)
1P U 5,00y =1 11 ety =1 /R 1PN 5,00y =1

shows that the restriction estimate (2.1)) is equivalent to the following extension estimate
||(Fd0)v||Lp’ ®d) < Ap-,q,d”FHLq/(s,da) (2.3)

for all smooth functions F on S. We use R%(¢' — p’) to denote the statement that the estimate
holds. Due to the smoothness of F' one may use stationary phase arguments to obtain
asymptotics for (Fido)V, see also [I67, Chapter VIII, Proposition 6]. However, such asymptotics
depend on the smooth norms of F', not just the Lq,(S ) norm, and so do not imply estimates
of the form . In this sense, one can think of extension estimates as a more general way to
control oscillatory integrals since only magnitude bounds on F(§) and no bounds on derivatives
are required.

Understanding the extension operator better. Let us clarify at this stage the meaning of
the restriction and extension operators. Suppose f € LP(R%) and F € qu(S, do) as in the above
duality argument. After rotating and translating S in the ambient space RY, we may assume
(since S is compact) that S is given as the graph

gd = @(617 "'7£d—1)

where ¢ € C°(R971). This allows us to write the measure as

do(€) = (1 + |Ve|)Y2dey, ..., dég_1
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which is called the euclidean (or induced) surface measure. (Note that S is the level set of a
function ¥ : R? — R and that the measure is actually given by

V) )]
10 = "o og,|

(Compare this to the “canonical measure” dX) (&) = |V¥(€)|~tdo(€) which equals, locally at
least, [0U/0&y|~1d¢" in Yafaev [202, Chapter 2, Formula (1.4) and p. 111].) Using & =
w(&1, ..., &a—1) and the chain rule (remember (agd/a@)z 1 = V), we (formally) have

<|<W)(£1,. ., €a) > Z 0 /06> _ EAk
|00 /0&4] |0W /0l < | 0&;

which yields the previous representation. Alternatively, using the implicit function theorem,
we know that locally &5 = ¢(£'), whenever (¢',&;) € S where S denoted the level set of W :
R? — R. Thus, locally, U(£) =0 = &5 — (&) = 0, ie., VU(E) = (=Vp(¢),1) and 0¥/, =
1 on S. Therefore, |VU(£)|/|0V/0¢| = (1 + [Vp(£)[?)1/? and in particular do(¢) = (1 +
V() ) /2" ) ]

Now, using the above representation, abbreviating ¥(§) = /1 +|Vp(£)|?2 and £ = (,&y) =
(&1 s €a—1,&a) € RY, we may write the left side of (2.2) as

[ior@ae = [ for©ued= [ FOPEWE-mw

where 1¢,—,(¢) is to be understood as the one dimensional Dirac delta function which forces
&1 = ¢(€&). Using Parseval’s theorem (in L?(R?)), the right side of the last formula equals (with
r € RY)

dgla ) dgd—l-

| ov/og; |?

=1 2
5w /o, + Vel

v
L@ (ot pi0)” (@)ds
where (using pullback)

(Féle,—pie) (2) = /R PO dE = | F©u()em @) g

Rd—1
- [ Pt o) = (Fao) (@)
with the inconsistent notation «’ = (x1,...,24-1) € R4-1. This clarifies the computation in .
Remark 2.1. Had we started with a set of the form
Sy = {€ R : a(€) = A}
for a function a : R¢ — R with
Va(€) #0 foréca '(A),ACR,
then we define the measure on Sy by the equality

d¥\(§) = d9(€)

[Va(§)]

where doy(€) is the euclidean (Lebesgue) surface measure on Sy. We remark that d3, is some-
times also called the canonical measure associated to a (which is not intrinsic to Sy, however),
see also Strichartz [I72 p. 705]. In particular, the elementary volume d¢ in R? satisfies

d¢ = dAdS,(€) .
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Moreover, by the implicit function theorem, the equation a(§) = A for A close to some Ag € A C R
defines a function &g = F(&’', \) for £ close to t0egs %o~ Oince the euclidean surface measure is
given by dox (&) = (1 +|Ve F(€,\)[>)1/2 d¢’ (as we have seen above), we have

de’
|0a(€)/0¢al

Let us see the advantage of the introduction of dXy(£). If one defines the Fourier multiplier
Hy = F*AF, where A is multiplication by the symbol a(§) and X C R is some Borel set, then
it is well known that its spectral projection is given by

EO(X) = f*]_{a—l(X)}f.

Thus, be the above discussion, we have

wECow = [P [ [ 1fer e,

In particular, for a given measurable function F : [0,00) — R, we have

(46, F(Ho)w) = / I F(\) [5 D(E) 2 dSA(E).

d¥i(§) =

3. NECESSARY CONDITIONS

In this section, we will derive two common necessary conditions on p and ¢ such that the
extension estimate [[(F'do)"| 1. gay Spa.d |Fllpe(s): 1-e-s R&(q" — p'), holds. The restriction
conjecture asserts that these two conditions are in fact also sufficient. The conjecture has been
solved for the paraboloid and the sphere in two dimensions, and for the cone in up to four
dimensions, but see also [I85] Figures 1 and 2] for a more detailed [and probably out of datel
summary of progress on this problem. In fact, the restriction problems for the three surfaces
are related. Let us merely mention that the restriction conjecture of the sphere would imply
the conjecture for the paraboloid since one can parabolically rescale the sphere to approach the
paraboloid, but see also Tao [I81] (where the surprising fact that the Bochner—Riesz conjecture
implies the restriction conjecture is shown).

3.1. The trivial condition. By setting F = 1, we immediately see that we need (do)
’ (RY). In the case of the sphere and the paraboloid (which have non-vanishing Gaussian
curvature), stationary phase computations yield

|(do)Y ()] S (1+ |z)) =172,

i.e., we need p’ > 2d/(d—1), respectively p < 2d/(d+1). For the sphere, an explicit computation
using the Fourier-Bessel transform yields (do)¥ = 27|¢|2~9D/2J 4 5)5(2m|¢]). On the other
hand, the asymptotics for the cone are slightly different, giving the condition p’ > 2(d—1)/(d—2).

3.2. Knapp’s example. We will sketch this example [I89] [I72] only for the sphere and the
paraboloid (more precisely its intersection with the d dimensional unit cube). Assume that
R > 1 and take any interior point &, of the surface S. By a Taylor expansion, one sees that
S contains a “cap” x C S centered at & whose diameter is roughly R~!. The cap has surface
measure ~ R~(@=1) and can be packed into a d dimensional disk D of diameter R~! and thickness
R~2 which is oriented perpendicular to the unit normal of S at &. Now, let F = 1, be the
characteristic function of the cap x and T be the tube dual to D. This is the tube which is centered
at the origin, aligned along the unit normal to S at & with length ~ R? and thickness ~ R. By
the uncertainty principle (see also Appendix @), (Fdo)Y has magnitude ~ o(x) ~ R=(@=D on a
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large portion of T' (since the phase function e?**¢ is basically constant for ¢ € D and x € T) and
decays rapidly outside of T'. In particular, we have

I(Fdo)¥ || o gay 2 TP R=(@D ~ REHD/P=(=1)

On the other hand,

HFHLq’(S’dU) ~ |I€‘1/q ~ R—Wd=1)/d"

Letting R — oo thus leads to the second necessary condition
d+1 < d—1

p q

/

for R%(¢" — p’) to hold. (Note that the Fourier transform do of the measure do associated to
S decays like |z|~(@=1/2 ie. it is L? -bounded for any p’ > 2d/(d — 1). Thus the conjecture
says that this L -boundedness also holds for F/’d\a)

One can formulate a Knapp counterexample for any smooth hypersurface. Of course, the
obtained necessary conditions become stronger as the surface becomes flatter. In the extreme
case where the surface is infinitely flat (e.g. when it is a hyperplane), there are no estimates.
In fact, the function g(z) := (1 + |x1])~* lies in LP for any p > 1 but has an infinite Fourier
transform on every point of the hyperplane {¢ € R?: & = 0}.

Hence, we have the following conjectures, which are in fact all equivalent to each other [137]
Section 19.3].

Conjecture 3.1. ||g/d\cr||Lq(Rd) S llgllze(sy for ¢ >2d/(d —1) and ¢ = (d+ 1)p'/(d — 1).
Conjecture 3.2. ||gdo||pamray S (9]l (s) for ¢ > 2d/(d —1).

Conjecture 3.3. ||gdo||paray S |9llzacs) for ¢ > 2d/(d—1).
Proposition 3.4. The above three conjectures are equivalent to each other.

Proof. Clearly the third version implies the second by Holder. Once one shows the converse (i.e.,
second implies third version), the equivalence between the first and second version follows from
interpolation. Observe that if ¢ = 2d/(d —1) and ¢ = (d+1)p’/(d — 1), then p = q. For the rest,
see [137, Theorem 19.8]. O

Before we come to the last example, we elaborate a bit on the situation of the paraboloid
and perform some explicit computations for the reader’s convenience. In fact, we will have a
first encounter with “wave packets”, an important tool that we will discuss in further detail in
Section

Knapp’s example for the paraboloid - an explicit computation. Let F' be a smooth,
non-negative function with supp F' C {|¢| < 0.1} and ||F|l; = 1. For |z|,|zq4| < 1 the integral
defining Re ((F'do)Y(x)) has no cancellation (since the phase function is strictly positive in this
case), and hence |(Fdo)Y ()| is nearly as large as possible, i.e.,

(Fdo)¥ (x)) > /

R

cos(ar+ (6, € F(€) de > /R c0s(0.1 + 0.01) P (€) dé ~ 1.

For large |z|, the integrand oscillates rapidly in £, leading to cancellation in the integral, and
hence a small contribution, i.e., |(Fdo)(z)| < 1 for |z| > 1.
We will now rescale the above F' such that “it lives on the paraboloid” by defining

Fg}:,xo (€) = Rd—1ezmwo(§,|§|2)¢(}g(§ —&))
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for some R >> 1 where R™! denotes the frequency scale of the parabolic subset (before it was
the disk D)

ke ={6€P:0< (€~ &) v, <0.01R™?}
(centered at &) of the paraboloid PP, as before. Here, vg, = (—2, 1) denotes the upward normal
to P at &. It is pretty clear that xf is contained in a R™' x --- x R™' x R™? rectangle centered
at & and whose short side is oriented along vg,. We finally note that, due to the additional
phase factor, (ngzoda)v is going to be concentrated around g in real space.

By scaling, the extension of this almost characteristic function on the inflated cap Iig) is given
by

(FE 5ydo) (z) = 272008 (Fdo) (R™ (2 — zo) + 2(z — z0)ako), R~ (2 — z0)a)
By the estimates on (Fdo)Y, we see that (Fg, ,,do) ~ 1 on the tube
T 4y = {2 € R (2 — o) + 2(2 — xo)abol < R, |za — (20)a| < R*}

which is centered at zo, has width R and length R?, and is aligned along vg,. Off this tube,
(F& ,,do)Y decays rapidly. This shows that ||(F£ , do)Y|| gy 2 |T|V/?" ~ RUEAD/P" whereas
||F£,m0 Lo @y ~ R4=1/4 which again shows that (d +1)/p’ < (d — 1)/q is necessary.

For T' = Tgmo and Fr = Fgmo, the extension (Fg}:’moda)v is called a wave packet associated
to T. For any R > 1, a partition of unity directly decomposes the original function F' as a sum
of (unmodulated) R-caps, indexed by a collection of O(R~!) tubes, i.e.,

FZZCTFT, T=T%&,.
T

Most of the coefficients ¢ are of order R~(¢=1) by scaling, the rest of them are even smaller.
The curvature of P implies that distinct tubes T, T’ with directions v and vy are separated by

at least R~! since )

angle ~ sin(angle) = = R7L.

3.3. Hardy—-Littlewood majorant conjecture. The derivation of this conjecture is similar to
the first (trivial) condition. Assume that F'is a smooth function on S such that || F'[| -~ (g) < 1.
Since F'do is pointwise dominated by do, it seems intuitive that (Fdo)Y should be “smaller”
than (do)Y, too. The conjecture then states that the necessary conditions of the trivial condition
should in fact be sufficient to obtain R§ (oo — p’) for completely general sets. It is known that
the conjecture is true when p’ is an even integer (using Plancherel’s theorem) but is false for
other values of p’. However, it may still be that the majorant conjecture is true if the set S is
“non-pathological”, e.g. in the cases for the sphere or the paraboloid.

3.4. Are there restriction estimates for the plane? We already mentioned in the intro-
duction, that curvature was crucial for Stein’s discovery of restriction estimates. Conversely, we
may ask what happens when the curvature is zero, i.e., are there restriction estimates for the
plane? Let us consider the hyperplane {£; = 0}, or even only the subset

S={¢eR?: & =0,¢ <1}

with the obvious surface measure do. Thus, by the Holder and the Hausdorff—Young inequality,
we have || f||za(s)y S [|f|lp for p = 1 and arbitrary ¢ > 1. However, these are the only estimates
available.

Proposition 3.5. Suppose ||f||Lq(S) S I fllp holds for all test functions f and the above S. Then
one must have p = 1.
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Proof. The idea is to consider functions whose Fourier transform is concentrated on and near S.
For this, let 1 € S(RY) with 1) ~ 1 near the origin and let

f(:vl, ceey l’d) = ’(/)({,Cl, ey Td—1, (Ed/)\)
for large A. Then |||, ~ A'/? and

fl(flv "'7£d) = A&(Eh "'7£d—1? /\fd) .

In particular, f ~ X on the pancake with dimensions 1 x ... x 1 x A~! and f|5 ~ A. Thus,
1fllza(sy ~ A and for || f[|racs) < [1f]lp, 16, A S AP to hold, we must have p = 1. O

In summary, there are no non-trivial restriction estimates for planes, even if we only consider
compact pieces. The reason for this failure is that the plane is so flat that one can easily find f
which are extremely large on and close to the plane.

3.5. Curved surfaces, Fourier transforms of measures. We just saw that there are no
non-trivial restriction estimates for pieces of flat planes. Obviously, one may ask “how much
restriction is possible, if we bend the plane a bit”?

As a starting point, suppose S has dimension d — 1 and has non-vanishing Gauss curvature at
every point. By that we mean the following. Let £y be any point of S and consider a rotation and
translation of S such that &y becomes the origin and that the tangent plane to S at &, becomes
the hyperplane £; = 0. Then, near the origin at least, S can be given as a graph

§a =081, €a-1)
where ¢ € C°(R471) and ¢(0) = V(0) = 0. Now, consider the (d — 1) x (d — 1) Hessian of ¢,

i.e.,
)

Its eigenvalues v, ..., v4_1 are called the principle curvatures of S at £&y. The determinant of the

Hessian, i.e., H;l;i v; is called the Gaussian curvature of S at §. Then, the following decay
estimate for the Fourier transform of the surface measure do of S can be proven via a stationary
phase argument, see Stein [I67, Chapter XIII, Section §3 and §5.7].

Proposition 3.6. Suppose S is a smooth hypersurface in R% with associated surface measure
do. Assume ¢ € C®(RY) is a fized function whose support intersects S in a compact subset of
S and let du = do. If S has nowhere vanishing Gaussian curvature, then

|(dp)Y ()] S ||~ @707 (3.1)

Remarks 3.7. (1) Herz [105] showed that, for 1) = 1, the surface need only be Cl(4=1)/2+2] to
obtain the above estimate on |(du)Y (z)|. If the surface is Cl(4=1/2+4] he obtained the leading
coefficient of the asymptotic expansion for |(du)Y (z)| as x| — oo. If ¢ is not constant on S, one
can show (following the arguments of [I67, Chapter XIII, §3.1] that ¢ € Cl?2172 3nd that the
surface is C'[%/21%4 are sufficient conditions to obtain the above estimate on |(du)Y (z)|.

(2) For smooth hypersurfaces where only k of the d— 1 principal curvatures are non-vanishing,
Littman [133] showed |(du)Y (x)| < |o|~%/2. (This is to be compared with the assertion in Stein
[167, Chapter XITI, §3.2], where it is shown that |(du)Y (x)| < |z|~'/* for hypersurfaces vanishing
to k-th order, i.e., (&1, ...,64-1) = O(J€]*). (One says that S has finite type k € {2,3,...}.)

Proposition 3.8 ([I67, Chapter XIII, §3.2, Theorem 2]). Suppose S is a smooth m-dimensional
(1 <m < d— 1) manifold in R? of finite type. Let du = 1do be as above. Then

|(dp)¥ ()] < ||V
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where k is the type of S inside the support of V.

Using a T*T argument (with T being the restriction operator) and the Hardy—Littlewood—
Sobolev inequality, it is possible to establish the following (far from sharp) restriction estimate
for finite type hypersurfaces.

Theorem 3.9. Suppose S is a smooth m-dimensional (1 < m < d — 1) manifold in R? of type
k. Then, one has Rs(p — 2) for any 1 < p < py with pg = 2dk/(2dk — 1).

Although the theorem is not sharp, its main idea, namely exploiting cancellations through L?
estimates, is the basis of the proof of the Tomas—Stein theorem.

Proof. If f € LP(R?), then the LP(R?) — L?(S,do)-boundedness of the restriction operator Rg
is equivalent to the LP — L* -boundedness of EsRs where Eg is the extension operator which is
dual to Rg. In particular, it suffices to show (cf. (4.10))

(F, EsRs P S 112

Using the definition of R, and Eg, namely (Rsf)(€) = f(¢)|s and (Esg)(z) = Js €™ tg(&)do(€),

we have (f,EsRsf) = [ f(z)K(z — y)f(y) dzdy (which also equals (f, fdo)y = (f, f * (do)V) <
[ Fllpllf * (do)Y [l < [[fI211(do)Y || Lo /2. using the weak Young inequality) where

K(x—y) = /S €@ do (€) = (do)V(z — ).

Since |(do)Y(x)| < |z|~Y*, we have |(f,EsRsf)| < | £1IZ by the Hardy-Littlewood-Sobolev
lemma if p = 2dk/(2dk — 1), ie., p’ = 2dk. The assertion follows from interpolation with
p = 1. D

Extending the idea of Subsection one can establish the following necessary condition for
surfaces vanishing to k-th order. This argument generalizes the Knapp example, see Subsection
[3:2] The original “Knapp” condition is obviously restored for k = 2.

Proposition 3.10. Suppose p(£1,...,Eq-1) = O(|€|¥) for some k > 2. Then, Rs(p — q) is only
possible if
d+k—-1
/
>
P=—a=

Proof. Let 1 be as in Proposition ie., 1 € S(RY) with ¥ ~ 1 near the origin and let
Flan, o xq) = Pl NE L ma AV F xg/N)

for some large \, i.e., f is a bump function on the AY/*¥ x ... A% x X tube. In particular,
[ fllLe ~ A=D/EAD/p and (&) = NA=D/k+1y (N kg, AVRE, 1 AE,). Since the volume of
the cap where f does not decay rapidly is roughly A=(@=1/% we have Hf\SHLq(S) > A[d=D/k+1
A~(@=1/(k9) - Comparing this with || f|, ~ A@=1+k)/P yields the claimed necessary condition. [J

The last two results and in particular Subsection |3.4] i.e., the absence of non-trivial restric-
tion estimates on planes (which corresponds to the limit & — oo) underline the importance of
curvature in restriction theory.
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4. THE TOMAS—STEIN RESTRICTION THEOREM

As far as positive results (besides the trivial L' — L° estimate) go, we only have the follow-
ing theorem of Tomas [I89, 190] and Stein (1975, unpublished and [164]) which says that the
restriction conjecture is indeed true for g = 2.

In fact, Stein gave two proofs of the restriction theorem. The first one relies on Tomas’ (two
pages long!) observation and on an extension of the classic Riesz—Thorin interpolation which is
unpublished. We will discuss this in more detail in the second subsubsection. The other one
establishes a theory of non-homogeneous oscillatory integral operators [I64] that we will discuss
in the next subsubsection. We emphasize that this approach uses ideas of Carleson and Sjclin
[44] who proved the restriction theorem for d = 3 and 1 < p < 4/3. The reader who is interested
in the history prior to the Tomas—Stein theorem is invited to consult Tomas’ paper [189).

Theorem 4.1. If1 <p < 2(d+1)/(d+3), then Rs(p — 2) holds.

Remark 4.2. Bak and Seeger [3] extended the Tomas—Stein estimate to treat measures u that
satisfy

1(B)
(<1 1ad(B)" =4 (4.1)
and
sup [¢]°|()| < C. (4.2)

[€1=1

The number inf{a : holds for some A < oo} is called the “dimension of p”, whereas the
number inf{a : holds for some C' < oo} is called the “Fourier dimension”. For (sufficiently)
smooth hypersurfaces with non-vanishing Gauss curvature, one has a = 2b = d — 1. Bak and
Seeger proved that the Tomas—Stein theorem extends to the stronger Lorentz-type estimate

~ b d—a
1£ll22(8) Saap AT CTZ5 £, 0050, -

where p. = 2(d—a+b)/(2(d—a)+b). One interesting application of this concerns surfaces where
only k of the d — 1 principal curvatures are non-vanishing. Littman [I33] showed |(du)Y ()| <
|| ~*/2 for smooth hypersurfaces. In this case, p. = (2 + k)/(2 + k/2).

As we shall see, the proof heavily relies on the fact ¢ = 2 and it has been very difficult (though
not completely impossible) to push this argument beyond ¢ < 2. We will now discuss the two
approaches of the proof of this theorem.

4.1. Non-homogeneous oscillatory integral operators. Following [I61, Chapter 2] and
Stein [167, Sections IX.1 and IX.2], the first approach consists in establishing a robust theory of
non-homogeneous oscillatory integral operators of the form

I(\) = / M Wa(y)dy.
Rd

If ¢ has a non-degenerate critical point (i.e., V(yo) = 0 but det(8%¢/0y;0y;) # 0 when y = yq),
say at yo = 0, and «a is a smooth cutoff function having small support, one can easily check that

IT(A)] ~ A™%2 as A — +o0,

whenever a(0) # 0, see, e.g., [L61, Theorem 1.1.4]. The situation can be naturally extended by
considering operators of the form

(T f) (@) = / APV a(z, ) fly)dy, N> 0

Rd
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where @ is now a smooth cutoff function and ¢ € C®°(R™ x R?) is real. One may then, e.g.,
ask whether T f belongs to some LP. The most basic result occurs when m = d. If ¢ is
non-degenerate in the sense that the mized Hessian satisfies the non-degeneracy condition

0%p
det <8x]8xk> 7& 07

IT5fll L2 ay S AV £l 22 ray -
This result obviously has the same flavor as the estimates for I(\), and, in fact, one can see that,
for every \, there are functions for which || T f|l2/lf]l2 ~ (1 + X)~%?2 if @ is non-trivial.
However, there are many natural situations where the non-degeneracy condition is not met.
The most popular example is of course p(z,y) = |x — y| for which the Hessian has only rank
d — 1! The Tomas—Stein theorem will immediately follow from estimates on oscillatory integral
operators with such phase functions.

then we shall find that

4.1.1. Non-degenerate oscillatory integral operators. Let us however start with the simpler sit-
uation where the non-degeneracy condition is satisfied. The main theorem of this subsection is
the following

Theorem 4.3. Suppose p is a real C* phase function satisfying the non-degeneracy condition

0%
det <8xj8mk> #0 (4.3)

on supp(a) where a € C°(RY x R%). Then for A > 0,

/ N a(z,y) f(y) dy SA2 £l 2 ga) - (4.4)
R4 L2(R4)
If we let T’ be the operator in (4.4)), then clearly

1T flloe S £ -

Thus, we obtain the following consequence by Riesz interpolation.

Corollary 4.4. If1 <p <2, then
| [ e atean sy
R,

Remark 4.5. Clearly, the phase function ¢(x,y) = (z,y) leading to the standard Fourier trans-
form satisfies the hypotheses of Theorem Furthermore, (4.5 implies that

/ @V ala /NN /NN @) dy|| S 1l

i.e., (4.5) leads to another proof of the Hausdorff-Young inequality ||pr/ S

AP £l o Ray - (4.5)
Lr' (R4)

Before we prove this theorem, we restate the non-degeneracy condition (4.3)) in an equivalent
form. Expanding

O*p(x,y)

Ve ) - ) =
e
it is immediate that (4.3) is equivalent to

Volp(a,y) — el 2]~y —=2[, |y -2 <1 (4.6)
This is the form that we shall use in the proof of Theorem

)<y—z>+0<|y—z|2>,
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Proof of Theorem[/.3 Using a smooth partition of unity, we can decompose a(z,y) into a finite
number of pieces each of which has the property that (4.6)) holds on its support. Thus, we may
assume without loss of generality that

IValp(z,y) — ¢(z,2)]| 2 ly — 2| on supp(a)

holds. The assertion then follows from Young’s inequality for integral operators [I61, Theorem
0.3.1], once we show that

IKx(y,2)| Sy (L4+ My —z))™N forall NeN
where

Kaly2) = [ eNetenoelae, y)ale ) do
R

is the integral kernel of (f, T\ f)2(ga). Since the above estimate just follows from a stationary
phase argument (using (4.6])), we are already done. O

4.1.2. Oscillatory integral operators related to the restriction theorem. The main result in this
subsection is that, under some natural additional geometric conditions on ¢, we can prove that
T) also maps LP(R?~1) functions to LI(R?) functions with norm A=%9 (see (&.3)).

As in the previous subsubsection, we will require a (modified) non-degeneracy condition of

the form
0%
k =d-1 4.

ran (8yj8zk) ’ .0

i.e., the mixed Hessian associated to the phase function has maximal rank. This condition alone
would yield that Ty : LP(R4™1) — L(R?) is bounded with norm O(A~(@=1/4) if ¢ > 2 and
p > ¢. To get the better result O(A\~%9), we need an additional condition, more precisely, a
curvature hypothesis.

To state it, we first notice that, since C,, = {(z, ¥’ (2,9),y, =y (2, y))}7 , and the constant
rank theorem imply that, for every zy € supp,(a), the i 1mage of y — ¢’ (20, )

SZO = H (C<,0) = {@;(207?}) : (203@;(207y)7y7 L)Oy ZO)ZU)) € CSO}
Tz R4

is a C*° (immersed) hypersurface in T;ORd. Clearly, one can identify TZ*ORd with R%. In this
case, the curvature hypothesis says that

S., €T, R?  has everywhere non-vanishing Gaussian curvature. (4.8)

Since changes of coordinates induce changes of coordinates in the cotangent bundle that are
linear in the fibers, one concludes that is (like ) an invariant condition. Notice that
is a condition involving second derivatives of the phase function whereas is in fact a
condition involving third derivatives.

If the two conditions and are met, we shall say that the phase function satisfies
the Carleson—Sjolin condition. The main result of this subsubsection concerns estimates on
oscillatory integral operators with such phase functions. It is due to Carleson and Sjolin [44]
and Hormander [108] in the two-dimensional case and to Stein [164] Theorem 10] in the higher-
dimensional case.

Theorem 4.6. Let T as in (4.4) and suppose that the Carleson—Sjélin condition (i.e., the
non-degeneracy condition (4.7) and the curvature condition (4.8)) holds. Then

T3 fllLaay Sp AN fllo iy (4.9)
ifg=(d+1)p'/(d—1) and



SOME NOTES ON RESTRICTION THEORY 15

(1) 1<p<2ford>3;

(2) 1<p<4ford=2.
Bourgain [16] proved that the theorem can in fact not be improved beyond the range 1 < p < 2
when d > 3. For the proof, we refer to [I61, Theorem 2.2.1], see also Stein [I64, Theorem 10] or

[I67, p. 380]. The details can also be found in Appendix Let us now actually see why the
Tomas—Stein theorem is an immediate consequence of this theorem.

Corollary 4.7. Suppose that S C R%, d > 2 is a C> hypersurface with everywhere non-vanishing
Gaussian curvature. Then, if do is the Lebesque measure on S and if du = Bdo with 8 € CZ°,
it follows that

R 1/r
( / If(ff)l’“du(O) <s 1o

provided that r = (d —1)s'/(d + 1) and
(1) 1<s<2(d+1)/(d+3) ford=3;
(2) 1<s<4/3 ford=2.

Notice that the exponents r and s are just conjugate to those in Theorem which indicates
that we will in fact prove the dual assertion, i.e., an extension estimate.

Proof. Without loss of generality, we may rotate and translate S such that £ = ¢(¢’) for some
¢ € C®(R9~1) where as usual £ = (¢/,&,) € R, We shall now actually prove the (dual) extension
estimate, i.e.,

[(Fdp)”|

L' (R4) S ”FHLT'(S)
where

(Fdu)" () = / TR (¢)dp(€)

s
= [ e P p€DBE €)1 + V() de
and we used the pullback formula

du(€) = B, (&) (1 + [Ve(¢)*)/2d¢ = (¢, p(¢))d¢’

To apply the Carleson—-Sjolin theorem, we merely need to verify the non-degeneracy condition of
Theorem But this is easy since the Hessian of ¢ has rank d —1 and the curvature hypothesis
holds by assumption. Thus, Theorem implies ||Tx||Lrri-1)—ro@e) S A~49 where Ty is
defined by

(TZF)(z) == / M ELED) (2, €V F(E, p(€1)) - W(E, p(€)) de'.

Rad—1
By scaling 2 — /), this means that if p and ¢ are as in Theorem we have

/Rd_l 2milm (&2 gz /N, €VF (€, (€ NT(E, p(£)) dy

S IEC (NP 00 e @a-1)
LY (R)

for every A > 0. Using once more the pullback formula, we conclude

/ TR () du(€)
S

SP HFHLP(S)7
L3 (RY)

thereby showing the assertion. O
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4.2. The original arguments of Tomas and Stein. Following Tao [I79, Lecture 2|, we will
now outline the genesis of the Tomas—Stein theorem. In particular, we will encounter three basic
interpolation theorems which are vital tools in (harmonic) analysis in general.

Squaring the desired restriction estimate shows that we need to prove

/S FOR do©) < 112

We rewrite the left side as the L? inner product, use the convolution theorem and Holder’s
inequality to obtain

/S\f<£)|2da(£> = (f,fdo) = (f,Ff xdol) = (f,f x do) < || ]|l f  dolly -
Thus, it suffices to prove

1f *dolly < £l - (4.10)

Note that this is just the TT* method in disguise (i.e., showing that an operator T is LP — L?-

bounded is equivalent to showing that T*T is L? — L? -bounded). The above observation was
first made by Fefferman and Stein [72] p. 33ff].
We will now outline three proofs of (4.10).

4.2.1. First attempt: fractional integration. The most obvious tool to attack (4.10) would of
course be to use the Hardy-Littlewood—Sobolev inequality (which is a special case of the “weak
Young inequality”).

Lemma 4.8. If0<a<d, 1<p,q< oo, and

1+1_1+04
q p d’

then
N1 17 S Nfp

The other tool that we shall use is an interpolation theorem for weak-type operators. It turns
out that the assumption that an operator has weak-type can be relaxed even a bit more. Recall
that, for some measure spaces X, Y, a linear operator T : X — Y is said to have weak-type (p, q)
if

Ho e X |(Tf)(x)] > A} SATIfI} forall feLP,A>0.

One can weaken this by considering only characteristic functions. We say that T has restricted
weak-type (p, q) if

He e X : |(T1g)(z)| > A} SATIEP/? forall EC X, A >0. (4.11)
It is convenient to rephrase this estimate in a more symmetric form.
Lemma 4.9. Suppose 1 < p,q < co. Then T has restricted weak-type (p,q) if and only if
(T1e, 1r)| < |EIY7IFVY (4.12)
forall sets EC X, FCY.
As a comparison, recall that, by duality, the strong-type (p, ¢) estimate is equivalent to
(Tr ol S I lpllglle
forall feLP g€ L7,
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Proof. For our purposes, the necessity of the restricted weak-type estimate suffices which is why
we will only deal with this direction. (For the other direction, one applies to the set
F ={Re(T1g) > A\}.)

Using the layer cake representation and Fubini, we have

\(TlE,1F>|§/ \TlE($)|dx:// 1{‘T1E|>>\}(x)d)\dx:/ H{z € F:|T1g(x)| > A} dX.
F FJo 0

Recalling the restricted weak-type hypothesis, the integrand can be estimated by
{z € F:|T1g(z)| > A} < min{|F|, \"9|E|%/?} .

Thus,
(T1e10)| S [ min{[F| A9} d < B[P F
0
by an elementary computation. O

Let us recall now

Lemma 4.10 (Marcinkiewicz interpolation). Suppose 1 < py < qo < 00, 1 < p1 < 1 < 00,
po < P1, Qo < q1, and T is of restricted weak-types (po,qo) and (p1,q1). Then, T is of strong-type
(po,qo) for any 6 € (0,1) where 1/pg = (1 — 0)/po + 0/p1 and similarly for qp.

Proof. See Tao’s notes [I79, Lecture 2, Lemma 2.3] or Grafakos [96, Theorem 1.4.19] and Tao
[I86, Lecture 1, Lemma 8.5] for a further enhanced version. ]

Using the decay estimate (3.1)) (from stationary phase)
|do ()] S | =D/,

and the Hardy-Littlewood-Sobolev inequality (Lemma with 1/p' +1 = 1/p + 2/p’ and
2/p =(d—1)/(2d), i.e.,p' =4d/(d—1) and p = 4d/(3d + 1), we get

1 #dolly S 1 %1 17992 S 1S

In other words, we just proved the restriction estimate Rg(4d/(3d + 1) — 2). By interpolation
with the trivial estimate Rg(1 — 2), we thus get Rs(p — 2) for any 1 < p < 4d/(3d + 1). This
is a non-trivial statement, however, it is far from the best possible. Recall that the restriction
conjecture says that p can go up to the endpoint 2(d + 1)/(d + 3).

The reason why we did not get a good estimate here is because we only performed pure size
estimates, i.e., we merely exploited the decay of the convolution kernel db(x). However, due to
taking a Fourier transform, dva(x) actually also oscillates, in particular for large x. For instance,
we have

do(x) = const Jg_2)/2(|2])/v/]z]

for the sphere by the Fourier-Bessel transform. (Recall that |.J, (z)| < |z|~/2 for |z| — oc.) In
d = 3, this reduces to

sin(|z)

||

Crudely estimating these formulae by |z|~! is very inefficient.
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4.2.2. Second attempt: real interpolation. In [I89] Tomas introduced a very simple argument
that made use both of the decay and the oscillations of the kernel do. This allowed him to get
within an € of the sharp result. The idea was to decompose do dyadically. This idea is a very
effective technique in harmonic analysis — break up your functions or kernels into many pieces in
such a way that the behavior close to the singularity or at infinity can be treated very precisely,
i.e., choose very small dyadic pieces where you need to obtain precise estimates. This approach
works quite well, except when one has to recombine, i.e., to glue, all the pieces back together.
In this way one often loses an e, but rarely does one lose more than this.

Let us start with the main idea, i.e., the dyadic decomposition of do. For this, let © be a
radial bump function which equals 1 near 0 and is compactly supported. Then, define

Yi(@) = (27 ) — (27 a).

Thus, ), has size roughly 1 and is supported on the annulus |x| ~ 2¥. Moreover, the 1, are all
related to each other by

Ui(x) = o (27 )
and we have the telescopic identity

1= @)+ Y wl@).

k>0

Thus, one can break up f * do as

f*db:f*(@db)—i—Zf*(T/)kd;T).

k>0

Now, we may just use the triangle inequality, obtain

1f % dolly < (1f * (do)lp + D I1f * (ndor)lly
k>0
and estimate each term separately. Note that one can (and should usually) be more sophisticated
than the triangle inequality and use almost orthogonality results such as the Cotlar—Stein lemma
(for operator norm bounds) or Carbery’s lemma [37] (for Schatten norm bounds).

Since do is a compactly supported measure, do is a C function (it’s complex analytic in
fact). Thus, pdo € C°, i.e., the first term can be bounded by a constant times || f||, by Young’s
inequality.

Next, our goal is to estimate

1F * (rdo)llr < 27 £l (4.13)

since this would sum up nicely. We will prove such an estimate by interpolating between and
L' — L™ and an L? — L? estimate. The latter is just the one that will capture the oscillations
of do!

Obtaining the L' — L estimate is easy because of the decay of the kernel do and the fact
that vy, localizes to the region |z| ~ 2¥. We obtain

1 % (¥rdo)loo S I1fnllrdo]loo S [1f 1127 FE@D/2. (4.14)

For the L? — L? estimate, we use Plancherel and obtain

1F  (Yrdo) |2 = |1f - (koo S 1f l2lln * doloo -

Since vy, is smooth and compactly supported and acts as a mollifier, we have the standard
estimate
2dk

< —0
~ < 2kE SN

|1 (€)
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for any N € N. Thus, we obtain by scaling

[  do(€)] =

<2k

/ (€ - m)do(n)
S

since we are integrating over S, i.e., an d — 1-dimensional subset of R? and therefore

1f * (rdo)ll2 S 25| fll2- (4.15)
Interpolating (using Riesz—Thorin) between (4.14) and (4.15)) thus yields

1f * (Wrdo)lpr S 2751 f 1l

for some ¢, provided p < 2(d +1)/(d + 3).

Thus, by exploiting oscillation (via the Fourier transform-based L? — L? estimate) and decay,
we get Rg(p — 2) for all 1 < p < 2(d+1)/(d+3). This is almost, but not quite, the sharp result
as we are still missing the endpoint.

4.2.3. Last attempt: complex interpolation. In 1975 Stein (unpublished) obtained the endpoint
estimate Rg(2(d + 1)/(d + 3) — 2) by extending the classic Riesz—Thorin interpolation “by
adding a single letter to the alphabet” [75], p. 3]. Besides that, we will refuse to give in to the
triangle inequality as we did in the last section and we will also make a special assumption on
the localizing function .

Theorem 4.11 (Stein’s interpolation theorem). Assume T, is an operator depending analytically
on z in the strip 0 < Re z < 1. Suppose T, is LP° — L9 -bounded for Re z =0 and LP* — L' -
bounded for Re z = 1. Then Ty is LP* — L9 -bounded for 1/pg = (1 — 0)/po + 0/p1, 1/q9 =
(1—-6)/q90+60/q1, and 0 € [0, 1].

Let p = 2(d + 1)/(d + 3) and recall that we want to prove
1D f* @ndo)llyr SISl -

k>0
At this endpoint, (4.13)), i.e.,
7 —ck
1S * (rdo)llpr S 275l
only holds when ¢ = 0. In other words, to get the endpoint, we must not use the triangle
inequality at this stage. We will therefore show the following two enhanced versions of the
previous L' — L>™ and L? — L? bounds, namely

1" 25580 f o (rdo) oo S NI (4.162)
k>0

1Y 2R £ (hrdo) |2 S N1 £l (4.16b)
k>0

for all + € R. These two estimates, together with Theorem then yield the desired estimate.
(Note that, if we were only dealing with a fixed k, the above two estimates just correspond to

(4.14]) and (4.15)!) Let us now prove (4.16a)) and (4.16b)) and begin with the former. Rewriting

it as
d—1 . ~
1+ 32285 (o) o S I
k>0
we see that it suffices (by Young’s inequality) to prove

1S 25+ (gdio) oo S 1.

k>0
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But this just follows from the decay estimate |do(x)| < |o|~(?=1)/2 since vy localizes onto the
dyadic region |z| € [2¥, 2K, i.e.,

Z 2[%+it]k1/}k(l‘) _ O(|x‘(d71)/2) )
k>0

Note how we are being more efficient here than in the proof of (4.14).
Now let us turn to (4.16b)). By the same arguments as in the previous section (i.e., Plancherel
and Holder), it suffices to prove

1D 20 (4w do) e S 1.

k>0

Ignoring the cancellation coming from the 2% factor (which would be helpful however for k > 1),
we will obtain this from

S 27K (W dor) ()| S 1. (417)

k>0

In the previous section we already estimated | (¢ * do)(z)| < 2%, which is however just not good
enough for our purpose. Instead, we shall establish the more sophisticated estimate

2k (2kd(x, S))~N for d(z,8) > 27F

|(Yr x do)(z)| < {2k + 2k (2kd(z, S)) for d(x,S) <27k

where d(z,S) = |1 — |z|| is the distance of = to the unit sphere. Once we have this estimate,
(4.17)) follows from a routine calculation. Our task is thus to estimate

Up(x — w)do(w)] .

Sd—1

For d(z,S) > 2% the claimed estimate follows, e.g., from the rapid decay |y (x)| < 2¥F4(1 +
2%|z[)=N (possibly with N > N + d), decomposing S~! into regions where d(z,w) ~ 257 for
some j > 0, and then summing in j.

Now, let us look at the region d(z,S) < 27%. If we just use the size estimate |y (z)] <

~

2k (1 + 2%|2|)~N, we will end up with a bound of order O(2*) which is just not good enough.
Instead, we shall impose and exploit some moment conditions on .
We first observe the Lipschitz bound

IV (@, * do) ()] = 2*|((27F Vi) * do) (z)| < 22

where we used that also 2"“V@ satisfies the above size estimate (by scaling) and that do is
supported on a d — 1-dimensional manifold. Thus, for y € S~ 1,

(O #do)(@) = (dr #do) (y) + (P xdo)(y) < (e xdo)(y) +d(w,y) (Vi xdo)(z) S 2 +2%d(a,y).
Thus, it suffices to consider points x on the unit sphere. By rotational symmetry, we may assume

T = ey, i.e., we need to show

[ di(en — w)do(w)| = O1).

Sd—l

Because of the rapid decay of 17); we may as well restrict ourselves to the region, say, |e, —w| <
1/10. In this case, we parameterize w € S41 as

w=(w,V1-|w]?), we R,



SOME NOTES ON RESTRICTION THEORY 21

Since we restricted our attention to |e, — w| < 1/10, this means, it suffices to consider |w| <
/1 —1(9/10)%? <« 1. Thus, we will estimate in the following

/ (w1 — /1 —w?)J(w) dw

lw|<1

where J(w) is the Jacobian appearing from our parameterization of w. We may now rewrite this
as a constant times

" Yi(w, OW?) (1 + O(w?)) dw (4.18)

modulo extremely tiny errors. We claim that this is quantity is

Ui (w,0) dw + O(1). (4.19)
Rd*l

If this were the case, then we can simply choose @, and thus g, so that

o(w,0) dw = 0
]Rd—l

and this will achieve the desired estimate.
To prove the claimed approximation, we first observe that

9(d+1)k 2 )

br(w, O(W?) = Yr(w,0) + O (MWV

for all N > 0 by the rapid decay of 17); and the mean value theorem. Thus, the error between

(4.18) and (4.19) is at most
2(d+1)kw2
O| ———— | dw=0(1
Lo (emme) w=o0

4.3. Complex interpolation once more. We shall give one further proof of the Tomas—
Stein theorem which, however, does not use the dyadic decomposition of the kernel (do)V.
The technique that we will outline here, is in particular useful to obtain “uniform” resolvent
estimates such as [[(Q(D) — 2) 7',y < 1 uniformly in 2 € C for [z] > 1, Im(z) # 0,
Q) = - -G — .-+, +...+& and p such that 2/(d+1) < 1/p—1/p < 2/d,
see, e.g., Kenig-Ruiz—Sogge [120, Theorem 2.3] where one interpolates between the L? —
L? bounds of eC2(1"(d/2 + 0))"HQ(D) — 2)¢ for Re(¢) = 0 and the L' — L° bounds of
e (D(d/2 + ) HQ(D) — 2)¢ for Re(¢) € [~(d + 1)/2, —d/2].

which follows by scaling.

Theorem 4.12. Suppose S is a smooth hypersurface in R with non-zero Gaussian curvature.
Then

X 1/2
(Suwﬁw@) <ot Il

holds for each f € S(RY), 1 < p < 2(d+ 1)/(d + 3), whenever Sy is an open subset of S with
compact closure in S.

The proof can be found in Stein [164, Theorem 3]. A more detailed exposition can be found
in Stein—Shakarchi [168, Chapter 8, Theorem 5.2].
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Proof. Suppose 0 < ¢ € C(R%). It will then suffice to prove

R 1/2
( JICRE da(é)) <o [ llovce (4.20)

for po = 2(d + 1)/(d + 3), the other cases follow from interpolation El By covering the support
of 1 by sufficiently many small open sets, it will be enough to prove the restriction estimate
when (after a suitable rotation and translation of coordinates) the surface S is represented (in
the support of 1) as the graph £; = ¢(¢’). Now, with du = 1do, the usual Plancherel argument
implies

[1f©rdue = [ TN@ ) do
S R4
where (T'f)(z) = (K * f)(z) with

Ko = [ ¢ du(e).

Thus, we are left to show the LP0 — LPo boundedness of the convolution kernel K. To do S0, we
consider the family of kernels
s

Ko(w) 1= s [ eS8 — ol€)] (e — o(€))i(E) de (421)

where 17 € C2°(R%) is a bump function sitting at the origin and we set (") = (€', p(&))(1 +
V(€))% so that

du(€) = ¥()do(§) = (1+ V(€ )*) 2 (€, o(€))de"
Now, the change of variables &5 — &4 + ¢(&’) in the above integrals shows that it equals

Gloa) [ O dE = ) K )

with
2

eS

2mixg€a —1+s
F(S/Q)‘/]Re |§d| * n(fd)dfd

(Note that we now only need to study a “classical” function (s(z4) and the “regularized” kernels
K, since Ko(z) = K () and we shall interpolate between K1 and K_g/51 4 for t € R.) So, first
it is well known that (s has an analytic continuation in s which is an entire function. Moreover,
¢o = 1 (by an integration by parts, setting s = 0, and applying the fundamental theorem of
calculus using 7(0) = 1) and [((z4)| S< za >"7) | where the real part of s remains bounded
from below (see also Stein—Shakarchi [I68, Chapter 8, Lemma 4.6]). From these facts it follows
that K has an analytic continuation to an entire function of s (whose values are smooth functions
of x1, ..., x4 of at most polynomial growth). Moreover, one concludes

(1) Ko(z) = K(x),

(2) K(i—ayjo4it is L' — L bounded with |K_g)/244(x)] < [Ca—ay/24it(®a)||[Ko(z)] S 1

for all z € R% and ¢t € R, and
(3) Kiyq is L? bounded with |K;,;(€)] <1 for all € € R? and ¢ € R.

Cs(‘rd) =

n fact, the interpolation argument shows that we can take g so that the restriction estimate holds where
the L2(S,do) norm is replaced by the L(S,do) norm with ¢ = (d — 1)p’/(d + 1) which is the optimal relation
between p and gq.
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In fact, (2) follows from the estimates [Ko(z)| = |(dp)¥ ()| < |z|~@=V/2 and |(1—a) 2+t (za)| S
|24|(?=1)/2 whereas (3) follows from the definition (#.21)) of K,. (The integrand in (#.21)) is just

K, which is clearly bounded for s = 1.) Thus, we have shown that the analytic family Ty of
operators, defined by T, f = K * f satisfies

1Ta-ay/2vitfllc SNfIL, tER
because of (2) and also
[Tivifl2 S I fllz, teR

because of (3) and Plancherel. Thus, by complex interpolation (0 = (1 —0) + 6 - (—=d/2), i.e.,
0 =2/(d+1),1-60=(d—-1)/(d+ 1), and 1/p = (1 —0)/2+60/1 = (d+ 3)/(2d + 2), i.e.,
p=2(d+1)/(d+3) = po), we obtain the asserted LP> — LP> boundedness. O

44. A final word on complex interpolation. Frank and Sabin [87, Proposition 1] no-
ticed that once one proves the LP(RY) — L (RY) boundedness of some operator 7" on RY
via complex interpolation, one not only obtains that W, TW is L?(R?) bounded for arbitrary
Wi, Wy € L2/C=P)(RY) (by Hélder’s inequality). In fact, W, TWs also belongs to some trace
ideal SP(L?(R%)). We quote

Proposition 4.13 (Frank—Sabin [87, Proposition 1]). Let T, be an analytic family of operators
in R in the sense of Stein defined on the strip —\g < Rez < 0 for some \g > 1. Assume that
the bounds

[ Tiyll22 < Mo, T x,siyllo0 < MiePWl | vy e R (4.22)

hold for some a,b > 0 and for some My, My > 0. Then, for all W1, W5 € L2>o (]Rd : C), it holds
that WiT_1Ws € §2* (L*(R?)) with

WA T2 Wallsono ey < Mo~ My [ W oro gy | Wl 330 ey - (4.23)

The basic idea is to use complex interpolation between Schatten spaces (cf. Simon [156]
Theorem 2.9]) applied to the holomorphic family W, *T, W5 * for Re(z) € [—Xo,0]. One then
interpolates between the L? — L? bound and the Hilbert-Schmidt estimate

W T W3 = [ e [ g W@ PP T )P

Sometimes, there are better estimates for |7y iy (2, y)| available than a simple uniform bound.
This may, e.g., be the case when T is a differential operator such as (—A — ¢)*. Then one may
use tools like the Hardy—Littlewood—Sobolev inequality and so on.

Proof. For W; = |W;|e"¥i we have
[WAT_1Wa|ls2re < [[€°9 ]| 2y p2 | W] Ty [Walls2no €92 ([ 2o 2 < [|[Wa| T—y [Walls2r0 -

Thus, we can reduce to the case where W7, W5 are non-negative. Moreover, by a density argu-
ment, we may suppose W1, Ws to be simple functions. For simple W7, W5 > 0 we now define the
family of operators

S, =W, T.W;

which is still analytic in the sense of Stein in the strip —Ao < Re(z) < 0 and satisfies S_; =
W1T_1Ws5. On the right border of the strip, i.e., Re(z) = 0, we have

1Sisllz2mre < NIWT P lloo W5 *lloc| Tisll 222 < Moe®™™!, s € R.
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On the left border, we prove that S_j,1;s is Hilbert—Schmidt. Indeed, we obtain
HSf/\DJrisH?y = /Rd dz dy W1($)2A°W2(y)2/\°|T—Ao+is($7y)|2 < Mlzezb‘sl||W1||§§2||W2H§§g :

Thus, by complex interpolation for Schatten ideals (cf. Simon [I56, Theorem 2.9]), it follows
that S_; € S?o(L%(R%)) with

1—1/X\ 1/X
I1S-1lls230 (22 (ray) < Mo~ /2 M2 [Wi|an, [Wall2a, -

This concludes the proof. O

If, in addition, the operator T_; can be factorized in A*A, we have the following duality
principle which is interesting in the context of many-fermion systems, where a one-particle density
matrix of orthonormal wave functions has the form

v = ZVj|fj><fj|

for some v; > 0 satisfying >, v; = 1 and orthonormal f; € L3(RY).

Lemma 4.14 (Frank-Sabin [87, Lemma 3]). Let H be a separable Hilbert space. Assume that
AisaH — LV (RY) bounded operator for some 1 < p <2 and let « > 1. Then the following are
equivalent.

(i) There is a constant C > 0 such that
IWAA W se(z2@ay) < CIWIBapamn gy, YW € LP/EPR:C).  (4.24)

(it) There is a constant C' > 0 such that for any orthonormal system (f;)jc; € H and any
sequence (vj)jes € C,

1/a’

> vilAf? <[> Iyl . (4.25)

jeJ Lo’ /2 () jeJ
Moreover, the values of the optimal constants C' and C' coincide.

Applications of these principles include

e Tomas—Stein restriction estimates in Schatten spaces [87, Theorems 2 (and 4) and 3 (and
5)] (the optimality of these results is shown in [87, Theorem 6]),

e Strichartz estimates for the paraboloid S = {(w,¢) € R x R? w = —[¢|?} (Schrédinger
with —A) [87, Theorems 7,8, and 9] , the cone S = {(w, &) € R x R?,w? = [£]2} (wave,
respectively Schrodinger with v/—A) [87, Theorem 10], and the two-sheeted hyperboloid
S = {(w,&) € Rx R w? =1+ ¢?} (Klein-Gordon, respectively Schrodinger with
v/1—A) [87, Theorem 11}, and

¢ uniform Sobolev inequalities & la Kenig-Ruiz—Sogge [120] for —A (see [87, Theorems 12
and 13] and Subsection later) and Cuenin [53] for (m? — A)*/2 —m with 0 < s < d
and Z?:1 a;(—iV;) + fm with m > 0.

e Eigenvalue estimates for Schrodinger operators with complex potentials [87, Theorem 16).
See also Frank-Laptev—Lieb—Seiringer [85], Frank [83] B4], Frank—Simon [88], Laptev—
Safronov [127], Safronov [I50].

For the sake of completeness we state the Tomas—Stein estimate for trace ideals here.
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Theorem 4.15. Let d > 2, S C R? pe a smooth, compact surface with non-zero Gaussian
curvature. Then

d+1
(L2(R9)) S IWal| p2away [ Wall p2awey s q € [1, T] ) (4.26)

IW1FsFsWal| -1
S d—a

See also Theorem for an alternative proof not relying on complex interpolation.
Sketch of the proof. By Proposition and the proof of Theorem |4.12] one obtains the bound
2(d+1)
P , el, ———].
%(Rd) pel d+3 ]

The assertion in the theorem follows by interpolating this (with p = 2(d 4+ 1)/(d + 3)) with the
trace bound

S W

2p
2

WL FEFgW-
W1 FsFs 2”5 22, R

IWall,

2p |
5 (L2(RY)) L

W1 F5FsWallsrr2mey) < [WiFslls2(z2(s), 2@ [[WaFslls2(2(s),02 (ra))

where

”W‘F;'HgQ(Lz(S,dJ),LQ(Rd)) = |W($)\2 do(§) = U(S)”WH%Z(R‘Z) :
Rd s
Here we used that the integral kernel of WF is given by W (z)e?™. O

The “trace class restriction theorem” [4.15]is predated by an observation of Birman, Koplienko,
Krein, Kurda, and Yafaev (see also [I1l [12] for asymptotic results on the eigenvalues of the
scattering matrix, in particular of FsV F}% in L?(S) and [202, Proposition 8.1.3] for a textbook
reference) in the context of scattering amplitudes. The proof uses the same strategy above by
interpolating in Schatten ideals between a bounded operator (when the potential decays like
|z|=17¢) and a trace class operator (when the potential decays like |x|~4~¢).

Theorem 4.16 (Yafaev [202] Proposition 8.1.3]). Suppose |V (x)| < (1 + |z])~? for some p > 1
and let

Lo(N) : S(RY) — S'(s771)
Frs 27120/ f(\1/2,)
be the rescaled restriction operator on VS (see [202, Formula (1.2.5)]) with adjoint T (ex-
tension operator) given by
(Tig)(w) = 2720204 [ miviecye) ae)

where dY. is the Lebesgue measure on ST~ (see [202, Formula (1.2.7) or Proposition 8.1.3]). Then
forallA>0andp > (d—1)/(p—1) and p > 1, one has

IToVTG |l sr(z2gary) S AH/2HED/C),
4.5. A simpler L%-based restriction theorem. Notice that the L? estimate in Tomas’ argu-
ments was based only on dimensionality considerations. This suggests that there should be an

L? bound for f(—i; (similar to the classical trace lemma ||gl[12(s) < |92 ®e) for all o > 1/2)
valid under very general conditions.

Theorem 4.17. Let v be a positive finite measure satisfying the dimensional conditz’mﬂ

v(B,(r)) < Cr*. (4.27)

2We only require one half of the Ahlfors—David regularity condition which would involve also a matching lower
bound.



26 K. MERZ

Then there is a bound
—_ d—a
IfdvlizeBory) < CR = fllL2(av) - (4.28)
The proof relies on the following well known

Lemma 4.18 (Schur’s test). Let (X, p) and (Y,v) be measure spaces and K(x,y) a measurable
function on X XY satisfying

[ K@ yldu@) <4 poraityey.
X
/|K(x,y)|du(y)§B forallz e X.

Let Tx : S(X) — S'(Y) defined by Tx f(x) = [, K f(y)dv(y). Then, for f € L?(dv), the
integral defining Tx f converges dyu-a.e. and we hcwe

1Tk fllL2(dn) < VABI|fllL2(av) -
Proof of Theorem[[.17 Let ¢ € S(RY) such that ¢(z) > 1 on By(1) and that ¢ € C(RY).
Denote the scaled version by ¢r(z) = ¢(z/R). Then,
IfdvliL2(Bo(ry) < llor(@)fdv(=2)l L240) = @R * (fdV)||L2(ra) -

We will now use Schur’s test to estimate the operator norm of the convolution operator gr * (-).
On the one hand, we have

[ R =) dg = 1610y < o0
and on the other hand,

/ [RUG(R(E — )| dw(n) < R

since ¢ was assumed to be compactly supported and the dimensional condition on dv. Thus, by
Schur’s test,

1Fdv| 2 (Bocry) S BA=2(| 1l 12
thereby establishing the claim. O

4.6. Trace theorems. We recall some classical trace theorems—originally due to Gagliardo [90]—
from PDE or scattering theory and follow Yafaev [202] Section 1.1]. Throughout, we assume that
S C R? is a hypersurface, i.e., a codimension one manifold. We start with the case where S can
be parameterized by, say, a continuous function F : @ — R where Q@ C R4~ is an open set, i.e.,

La=F(&).
Proposition 4.19. Let o > 1/2 then

Ll PP < 5o [ e @R de < 5ol . (4.29)
where ”uHLg(Rd) = ||U|\L2(Rd,<z>2a da)-
Proof. Let

ﬂ(fl,xd) = / e_QTrixl'f/u(xlﬂL'd) dﬂj/
Rd—1
and

ﬂ(ﬁ/,F(fl)) _ Ad e—27ri(w/»§/+wdF(£/))u(x/’xd) dr — / —2mixg F (&) ~ (5 xd) dzg .

R
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Then, by Schwarz

e PO S g [ < 0> [a(€' ) do

and therefore

[ ae i€ PP £ 5y [ [ dna <au >t

1

2c 2
= d
20[_]./Rd<xd> |u(x)|” dz

where we used Plancherel in the prime variables in the final step. This concludes the proof. [

Remark 4.20. The proof also goes through when R? in position space is replaced by Z¢ and
correspondingly R¢ by T¢ = [~1/2,1/2]¢ the d-dimensional torus in Fourier space. Of course
one needs that S is actually contained in T¢.

Next we recall that the left side of (4.29) is actually Holder continuous with respect to a
variation of the function F, i.e., with respect to perturbation of the surface in question.

Proposition 4.21. Let o > 1/2 and

a—1/2 for ae < 3/2
f=<1—¢ for any e € (0,1) fora=3/2 .
1 for a>3/2

Then
1€ P — (e D A S sup F(E) - FEOP [ (4 ad o) de. (430)
Proof. We use the same representation as before, i.e.,
a(l' xzq) == / e~ 2y (2! 1 g) da’
Rd—1
which allows us to write for £4,&; € R,

(e Ea) — (€' Eg) = /

(e—Zﬂ'ixdgd _ e—2ﬂizdéd) a(é-/’xd) dﬂ?d
R

and estimate

(¢, &) — (€, €a)]* < (/R sin? (7(q — €a)24) < xg >3 da?d)

X (/R < ZTq >2a |ﬂ(€l,l‘d)|2 dxd) .

using Schwarz. The first integNIal on the right side is bounded by a constant times |4 — §~d
Thus, setting &5 = F(¢') and &; = F(¢') yields

|29_

(¢, &) — (€, €)> SIF(E) — F(E)* /R < aq > |u(€,za)|? dag .

Integrating this over £ and using Plancherel as in the proof of Proposition [4.19| concludes the
proof. ]
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The integral in (4.29)) is actually taken over the hypersurface S given by the equation &g =
F(¢'). Clearly, the Lebesgue measure d¢’ can be replaced by any scaled version C(£')d¢’ for any
C(¢) > 0. If, eg., F € CL(Q) (i.e., F is continuously differentiable with bounded derivative),
then one can integrate over the Euclidean measure

d¥s(€) = (1+[VF(E)
on S. Thus, Proposition implies that

”'&HzL?(S) ,Soc ||UH%3(Rd), o > 1/2.

Y2 e (4.31)

This inequality shows that sufficiently fast decaying functions have Fourier transforms that can
be meaningfully restricted to hypersurfaces; more precisely, this shows
2 d 2
L3 )24 R?) = L*(S).
Moreover, for the existence of a trace of a function, it suffices to have decay only in some directions
transversal to S. Moreover, the relation L? J2te (R%) < L?(S) can be generalized as follows.

Proposition 4.22. Suppose a hypersurface can be covered by a finite number of hypersurfaces
S; given in their own coordinate systems by functions &g = F;(§') where £ belong to open sets
Q; CRIL Assume further that F; € C}(Q;) for all j. Then, one has

. 1
||UH2L2(S) < m”u”%i(Rd)7 a>1/2

and hence L?

1/2+¢ (R?) < L*(S).

5. RANDOMIZED RESTRICTION IN Z2

We follow Bourgain [20]. Let I' C II? be a smooth, compact hypersurface with nowhere
vanishing Gaussian curvature. We could in principle work in any dimension if " satisfied these
assumptions, however in the model case where I' is the level set

Iy = {m(§) :=2(cos(2m&1) + cos(2n&2)) = A}, |[Ne(nd—7), 0<7<K1,

this is only satisfied in d = 2. We denote by X the arclength-measure of I'y. Thus, by stationary
phase,

)| S A+ a7, nez?
and so by Stein’s proof (using complex interpolation), we have

Lemma 5.1. Let i be a measure supported on T'x such that u < Xy and dp/d%y € L*(T,dY).
Then

. dp
HMHZG(ZQ) S HidE,\ ||L2(F,d2,\)-
Now suppose
Vio(n) := wuln|"“v(n)
where {w, : n € Z?} are independent Bernoulli or normalized Gaussian random variables, and
v € (P(Z*) and some p > 1. By Holder and the above Tomas—Stein estimate, we obtain the
deterministic estimate
1Fs,, vFS, Ilr2r,, d.,), 02 .d5.,) S 1022 -

s usual Fg, an enote the Fourier restriction and extension operators with respect to
A 1 Fg, and Fg, denote the Fouri tricti d extensi t ith t ot

t, d2y). owever, the randomness of V,, allows us to relax the decay condition on v(n
Iy, d¥ H th d fV, all t lax the d diti
substantially.
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Theorem 5.2. Let V,(n) := waln| v(n) = 3,5, Ve with v € (3(Z?), Vo(n) = V1g(n) and
Vi(n) = V1geoigpn<oe(n). Then

E. [|FsVeF§ 2 (ras),12am] S [vllesqe) 27, some 0 <ec<e. (5.1)
If Vi, (n) := wpw(n) with w € £375(Z?), then

E, {||F5t2VgF§tl HLQ(FH,dgtl),m(%d%)] S wllg—czzy - 27, somec=c(e) > 0.  (5.2)

To prepare the proof we collect some classic results in geometry of Banach spaces and prob-
ability theory. The crucial ingredients going into the proof of Theorem are the “dual to
Sudakov bound” (Theorem and “Dudley’s LY estimateﬁ’ (Corollary [5.29)). The proof will
be concluded in Subsection [5.5

The above statement continues to hold for potentials V,, in R.

Theorem 5.3. Let d € N\ {1}, {w, : n € Z¢} be independent Bernoulli or normalized Gaussian
random variables, and
Vo(x) = Z vpw(n)lg, (r), = €R?
nezd

with Q,, = [0,1)¢ +n and n € Z. Suppose that either (v,)neze C €H175(Z9) or v, = |n|fw,
with (wy)ypeze C 01 (ZY). Let Ty € RY be a family of smooth and compact codimension one
manifolds whose Gaussian curvatures never vanish and Fs, and F§, denote the corresponding
Fourier restriction and extension operators. Then we have

BullFs,, Vo Fs, L2, das.), 0200, d5,) S min{l[vllar—c, [[wlla+} -

The proof of this theorem follows the lines of that of Theorem [5.2] and will also be given in
Subsection B.E

Since Tomas—Stein theorems also give rise to resolvent estimates (see, e.g., Cuenin [54]) there
are various applications of this result that are discussed in Subsection |5.6

5.1. Facts in geometry of Banach spaces and entropy bounds. We mainly follow Pajor
and Tomczak—Jaegermann [I144] and Bourgain-Lindenstrauss—Milman [24].

The main question we pursue here is the following: suppose we are given two subsets D and
B of a linear space. What is the minimal number of dilated translates of B needed to cover D?
Le., for given t > 0 we want to find good upper bounds on

E
N(D,B,t) :=min{k € N: 3(z;)f_; s.t. D C | Jai +tB}. (5.3)
i=1
Sometimes we will use a slightly different terminology, e.g., in the following more concrete situ-
ation. Suppose that (T,d) is a compact metric space, then

N(T,d,e) := smallest number of e-balls needed to cover T'. (5.4)

Example 5.4. If T is the unit ball in an n-dimensional Banach space, such as /5 = (R%, || - [|,,),
then

N(T,d,e) < (1+42/e)". (5.5)

See, e.g., Figiel-Lindenstrauss—Milman [{7, Lemma 2.4] or Bourgain-Lindenstrauss—Milman [24]
Lemma 2.4].

ng stands for the Orlicz function e¥” .
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The main estimate we are interested here is the “dual to Sudakov estimate” due to Pajor and
Tomczak—Jaegermann [144]. We will recast their estimate in a different form that will be useful
in our context and follow Bourgain et al [24].

Let |||-]|| := [-,-]/? denote the euclidean norm and scalar product on R™ with B™ its unit ball
and S"7! its boundary, the euclidean sphere. Suppose | - || is another norm on R™ and denote
by X = (R™, || -||) and X* = (R™, ]| - ||+) the corresponding Banach space and its dual. Here,

191« == sup{|[e, ¢l| - € X with [|p]x <1}.

Since all norms on R™ are equivalent to each other there exist a,b > 0 such that

o™ lao[[| < o[l < bilf[]]. (5.6)
If, e.g, ||| - [ = | - |l and || - || = || - |1, then @ = 1 and b = n'/2. By interpolation, we obtain
a=1and b=n"P"Y2if | .|| =], and 1 < p < 2. By duality, we have a = n!/271/? and

b=1for p € [2,x)].
Next, define the median M,. of () := ||z| on S*~! by

p({x e S"t:r(z) > M,}) > % and p({x € S"': r(z) < M,}) > % (5.7)

where p is the associated normalized, rotation invariant Haar measure on S”~!. Moreover, the
average A, of r(x) = ||z|| on S"~! is given by

A= [ laldno). (5:5)
We record the following lemma on the comparability of A, and M,.

Lemma 5.5. If b < \/n in (5.6), then there is C > 0 such that |A, — M,| < C. If additionally
ab < +/n in , then 1/2 < A,./M, < C.
Proof. See Milman—Schechtman [138, Lemma 5.1]. O

Next, we rewrite A, using homogeneity and polar coordinates as
112

Ay x _
A= Gy /R IlmHexp(—“'g Ve, an~n”'2 (5.9)

A probabilistic way to write this is to consider n independent and normalized Gaussian variables
{g;(w)}7—; on some probability space (€2, p). Then [24] (4.4)]

A’":“"/ S gswe|| dp(w),  an ~ 0 (5.10)
Qliz

where {e;}7_, denotes an orthonormal basis in R".

We are now in position to state two answers to the question posed at the beginning of this
section. The first gives an upper bound on the minimal number of euclidean t-balls needed to
cover Bx, the unit ball in X = (R", | - ||)-

Proposition 5.6 (Sudakov [I74]). Let X = (R™, || - ||) and ||| - ||| be the euclidean norm on R™.
Let Bx and B™ denote the unit balls in R™ with respect to the norms || - ||, respectively ||| - |||
Then
A\
log N(Bx, ||| - |ll,t) =log N(Bx,B",t) < C-n- ( tr ) , (5.11)

where Ape := [go_1 [|z]|«dp(z).

The following estimate is dual to that one.
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Theorem 5.7 (Dual to Sudakov [144], 24]). Let X = (R™,||-||) and |||- ||| be the euclidean norm

on R™. Let Bx and B™ denote the unit balls in R™ with respect to the norms || - ||, respectively
[~ [ll. Then

AN 2
log N(B™, || - ||,t) =log N(B",Bx,t) < C-n- (tr) . (5.12)

Remark 5.8. Tt is useful to have another interpretation of N(B™,||-||,¢) in mind. It is precisely
the minimal size of a finite subset £ C B™ that satisfies

max min ||z — 2’| < t.
rzeB™ z’'€E

Proof. We follow [24, Proposition 4.2]. Let o be the gaussian probability measure on R™ defined
by

do(z) =

1 I - 111
(Qﬂ)n/2eXp(_ 5 )dx .

Then by

. 12,
A= gt [ el tg e = [ el

and Chebyshev’s inequality

o({z €R": |f(z)] > a}) <a™? / (@) Pdo(z),

|f(@)|2a
we have, for f(z) = ||z||, p =1, and a = 24, /a,, that
ol €R" ) < gi [ lelldot@) = 5
2A 2
and so
c(fzeR: o) < Py > L (5.13)
ay, 2

Next, suppose {x]}jvzl is a maximal subset of B" relative to the requirement that ||z; — z¢|| >t

for all j # ¢. This ensures that the sets {z; + %Bx}év:l have disjoint interior. Since o is a
probability measure on R"”, this disjointness implies

Z ({y; +

By convexity of e~ for u > 0 and symmetry of Bx with respect to the origin (for the first
estimate in the following formula) and (5.13) (for the second estimate), we have for fixed j =
1 N

44,
), where y; = — % (5.14)

n

) =No({y; +

PREED)

24, 1 lz — y;ll?
o({y; + a Bx}) = (@m)/? /2A’”BX dx exp (— 5
1 — a2 1112
S T N QS SN LA

)

~ (r 4

_ 1 eI+ My 12 y; 11I? 24,

= @n /MTB du exp (‘ )=y ) ol o Bx
1 ;[P o 1 447

> > — .

=3 eXp( 2 )= 2P\ (ta,)?

~—
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Combining this with (5.14)) then finally gives

442 1 (AN
N§2exp(<m )2)¢logN§E' (t) .

This concludes the proof. O

In the following we are interested in finding large euclidean sections in a finite-dimensional
normed space.

Definition 5.9. Let X,Y be two n-dimensional normed spaces. The Banach—Mazur distance
betweeen them is defined as

d(X,Y) :=inf{||T|-|T"Y: T:X — Y isomorphism} . (5.15)
If d(X,Y) < A, we say that X and Y are A-isomorphic.

Obviously, d(X,Y) > 1 and d(X,Y) = 1 if and only if X and Y are isometric. Thus, by the
discussion after (5.6, we see that (cf. [I38] p. 20])

A2,y < plt/2rl 1 <p < 0.

Theorem 5.10 (F. John [I38, Theorem 3.3]). Let X = (R™, || - ||) be an n-dimensional normed
space. Let D be the ellipsoid of mazimal volume inscribed in Bx and |||-||| be the euclidean norm
induced by D, i.e., D ={x € Bx : |||z|| <1}. Then

n 2 el < Yl < |||
and consequently d(¢2, X) < \/n (where (2 is equipped with |||(x1, ..., x)|||* = Z?’Zl |z;]2.)
5.2. Connection between probability theory and geometry of Banach spaces. We fol-
low Milman—Schechtman [I38].

Definition 5.11. Let X be a normed space and {¢; }jen be Rademacher signs. For 1 < p <
g < oo, and n € N we define the type p (resp. cotype q) constants T,(X,n) (resp. Cy(X,n
X as the smallest T' (resp. C) such that

2<
)) of

o\ 1/2 1/p
n n
E|) ejz; <T [ flay
i=1 i=1

resp.
1/q o\ 1/2
dollaslt | <CLE[D eay
j=1 j=1
for all 1,...,z, € X. If T,(X) :=sup,, T,(X,n) < oo (resp. Cy(X) := sup,, Cy(X,n) < c0) we
say that X has type p resp. cotype ¢ with type p constant T,,(X) and cotype constant Cy(X).

Theorem 5.12 (Kahane'’s inequality). Let X be a normed space and p € [1,00). Then there is
a constant K, > 0 such that

B> ejasll < (Y ejaylP)VP < K B[ Y ejayll (5.16)
j=1 j=1 j=1
where x1,...,2, € X and {€;}jen are Rademacher distributed.

Proof. See, e.g., [138, Theorem 9.2]. O
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Example 5.13. L? has type p and cotype 2 for 1 < p < 2. Respectively, L? has type 2 and
cotype ¢ for 2 < ¢ < oo. (See [138, Example 9.3].) This follows from Kahane’s inequality and
Khinchine’s inequality (for 0 < p < 00)

I )2 ~ [ BUS ol do. (517)

Definition 5.14. A L2?-normalized, random Gaussian variable is a random variable g(w) whose
distribution is given by

Plg(w) < t) = (27:)1/2/_ e/ ds.

Let {gj};?';l be a sequence of independent gaussian variables normalized in L?. For a normed
space X, 1 <p <2< gq< oo, and n € N we define the gaussian type p (resp. cotype q) constants
ap(X,n) (resp. B4(X,n)) of X as the smallest T' (resp. C) such that

o\ 1/2 1/p
E(> gi(w)z; <T | Dl
j=1 j=1

resp.

1/q o\ 1/2
pEAK <C|E|D giw)z,
Jj=1 j=1

for all x1,...,z, € X.

The following two statements assert that “Rademacher” (co)type and gaussian (co)type are
somewhat comparable with each other.

Lemma 5.15. If1 <p <2< q< oo, then
Tp(X,n) < \/7/20,(X,n) < \/7/2K,T,(X,n) and
By(X,n) < V/m/2C,(X,n).
Proof. See [138], p. 53-54]. O
The following gives the missing bound for the cotypes when X = L9.

Proposition 5.16. For all C < o0 and q € [2,00) there is a constant K = K(C,q) such that if
B4(X) < C (the gaussian cotype q constant) then for all n and x4, ...,x, € X, one has

| Zgjxj”LQ(X) < K| Zf‘?jxjHLq(X)
j=1 j=1

where g; are independent, symmetric, L?-normalized, random Gaussians, and €; Rademacher
signs. In particular, Cy(X) < KB4(X).

Proof. See [138, Appendix II, Theorem 1]. O
Definition 5.17. Let 1 < n <m, X be a normed space, and

Rad, X := {er(t)xj rx;eX,j=1,..,n}
j=1
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denote the subspace of L?(X,{—1,1}™) that is spanned by the first n Rademacher functions.
Iff=23acq, mwa za € L?(X,{—1,1}™) (where {wq}aeca is any orthonormal basis in
L?({—1,1}™) equipped with counting measure and {x,}oca € X are coefficients), then

Rad, f := er “Tgjy -
j=1

Lemma 5.18. Let X be a normed space, n € N, and 1 < p < 2. Then
Cp (X, n) STH(X",n) < [[Radn[|Cp (X, n).

In particular, if X* has type p then X has cotype p’. Conversely, if |Rady,| < oo and X has
cotype p’, then X* has type p.

Proof. See [138 Lemma 9.10 and Corollary 9.11]. O
We now state a theorem estimating ||[Rad,|| for a general finite-dimensional space.

Theorem 5.19. Let X be a finite-dimensional normed space of dimension k. Then, for all n,m,
one has

[Rad 21,0y, < (e + 1) log(1 +d(X, £2)). (5.18)
In particular, there exists a universal constant K > 0 such that
IRadyp L2 ({~1,13m x) < K -logk. (5.19)
Moreover, if X C L'(0,1), then
IRad]|r2({—1.13m,x) < K - (logk)/2. (5.20)
Proof. See [138 Theorem 14.5] and [24], p. 94]. O

5.3. Tails of sub-gaussian distributed random variables.

Definition 5.20 (Orlicz functionﬁ). An Orlicz function is a convex increasing function ¢ : Ry —
R4 with ¢(0) € [0,1). For a random variable X we define its Orlicz norm by

[ X[y :=inf{c > 0: Pp(|X][/c)] <1}

with the understanding that || X ||, = oo if the infimum runs over an empty set. The Orlicz space
LY = L¥(Q, %, P) consists of all random variables X on the probability space (2, ¥, P) with finite
Orlicz norm, i.e., LY = {X : || X||y < o0}.

Example 5.21.

e For ¢ > 1, the function 9, (x) = exp(z?) — 1 is an Orlicz function with || X |4 < oo if and
only if there is K; > 0 such that X — PX satisfies P{|X| > t} < 2exp(—t?/KY) for all
t > 0. (If g =2, we will say that X is sub-gaussian.)

e For p € [1,00]) the function 1 (x) = 2P is Orlicz.

e We have the hierarchy L> C L¥2 C LP for all p € [1,00). (The first inclusion is a
consequence of (2) in Proposition and the second inclusion follows from the obvious
bound | X[ly, S X /loc:)

Remark 5.22. The bound || X||, < ¢ immediately gives the tail bound

Po(X|/0) _ 1

FIXI>0 < =560y = 9t/

t>0.

4See [194] Section 2.7].
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Proposition 5.23 (Sub-gaussian properties). Let X be a random variable. Then the following
are equivalent.

(1) The tails of X satisfy P{|X| >t} < 2exp(—t?/K%) for all t > 0.

(2) | X||z» := (BIX[P)/? < Ky\/p for allp > 1.

(3) Eexp(A\2X?) < exp(K2)\?) for all X\ € R such that |\ < 1/K3.

(4) There is K4 > 0 such that E(exp(X?/K3)) < 2. (This is called the 1y condition.)
Moreover, if EX = 0 then (1)-(4) are also equivalent to

(5) Eexp(AX) < exp(K2)\?) for all X € R.
The parameters K; appearing in the statements differ from each other by at most an absolute
factor.

Proof. See Vershynin [194, Proposition 2.5.2]. O

Definition 5.24. A random variable X that satisfies one of the equivalent properties in Propo-
sition [5.23| is called a sub-gaussian random variable. The sub-gaussian norm of X, denoted by
| X ||, is defined to be the smallest K4 in the fourth property in Proposition ie.,

[ X ||, = inf{t >0: E(exp(X?/t?)) < 2}. (5.21)
Thus, if X is sub-gaussian, then, e.g.,
P{|X| >t} < 2exp(—ct?/|| X][7,) -

Moreover it is clear that when X is sub-gaussian, then so is X —EX with [|X —EX ||y, < [ X ||,
(by Jensen, but see also [I94, Lemma 2.6.8]).

Example 5.25.

e Random gaussians X ~ N(0,0?) with variance o
e Rademacher signs are sub-gaussian with || Xy, = 1/v/1log2 since | X| = 1.
See also Vershynin [194] Example 2.5.8].

2 are sub-gaussian with || X ||y, < o.

~

The following lemma is crucial for the proof of Theorem

Lemma 5.26 (Maximum of sub-gaussians). Let (X;);jen be a sequence of sub-gaussian random
variables which are not necessarily independent. Then we have for any N > 2 that

E X5 < X;ll g v/1og N .
wax X5 S max [1X; ]y, viog

Remarks 5.27. (1) In some sense this lemma can be seen as a substitute for the dual of the
missing p = co-Kintchine inequality

AdE|26jfj($)lpdx ~ II(ZIijQ)l/QH’L’p- (5.22)

(2) This estimate is sharp as can be seen by taking Xi,..., X to be N independent N(0,1)
normal distributed variables. Then Emaxi<j<y X; 2 vIog N (cf. [194, Exercise 2.5.11]). A
complete proof can be found in [I43, Theorem 3].

Proof. See Vershynin [194, Exercise 2.5.10] or Theorem 1.14 in MIT notes https://ocw.mit.
edu/courses/mathematics/18-s997-high-dimensional-statistics-spring-2015/lecture-notes/
MIT18_S997S15_Chapterl.pdf. For a complete proof, see Artstein-Giannopoulos—Milman [2]
Proposition 3.5.8].

We give the proof under the additional assumption EX; = 0. First note that

max |X;|= max X,;, Xyipe:=-X,forl=1,..,N,
1<G<N 1<j<2N


https://ocw.mit.edu/courses/mathematics/18-s997-high-dimensional-statistics-spring-2015/lecture-notes/MIT18_S997S15_Chapter1.pdf
https://ocw.mit.edu/courses/mathematics/18-s997-high-dimensional-statistics-spring-2015/lecture-notes/MIT18_S997S15_Chapter1.pdf
https://ocw.mit.edu/courses/mathematics/18-s997-high-dimensional-statistics-spring-2015/lecture-notes/MIT18_S997S15_Chapter1.pdf
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so it suffices to prove an estimate for Emaxi<;j<ny X;. Abbreviate K := maxi<j<n || X;|y,-
Then, we have by Jensen for any s > 0,

. - smax X;] « smax X ; - sX
Elrgr}zg(NX] = SE[loge | < S log (Efe ) = . log <E[1rgr}zlg><Ne ])

N N
1 ) 1 2.2 IOg(N)
< 71 SXJ < - K*s — 2 .
< S log E E[e**] | < . log g e — +sK
Jj=1 Jj=1
Optimizing the right side over s > 0 gives s = /2log(N)/K?, i.e., the desired estimate. O

We will now state some tail bounds.

Lemma 5.28 (Sums of independent sub-gaussians). Let X, ..., Xy be independent, mean-zero,
sub-gaussian random variables. Then 25:1 X, is sub-gaussian as well with

N N
I XnllZ, £ I1XnllZ, -
n=1 n=1

Proof. See [194] Proposition 2.6.1]. O

This and Lemma [5.26] allow us to obtain the following corollary that will be crucial for the
proof of Theorem Compare also with [28] (4.1), (4.14)] and [20] (3.12)] where it is referred
to as “Dudley’s L¥2-estimate”.

Corollary 5.29. Let {wy,}nen be independent sub-gaussian random variables and £ be a sepa-
rable, (possibly infinite-dimensional) vector space over C with cardinality |E|. Then

E sup |an£n‘ S Vgl - sup (Z ‘§n|2)1/2'
£:(£7L)n€N€£ n £:(§n)nENeg n

Proof. Identify X; with > wné}(bj) where ( %j))neN denote the elements of the vector £¢U) e &
that we use to identify X;. By Lemmas and one has

E <§gg|zwn§nl> < vloglgl?ellgll Y wnbally, < \/loglgl?elg[z [€nl?llenll3,12 -

This concludes the proof. O
The following is a simple tail bound that is useful for measuring exceptional sets.

Proposition 5.30 (Hoeffding inequality). Let X1, ..., Xy be independent, mean-zero, sub-gaussian
random variables and a = (ay, ...,ay) € RN. Then for every t > 0 we have

ct?

sup; [| X513, llal3

N
P( > a;X;| > 1) < 2exp(—
j=1

Proof. See [194], Theorem 2.6.3]. O

Definition 5.31. A random variable X that satisfies || X ||, where t1(x) = e* — 1 is called a
sub-exponential random variable.

)

Proposition 5.32. Let X be a random variable. Then the following are equivalent.
(1) The tails of X satisfy P{|X| >t} < 2exp(—t/K7) for all t > 0.
(2) | X||ze := (B|X[P)/? < Kyop for allp > 1.
(3) Eexp(A|X|) < exp(K3A) for all X € R such that |\ < 1/Ks3.
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(4) There is K4 > 0 such that E(exp(|X|/K4)) < 2. (This is called the vy condition.)
Moreover, if EX = 0 then (1)-(4) are also equivalent to

(5) Eexp(AX) < exp(K2\2) for all A\ € R such that |\ < 1/K5.
The parameters K; appearing in the statements differ from each other by at most an absolute

factor.

Proof. See [194, Proposition 2.7.1]. O

Lemma 5.33. (1) Any sub-gaussian random variable is also sub-exponential.

(2) A random variable X is sub-exponential if and only if X? is sub-gaussian and in this case
1X 2Ny = I1X13, -

(3) Let X and Y be sub-gaussian random variables. Then || XY |y, < | X |y 1Y |4 -

(4) If X is sub-exponential, then || X —EX|ly, S || Xy, -

Theorem 5.34 (Bernstein). Let X1, ..., Xy be independent, mean-zero, sub-exponential random
variables, and a = (a1, ...,ay) € RN, Then for every t > 0 we have

N 2

t t
P \E a; X;| >t| <2exp | —cmin{ , ).
= max; || X; 13, lall3” max; [|X; ][, lalleo

Proof. See [194], Theorem 2.8.2]. O
5.4. Sub-gaussians, Sudakov, Dudley, and entropy once again. The following bounds

once more refer to geometry of Banach spaces (Proposition and Theorem [5.7) now in a
concrete probabilistic setting.

Theorem 5.35 (Sudakov’s minorization). Let (X;)ier be a Gaussian process indexed by a set
T equipped with the pseudo-metm’cﬂ dx induced by X defined a:ﬂ

dx(s,t) = | Xs — Xi|lp2 = (B(X; — X)2)'/?, siteT.
Then for each € > 0, we have

- super | X

Proof. See [129, Theorem 3.18]. O

log N(T,dx,e)

Example 5.36. Consider Brownian motion where X; — X, ~ N(0,t — s), i.e., the incre-
ments are independent and are distributed according to the Gaussian law du;—s(x) = (¢ —
s) /2 exp(—|z|?/(t — s)) dz. Then

) e~ lz?/(t—s)
Vit—s

Definition 5.37 (Sub-gaussian increments). Consider a random process (X;)ier on a metric
space (T,d). We say that this process has sub-gaussian increments if there exists K > 0 such
that

dr ~t—s.

dx(t,s)* = /x2 di—s(x) = [ x

1X; — Xilly, < Kd(t,s), t,seT. (5.23)

5That is, d(t,s) = 0 does not necessarily imply ¢ = s.
6The pseudo-metric dx (s, t) is also called “increments of the random process (X¢)ier” .
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Example 5.38. Let (X;):cr be a Gaussian process on an abstract set 7. Define a metric on T’
by
d(t,S) = ||Xt_Xs||L27 t,SET.
Then (X;)ier is a process with sub-gaussian increments and K above is an absolute constant.
We now state Dudley’s inequality which gives a bound on a general sub-gaussian random pro-

cess (X¢)ter in terms of the metric entropy log(N (T, d,€)) of T. Note that it almost complements
Sudakov’s bound in Theorem (.35

Theorem 5.39 (Dudley). Let (X:)ier be a mean-zero random process on a metric space (T, d)
with sub-gaussian increments as in (5.23). Then

E sup X SK/ V1og(N(T,d,e)) de
0

teT
and
Esup X, < K S 275 log(N(T.d,2-+))
tet kez
Proof. See [129] Theorem 11.17] or [194, Theorems 8.1.3 and 8.1.4]. O

Theorem 5.40 (Fernique).

Proof. See [129, Theorem 11.18] and Theorem 6.6 in https://www.math.ucla.edu/~biskup/
PIMS/PDFs/lecture6.pdf. 0

5.5. Proof of Theorems and As mentioned in the beginning of this section, one of
the main tools will be the dual to Sudakov bound (Theorem , ie.,

A,

log N(B", || |lx,t) S n- (7)?
where B™ = {z € R" : ||z|]|2 < 1} is the euclidean unit ball in R™, || - ||x denotes another norm

on Rn, and
‘1,« - /S ||Q7HX d,u(l') ~n ’1/2/ H 2 : j( ) j”X ,O(LU)
n—1 J 19 w)e a

denotes the average of ||z||x on the euclidean unit sphere which can be expressed probabilistically
using n independent random gaussians and any orthonormal basis {e;}}_; of R", cf. (5.10).

Proof of Theorem[5.4 We only focus on I';, =Ty, = T". The general case is proven analogously.
Our task is to compute

|FsVeFS||2ry.2y = sup | Y Vi(n)n(n)ia(n)| =27 sup | Y wyvgjia(n)ia(n)

Hi,p2 |n|~2¢ K2 |n|~2e

(5.24)

where the supremum is taken over all p; € L?(T',do) with ||du/do||2 <1 for j = 1,2. The main
idea is to find a (finite) covering & of the distorted euclidean ball {fi(n)]jnjw2e : ullz2ry < 1}

with (7% _,.-balls of radius ¢ and to expand ()| jnj~ze = D2, ¢ (n) for some £ € F, C
Ey-r1 — E—r. The main task is to understand [|¢()], for p € {6,00} and the cardinality
| Fr| S |Ea-r—1] - |Ea-+]. Of course, the latter quantity will be estimated by means of the dual to

Sudakov estimate (Theorem [5.7)).


https://www.math.ucla.edu/~biskup/PIMS/PDFs/lecture6.pdf
https://www.math.ucla.edu/~biskup/PIMS/PDFs/lecture6.pdf
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To apply the dual to Sudakov bound, we construct the norm || - ||x on R as follows. Consider
a linear operator

S = (S1, .., Sp) : 62 — £2°

where each S; has d columns for any 57 = 1,...,m) and define
h h S; has d col f =1 d defi
[¥llx == [[S¢lleg - (5.25)

Now change the perspective and observe that not only does N(B% | - ||x,t) equal the minimal
number of ¢-balls in ||S - ||, norm needed to cover {¢) € B?} but also the minimal number of
t-balls in || - ||¢c norm needed to cover the deformed euclidean unit ball {Sv : ¢ € B} C £52.
We will now compute the average. Using Corollary m we obtain

Arwdfl/z/du max |ZS]nengn

1<j<m
< d7'2(logm)'/? max (Z 1S nen?)t/?
SJ)sm

=d- 1/2(103; m)l/QHSHz?—)egg

Thus, the entropy number for {S% : ¢ € B4} is bounded by
d _
log N(B, || llx,t) < (logm)t~?|[SII72_, poc

which — and this is important — does not depend on the dimension d that we started with. But
that means that we may cover any infinite-dimensional euclidean ball, such as L?, with balls in
a suitable L metric. In fact, we will now replace 2 by our space of interest, namely L?(T",dY).
The role of S will be played by the localized Fourier extension operator

S LA(T,dx) — >°(Z?)
lu = ﬂ|‘n|,\,2£

for some ¢ € N. (Recall that 2¢ was the localization in physical space where we splitted V = 3 Z
with Vp = V1-1<|p <o¢.) Indeed, by its very definition (or Riemann-Lebesgue), we have

||SHL2(F,dZ)—>[<x>(ZZ) < C
and, by Tomas—Stein,
HSHL?(I’,dE)%eG(Z% <(C.

Thus, by the penultimate estimate and the above discussion, we can cover the set {Svy : ¥ €
L3(T,d%), ||v|| < 1} with N(t) many t-balls in the £2°-norm where now m ~ 2¢. Put differently,
there exists a set & C (7, of cardinality |€:| that satisﬁe&ﬂ

log |&| < Cet2
<t
pneL2(I), Hdu/dEH <1£e£ il = SHZ 2t (5.26)
<C
gggllf\le

We now take ¢ of the form 27" for » € N. Thus, there exists a subset
Fr C EQ*T*I - SQ*T = {£r+1 - fr : §r+1 € EQ*T*% g’r € EQ*T} (527)

"Recall Remark
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with the propertiesﬁ
€l <277t and ||€fle <C, E€F, (5.28)

and for each p € L?(T") with ||du/dol|2 < 1 there is a representation

Su= )] 0 = > e for some £ € F, . (5.29)

T

Plugging this decomposition into ([5.24)), we obtain

IFsVeF§l oy oy <2750 ) max > wnvnNER)| (5.30)
T rzGNg(l)e}_ﬁi)@(z)EFg) [n|~2¢

Now fix r1,7r9 and take the w-expectation. On the one hand, we have the simple deterministic
bound

max S wnvnDED| <27 S fwallual S 27T 2B o5, (5.31)
EWer) e@eFd) | ST |n|~2¢

which already behaves quite well in 71,72 but terribly in ¢. We now derive a second bound.
Since the {w,} are independent sub-gaussian random variables, we may apply Dudley’s estimate

(Corollary [5.29) and obtain

E, max v £ )
cwerd e eF? 7;\/2& nnbn
1/2 (5.32)
1/2
S (log 171 +1og | 7)) max > o PlEP PIEP

(1) (2)
EMeFr’, e@eFy, In|~2¢

To estimate log |.7-}(j,')|7 recall that (5.26) said log|Ey-+| < ¢4". Combining this with the trivial

J
estimate |F,.| < |Eq-r—1] - |Ea—r| gives

log | Fr| Slog|Eg—r—1| + log|Eg-r| S €47 . (5.33)

Next, we bound [...] on the right side of (5.32)). Using Hélder and (5.28)), the sum over |n| ~ 2°
is bounded by

1/2

Do loalPIERPIER | < Tollslie® - €P 6 < llolls min{27, 2772} (5.34)

|| ~2t

Combining (5.33) with (5.34]), we obtain

E., max 3 wavaf DD || SV + 27 ) min{27, 272 olls S VEolls
EWer) eMeF) || S

80ne may think of F,. being the set of differences & — &’ where £ and £’ belong to the same or “parental” 27"

or 2r—"~1! cube in Eile o0 metric. This is a consequence of the geometrical fact that dyadic cubes either contain

each other or are disjoint.
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This estimate alone would not be good enough to survive the 71,72 summation. However,
combining it with (5.31]), we see that the w-expectation of (5.30]) is bounded from above by

Bl FsVeFl ooy S 2750 Y min{v/E, 27772245 o5 S 607227 lu]ls < 27 ||v]ls
r1,r2 €N

for some 0 < &’ < e. This proves Theorem [5.2] for V,(n) = w(n)|n|~v(n) and v € £3(Z?).
If V,,(n) = w(n)w(n) with w € £37¢(Z?), then the deterministic bound in (5.31)) becomes

max Z O W £(1)£(2) < 9—T1—T2 Z |w Hw I < 9—Ti—T2 22(32:;)E”w”(
() o2 =) nnSn n ~ n n| ~ 3—¢
EWeF’, @ eF

|n|~2¢ |n|~2¢

which is — as expected — a slight improvement over (5.31)) since (2 —¢)/(3 —¢) < 2/3. On the
other hand, (5.34) (which came from the probabilistic estimate using Dudley’s L¥? inequality)
is improved to

1/2
Yo lwaPIEVPIED P ] < wlla—clléW - €Plagon S llw]l3—27 ) min{27, 2772}
1—e

In]~2

for €= (p—6)/p > 0 with p=2(3 —¢)/(1 —€) > 6 which follows from Hdlder’s inequality
: A =6 o
1691, < IEDIS NP2 S 275

Combining these estimates as before then gives

2(2—¢)

Eul|FsVeFsllzzwy, oy S Y min{2 5042 y/E, 272055 s < 27 |wlfs— -
r1,r2€N

This concludes the proof of Theorem [5.2] O

Proof of Theorem[5.3 Again, we only focus on Iy, = I';y; = I'. The general case is proven
analogously.

We split again V,,(z) = > ;5 Ve(z) with Vo(z) = Vi (2)14<1(z) and, for £ € N, Vi(z) =
Vi (2)1ge-1<|5)<2¢ (), and estimate

Eu||F5VaFs|l <) Eu| F3VeFs||.
>0

To estimate the right side, we again use the dual to Sudakov bound. The norm || - ||x is
essentially the same as in the proof of Theorem [5.2| by taking ||¢]|x = ||S¢||Lﬁ Lo Where §:=

Fg: L*(T,d%) — L™ acts as Fig(z) = [ e*™™ g(f)dZ(f)’mNﬂ. The theorem is concluded by
repeating all the other steps of the proof of Theorem |

5.6. Some applications of random Tomas—Stein Theorem

5.6.1. Complex Lieb—Thirring. As is customary, we invoke the Birman—Schwinger principle to
derive bounds on the modulus of complex eigenvalues. This requires to estimate

(T () = 2) 2V (T () —2)712.

If T'(€) is homogeneous, which is, e.g., the case when T'(€) = £2, we can always rescale and assume
|z] = 1. Splitting into the regions where T'(§) < 7, where 7 > |z|, it suffices (by Cauchy—Schwarz)
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to estimate the right side of

I(T(€) = 2) " 1r ey V(T(E) — 2)*Liranyl
+2[(T(8) = 2) P Lrany VIT(E) — 2) 7P Lirsny |
+ (T E) = 2) Uy V(T(E) — 2) P lirsn |
< (T(E€) = 2) P Ureny V(T (€) — 2) ™ 1reny |
+2[VIVUT = 2) P ganll - VAT = 2)7 2L gsny |
HIVIATE) = 2) sy VIV

The second factor of the second summand as well as the third term on the right are harmless and
can easily be controlled even in Schatten spaces using Kato—Seiler—Simon whenever V' € L?. The
first factor of the second summand is controlled by Tomas—Stein or Kenig-Ruiz—Sogge [120), [87]
whenever V' € L4+, (Any other splitting of V = sgn(V)|V|* - |[V|1= would work equally well
whenever V' € LP for an appropriate a(p).)

For a cut-off x in physical space, we automatically have

X{fn< N3 (T () = 2) " Ly Xqinj< Moy = X{Jn<niy (T(€) = 2) " Lirary % Y1/N) X{|n|<No}

where N > Ny + Ny and 71,y (§) = Ny(N¢) and ¥ is a smooth bump on R? with ¥(x) = 1 for
|z| < 1.
The main goal is to control

(T(©) = 2) P Uzary Vi (T() = 2) 7 Lirery |
by expressions like
I(T(€) = 2) 7 Lirary ¥ 15, VE(T(E) = 2) 7L irary + 5]l (5.35)
where 01,8 ~ 27¢. To simplify notation, introduce

1 T
OO = gy

and

CO (€)= (m * 76> €)= d m%m —¢)

/dt t_21/2/d25' n)vs(n —§) -

Thus, the convolution essentially smoothes (¢t — z)_1/21{t<T} out on the scale §, and so

(5.36)

-1 N
D@1 1T~ 2"+ Lprer<on + (€~ Lizes10m) (5.3

1 —
N {|T(f) —2|"? + 5} Lire)<iory + T(€) N 1ire)>100y = CO(E).

for any N, N € N by ellipticity of T(¢).
Comparing with (5.35) we are concerned with the elementary operators

c2y,c00 (5.38)

Let max{sup,, |v,||n|?, ||v]lpe+1} < k. We shall first prove
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Proposition 5.41. The random Tomas—Stein Theorem i.e.,

Eo | Fs,, VeFS, |lL2(r,, dse,),L2 00y dsey) Sivi 27V,
implies
1 1\*
BV g sagusy St (6271 (log 3o+ 10w ) (5.39)
1 2
and
e 1
EwHFSVKC(é)”Lz(Rd),Lz(I‘,dE) Sivy (K2 Hevi(log S)A (5.40)
for |z| = 1.

Remarks 5.42. (1) Observe that §; ~ 27¢ is reasonable and leads to an expression that is still
summable in £.
(2) Recall [28, Lemmas 3.18 and 3.48], cf. [20, Lemmas 2.7 and 2.10] which are very sim-

ilar to (5.39) and (5.40). There C° was either CYS)(«E) = |(T(&) — 2)~ ' % 75]*/? or 02(5) (€) =
((T(€) = 2)~ % 75) 2. Here, we defined C%(¢) = (T(&) — 2)~1/2 % 75.
Proof. By Plancherel and (5.37) it suffices to consider

Eu || FsVeCO|| 2 (ray, L2 (r,dx) - (5.41)

instead of the left side of (5.40]). Neglecting the w-expectation for a moment, the left side of
(p.41) equals

)
|FsVeCO || L2ray, L2(rax) = sup (1, FsViCS )|
neL?(S),ge L?(R%)

where the supremum is taken over all measures 1 < X supported on I' with ||du/d%|| L2 g5 < 1

and all g € L?(R?) with ||g||2(ra) < 1||. Making use of the definition of C®) in (5.37)), the spectral
theorem (or the coarea formula) allows us to write

P g(z) = / dt /S 054(€) 27 €00 (€)(Fs,9) (€)
s —1
= /0 dt <[|t - 2‘1/2 + 5} lociony + t_Nl{t>107}> (F§,Fs,g9)(x)

= [T aco@s Fag)@).

0
Using the random Tomas—Stein estimate and (5.37)), we obtain

sup | (1, FsViCSg)|

122%)
] —
—sup| [t CO) [ do (g @)Vilo)(F5, P 9)(2)
1225) 0 R4
=sup| [ dtCO()(, FsViF5, Fs,g)|
.9 0
00 -1
<2 vt sup / dt (Dt — 2" 45 Lycion + t_Nl{t>1oT}) | Fs,9ll2(r, ,d50)
HQHL2(Rd)Sl 0

Sn 27 log (|22 /0)]M2 g 2 (ray = 271V “[log(1/8)] /2
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by Cauchy—Schwarz. Here, we used

10]2| dt |2| 1
— T _<log(1+Z ) ~log~.
/o |tz+62~°g< +52) 5

The proof of (5.39) is analogous and omitted. O

We show the following Birman—-Schwinger bound.

Proposition 5.43. Assume T(£) is homogeneous, |z| = 1, and let V,, be so such that Theorem
is applicable. Let k = min{sup,,cza [n|?|v(n)], |v|la+1}, then

Eu|[(T — 2) Y21 r ey V(T — 2) Ly | € Oy (5.42)

Proof. We begin with a warm-up and consider V,,(n) = w,v, with sup,, |v,||n|? = k < oo, some
p > 1/2, and consider only the truncated operator

Lajen(T = 2) 7P Ur ey V(T = 2) 7Pl a1 an
Since (T — z)_1/21{T<T}Vw(T — z)_1/21{T<T} is normal, we have
110N (T = 2) 2Ly Vi (T — 2) 2Ly L

= 11N (T = 2) 2Ly Vi (T = 2) 2L ey L1 e (T = 2) 2Ly Vi (T = 2) 2Ly 1<l

<E N L pen (T = 2) P r ey VT = 2) gy Vi (T = 2) 721 p ey L el
£,0>0

Recall [28, Lemma 2.3]
IVi(T )" V|| S 27 2o D)
Thus, we are left to bound
11 mae (T = 2) 7 21y £,
for f € L? with supp f C Bo(N). Equivalently, by TT*, we bound
(s Lgpmae (T — z) VAT - 2)71/21T<‘r]-|x\~2’5f> .

By the spatial cutoff, we can replace the Fourier multiplier in the middle by

F(&) i= ((T() =2 VAT() = 2) ™ Lrar ) 90 (€)
where

(1) = 6~ (n/9).
Obviously, for any M, M > 0,

IF(E)] Sar (T(€)? + |2[* — 2T(€)Re(2)) /2 + 279~ + (€)M 17210,
<ar (T2 + |22 = 2T (Re(2)) V2 + 2797+ T(&) " M1psior .
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Suppose suppf C By(N), some N > 0. Then, by arguments similar to those in (5.37), we obtain
(for 7> |z|, say 7 = 2|z|, and assuming |z| = 1 with Im(z) < 1)

(s Ljpmae (T = 2) V(T = 2) 721 p oy 1y e vnae f)

10<t<2\z| M 2
<u [ dt M1, | 1Fs, 1
“M/ [(t2+|z|2—2zeRe(z))1/2+2—€+}V 2242 | I1Es: o <nnae S
2|z| dt
< : -1 N/\2€ 1+e / 1-M 5.43
Sarmipe( ) o |t—1|+|1m(z)|+2—f+1/N+|Z| (5.43)

< log(N A 29)(N A 29 log (|Im(z) :24 - 1/N>

<PR(NA2Y.
Thus,
Eul(T = 2) 7?1z ary Vi (T — 2) 7?1 p a1y
< 2/3 Z 9= 3 (p—3)(L+L) OO (N A2V A 202
£,6>0

If p > 1, we would have uniform convergence in N. But that just corresponds just to the
non-deterministic situation. ]

Alternative proof of Proposition[5.73 We now consider the full operator and get rid of the ad-
ditional spatial cut-off |z] < N above.
We mimick arguments of Bourgain [28, pp. 13]. There, Sf := 1‘w|N22]:_1C’(k)f with CF) =
(T(€) — 2)~" % pg-s|V2. Here
Sf 1= Ljajnar (T(€) = 2)7/2,

The estimate follows once we verify [28, (4.5)-(4.6)]
Recalling the arguments from the previous proof (see ([5.43)), we have

18112 < 27211112
which is the analog of [28], (4.6)] Next, we show
1S f e S VESll2-
Again, we argue by SS5* which is given by
85" = Ljajnae(T() = 2)2(T(€) = 2) ™/ g -
and we hope to show SS* : L' — L. Let f,g € L', then (for |z| = 1 and Im(z) < 1)

* 10<t<‘r —M *
(9. 5571 3 /dt [(t2 + |22 — 2tRe(z))1/2 + 2-¢ 7 Lor | |9, Fs, P, )|

< llglhllfllx log 2° = llgllv[1f s

since Fg, : L' — L? locally uniformly in t. This is the analog of [28, (4.5)].
This gives (cf. [28] (4.15)])

Eull(T — 2) ™21 pry V(T — 2) 71 r ey |

1 1 (5.44)
S w27 (0t log 2)? 02272 S (l tlog (14 ))tam D

As was remarked in [20, p. 74] this assertion also follows from Theorem
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5.6.2. Weak coupling limit. The following result is desirable but not yet proved.

Theorem 5.44 (Weak coupling limit). Consider H(w = |[A+1| =V, in L2(R?) with V,,(x) =
> nezd Vnwnlo, () and (vy),eza C 04T175(Z9). Let Dy:={¢cR: €2 - 1] =t} and T := Ty.
Then for any eigenvalue aj of Vr 1= F%V,Fs in L*(T,dX) there is an eigenvalue e;(\) of Hy
satisfying the weak-coupling limit

1
ej(A) =exp | ——5(1+o0(1)]), A—=0
A
except for w in a set of measure at most

9t
Zexp <. emcer/lvllasioe

2P\ ol

Remark 5.45. Is a generalization of Theorems and to Schatten ideals possible? See
Frank—Sabin [87, Theorem 2].

Proof of Theorem |5.44] By Theorem. 5.3} the operator Vg = FgV,, F§ is well-defined and isospec-
tral (up to zero—elgenvalues that we neglect) to \Vw|1/2F*F Vl/ . [Moreover, it is compact
by Remark .] Let BS(e) = |V, |"2(T + e)_l\/wl/2 which is compact by Kato—Seiler—Simon.
By the proof of [56, Theorem 1.1] it suffices to show that

[A;(BS(e)) — A;(log(1/€)Vs)| = o(log(1/e))
where \;(A) denotes the j-th non-zero eigenvalue of A. As usual, the high-energy piece
1BS™e ()| = [|[Vio|/*(T + €)™ o0y (T)V 2Nl S5 1

is harmless, so we only focus on BS'®V(e) = BS(e) — BSM#b(e). By isospectrality and Weyl’s
perturbation theorem [I0, Corollary III.26], we have

sup [A; (T + €)™ /211 (T) Vi (T + €) 721 11 (T)) — A (log(1/e) Fs V., F§)

J

< (T + )220y (T)WVa(T + €)™ 2101 (1)) — log(1/e) F Vo3|
Decomposing V,, = Zzzo Vi, it then suffices to show
D T +e) 211 (T)WVi(T + €) 7?1 11(T)) — log(1/e) Fs Ve F§|| = o(log(1/e))
£>0

[The following arguments are not working out yet.] We would like to bring the “reg-
ular part of the Birman—Schwinger operator”

BSI¥ () := [VL|Y2[(T + €)' 1j,.(T) — log(1/e)FiFs|V,Y? = |V, |V T, V,)/2

reg

into the play and show that it satisfies
E.max{z € C: z € spec(BSIZY (e))} = ollog(1/¢)).

reg

Since BS!9V(e) is isospectral to |TT|1/2VMT71/2 = > >0 \TT|1/2V5T71/27 we merely need to show

reg
(by a second application of isospectrality and making use of the fact that the spectral radius is
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always bounded from above by the operator norm),

E,max{z € C: z € spec(z T, |2V, T ?)}

>0
=E,max{z €C: z € spec(z |Vg|1/2TTV£1/2)}
>0
< BTV, 2| = o(log(1/e))

£>0

However, this would follow from the spectral theorem and Holder continuity of the non-endpoint
random Tomas—Stein theorem, i.e.,

E, sup [||Vil"/?(F§, Fs, — VIELFES)V, 1) roqmey S 274"
te(0,7)
for some ¢, > 0 depending solely on d and . But this is just a consequence of Theorem
[abstractrandomts] which is, indeed, applicable due to [56, Proposition 4.4] which asserts the
corresponding, non-deterministic Holder continuity. |

6. LOCAL RESTRICTION ESTIMATES

We follow Lecture 1 in Hickman—Vitturi [I07] and strongly advise to consider Tao—Vargas—
Vega [I88] where the techniques that we are about to describe were first developed and system-
atically applied.

We now discuss the first tool which is used to prove the above restriction theorems. The key
idea is to reduce the study of global restriction theorems (where the “physical” space variable is
allowed to range over all R?) to local restriction theorems (where the physical space variable is
constrained to lie in a ball). Our aim is then to prove estimates of the form

1f|sllLa(s,d0) < Apa,5.aBf Lo (Bzo,R)) (6.1)

for any exponents p, ¢, o > 0, and any radius R > 1 of any ball B(zg, R) = {z € R? : |z — x| <
R}. We will denote the statement such that the above estimate holds for any test function f by
Rs(p — ¢;a). Note that the center z of the ball is irrelevant since one can translate f by an
arbitrary amount without affecting the magnitude of f.

Obviously, we have Rs(p — ¢;a1) = Rs(p — q; a2) if a1 < ag and Rg(p — ¢;0) is equivalent
to the global restriction estimate by letting R — oo and applying a limiting argument. Observe
also that the statement for exponents av > n/p’ is trivial because of Holder’s inequality, namely

£ < IFl < AR (|1l 1o (Bwo,y) -

Thus, the aim is to lower the value of a from the trivial value n/p’ toward the ultimate aim
a = 0 for p and ¢ belonging to the conjectured range of the restriction conjecture.

By duality, local restriction estimates are equivalent to local extension estimates, more pre-
cisely Rs(p — ¢;a) < REi(¢ — p';a) where R5(¢" — p'; ) denotes the statement that the
estimate

”(Fda)v”LP'(B(mo,R)) < AP»%S,OLROL”FHL‘J/(S,dU) (6.2)

holds for all smooth functions F' on S, all R > 1, and all balls B(zg, R).

In the following we will focus on proving localized extension estimates, taking advantage of
many phenomena not arising in the global setting. First, we observe that localizing to scale R in
the spatial variable leads to a localization in frequency space on the scale R~! by the uncertainty
principle. More precisely, we expect F' to be “blurred out” on this scale which should allow us
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to safely fatten up the set S to N-1(S), the R~! neighborhood of S. This is going to be made
precise in the following

Lemma 6.1. The localized extension estimate R5(q" — p'; a) follows from

1G] Lot (B(wo.m)) < Apas.aR NG L (w i)y (6.3)
whenever G is a smooth function with supp G C Ny /p(S).

Remark 6.2. In the following we will make use of the following two facts.
(1) For every f € L' + L? with supp fc Bo(R) there is a ¢ € S(R?) such that f = g * f
where ¢ = R%p(Rx) (cf. Lemma [D.2).
(2) There are functions 0 < ¢ € C®(R?) with ¢ > 0. To see this, take, e.g., ¥ € C°(R?)
with supp ¢ C By(C); then 9 x 1) is supported in By(2C) and Fly * ¢] = |1ﬁ|2 Thus,
© = 9 x 1) does the job. (See also Lemma )

Proof of Lemma[6.1. Fix R > 1 and ¢ € C°(R%) with supp v C B(0,1) and |¢)(x)| 2 1 for all
x € B(xg,1). Let further G := 11 * Fdo where 1p—1(£) = R%)(RE). Note that this definition
implies that supp G C Ng-1(S). Therefore, we may apply (6.3)) to deduce

H(FdU)VHLP/(B(zO,R)) < |\(FdU)V¢R—1||Lp’(B(xo,R)) = ”GHLP/(B(xO,R))
< Ap g, 5,a R VUG Lo v,y (5 -
Thus, it suffices to show

-1 * (FdJ)HLq/(]Rd) < Rl/qHFHL‘/(S,do) :

For ¢’ = 1, the above estimate follows immediately from Young’s inequality, so by interpolation
it suffices to prove the estimate for ¢’ = oo, i.e., we are left to show

[¥r-1 % (Fdo)|oe S Rl F| L~ s) -

~

By Holder’s inequality, it suffices to show

/S Wrei (€ — n)ldo(n) S R (6.4)

uniformly in & € R?. Heuristically, it is clear why is true because the support of the
integrand intersects S on at most a R%~! cap but ¥z-1 is an L'-scaling invariant function, i.e.,
the integral should be of order R. To make this argument rigorous, we will in fact prove the
more general statement that whenever 1 € S(R?) and S C R? is any compact hypersurface (no
curvature assumption is needed!), one has

—pn [ do(m)
1) =1 [ e 5

uniformly in £ for R > 1 (where we used the rapid decay of the integrand). Decomposing
S =Upe 1 Sk(&) with S(&) = Ax(€) NS where
A1) ={neR:RIE—n <1} and Ak():={necR?:2F < R —n| <2k},

one rewrites
oo

do(n)
I1(¢) = R* / P L PA—
©O=8"2. | Grre-—mp
Sk (§)
Now, due to the dimensionality of S, one has for any r > 0,

o(B(,r)nS) < rd=1,
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Indeed, this estimate is obvious for large r, whereas for 0 < r < 1, the surface is essentially flat,
i.e., B(,r) N S resembles a disk of radius r, thereby also leading to the above estimate. Thus,

o(S_1) < R™U=1  and o(Sk) < (2kR71)d71

and so

I(f) 5 Rd Z <2kR—1)d—1 .Q—k:d < R,
k=-1

thereby concluding the proof. O

In fact, the estimates (6.2) and (6.3)) are equivalent, although the converse implication will
not be used in the present section but will be referred to later.

Lemma 6.3. The local extension estimate RE(q' — p'; «) implies (6.3) for all smooth functions
G supported in Ny/r(S).

Proof. Without loss of generality (by the translation and rotation invariance of the problem
togehter with the triangle inequality), we may assume supp G C Np-1(P471) N By(1/2). In
particular, supp G is contained in the disjoint union of vertical translates IP’?l = P41 4+ (0,0)

of the paraboloid where ¢ ranges over (—R~!, R~1) C R. By Fubini’s theorem and a change of
variables, we have

G(z) = / dg¢ dg' G(&',€?)ermim (€7 = /
Klsr=tJerel-11)

d¢ (Glpa-rdo¢)”(x),
I¢|<R-1 ¢

where do¢ denotes the euclidean surface measure on ngl.
Now, assuming that the local extension estimate R%(¢" — p'; ) holds, then it follows from
translational invariance that

||(GdUC)VHLp/(BD(R)) Sa RaHG”Lq'(pg*) for all ¢.
Combining this estimate with Minkowski’s inequality, we infer

1Gl s/ dc [|(Gdoc) | sm/
L?" (Bo(R)) \C|<R-1 ¢ LP"(Bo(R)) ~« ¢

and Holder’s inequality bounds the latter by

<m1 dC ||G|]p>g—1 ”Lq’(pg—l)

1/q
L </<<R1 dc ”G|P§1”imz—l>> = RN 1 s oy

which concludes the proof. O

Obviously, the corresponding statements also hold for the restriction problem by duality, i.e.,

1l ons sy < Apas.aR U llo(Bwo,R)) (6.5)

for all test functions f on B(zg, R). In fact, this formulation reveals the restriction estimate
Rs(2 — 2;1/2) for smooth compact hypersurfaces S by Plancherel’s theorem. (This estimate can
also be obtained from the Agmon-Hérmander theorem or from the frequency localized Sobolev
trace lemma.)

The obvious question now is of course how to convert local restriction estimates to global
estimates. The key tool to do so is exploiting the decay of the Fourier transform (do)¥. Indeed,
suppose we have a decay estimate of the form

|(do) ()] S (1+ |=])~"
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for some p > 0. (For hypersurfaces with everywhere non-vanishing Gaussian curvature, p =
(d—1)/2, see e.g. [167, Chapter VIII, §3.1, Theorem 1]). Then, the contributions to the global
restriction estimate coming from widely separated portions of physical space will be almost
orthogonal (in Fourier space). To make this intuition precise, suppose R > 1 and B(zg, R) and
B(z1,R) are two balls which are separated by at least a distance of R. If f; is supported on

B(z;,R) (j = 0,1), then fy|s and f1|s will be almost orthogonal, namely

| < folss fils >r2(s.0) | = | < fodo, fr Sramay | = | < fox (do)Y, f1 >r2mae) |

- (6.6)
S R\ foller(B(zo.r) 11l Lt (B(21.R))

where we used the decay assumption on (do)Y(x) appearing in the convolution and the fact that
the supports of fy and f1 are separated by at least R. Put differently, the almost orthogonality
in Fourier space means that distant balls in physical space do not interact much with each other.

The Tomas-Stein argument (for Rg(2(p + 1)/(p + 2) — 2)) uses orthogonality on L?(S,do),
and at first glance it seems that it can only applied to obtain restriction theorems Rg(p — ¢)
when ¢ = 2. However, Bourgain [I5] [27] observed that the same type of orthogonality arguments,
exploiting the decay of (do), can also be used to obtain restriction estimates which are not L?
based, albeit with some inefficiencies due to the use of non-L? orthogonality estimates.

Theorem 6.4. Let p be as above. If Rs(p — q; ) holds for some p+ 1 > ag, then we have
Rs(p — ¢) whenever

¢
p+1—a

q
p(p+1—aq)’
The ideas of the above theorem were extended by Tao [I81] Theorem 1.2]. The proof will be
given in Appendix [A] see Theorem

Theorem 6.5. Let p be as above. If Rg(p — p;a) holds for some p < 2 and 0 < o < 1, then
one has Rs(q — q) whenever

q>2+ and 1+

ST LA

11 A,

¢ p logija)’

Although Bourgain’s theorem is more efficient for most values of «, the latter theorem is
superior because it does not lose any exponents in the limit &« — 0. In particular, we have the
following consequence. If Rg(p — p;e) holds for all e > 0, then Rg(p—e — p—¢) is also true for
every € > 0. (The converse statement follows easily from interpolation). Thus, one can convert a
local restriction estimate with € losses to a global estimate, where the ¢ loss has been transferred
to the exponents. This is a prime example of an e-removal lemma which is a common in this
theory. These arguments show that the restriction conjecture for the paraboloid in fact states
that for all € > 0, the inequality

H(Fdo’)v||L2d/(d—1)(B(a:0’R)) < Ad75R€HF||L2d/(d—1)(IPd—1)

holds for a suitable class of functions F' on P4~1. (Note that it makes sense to consider restriction
estimates at the endpoint p’ = ¢’ = 2d/(d — 1) in the local setting. This is another advantage of
the localized setup).

7. MULTILINEAR RESTRICTION ESTIMATES

The following ideas will be of interest of their own but also very useful to understand Bourgain
and Demeter’s proof of decoupling estimates. The central theme of the analysis will be the multi-
linear approach, in particular the multi-linear restriction theorem of Bennett, Carbery, and Tao
-
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We start with a motivation for bilinear restriction estimates and show in particular how
curvature in the linear world is translated to transversality in the multilinear world. As a striking
example of the power of bilinear techniques is the complete proof by Cérdoba and Fefferman of
the restriction conjecture in two dimensions, see Subsection [7.4] Finally, we generalize these
ideas to higher dimensions where the bilinear analysis will be replaced by a multilinear one.

The bilinear restriction estimate was first proved by Tao [I76] building on earlier arguments
of Wolff [T99]. The work of Tao—Vargas—Vega [I88] is perhaps the first systematic treatment of
the bilinear phenomenon and its impact on the linear problem.

7.1. Introduction. The original motivation was the “L*” or “bi-orthogonality” theory by what
we mean that expressions like || f||;,» can be calculated explicitly if p’ is an even integer, and
especially when p’ = 4. Indeed, in this case, we have, using Plancherel,

|(Fdo)" |3 = | (Fdo) x (Fdo)ll2.

That means that we reduced the restriction estimate R%(¢" — 4) (which usually crucially depends
on oscillations and cancellations) to the pure size estimate

|(Fdo) * (Fdo)ll2 <q ||F||2Lq’(s,da) ’

which can be proven or disproven using more direct methods.

As an example, consider d = 2 and S = S!, the circle. In this case, there is a logarithmic
divergence in the above estimate because do * do blows up like |z|~'/2 on the circle {z € R? :
|z| = 2} of radius 2. Localizing in physical space to a disk of radius R shows that one can easily
prove the modified estimate

|G * G|L2®2) Sq (log R)1/2R73/2||G||2L4(/\/’1/R(S))

for all R > 1 and all G with suppG C Nj,r(S). Comparing this with the general localized
restriction estimate shows that this is just the restriction estimate R%(4 — 4;¢) for any
¢ > 0. Thus, using the e-removal lemma (Theorem , we obtain the optimal restriction
estimate for the circle. Note that this was already proven by Zygmund [205] using more direct
methods.

7.2. The importance of transversality. At first glance, this approach seems to be restricted
to L* because of Plancherel’s theorem. However, one can partially extend those ideas to other
exponents p’. The main point is that the linear estimate
||(Fd0)v||m’ (R?) Spoa.s ”F”Lq'(s,da)
is equivalent (by squaring) to the quadratic estimate
2
|(Fdo)Y (Fdo)" | o sty Spaas 1FI20 (5 a0
which one can depolarize as the bilinear estimate
[(Fido) (F2do)Y || Lo 2 may Spaas 1F1 Lo (.00 121l Lo (5.d0) -

In such an estimate the worst case typically occurs if both F} and Fy are concentrated on the
same small cap on S. This is just the situation in Knapp’s example (Subsection .

We saw that the basic idea is to rewrite the desired linear restriction estimate as a bilinear
restriction estimate which in turn is a special case of the more general estimate

[(Fidos)¥ (Fadoo)" || 1o /2 may Spoassi,se 1F1 Lo (51 .00y 12l 2o (8503 - (7.1)

Here, S; and S5 is a pair of smooth hypersurfaces, equipped with surface measures do; and dos,
respectively. Moreover, F} and F5 are smooth and supported on Si, respectively S;. We will
denote by R, ¢,(¢" x ¢ — p'/2) the statement that (7.1]) holds.
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By the above discussion, R% ¢(¢' x ¢' — p’/2) is of course equivalent to R5(¢" — p'). That
means that bilinear restriction estimates are more general than linear ones, i.e., there are bilinear
estimates that cannot be inferred from linear ones. Consider the following

Example 7.1. Let S; = {(£&,0) € R? : & € R} and Sy = {(0,&) € R? : & € R}, ie., the
coordinate axis in R?. Then (Fidoy)Y(x,y) = Fi(z) and (Fydos)Y (z,y) = Fb(y) which means
that there are in general no global linear restriction estimates Rj‘gj (¢ = p) (j =1,2), unless
p' = oo, since the Fourier transforms do not decay at infinity. On the other hand, Plancherel
yields

I(Frdo1) (Fadoa)” |72 g2y = /Rz |Fy(2) P Fa ()| dx dy = || P11 gy | P11 2 ey »

i.e., the bilinear restriction Rj;«l)s2(2 x 2 — 2) holds, although the symmetrized estimates
R§, 5,(2x2—2) and R, g,(2 x 2 — 2) are false.

The above example clearly indicates that transversality plays a major role in deriving bilinear
restriction estimates (unlike in the linear situation where oscillations and cancellations were
crucial). In Subsection we will discuss bilinear estimates in R? in much more detail.

Let us instead now discuss a higher-dimensional analog of the above theme. We say that two
smooth hypersurfaces S; and Sy are transversal to each other, if the set of unit normals of S is
separated by some non-zero distance from the set of unit normals of S5.

Proposition 7.2. Let S; and Sy be two smooth hypersurfaces which are transversal to each
other. Then, the restriction estimate RS, g,(2 X 2 — 2) holds.

Proof. By Plancherel, it suffices to prove the convolution estimate
[(Fidoy) * (Fados)||p2ra) Ssy,s [[F1ll2(51,d0) 1F2] L2(53,do) -
By Cauchy—Schwarz,
[(Fidor) * (Fados) | 2 rey S I[F1]2doy  [Fo|*dos|| 1 gay|ldoy  dos | e

and the second factor on the right side is bounded because of the transversality assumption. O

Generalizations of bilinear L? estimates arose already in works by Bourgain [I8], Klainerman—
Machedon [123], and many other authors in the context of nonlinear evolution equations. These
estimates turned out to be especially useful for handling non-linearities which contain certain
derivatives which create a “full norm”.

7.3. Necessary conditions for bilinear restriction estimates. In this subsection, we will
discuss necessary conditions for bilinear restriction estimates for the sphere and the paraboloid.
Let S; and Ss be two compact transverse subsets of S?=! or P4~1. We already saw that bilinear
estimates can be derived from linear ones, i.e., R5(¢" — p) yields by polarization the bilinear
estimate RS, g, (¢' x ¢' — p'/2), whereas the converse statement is in general false. For instance,
although the bilinear estimate Rg, s,(2x2 — 2) holds, the corresponding linear estimate Rg(2 —
4) is only true in three or higher dimensions. One reason for this is that there is no exact
“transverse, bilinear” analog of the Knapp example. Indeed, the best known necessary conditions
were derived by considering bilinear analogs of Knapp examples, see Foschi and Klainerman [82]
and Tao-Vargas—Vega [I88]. Namely, for RS, 5 (¢’ x ¢ — p’/2) to hold, one must have

2n n+2 n n+2 " n—2

p>
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This is somewhat less stringent than the condition

2n. n+1 n-1
n—+ 1’ p/ q/
for the linear estimate R5(q" — p’). Nevertheless, the bilinear version of the restriction conjecture
asserts that the conditions are also sufficient. Apart from the case d = 2, this conjecture
is still open. It is remarkable that it has been recently shown that the bilinear conjecture is
(neglecting the endpoint) equivalent to the linear restriction conjecture for S~ and P4~1.

D> <n-1

7.4. Proof of the two-dimensional restriction conjecture. Before we give a systematic
description of multilinear restriction estimates, we present a proof of the full restriction conjecture
in two dimensions involving bilinear restriction estimates. The presentation follows closely [179]
Lecture 5]. The original proof goes back to Cérdoba and Fefferman. Compare also to Fefferman
[72, p. 33ff].

Recall that the desired estimate reads

lgdolly < llgllor sy

for ¢ > 4 and ¢ > 3p’ in d = 2. One of the fundamental reasons that the two-dimensional
restriction conjecture is proved comparably easily is the involved exponent ¢ = 4. One may be
tempted to repeat the same argument in higher dimensions; however, it turns out that the results
obtained do not improve upon Tomas—Stein and can even be worse.

As a first step, we note that it suffices to consider the quarter circle, thereby avoiding nui-
sances involving antipodal points. The conjecture for S! then follows by the triangle inequality.
Moreover, it suffices to consider the end-point ¢ = 3p” as the conjecture follows for higher ¢ by
interpolation involving Holder’s inequality.

By the enhanced Marcinkiewicz interpolation theorem (see, e.g., Tao [I79, Lecture 2, Lemma
2.3] or Grafakos [96, Theorem 1.4.19] and Tao [186] Lecture 1, Lemma 8.5]), it would suffice to
prove the restricted weak-type estimate (recall )

ITodo| pew = sup A|{|Tado| > A}Y7 S Q7
A>0

where ) is an arbitrary subset of the circle S!. Actually, we don’t have to go quite this weak
and will prove instead
ITadally < 19117
Now, the fundamental idea in the proof of the two-dimensional restriction estimate is to square
it, i.e.,
|ITado Tadollys < |97/ (7.3)

and invoke Plancherel’s theorem. Since g > 4, we have 2 < ¢/2 < oo, i.e., we are suddenly
interested in estimating bilinear quantities such as

| fdo gdol|s
and o

| fdo gdo||~
where f and g are some functions on S'. The latter quantity is easy to estimate, thanks to the
trivial estimate || fdo||lso < ||f]l1. Thus,

[fdo gdolles < [I.f[l1llglly (7.4)

and we are left with L? estimates. In general, it is hard to obtain good estimates for general f
and g. However, if f and g are supported on disjoint arcs, i.e., they are somewhat transversal to
each other, one obtains significant cancellations. This is summarized in the following
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Lemma 7.3. Suppose f and g are supported in distinct 6-arcs of S, whose separation is also
comparable 0. Then

| fdo gdollz < 62| fllzllg]l2 - (7.5)

We give two proofs of this fact below due to Tao and Hickman—Vituri. Another exposition of
Tao’s proof is contained in the lecture notes of Zhang [204] Lecture 6].

Remark 7.4. One can make the definition of #-separation more precise, especially for more
general compact hypersurfaces. Namely, suppose (S;),=1,... » is a family of compact hypersurfaces
and denote by v; : S; — S%-1 the associated Gauss mapﬂ Then the S; are said to be §-separated,
if

|det(v1(z1), ..., vn(xs))| > 6 whenever x; € S; for j=1,...,n. (7.6)

We will give two proofs of Lemma The first one follows Tao’s notes [179, Lecture 5,
Lemma 1.2] and the second one the notes of Hickman and Vitturi [I07, Lecture 3, Lemma 2.

Proof of Lemma[7.3 following Tao. By Plancherel, the assertion is equivalent to
(fdo) * (gdo)lla S 0~ 2| fll2llgll2

We verify this estimate by bilinear interpolation between

[(fdo) = (gdo)[lx < [ fll1llgllx
and
1(fdo) * (9do)|lco < O (| flloollglloo -

The first estimate is clear by Young’s inequality (or Fubini’s theorem).

To prove the second estimate, we assume that f and g are supported on f-arcs I and J. We
denote by do; and do; the restrictions of the surface measure to these arcs. By the pointwise
estimates

fdo < |[flldor and  gdo < |lgllocdos

it suffices to prove
ldor * dogle S 671

where
wwwwwz//lwwmmmwmmm
St JSt

for any Borel set A lying in S', and, if do; *dos is absolutely continuous with respect to Lebesgue,
then (cf. [R1L (1.8)])

doy * doo(€) = /sl /Sl 8(§& =1 —m2) doy(m) doa(n2) -

To do so, we approximate doj by (2¢)7'1;, where ¢ > 0 is a small number and I. is the
neighborhood of I, i.e.,

I. .= {r(cosf,sinf): fel,1—e<r<1l+e}.

By the definition of induced Lebesgue measure, doy is the weak limit of such measures. Thus, it
suffices to prove

1
”2751]5 xdoglee SO (7.7)

9That is, vj continuously maps a point z; € S; to a choice of unit normal vector v;(z;) to S; at ;.
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for all sufficiently small @, uniformly in €. Clearly, the integral

1 1 1
| srine—mdos = lne T €—ne L) = S+ N

only contributes whenever £ € n 4+ I, and € J. Thus, the convolution is supported on the
set-theoretic sum of the arc J and the thickened arc I.. But since any translate of J intersects
I. in an arc of length at most €6~!, the assertion follows. g

Remark 7.5. To avoid the convolution between measures in ([7.7), one could also fatten do
there and show instead

1z % 15, | oo ey S %1171,
which may be easier to verify. (Recall that the separation of I and J was supposed to be

comparable, i.e., 0 ~ |I| ~ |J|). See also Remark |15.18| (especially Formula ([15.22))) later for a
similar computation, where the fattened arcs are, however, simple rectangles.

Related to convolution of measures is the following special instance, see Demeter [63, Lemma
1.20].

Lemma 7.6. Let do be the surface measure on S*=1. Then for each d > 2 the measure do * do
is absolutely continuous with respect to Lebesque measure on R?, i.e., do * do = F d¢ for some
integrable F. Moreover suppF C By(2) and satisfies for a.e. &

|§|—1, 0<|§|<1
IF(6)] < {(2 ClepEn 1< gl < 2.

Recall that, like convolution of functions, convolutions of measures are supported on the
Minkowski sum of their supports, i.e.,

supp(oga-—1 * 0ga-1) C supp(oga-1) +supp(oga-1) ={z+y: z,y € Sdil} C R%.

For an explicit formula, see also the survey by Foschi and Oliveira e Silva [81] (3.2)], namely
d—3
R

_1s™? €1
(Gsd—l *O’Sd—l)(f) = 11— = . (78)
<l L
This shows that the |[¢|~! singularity in the lemma is in fact necessary, and hence the Radon—
Nikodym derivative do * do with respect to Lebesgue exists, but is not bounded. Essentially this
is due to the large symmetry of S*~! which leads to the fact that the origin can be represented
in multiple ways by & 47 where £,1 € S¢~!. Heuristically, this is another reason why we split S*
into multiple chunks so that “most of the time different arcs cannot too badly with each other”.

Proof. Let S?~! be the e-neighborhood of S?~! and let 0. := 5_115371. Then 0. dé — do as
€ — 0. Note that

o x0e(§) =7 /R Lgemr (€= m)Lggm (m) dn = e7?[SETH N €+ ST

The right side is zero for |¢| > 2. Since S~ N (¢ 4+ S271) is a body of revolution, its volume is
at most a constant multiple of the area of the cross section S! N ((r,0) + S!) with r = |¢].
Now suppose 7 < 1. Then note that any y = (y1,92) € S: N ((r,0) + SI) satisfies

1-2e<yl+9y2<1+3¢, sinceyeS!andye ((r,0)+S))
1—-2e<(y1 —7)>+y5 <1+3e, since (y1 —7,y2) € S’
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and thus also (combining the first lower bound y$ + y3 > 1 — 2¢ with the second upper bound
—2yr+ri+yf+y3 <1+ 3e),

5
|2y1—r\§—6.
r

This means that the horizontal projection of S! N ((r,0) + SI) sits inside an interval of length
5¢/r. Since r < 1 the vertical slices of S! N ((r,0) + S2) have length < e. Using Fubini, we find
that [SI N ((r,0) + S| < e2/r. Thus, if [£] < 1, then

sup o 0 (€) S 1€
€€(0,1)

Finally a similar computation shows that if 1 < |£| < 2, then
d-3
sup oc(§) x0(§) S (2—[¢€) = .
€€(0,1)

Since 0. * 0. d§ — do * do, the proof is concluded. O

Proof of Lemma following Hickman—Vitturi. For & € S' we can approximate the circle locally
by a parabola which can be parameterized by (t,t?) for t € R. Now, since we are assuming that
the two arcs of length 6 are only #-separated and 6 is supposed to be very tiny, we can assume that
these arcs are actually f-transverse caps on the one-dimensional parabola P!. So, let I1, I, C [0, 1]
be the two intervals parameterizing these caps. By the transversality condition, I; and I are
O(0)-separated. Denoting g; = f and g2 = g, we observe

2
H gjc%(m) = / / H g;j tj,t§ Qﬂi[ml(tl"'t?)‘*'m?(t%"’tg)] dty dts
i L JI

1_71

—2 [ / ng (W2t () — b ()2

where we have applied the change of variables u; = t1 + ¢ and ug = t% + t%. E| The latter is the
Fourier transform of a bivariate function and so, by Plancherel, we have

2 2
/-\02: —2 (T (u -u221u—2u_2u
Hj]l[lgjd 12=2 //D,U'gj(“( )t ()2 2t (u) — ()] "2 d

_2_ / / |gj J’J |t1—t2| dtldtg

The result now follows from |¢; —t2| 2 6 which is a consequence of the separation hypothesis. O

Remark 7.7. Note that this argument can be generalized to prove n-linear restriction estimates
for O-separated pieces of the moment curve t + (t,t2,...,t"). Here, the Jacobian arising from
the above indicated change of variables is a (scalar multiple of a) Vandermonde determinant and
one can use the same argument as of the footnote to prove the injectivity of the mapping, now
invoking the Newton—Girard formulae.

10Ty see that this change of variables is valid on I1 x I, note that if s;,t; € I; (for j = 1,2) satisfy
81+ 89 =t1 +t2 and sf—ﬁ—s% :t%—&-t%,
Then it follows from the formula 2ab = (a + b)? — (a? + b?) that s1s2 = t1t2. Consequently, by comparing
coefficients, we see that H?:l(z —t;) and H?Zl(z — s;) define the same polynomial (here, z is a single complex

variable) and hence the ¢; equal the s;, up to permutation. The separation of the intervals now implies t; = s;
for j =1,2.
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To prove ., we have to piece all this together. However, we cannot simply interpolate
between and 1 ) because of the support restrictions in Lemma [7.3] . Therefore, we will
split the left side of (| D into pieces in order to exploit (7.5).

To this end, we W111 use the Whitney decomposition. For every n > 0, we divide S! into 27
equal arcs, so that each arc at stage n has exactly two children at stage n + 1. We denote the
set of all arcs at stage n by A,,. We say that two arcs I, J € A,, from the same stage n > 1 are
close, if they are not adjacent, but their parents are adjacent. In this case, we write I ~ J. Note
that for each I there are only O(1) arcs J which are close to J.

Remark 7.8. Here we see that the non-vanishing curvature condition is crucial in the linear
problem as it allows us to find sufficiently many transverse pairs of arcs in the bilinear problem.

For every = # y on S!, there is exactly one pairs of arcs I,.J containing x and y respectively
such that I ~ J. This implies (by imagining the following formula in Fourier space)

Toido Todo = Y Todor Todos =3 Y Tadoy Todoy
I~J n>11,J€Ap:I~J

Remark 7.9. This decomposition is somewhat special to the bilinear perspective and so far,
there seems to be no known satisfactory way to duplicate this in a linear setting.

We are now ready to plug this decomposition into (7.3). To deal with the n summation, we
simply use the triangle inequality to obtain

||1Qd0’ 1QdUHq/2 ~ Z H Z 1lodo; 1QdO'J||q/2.
n>1 I,JeEA,:I~J

We will estimate the L9/2 norm by interpolating between estimates on the L> and the L? norm
and we begin with the former. By the triangle inequality and (7.4)), we obtain

IS fedoridoslles S @nIjenJl.
I,JEA:I~T I,JEAn:I~T

Although there are no Fourier transforms appearing on the right side anymore, a more tractable
dependence on 2 or factors of 27" would be desirable. Fortunately, similar crude estimates will
do the trick. Clearly, we may estimate |2 N J| < 27" at stage n. But since there are only O(1)
arcs J for each I, we obtain on the one hand

I Y Tadorladoglle S Y 10N 27" = 2779
I,JEA,:I~J I€A,

Alternatively, we may simply lift the restriction I ~ J on the summation and obtain

I Y Tadoyindosle < (Z |mf|> (Z mrm) =0,

I,JEA:I~T IeA, JEA,

Combining the last two estimates therefore shows

I > Tadorladolle S 19 min{|Q],27"}. (7.9)
I,JEA :I~T

Thus, we are left with the L? estimate. This time the triangle inequality is a bad idea as there
are lots of oscillations and orthogonality present that should be exploited more effectively. The
following observation of Fefferman is fundamental for what comes next.

As I ~ J vary, the functions lz_\dal 1351?] have Fourier transform supports which are essen-
tially disjoint which means that the functions themselves are essentially orthogonal. This is just
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done by computing the set theoretic sums of I and J and computing. Because of this (almost)
orthogonality EL we thus have

|| Z IQdUI IQdUJ||2

I,JeA :I~T
1/2
R,
< > llado; Todoy|l3
I,JEA :I~T
1/2

< on/2 > olen1enJ| ,
ILJEA, I~
where we used Lemma with § = 27" in the final inequality. By the same arguments as before,
we estimate the sum over the close arcs and obtain
| Y. ladoriedoyllz S 27/7(1) min{|Q),27"H2.

ILJEA, I~

Combining this with ([7.9) by Hoélder’s inequality, we thus have
I D> TadorTadoslye S 227/7(19) min{|0],27"}) =2/
IJEA, I~

Finally, summing over n, we obtain

|Lado Tadall,s Sy 2°7/9(19) min{|Q], 27}/,

n>1

where the right side can be computed (by considering 27" > |Q] and 27" > || separately) to
be |Q|'=2/9 = |Q|?/P, which was desired.

Remark 7.10. A quite similar argument can be used to prove the Bochner—Riesz conjecture in
d=2.

One of the key innovations here was the bilinear approach. Unfortunately, one cannot apply
the above argument directly to higher dimensions unless ¢/2 > 2. (As one can check, these cases
are already taken care of by the Tomas—Stein estimate.) Nevertheless, the bilinear approach was
quite useful in higher dimensions, and in fact all the best results on the restriction conjecture
and related problems has come from precisely such an approach.

Remark 7.11. The original proof of Cérdoba and Fefferman did not take such an explicitly
bilinear approach, and was more elegant; however, it was less obvious whether any of the ideas
could be extended to other dimensions and exponents.

7.5. From bilinear to linear. The most valuable feature of the bilinear restriction conjecture
is the fact that it implies the linear restriction conjecture. For technical reasons, consider only
compact subsets of the paraboloid.

Proposition 7.12 ([I88]). Let S C P! be compact and Sy and S transversal subsets of S. If
g>2d/(d—1) and ¢ > p'(d+1)/(d — 1), and the conjectured bilinear inequality

| f1do fado| parzmay S I f1lloo sl f2ll 25 (s.)

1One can obtain perfect orthogonality by only considering, say, every tenth pair (I,J) and then add up the
ten smaller sums by the triangle inequality.
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holds for all (p,q) in a neighborhood of (p,q), then the conjectured linear inequality

1f do|lLaray S IfllLe(do)
holds.

We first follow Bennett [0 p. 7-8]. See Tao—Vargas—Vega [I88] for the original argument
(Theorem 2.2 for the global and Theorem 4.1 for the local restriction estimates) and Bourgain—
Guth [31] for a simpler argument. For a textbook treatment see Demeter [63] Chapter 7]. In
the second subsection we present an argument relying on parabolic rescaling which is borrowed
from Demeter [63, Chapter 4].

7.5.1. Bourgain—Guth method. We present the argument in a such a way that it may be adapted
to a more general multilinear setting.

Sketch of proof of Proposition[7.19. We show the extension estimate ||f/d\0'HLq(Rd) S 1l e (do)
in the range p = ¢ > 2d/(d — 1). This special case is readily seen to imply the linear restriction
conjecture on the interior of the full conjectured range of Lebesgue exponents.

Let {S,} be a partition of S by patches of diameter approximately 1/K and write

f:Zfaa fa::fXSa-

By linearity, f/(-i\()' =>. f/a%. The key observation is the following inequality, see Bourgain—

Guth [31]. O
Proposition 7.13. We have
[fdo(2)|* S K*@D1 3" |fuy do() fa, do(@)| 2+ [fa o], (7.10)
SaySag [l

where the sum in Sy, and Sa, is restricted to 1/ K -transversal pairs Sq, and Sa,, i.e., |v1 Ava| >
1/K for all choices of unit normal vectors vi,ve to Sa,, Sa,, TESpectively.

Remark 7.14. Recall that for vy, ..., vy € R™ with k£ < n the wedge product v1 A... Avg, belongs to
the k-th exterior power of R™, denoted by A*(R™) with dimension dim(A*(R™)) = (}). Suppose

€1y €(n) is a basis of A¥(R") and that vy A ... Avy, = Egi)l agep. Then
(%)

o1 A Aol = [ D Jagf? . (7.11)
=1

1/2

In the special case where k = n and the components of the vector v; are denoted by {v;¢}}_;,
we have

v1,1 V12 o Ul
V2,1 V22 -+ U2n

|[vg Ao Avg| = |det | . ) . . (7.12)
Un,1  Un,2 e Un,n

s s

Proof of Proposition[7.13 This essentially amounts to an application of the elementary abstract
inequality

||a||§1(ZN) S NZ |ajak\Q/2 + ||a||Zq(zN)
7k
for finite sequences of real numbers a. O
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Continuation of sketch of proof of Proposition|[7.14 Assuming the truth of Proposition[7.13]and
integrating in z, we obtain [where does the K?2(@~1¢ come from?]

— _ —_— 2 —_—
Ifdo|2 < K240 N | fo, dofa, do|| 25+ > [ Tadol2, (7.13)
Saq,Sagy a

which, because of the terms Hm”g appearing on the right side, strongly suggests the viability
of a bootstrapping argument. To this end, let C = C(R) denote the smallest constant in the
inequality ||f/c%||Lq(BO(R)) < (| fllq over all R > 1 and f € LP(do). The only role of the
parameter R here is to ensure that C is a-priori finite. Our goal is to show C < oo, uniformly in
R. Because of the Fourier cut-off on S, (which has diameter 1/K), the hypothesis gives [where
does the K24/4=(d=1) come from?]

Hmﬂq < CK2d/a—(d=1)

Since 2d/q— (d—1) < 0 and K > 1, this represents a gain! Using (7.13]) along with the property
Yoo lfalld = [If]|Z (by Fourier disjointness), we obtain

If dol|2 < K201 N | fo, do fu, do|| V)5 + CEV/ 7D 10 (7.14)
SaysSay

for some constant ¢ independent of K. Taking K so large that cK?¢/9=(d=1) < 1/2 (say), we see
that it suffices to show

— 7 97 2
K201 N || foy do fo, do|| Y5 < A(K)| £]19 (7.15)
SaqSag

Believing this estimate for a moment, then by definition of C, we have C < ¢A+C/2, from which
we may deduce that C < oo uniformly in R. However, (7.15]) is a straightforward consequence of
the conjectured bilinear inequality. O

Remark 7.15. The above argument would have been equally effective if the factor K2(@—1 in
(7.10) were replaced by any fixed power of K. As we have seen, the key feature of (7.10)) is the
absence of a power of K in the second “bootstrapping” term on the right side.

7.5.2. Parabolic rescaling and bilinear to linear reduction. Parabolic rescaling means that the
affine functions

E—& &a—2& - E+]&
5 02

RdlxRB(f,Ed)}—)( ) §>0, & eRI!
map the (infinite) paraboloid into intself.

Next recall that any nonsingular affine map 7'(n) = An+v (for some d x d matrix A) interacts
with the Fourier transform via

1

— F —1\t —2mi(v,(A” 1)t z) )
T A e

G:=FoT = G(x)

Our goal is to use change of variables to convert inequalities involving functions whose Fourier
support lives on or near a small cap on P?~! into similar inequalities involving functions whose
Fourier support is then spread over neighborhoods of the whole P?~!. To make this precise, we
will need to measure the constants appearing in such inequalities precisely. In the context of
bilinear restriction, we make the following
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Definition 7.16 (Bilinear restriction constants). Let 1 < p,q < oo and 0 < D < 1. We denote
by BR*(qx q — p, D) the smallest constant C such that for each set of cubes Q1,Qy C [-1,1]47!
with dist(21,Q2) > D and each f: Q; UQs — C, we have

| Eq, f Ea, fllLe2@ey < Cllfllza@n I fllLay,) -

We will now parabolically rescale the known bilinear restriction estimates and afterwards
combine these with a Whitney decomposition to derive new linear restriction estimates.

Proposition 7.17. Let Q1,9 be two cubes in [—1,1]"1 with side length § and assume that
the distance D between their centers satisfies D > 46. Then for each 1 < p,q < oo and each
f:QUQy = C, we have

2(d—1) _ 2(d+1) 1
7

|Eq, fEq, fllr/2@ey < D0 » BRY(gx g p ) llzean il -

Note that the exponent of D is non-negative when p,q are in the linear restriction range.
Thus, we have extra gain as D gets smaller.

Proof. Let & be the midpoint of the line segment joining the centers of ; and 5. Define an
affine transformation on R%~! by
_&—%&

L() = Ly n () i= 2.

Then a simple computation shows that
|Eq, f(2',24)] = D' |Ey o, fL(D(2' + 22a€0), D*xa)l . fr:=fo L.

Note that L(€;) and L(€22) are now cubes in [—1,1]¢ that are separated by at least 1/2 (instead
of 20. Changing variables on the spatial side then gives

1Bq, fEo, [l Losagray = DX D=2V EL ) 1 Brgag ol o ey

T " 1
< DAD=2dED/P BRY (g x g — p, i)IIfL||L4(L(Ql>)HfLIqu(L(QQ))

2(d—1)  2(d+1)

. 1
=D 7 » BRY (g xa=p ) fllaen I fllzae,)
which concludes the proof. O

We recall the dyadic Whitney decomposition. A dyadic interval is an interval of the form
[02k, (£ +1)2%] with £,k € Z. A dyadic cube is the Cartesian product of dyadic intervals of equal
length. If two dyadic cubes intersect, then one must be the subset of the other.

Proposition 7.18 (Dyadic Whitney decomposition). Let S C R™ be a closed set. Then there
1s a collection C of closed dyadic cubes  with pairwise disjoint interiors such that

R™\S=[] @

Qec
and whose sidelength £(Q2) grows with the distance to S by
40(Q2) < dist(9,.5) < 504(Q) . (7.16)
Proof. See Demeter [63, Proposition 4.3] or Tao [186, Lecture 3, Proposition 4.6]. O

We need this in the following particular case.
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Corollary 7.19. Let d > 2, then there is a collection C of closed cubes Q = Q3 xQq C [—1,1]97 1 x
[—1,1)97Y with pairwise disjoint interiors such that

[_1’ 1]2d_2 \ {(575) : 5 € [_L l]d_l} = U Q
Qec
and
40(9) < dist(Qq, Q) < 100£(2) . (7.17)
Observe that the lower bound in ([7.17)) reflects the fact that the cubes © do not intersect

the diagonal. However, the bounds say that their side length is still comparable to the distance
between the underlying € and Q5. In d = 2 this is illustrated in the following figure.

Figure 1. Dyadic Whitney decomposition of [~1,1]? in the lower triangle

Proof. Tt suffices to achieve a similar decomposition with [—1,1] replaced with [0, 2] and then
translate the cubes by (—1,—1, ..., —1). The advantage of working with [0, 2] is that it is already

a dyadic interval.
Use the family of Proposition with m = 2d — 2 and S = {(£,€) : € € R4} and only
keep the cubes that are inside [0,2]24~2. They obviously cover [0,2]?¢~2. Likewise, the bounds

(7.17) follow from ([7.16]). O

The following lemma says that when we have a sequence of functions with disjoint Fourier
support, we can easily decouple their contributions to an L*® norm.

Lemma 7.20. Let R be a finite collection of rectangular bozes in R? with 2RN2R' = () whenever
R # bz’ € R. For R € R let Fr : R* — C be an L° function for some 1 < s < oo with
supp(Fr) C R. Then

1/s
1> Frllze S (Z |FR||§> , 1<s<2
R R
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and

1/5’
ZFRans(sznz') s
R

R
where the implicit constants do not depend on R.

Proof. Let pr € S(R?) with 1z < $pr < 1ap and ||¢g|| = 1. Note that Fr = Fg * ¢r. Consider
the operator T acting on an arbitrary family Gr = (Gr)grer of functions Gg via

®) = Gr*on.
R
By orthogonality, T : L2(R? : (2(R)) — L%*(R%), i.e

ITGRIE = [ 13 Grrpn@Pde= [13 Cror@©P = [ 1Gaon(©)
- /sz /;m ;/M
¥ [1Grrono)P < >l

and by Young’s inequality, T : L'(R? : (1(R)) — L*(R%), i.e

IT(GRr)l 7/|ZGR*SDR ) de < ZHGR * pr[l1] < Z G Rl
Vector-valued interpolation thus gives the first assertion. Since T : L‘X’(Rd,fl( )) = L™, i.e.,

IT(GR)llse = 1IY_ Gr*¢rlloo < DGRl
R R

vector-valued interpolation also gives the second assertion. |

We are now ready to assemble all the previous ingredients and prove that bilinear restriction
estimates give linear ones.

Theorem 7.21. Assume that

1

5) < 0
for some 2d(d — 1) < p <4 when d > 3 or for some p > 4 when d = 2. Then the linear estimate
R*(co — p) holds.

Proof. Let C be a collection of closed cubes Q = Q; x Qy C [~1,1]7"! x [~1,1]9"! as in Corollary
Let f:[~1,1]9"! — C. Then we may write (neglecting the diagonal which has Lebesgue
measure zero)

Ef(l‘)2 _ / f(gl)f(62)627”‘16'-(§1+§2)+2m’zd(ff+€§) dé, dé,
[—1,1]¢-1 x[=1,1]¢-1

BR*(00 X 00 > p,

/ f(gl)f(gz)e%rim'-(§1+§2)+27rizd(5rf+fg) dé; déy
Ql XQQ

Q=01 xQ2€C
QeC

Now for k > 1 define Cy to consist of these cubes in C whose side length is 2% We separate
these scales using the triangle inequality and obtain

IEFI; = 1B lp2 < D11 D EayfEa,flip2- (7.18)

k>1 Qecy
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Now note that as  ranges through Cj, the collection of cubes 4(Q; + Q5) overlap at most C
times for some C independent of k. This follows from the following two observations.
(1) The upper bound dist(21,Q2) < 100£(Q2) = 1004(; x Qs) in forces 1 + Qo C
Q1 + 1000€2; .
(2) Each Qp appears at most O(1) times as the first component of some Q € C. (This
observation will allows us to exploit orthogonality within each family Cy.)

We would now like to appply Lemma with s = p/2 and Fr = Eq, fEq,f. The Fourier
transform of Fq, fEq, f is supported inside a rectangular box Rg € R4~ x R whose projection
to RI7! lies inside 2(2; + Q). But by the finite overlaps of 4(€; + €3) (discussed above) it
follows that we can split Ci, into C' = O(1) families such that the boxes 2R, are pairwise disjoint
for € in each family. By applying Lemma with s = p/2 to each family, we obtain

2/p
1Y Ea,fEa, fllp2 S (Z ||E91fE92f||£ﬁ> , d=3

QeCy QeCy

respectively

p—2/p
-2
1Y EayfEa, fllp2 S ( > N1Ba, fEo, 112 )> , d=2
QeCy, QeCy
where the implicit constants do not depend on k.

Now the lower bound in (7.17)) (i.e., dist(€24, Q) > 44(©2)) allows us to apply the parabolically
rescaled bilinear estimate of Proposition to each term in the sum and obtain

— 14+t
1Ea, f o, Fl1y)5 < 27F @750 fllpoe eagey

Note that there are O(2F(@=1)) cubes in Cy, so

hp(d—1— 441y, 2
{(2’““‘”2 SN I e g gary s d=3

1) EaifEq, fllp2 S k2 (g 3) 22
Z RAt® (2k 27Fp=2(1=3)) 5 117 o0 (1127019 d=2.

QeCy,

In both cases the upper bound is O(27*¢»|| f||2 oc([—l,l]dfl)) for some €, > 0 (since p > 2d/(d—1)).
Combining this with (7.18]) finishes the proof. O

7.6. Two-dimensional Kakeya theorems. We follow Tao [I79, Lecture 6].

7.7. Multilinear restriction. We follow Bennett—Carbery—Tao [7] and the notes of Hickman
and Vitturi [I07, Lecture 3, Sections 2-5].

Recall that we have seen in the beginning of this section that the presence of curvature of a
single (sub)manifold was crucial in the linear restriction problem, whereas transversality between
two submanifolds became important in the bilinear world. One of the puzzling features of bilinear
problems is, however, that they seem to confuse the role played by curvature in higher dimensions.
For instance, it is known that the bilinear restriction theories for the cone and the paraboloid are
almost identical, whereas the linear theory for these surfaces is certainly not. Moreover, simple
heuristics suggest that the optimal k-linear restriction theory requires at least d—k non-vanishing
curvatures, but that further curvature assumptions have no further effect. For this reason, it
seems natural to consider a d-linear setup in d dimensions since then one does not expect to
require any curvature hypotheses. We are therefore seeking inequalities of the form

d d

H(gjdaj)v < H lgjllLecs,) forall g>2d/(d—1)and p’ < q(d—1)/d

j=1 La/d(R4) j=1
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for hypersurfaces {S;}9_, endowed with associated smooth measures {o;}9_,, respectively, when-
ever the S; are “sufficiently separated” in the sense of (7.6 . In fact, by multilinear interpolation
(see, e.g., Bergh Lofstrom [8 D, and Holder’s inequality, it would suffice to prove the endpoint
case p=2and ¢ =2d/(d—1), 1

d d
H gjdo;)” S H lgillz2(s;) -
j=1 j=1

L2/(d—1)(Rd)

Remarkably, this conjecture was almost completely resolved by Bennett—Carbery—Tao [7]
where they proved the above estimate with a subpolynomial loss in the constants.
In the following we adapt the notation that has been used so far to their work. To this end,
for j =1,...,d, let
o U; C R%1 be compact neighborhoods of the origin,
e ¥, : U; — R? be smooth parameterizations of the (d — 1)-dimensional manifolds S; of
R¢, and
o (&i9)(x) == [, ™ 35(8) g(€) d¢ for x € RY be the associated extension operators.
J
The analog of the bilinear transversality condition will essentially amount to requiring that

the normals to the submanifolds parameterized by the 3;’s span all points of the parameter
space. In order to express this in an appropriately uniform manner, we make the following

Definition 7.22. For each 1 < j < d let Y} be the (d — 1)-form

Y;(€) = M\ e ti©), §eU;.

By duality, the Y; can be viewed as vector fields on U;. We will not impose any curvature
conditions (in particular, we permit the vector fields Y; to be constant), but we will impose the
following

Assumption 7.23. Let A,v > 0 be given. Then the following assertions hold.
(1) The manifolds S; obey the “transversality” (or “spanning”) condition

det(Y1 (€M), . Ya(€ DN > v for all €V e Uy, ... ¢D e Uy. (7.19)
(2) The maps (parameterizations) 3; obey the smoothness condition

IZ5llc2,) <A forallj=1,...d. (7.20)

Remarks 7.24. (1) If U; is sufficiently small, then £;g; = G/chj where G; : £;(U;) — C is
the “normalized lift” of g;, i.e., G;(X;(€)) = [Y;(&)|71g;(€) for € € Uj, and do; is the induced
Lebesgue measure on X;(Uj;).

(2) Using a partition of unity and an appropriate affine transformation, we can assume v ~ 1
and that for each j = 1,...,d, the manifold X;(U;) is contained in a sufficiently small neighbor-
hood of the j-th standard basis vector e; € R,

Observe that, whenever the ¥; are linear, then, by an application of Plancherel’s theorem, the
conjectured multilinear estimate is equivalent to the LoomistVhitney inequality [134]. Namely,
let ; : R? — R41 denote the projection onto the hyperplane e] (where z; = 0), i.e., mj(z) =
(1, s ®j—1, Tj41, .o, Ta), then

/}Rd fi(mi(2)) -+ fa(ma(@) dz < || fillay - I fallar for all f; € LT7HRTY) (7.21)
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which is sometimes also written as

d d
ITT o mill @ < I Ifillees) -
j=1 j=1
For now, let us merely observe that in view of this inequality, we can view multilinear restric-
tion as a certain (rather oscillatory) generalization of the Loomis-Whitney inequality. We will
reencounter this inequality in some moments when we will be discussing the multilinear analog
of the Kakeya conjecture where the nature of this generalization will become clearer. Let us for
now close this subsection with the main result.

Theorem 7.25 (Near-optimal multilinear restriction (Bennett—Carbery—Tao [7, Theorem 1.16])).
Let Assumption[7.23 hold. Then for each e >0, ¢ > 2d/(d—1) and p’ < q(d —1)/d, there exists
a constant C = C(A,v,e,d,p,q) > 0 such that

d d
19 <CR [ l9slleow,) (7.22)
=1 La/4(Bo(R)) =1
holds for all g; € LP(U;), j =1,...,d, and all R > 1.

Naturally, the question arises whether this theorem has any consequences for the linear prob-
lem. Unfortunately, the transversality hypotheses make it difficult to apply multilinear restriction
estimates directly to obtain new linear estimates in dimensions d > 2. After some years however,
Bourgain and Guth [31] introduced the so-called ¢?-decoupling which allows one to use Theorem
to obtain improved partial results on the restriction conjecture in higher dimensions. This
technique and its applications will be discussed in detail in Section [21]

In Subsection we will see that this theorem is equivalent to the so-called multilinear
Kakeya conjecture that we will discuss (and prove!) in the next subsections.

7.8. Multilinear Kakeya. We follow Bennett—Carbery—Tao [7] and the notes of Hickman and
Vitturi [I07, Lecture 3, Sections 2-5]. See also Guth [I00} [I0T] (in particular the short proof of
the non-optimal result.)

Tt is well known (and it will be discussed in Subsection [15.1)) that the linear restriction conjec-
ture implies the linear Kakeya conjecture (Conjecture|15.1)). To state it precisely, let us introduce
the following notation that will also be used in Section [15]later. Let 0 < § < 1, w € S !, and
a € R%. Then we define a §-tube to be any rectangular (or cylindrical) box T3 (a), or short, T,
in R? with d — 1 side lengths & (or diameter 26) and one side length 1 which is oriented in the
direction w. By T we denote an arbitrary collection of such §-tubes whose orientations form a
maximal §-separated subset of S?~!. The cardinality of T is denoted by #T. Then the maximal
Kakeya conjecture says that for any ¢ > 0 and d/(d — 1) < g < oo, there exists a constant C
independent of § such that

< C§@=D/a(gT)-1/(ald=1)

S

TeT

La(R4)
We emphasize that the “separation condition” on each of the d-tubes is crucial in this linear
problem.

By a straightforward adaptions of the arguments given in Subsection [15.1] one sees that the
multilinear restriction conjecture implies the corresponding multilinear Kakeya-type conjecture
that we will describe now. Suppose Ty, ..., T4 are families of J-tubes in R? where we now allow (!)
the tubes within the same family T; to be parallel (in contrast to the linear problem). However,
we assume that, for each j = 1,...,d, the tubes in T; must point in directions belonging to a
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fixed spherical cap, say S; = {w € ST : |1 —w-e;| < C71} for some large C' > 0, centered at
e;. In this case, we say that the family T, is transversal. (The vectors e; may be replaced by any
fixed linearly independent set of vectors in R? here, as affine invariance considerations reveal.)

Theorem 7.26 (Near-optimal multilinear Kakeya (Bennett—Carbery—Tao [7, Theorem 1.15])).
Ifd/(d — 1) < q < oo, then there exists a constant C' > 0 which is independent of 6 and the
transversal families of tubes T1,...Tq, such that

d

d
It > 1 < C Y *#T;). (7.23)

J=1 \T;€T; La/d(Rd)
Furthermore, for each € > 0 there is a similarly uniform constant C' > 0 for which

d d
It > 1s < Co7 [J(0 1 #T;). (7.24)

J=1 \T;€T,; L1/(d=1)(By(1))

Remarks 7.27. (1) Since the case ¢ = oo is trivially true, is equivalent, via Holder, to the
endpoint case ¢ = d/(d—1). In contrast to the linear setting, there is no obvious counterexample
prohibiting this claim holding at the endpoint ¢ = d/(d — 1), and indeed in the d = 2 case it is
easy to verify this endpoint estimate. In fact, as we will present next, Guth [I00] did eventually
obtain the endpoint result.

(2) By contrast with similar statements at lower levels of multilinearity, each family T, is
permitted to contain parallel tubes, and in fact, even arbitrary repetitions of tubes.

(3) The decision to formulate in terms of § x ---0 x 1 tubes is largely for historical
reasons. However, just by scaling, it is easily seen that the above estimate is equivalent to

Jj=1

d

d
II{ > 1 <C[I#1).

Jj=1 TjGT]‘ La/d(Rd)

where the collections 'fFj consist of tubes of width 1 and arbitrary (possibly infinite) length where,
of course, still the appropriate transversality condition is imposed on the families Ty, ..., Tq.

(4) Note that the extreme case of when the collections of rectangles are 1-transverse
corresponds (by Hadamard’s inequality) precisely to the situation when all the rectangles in
T; are oriented in the same direction e;. Under these hypothesis, is a consequence of
the Loomis—Whitney inequality . Put differently, the multilinear Kakeya estimate is a
generalization of the Loomis—Whitney inequality. The geometric nature of this generalization is
of course much more transparent than in the multilinear restriction problem.

(4) As opposed to the linear case, the multilinear Kakeya theorem does not imply something
on the dimension of Besicovitch sets, although there is a connection to the joints problem, see
Bennett—Carbery—Tao [7, §7].

(5) Bennett—Carbery—Tao [7, §6] also derived a natural variable coefficient extension of their
results.

(6) Although, we will not review their proof here, let us summarize their strategy. First, one
observes that if each T; € T; is centered at the origin (for all j = 1,...,d), then, the two sides of
(7.23)) are trivially comparable. This observation leads to the suggestion that such configurations
of tubes might actually be extremal for the left side of . For analytic reasons, in pursuing
this idea it seemed natural to replace the rough indicator functions by Gaussians of the form
e~ {@=v.A@=v)) for an appropriate positive definite d x d matrix A and vectors v € R%. Using
these Gaussians as “smoothed cutoff functions”, they give a novel proof of the Loomis—Whitney
inequality in §3. Afterwards, they perturb the inequality in §4; as a corollary of this perturbed
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inequality, they obtain the multilinear Kakeya conjecture up to the endpoint (and a “weak” form
of the multilinear restriction conjecture). O

Theorem 7.28 (Weighted multilinear Kakeya). Assume that the assumptions of Theorem
hold. For each T; € T; let wr; > 0 be a weight and define the simple functions

g; ‘= Z U}leTj .

T;€T;

Then, one has the similar estimate

d d
119 <Co e[ D> wr). (7.25)
=Ll pasa-0(By(1)) =t el

Proof. 1f wr, € N for all Tj € T}, then the result is a consequence of the original multilinear

Kakeya inequality ([7.23)) by including repeats of the tubes in the collections. The estimate for
rational weights follows by rescaling and for reals by continuity. O

Theorem 7.29 (Endpoint multilinear Kakeya (Guth [100])). Formula (7.24)) holds without the

subpolynomial loss 6~ ¢. Moreover, the dependence of the transversality constant v is given by
—1/(d—-1)
v .

Theorem 7.30 (Simple multilinear Kakeya (Guth [I01])). Suppose that {; . are lines in R where
j=1..,danda=1,..,N;. Let ija be the 1-neighborhood of ¢; . Suppose that S; C S is a
spherical cap and that the lines {; , lie in S;. Suppose that for any vectors v; € S;, we have the
transversality condition |vy A -+ Avg| > v.

Let Qs denote any cube of side length S. Then for any e > 0 and any S > 1, one has

d N T d .
/ 1> 1s,. < CoOWs [N, (7.26)
Q

5 j=1 \a=1 j=1

-0(1)

where v means that the dependence on the transversality constant v is polynomial.

Moreover, we have the following weighted analog similar to Theorem , For each T, € T;
let wj, > 0 be a weight and define the simple functions

gj = E wj,alTj,a .
T;€T;

Then, with the above notation,
1

a d =1
/Q H gfj < Cy 9Wge H (Z wj’a> , (7.27)

s j=1 j=1
holds.

Remarkably, we will find next that the multilinear restriction and Kakeya theorems are essen-
tially equivalent. This equivalence follows from multilinearizing a well known induction-on-scales
argument of Bourgain [I5] (see also Tao—Vargas—Vega [I88] for this argument in the bilinear
setting). Before we study this equivalence in detail, we proceed with a review of Guth’s simple
proof of Theorem [7.30}
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7.9. Guth’s simple proof of Theorem The main goal of this section will be to prove
the following theorem. Theorem will follow from it and the ensuing observation.

Theorem 7.31. Suppose that {;, are lines in R? where j = 1,...,d and a = 1, oy ;. Let Tj7a
be the 1-neighborhood of £; . Suppose that the lines {;, makes an angle of at most (10d)™" with
the e;-axis.

Let Qg denote any cube of side length S. Then for any € > 0 and any S > 1, one has

1
d—1 d

d N;
/Q (> 1. <CS [N (7.28)

s j=1 \a=1 j=1

The proof is split into three steps.

(1) Reduction to almost axis-parallel tubes

(2) Analyzing the case of exactly axis-parallel tubes using the Loomis—-Whitney inequality
(7.21)

(3) Perturbation of the Loomis—Whitney inequality and multiscale analysis

7.9.1. Reduction to nearly axis parallel tubes. The first observation in Bennett et al [7] is that
it suffices to consider collections T; of tubes which are almost parallel to each other. In fact,
Theorem [7.31] will follow from

Proposition 7.32. For every € > 0, there is some § > 0 such that the following holds. Suppose
that ;. are lines in R, and that each line {;, makes an angle of at most § with the e;-azis.
Then for any S > 1 and any cube Qg of side length S, we have

d N; d .
/Q (> 1. <GS N (7.29)

s j=1 \a=1 j=1
We will use this to prove Theorems [7.31] and [7.30]

Proof of Theorem [7.31] assuming Proposition[7.32 Let S; C S%! be a spherical cap around
e; of radius, say (10d)~!. By the hypothesis of Theorem every line ¢; , has a direction
belonging to S;. Now, for a given ¢ > 0, we pick a ¢ as in Proposition We subdivide S;
now into smaller caps S; s of radius §/10, i.e., S; can be covered by roughly 6~ <. 1 caps S; 4.
Let us abuse notation and write “¢, ; € S;3”, whenever the direction of ¢, ; belongs to 5; .
Since the number of caps is <. 1, we have

d N; T d
LX) = X [ ¥ .
Q BryeesBa @

S j=1 a=1 s =1 ejﬁaESjyﬁ

_1_
d—1

d—1

We claim that each S-summand on the right side is controlled by Proposition7.32} Clearly, this
is the case when f3; is such that S; g, contains e;. Otherwise, we perform a linear change of
variables such that the center of S; 3 is mapped to e;. Since the angle between the ¢; , and ¢;
is at most (10d)~!, the involved Jacobian is at most const?. In any case, the integral in the new
coordinates is again controlled using Proposition [7.32 g

Proof of Theorem [7.30 assuming Proposition[7.39 We again cover S; by caps Sj s of a small
radius p. As long as p < v/(100d), we can guarantee that |v; A --- Avg| > v/2 for all v; € Sj 5.
We pick a sequence of caps S1,, ..., 54,3, and change coordinates so that the center of the cap
Sj g, is mapped to the coordinate vector e;. The distortion of lengths and volumes caused by
this coordinate change is O(r~1). So, we may apply Proposition in these new coordinates.
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If p = p(e) is small enough, the image of S; 3 is contained in a cap of radius 6 = d(¢) as in
Proposition — and this gives the desired estimate with error of order C.O(r~1)S¢. Finally,
we sum over C.O(v~1) with different choices of Sy g,, ..., S4,5,- a

7.9.2. The axis parallel case (Loomis—Whitney). As we have remarked after Theorem the
case where all ¢; , are parallel to the ej-axis follows from the Loomis-Whitney inequality (7.21])

in the form
d 1 d _1
[ T hm@™ < T s
RYj=1 j=1

In fact, if the line ¢; , is parallel to the e;-axis, then it can be defined by the point 7;(z) =y, €
R4~ where it intersects the plane z; = 0, see the figure below.

O AN ej

/ /

/

OB
A '

‘V

Figure 2
S ip(2) =) 1p, 1)(m(@).
a a
Applying the Loomis—Whitney inequality with
fi= Z 1p,, (1)(m(z))
with Hfj”Ll(Rd—l) = ‘Sd71|Nj, we obtain

da [N T d d d )
1 S
JRIIDSTN I I | OIS | (TP | i
R 521 \a=1 Re 5 0q j=1

Jj=1

Then

7.9.3. The multiscale argument. In the previous subsubsection we saw how to prove Proposition
[7.32]in the case where all tubes are parallel to each other. We will now have to understand and
control the impact of slightly tilting them with tilting angle at most ¢ = 0(e) for a given fixed
€. The main idea is the following. Instead of trying to prove the desired estimate immediately
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on the scale S, we will first study a smaller scale, say 6~ '. Then, we will jump to the larger
scale 62 using the Loomis-Whitney inequality and continue this procedure until we arrive at
the desired scale S.

To set up the argument (and also generalize the lemma a bit), we introduce the one-parameter
family of tubes of variable thickness T} o, w which are W-neighborhoods (cylindrical or rectan-
gular) of the line ¢; 4.

The following lemma is crucial to get the inductive step from scale 6! to scale 62 running.

Lemma 7.33. Suppose the lines {; , make an angle of at most & from the ej-axis. Let T o w be
as before and introduce

N;
fiw =Y 11, .
a=1

If S > W/ and Qs is any cube of sidelength S, then

d d
/‘Hﬁwmmgaﬂ/:ﬂﬁ%fm.
Q Q

s j=1 s j=1

Proof. Since S > W/, we may divide Qg into subcubes () whose side length belongs to
[VQVT/d&, VIVT/;]. Thus, it suffices to prove for each such cube

d d
1/(d-1) d 1/(d—1)
/Hﬂw mg@d/ﬂ@wém.
Qj:l Qj:1

Since the side length of @ is < VlvT/;, one can find an axis-parallel tube Tj,a,W of twice the

thickness, i.e., W = 2W , see also the figure below.
§

¢ A —w

/ N

W)
7§ L/Jdt’ i/ Ny, exl/s- /)ou-«&/
§ fk;&v 77.0., v 2 / e 'J/

~

'4’=-5L"-t,,,5’+ L/-ces§ ~ 2w

T ~
sy [ Tew

Figure 3

Therefore, we have 17, , . (z) < 15 (z) for all z € @ and may estimate

a,j,2W

1
a—1 d

d d .
/ [T747" < / 11 <Z 1T~a‘j,zw> <II (Nj(Q)ﬁ ~W%) =W N7 .
Q j=1 Q j=1 a e} =

Here, we used Loomis—Whitney in the second inequality (like in the previous step) and denoted
the number of tubes T}, w that intersect @ by N;(Q).
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its diameter is < Wjs < —/. Thus, if T} qw

Now, since the side length of @ is < w/s Vi T
N (Q) < Za 1 ]'Tj,a,W/é (l’)

10d *
intersects @, then certainly 17, , . ,(z) =1 for all z € Q and henc
for all z € Q. Using this bound and that |Q| ~ (W/§)¢, we obtain

1 1
d 1 1
TN (@ d1<5d|Q|H Zl —— Nad/H Zl L@ ]
j=1 a= a=
thereby establishing the claim. O

We are now ready to give the

Proof of Theorem [7.33 Suppose first S = 5™, Using Lemma repeatedly, we get

/QH Z]'Tja /H d1<cl\/[5dM/ H 5M

S j=1 \a=1 Qs j=1 Qs j=1
with Cy from the assertion of that lemma. Since f; 5~ (z) < Nj for all z, we can further estimate

1
d—1

d 1 d
/QH ZlT“ SCW'MHJ\G‘ﬁ/ = TN
j=1

s j=1 \a=1 Qs j=1
log Cy
Since S = 6™, we have M = 985 _ and therefore CH = S1es6=1 . Now, for given e, we chose

log(6—1)

0 = 0(g) so small that 1;2%50,%) < e. Thus, for S = 6~M the above estimate reads

1
d—1

d 1
[(En) s
Q j=1

S j=1 \a=1

when S = 6~M. Now, for an arbitrary S > 1, we can find M € Ny so that Qg can be covered by
Cs(zy cubes of side length 5~M . But then we can use the above estimate for each such subcube
and obtain

d 1
/Q H ZlTﬂa SCES&HNJE'
j=1

S j=1 \a=1

This concludes the proof of Theorem O

7.10. Multilinear restriction < multilinear Kakeya. We follow Bennett—Carbery—Tao [7}

§2].

Notation. Recall that we introduced for o > 0, ¢ > 2d/(d — 1), and p’ < ¢(d — 1)/d the notation
R(p X ... xp—q;a)

to denote the multilinear restriction estimate
d d
| H €i9illLarappo) < CR” H lgillze ;)
j=1 j=1
for some C = C(A,v,a,d,p,q), for all g; € LP(U;), j = 1,...,d, and all R > 1. Similarly, for
d/(d—1) < ¢q < oo, we use
K(1x..x1—=qe)
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to denote the multilinear Kakeya estimate

||H > 1p)llga < C5F H (8Y94T;) (7.30)

Jj=1 T;€T;

for some C' = C(e,d,q), for all transversal collections of families of §-tubes in R? and all
0 < 6 < 1. Recall once more, that (7.30) is equivalent (by standard density arguments in
suitable weak topologies) to the superficially stronger inequality

HH Z Ly, * pry )| paramay < CO°° H (§4/4 Z | ez 11) (7.31)

j=1 T;€T; T, €T;

for all finite measures p7; (with T; € T; and j = 1,...,d) on R4,

With this notation, Theorem is equivalent to the statement *(1 x ... x 1 — ¢;0) for all
d/(d—1) < g < oo, and K*(1 x ... x 1 = d/(d — 1);¢) for all € > 0. Similarly, Theorem [7.25] is
equivalent to R*(2 x ... x 2 = 2d(d — 1);¢) for all € > 0.

7.10.1. Multilmear restriction = multilinear Kakeya. As we have already outlined (see also
Proposition , a standard randomization argument allows one to deduce the multilinear
Kakeya conJecture from the multilinear restriction conjecture. In the localized setting, this of
course continues to be true, i.e., for any o > 0, we have

2d d
R*(2 2 = K 1 —2 7.32
(2% .. ><—>d_1) (1x ><—>d_1a) (7.32)
7.10.2. Multilinear Kakeya = multilinear restriction. Multilinearizing a well known bootstrap-
ping argument of Bourgain [I5] (again, see Tao—Vargas—Vega [I88] in the bilinear setting), we
shall obtain the following reverse mechanism.

Proposition 7.34. For all a,e > 0 and 2d/(d — 1) < ¢ < 00, we have
€

R*(2X..X2—= qa) cmdlC*(l><...><1—>%;5):>R*(2><...x2—>q;%+1).

Remark 7.35. Note that there are minor flaws in the proofs of this proposition in Bennett—
Carbery—Tao [7, Proposition 2.1] and in Bennett [6l Proposition 4.8]. (Formula (14) in [7] can
only hold, when the L?(Af) norm on the right side of the estimate is replaced by the L? (A]\./E)

norm. A similar flaw occurs in [6].) This flaw is however not grave, as A}/ﬁ can still be covered
by R™Y2 x ... x R™Y2 x R~ discs (there are now O(R'/?) more discs in the argument as in
these works) as they are merely used to perform a partition of unity of f; x ¢7,,.. In any case,
a correct version of the proof appears Lecture 1 (Proposition 36) in Tao’s notes [I87].

Using elementary estimate, one easily verifies R*(2 x ... X 2 = 2d/(d — 1); «) for very large a.
For instance, noting that |Bo(R)| = c4R?, one has
d
I HngJHLz/(d D (Bo(R)) S caRNTD/2 H 1€j95lloc < cgRND/ H lgillLrw;)
Jj=1 j=1 j=1
which, by Cauchy—Schwarz, yields R*(2 x ... x 2 — 2d/(d — 1);d(d — 1)/2). In the presence
of appropriately favorable Kakeya estimates this large value of o may then be reduced by a
repeated application of the above proposition. In particular, Proposition [7.34] together with
(7.32) (multilinear restriction = multilinear Kakeya) shows the equivalence

2d d
R*(2%..x2— ﬁ;a)@K*(l X ..o x1— ﬁ;s) foralle > 0.
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Therefore, the multilinear restriction theorem (Theorem follows from the multilinear Kakeya
theorem (Theorem [7.26). In fact, already Guth’s simpler version (Theorem is sufficient to
prove Theorem [7.26]

The proof of Proposition is very similar to that of Tao—Vargas—Vega [I88, Lemma 4.4],
and on a technical level slightly more straightforward. We begin by stating a lemma which, given
(1) in Remark and the control of |Y;| implicit in Assumptionis a standard manifestation
of the uncertainty principle. (See Cérdoba [49] for the origin of this (see also [5I]) and Tao—
Vargas—Vega [I88] Proposition 4.3] for a proof in the bilinear case which immediately generalizes
to the multilinear case.) In effect, this is similar to localized linear restriction theory that we
discussed in Section [6] especially Lemmas and

Lemma 7.36. The multilinear restriction estimate R*(2 X ... X 2 = q; «) is true if and only if

d d
ITT Filloracsocry < CRO 2T 11512 (7.33)
j=1 j=1
for all R > 1 and functions f; € S(R?) with supp f; C AR = Ny p(%5(U;)) = %5(U;) +O(R™)
(an R~‘-neighborhood or R~-annulus) for all j = 1,...,d.

We now turn to the proof of Proposition where the implicit constants in the < notation
will at most depend on A, v,d,p,«, and €.

Proof of Proposition[7.3]} The proof is somewhat similar to the one of Lemma and uses
induction on scales.

Because of the above lemma on the equivalence between global and localized restriction esti-
mates, it suffices to show

d d
ITT Fill caracmocry S ROZHA2T] 1£illL2canm)

Jj=1 Jj=1

for all f; with supp f; C Af with j = 1,...,d. To this end, let ¢ € @(Rd) be a bump
function adapted to By(C') such that ¢(z) > 0 for # € By(1). For R > 1 and = € R?, define the
modulated (L'-normalized) dilate %, () := e~ 2miwE RA/25(R1/2¢) which is a bump adapted to
By(C/R'Y?) in Fourier space, respectively a Schwartz function in physical space which is centered
at x, bounded from below on B,(C~'R/?), and rapidly decaying away from B,(C~'R/?). By
the assumption R*(2 X ... X 2 = ¢;«) and the above localization lemma (Lemma with R
replaced by V'R and replacing f; by the modulate fj62”i<”’")), we infer

d d
[ H(‘Pfspﬂ)vfj||Lq/d(Bm(R1/2)) S R/ H ||90916:51/2 * fjHLz(A}/E)
j=1 j=1

for all 2 € R?. Thus, “L%%averaging” this inequality over z € By(R) (i.e., taking both sides
to the power ¢/d, integrating over x € By(R), and taking everything to the power d/q) yields
(using flz‘SR 1|I—y|§\/ﬁ dx Z Rd/21|y|§R)

q/(2d) d/a

d
H ||f] * 90916%1/2”12(14;/?) dx
j=1

d
|| H fJHLq/d(BO(R)) S ROL/Q—d/4 R_d/Q/

=1 Bo(R)

In what follows, we shall show that the [..]%%term is bounded by R*/* - R=%/* where the
R#/* is just the square root of the constant in the multilinear Kakeya estimate (7.31]) with
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§ = R™'/2. Now, for each j = 1,...,d, we cover A}/ﬁ (the R~/2-neighborhood around %;(U;))
by a boundedly overlapping family of R™1/2 x ... x R™%/2 x R~!-discs {D,} and introduce
Ji.p; == 1p, fj. Since for each j, the supports of the functions f; p; * ¢%,,. are only finitely
overlapping, we further obtain

a/(2d) /q

d d
jllLa/d(Bo(R)) X B B 5,D; * PRis2 L2 (we
ITT Al S ROPU R 1£5., % O3 2132 gt dx
j=1 Bo(R) \j=1 D;

Applying Plancherel to the right side and using that (gp}”%l ,2)" is rapidly decreasing away from

Bx(\/ﬁ), we estimate the right side further from above by a constant times

q/(2d) d/a

d
Ro/2-d/4 R—d/2/ TT S 1500012 s ey de| . (7.34)

Bo(R) j=1 D,

For each Dj, let ¢p, € S(RY) with Yp,(§) ~ 1 for £ € D; and whose Fourier transform satisfies
(¥p,)Y (@ +y)| S R P1g (2), 2,y € R with |y| < RY?,

where T} denotes the R'/? x ... x RY? x R-tube (which is dual to the disc D;) centered at
the origin and oriented along the normal of the disc D;. (Note that we are here using the full
C?%(U;) control given by Assumption ) Defining f~j1Dj = fj,p,/"¥p,, we see that f; p, and
fj, p; are pointwise comparable. Now, by Cauchy-Schwarz (write the following convolution like
)" () 1(0p,)Y (2 = w)|V2 - (6p,)" (= = )] /2), we may estimate

|(f5.0,)Y (@ + )P = |(fi.0,)" * (p,)Y (@ +y)* S B V2(f50,)V % 11, (2)
for all 2, € R? with |y| < R'/2. Integrating this in y over |y| < R'/? yields
105,00 B, ey S B2 0,) V2 5 1, (1)

Plugging this estimate in (7.34) and applying the R~/2-rescaled Kakeya hypothesis K*(1 x ... x
1 — q/2;¢) with § = R~/2 (in its equivalent “measure form” (7.31))), we obtain

a/(2) 9

> RTYA(fi,)Y P 1y (2) d
D;

a

d
~ d d
TT 5l oracmyom < RES R/
H JIL/4(Bo(R)) Bo(R)

j=1

I1

d
j=1

1/2

d
< Ro/2-d/2+e/4 H Z I fi.p, ||iz(A%§)
e 3 J

d d
S RPNl aamy = RIS e cam
j=1 =1

In the penultimate inequality we used Kakeya and then Plancherel, and in the final inequality,
the pointwise comparability | f; p,| ~ | fj p,| and then the almost disjointness of the f; p, to take

the D;-sum into the L2 (A]\/E)—norm. This concludes the proof of Proposition ]
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8. RESTRICTION ESTIMATES VIA REVERSE LITTLEWOOD—PALEY INEQUALITIES AND THE
KAKEYA CONJECTURE

Before we introduce the third tool commonly used to prove restriction estimates, let us discuss
another possible approach to prove localized inequalities of the form (for P4~! for the sake of
concreteness)

[(Fdo)¥ || L2as a1 (B(xo,r)) S BENFl p2as@-1) pa-1 g0y
for R > 1 and any xo € R?. As we saw earlier, the above estimate can actually be reduced to

|G p2ara-1 (o, ry) S BT CONG| Laasca-vy (v  p(pa-1y)

for any G with smooth Fourier support contained in N / r(P471) (see Lemma . To make

things simpler, let us only consider smooth functions f = G with f = @ belonging to the unit
ball in L (N7, (P?71)), i.e., we are aiming to prove

[ fllp2asc@-1 Ry S R

Of course, this is a weaker statement (by Holder’s inequality), but by symmetry considerations
one can actually show these statements are equivalent to each other.

We are now going to decompose Nl/R(]P’d’l) into a collection of “slabs”  C RY, i.e., essentially
disjoint curved regions with dimension R~1/2 x R=1/2 x ... x R~!. An explicit way to do this is
to cover [—1,1]%1 with 2R™1/2 x R™1/2 x ... x R™'/2 cubes {Q} whose centers lie in the lattice
R~1/274=1 and define each 6 by

={(En+[€): € € Qo,In| SR}

for some choice of Qp € {Q}. We emphasize once more that it is important that the slabs are
only essentially disjoint, i.e., they have some finite overlap which will also become manifest in
a moment. In fact, the finite overlap allows us to construct a partition of unity of Ny, r(P41)
which is adapted to the family of slabs. Another consequence of this construction (and the
curvature of P4~1) is the following observation concerning the set Q of normals of these slabs.

1/2

Lemma 8.1. The normals of the above slabs are R™"/*-separated.

Proof. For j = 1,2, assume (37\§’|2) € P41 and let v; = VIE)?/|VIE]?| (with V|£}|2 =

(2}, —1)) denote the unit normal of P4~ at (¢}, [¢'|?). Then, by Cauchy-Schwarz and |¢] —&| ~
}%—1/27
46 & +1 g -gl " N
o= e < (U mEr s ) <0 AR
Thus, we obtain
vy — a2 =21 — vy -1p) 2 R7!
by the mean value theorem. If 14 - v5 < 0, the above difference is even O(1). O

We will now decompose f using the partition of unity that is given by the slabs 6, i.e.,

I = Z fo where fo = f1,.

0:R—1/2—slab

Our goal is then to prove

Z f0 S Rs—l )

9:R—1/2_glab L2d4/(d=1)(B(zo,R))



SOME NOTES ON RESTRICTION THEORY s

In fact, we will show the ostensibly stronger estimate

Z f0 5 Re—l )

0:R—1/2—slab 2d/(d—1)

The main difficulty is to understand the cancellation properties between the individual fy. There-

fore, our first goal is to replace the ¢! quantity Y, | fo| by the £2 quantity (Ze |f9|2) /2 yhich has
the effect of separating the contributions from individual fy whilst accounting for any destructive
interference. Unfortunately, such a strong relationship has not been obtained yet, which is why
we only have the following

Conjecture 8.2 (Reverse Littlewood—Paley inequality for slabs). Suppose f has frequency sup-
port in Ni/r(P"Y). Then
1/2

2d
2
e SE| S2 1fl for2<ps (8.1)

0:R—1/2—slab
Lr(R4)

For even Holder exponents, the reverse square function estimate can be proved under the

condition that Minkowski sums of sets have only bounded overlap.

Definition 8.3. Let (€2;)7_; be a sequence of sets in R?. We say that “¢ lies in at most A(¢) € N
of the ;” whenever the maximal number of ; which contain ¢ is given by A(¢), i.e.,

A(€) := sup{number of Qs containing £} .
Then we have the following
Proposition 8.4 (Reverse L? and L* square function estimates). Let fi,..., fn € S(R?) have

Fourier support in sets Q, ..., Q, C RY, respectively. Then we have the following assertions.

(1) (Almost orthogonality) If the sets Qq, ..., 8, have overlap at most As, (i.e., every & lies
in at most Ay € N of the €, i.e., supgcga A(§) < Az) for some Az > 0, then

1/2
1D fillaeay < AN s gy -
j=1 j=1
(2) (Almost bi-orthogonality) If the (n?) sum sets Q; + Q; :={+ & : £€Q,& € '} with
1,7 € {1,...,n} have overlap at most Ay for some Ay > 0, then

1/4
1" fillageay < AN 1Y Ly -
j=1 j=1

Remarks 8.5. (1) Clearly, the above theme can be generalized for L? with p € N, if one
assumes that the sum sets ?:1 2; have overlap at most Ay, see, e.g., Gressman—Guo—Pierce-
Roos—Yung [98].

(2) By using fif; in place of f;f;, one can also establish a variant of (2) in Proposition
where the sum set Q; + €; is replaced by the difference set Q; —Q; :={{-¢: £ € Q,¢ € U}

Proof. (1) For p = 2 this is an immediate consequence of Plancherel’s theorem, pointwise Cauchy—
Schwarz

(Z Ifi©)? < A2(Z Gl
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(since the sets are only finitely overlapping) and Fubini. More precisely,

" Fillz =117 Fille < AN 1A 2 = AP #1322
j=1 j=1 j=1 j=1
(2) Writing

||ij||4 - || Z fszH2

1,5=1

and

Z fifil) 212 *II(Z\JZI )13

4,5=1
it becomes obvious that this assertion follows from What we have just shown. More precisely,
using the fact that f;f; has Fourier support in the Minkowski sum €; + ; (by the convolution
theorem, i.e., supp fl * f2 C supp fl +supp fg) and the fact that these sums only overlap finitely,
we can apply Cauchy—Schwarz in the 4, j-summation, i.e.,

(3" Ffi€)* < A S IRFIP©)

i,j=1 2,j=1

and conclude as before using Plancherel. O

In Appendix [B| we will apply the above observation to review a classical argument due to
Cérdoba which proves the reverse Littlewood—Paley inequality (and thereby the restriction con-
jecture) in d = 2 when p = 4. (Recall that we already presented in Subsection an alternative
proof of two-dimensional restriction relying on bilinear techniques.)

Remark 8.6. In fact, an argument of Carbery [38] shows that the hypothesized square function
estimate implies the Kakeya conjecture and, consequently, the restriction conjecture. At-
tempting to prove the whole restriction conjecture from this direction seems a quite optimistic
strategy as appears to be very powerful and in all likelihood considerably more difficult
than the restriction conjecture.

From now on, we will assume that the reversed Littlewood—Paley inequality holds. The
frequency localization onto the slabs leads (by the uncertainty principle) to a localization to dual
tubes which is called wave packet decomposition and which will be discussed in the next section.
Let us anyway anticipate already the main result of that section, Lemma which says that
there exist constants fr and a collection T(#) of tubes dual to the slab 6 (which is centered at
& € RY) which cover R such that

= Y frér(

TET(6)

where () = |T|~ e~ 27 % (1) is a so-called wave packet associated to T'. Here, pr = poary'
where ¢ is a Schwartzian bump function centered at the origin with supp ¢ C [~1/2,1/2]¢ and
ar is an affine transformation whose linear part has determinant |T| and maps [—1/4,1/4]¢
bijectively to T. (Recall that for an invertible linear map S : R — R?, one has

FoSr=|det(Sy)| " foS"

where S—t denotes the inverse transpose of S.)
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Now, applying the Littlewood—Paley conjecture together with the wave packet decomposition
implies that it suffices to bound (noting |T| ~ R(*+1)/2)

o\ 1/2

Rl ST S e

0:R—1/2—slab | TE€T(0)
L2d/(d—1) (Rd)

We will do so by replacing the “smooth indicator function” @7 (which decays rapidly away
from T') by a sharp cut-off 17 and afterwards applying the Kakeya conjecture m In this
context (using |T| ~ R@*t1/2 and that the number of R~'/2-separated slabs covering P?~! is
O(R@=1/2)) the conjecture says

§ 1Te 5 Re+d—1 )
0:R—1/2—slab Ld/(d=1)(Rd)

We begin with the replacement of ¢ by 17. For this, let ¢ € Z? and 17, denote the
characteristic function of the rectangle ap ([—1/4,1/4]% +¢/2). Thus, the 17, yield a rough
partition of unity of RZ.

Lemma 8.7. With the above notation, the estimate
o\ 1/2

Z Z | frller]

9:R—1/2—slab | TE€T(0)
L2d/(d=1) (Rd)

~ o\ 1/2

S Z(l + [e) @+ Z Z |fr|lr.

ezl 0:R—1/2—glab | T€T(0)
- L2d/(d—1) (Rd)
holds.
Proof. This follows from the rapid decay of ¢, i.e.,
1Te 17 (%
oz (@ ‘_ZSDT J1re(2 <Z d+1~z 1+\€|d+1
Lezd Lezd (1 + \a Lezd

and a two-fold application of Minkowski’s inequality (ﬁrst in the ¢2-norm and afterwards in the
L24/(d=1) _norm). O

Since the supports of the 17 ¢ are essentially disjoint as T" varies over T(6) (i.e., 1p, ¢(x)1p, o(z) =
0 for almost all T1,T5 € T(#)), one has

Soolfrlire| S el

TET(6) TET(0)

That means that the L2 (@~ _norm (of the right side appearing in the inequality of the above
lemma) for a fixed £ € Z? can be bounded by

> > el

0:R—1/2 _slab TET(0) L4/(a-1) (Rd)
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This means that it suffices to show that this expression is O(R(?~1)/2). Using the information

on y | fr|? from the wave packet decomposition and our initial hypothesis that f belongs to
the unit ball of L (N;,g(P?~1)), we have

Z |fT|2 5 17
TEeT(6)
i.e., there exists a sequence (cr)rer(p) of non-negative real numbers such that
>
TET(0)

and that

Z Z | frl*1r, S Z Z crlry

6:R—1/2—slab TE€T(H) LA/ (d=1)(Rd) 6:R—1/2—slab T€T(H) Ld/(d=1)(Rd)

Lemma 8.8. With the above notation, we have

Z Z crlry SE Z 17,

0:R— 1/2—51abT6T(9) Ld/(dfl)(Rd) 6:R—1/2—slab Ld/(dfl)(Rd)
for any £ € Z% and choice (Ty) € [, T(6) E|

Believing this lemma for the moment, the argument is concluded by applying the hypothesized
Kakeya estimate

d—1
R T < R (8.2)
0:R—1/2—slab Ld/(d=1) (Rd)

which is valid for every choice ¢ € Z and (Ty) € [], T(0). We conclude the section with the

Proof of Lemma[8.8 (1) Consider randomly selecting a sequence of rectangles, one for each
direction 6. Each T is chosen from T(#) with a probability cr El This means that we constructed
a probability space [[, T(6) where a sequence of rectangles (i.e., a singleton {(7p)}) is picked
with the probability [], cz,.

(2) For a fixed z € R?, consider the random variable Y, 17, ¢(z) which counts the number of
rectangles of the above randomly picked sequence (Tp) for which x € supp 17, . The expectation
value (with respect to the “probability space” T()) that = € supp 17, holds for a given 6 is
given by

]E]_Te’g(ﬂj) = Z CT1T07g(93) .
TET(0)
Thus, by the linearity of the expectation, one has

E Z 1T975(I) = Z Z CT]-Tg,Z(x)

0:R—1/2—slab 0:R—1/2—slab T€T(0)

12Here, (Tp) is understood as a randomly picked sequence of rectangles, one for each direction 6. The space
I, T(0) is thus endowed with a probability measure which assigns the probability ][], cT, to each singleton {(Tp)}.

3More precisely, consider a sequence of slabs (6;);jen. Then for each slab 5, there is a sequence of rectangles
(Tg‘j)neN € T(6;) (which covers R?) and the above cr actually means cTémj
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Taking the L% (4= _norm of these expressions, we infer from Minkowski’s inequality

Y erlnle) <E| > 1p.()

0:R—1/2—glab T €T(9) Ld/(d—1) (Rd) 6:R—1/2—slab Ld/(d=1)(Rd)

for any ¢ € Z? and choice (Ty) € [], T(0). O

9. THE WAVE PACKET DECOMPOSITION

We will now present the third method which has been used over the last say ten years to
obtain restriction estimates.

For the sake of illustration, assume that we wish to prove restriction estimates for the parab-
oloid P?~! using restriction estimates via reverse LittlewoodPaley inequalities.

Recall that we covered N, p(P4~1) with R~/2 x ... x R71/2 x R~1-slabs § whose normal
directions were R~1/2-separated. This lead us to the decomposition f = > ¢ fo in Fourier space
where fy = f15. By the uncertainty principle, localizing to a slab 6 which is oriented in direction
w is equivalent to localizing to a dual tube T (or rather to a collection of such tubes covering
R%) of dimensions R'/2 x --- x R'/? x R in physical space which is oriented along w as well. The
functions which are going to localize to these tubes are called wave packets and can be thought
of as smoothed out copies of Knapp examples. The goal of this section is to make the above
intuition more precise.

Let T be some rectangle and ar be an affine transformation whose linear part has determinant
|T| and which maps [—1/4,1/4]¢ bijectively to T

Let further ¢ be a Schwartzian bump function at the origin such that supp ¢ C [-1/2,1/2]¢
and Q[(_1/4,1/49¢ = 1. Define then pr = po a;l as the bump function on the tube T. (Recall
that for an invertible linear map S : R¢ — R%, one has

FoS=|det(S) 'foS

where S™* denotes the inverse transpose of S.)

Finally, for a given slab 6, we denote by T(6) the finitely overlapping collection of tubes which
are dual to 6, oriented along the direction of 6.

With the above notation, we are finally in position to define wave packets.

Definition 9.1 (Wave packets). Let 6 be an R~1/2_glab centered at &p € R, Let T, ar, or
and T(#) as above. Then a wave packet associated to T' € T(0) is defined as

dr(x) = [T ™ op(z).

Before we make the heuristics of the beginning of the section precise, the following crucial
observations are in order.

(1) If a, denotes the adjoint of the linear part of the affine transformation ar, then |¢hr(€)] ~
|p(a% (€ — &) and ¥ is supported on a dilute of 6 with [¢r|g| = 1.

(2) We have the support property {& € R%: [¢or(€)| = 1} C (a%) "' ([~1/4, 1/4]%) + & where
(a%)~* ([~1/4,1/4]%) is a rectangle dual to 7.

Lemma 9.2 (Wave packet decomposition). Let f € C°°(R?) with Fourier support in Ny, p(P?~1).
Then for any R=/%-slab 6 there exists a decomposition

fo(z) = Z frir(z)

TET(0)
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where the constants fr satisfy

1/2
Z |frl® N ||fAe||L§vg(9)'
TeT(0)
Here, the averaged L” norm || - [[zz () for some subset Q C R of finite Lebesgue measure is
defined as
12z @) = 19172 1l Lo - (9.1)

Proof. Denote by Ty the RY? x --- x RY? x R-rectangle oriented along 6 and centered at 0.
Then R

90(€) := fo((aTy) "€+ &)
is supported on [~1/2,1/2]¢ and can be thought of as a function on the torus T¢ = [~1/2,1/2]%.
That means, that it can be expanded in a Fourier series whose Fourier coefficients uy, satisfy

D unl® = llgoll 7121 /20) S 1 f611Z2, o) -
kezd

Therefore,

Fo(&) = go(aq, (€ —€9)) = D ure ™10~ for ¢ € (af) 7 ([-1/2,1/2]%) + & .
kezd

On the other hand, we saw in our earlier considerations that the function ¢(a7, (£ —&p)) equals

one on supp fp and is itself supported on (a%o)_1 ([—1/27 1/2]d) + &y. But that means that the
last equality can also be written as

Fo(€) = golag, (€ = &)) = D e ?TF R EE G (ag, (€~ &) for £ € R,
kezd
Performing an inverse Fourier transform on the last expression then leads to

folz) = Z ug| det a;ol 2™ 80 or (x — ag, k) = const Z UL YTy +argy k(T) -
k k
The proof is concluded by noting that T(6) is just the collection of all rectangles of the form
{T() + aTOk}kGZd' O

10. THE POLYNOMIAL METHOD

We follow Demeter [63, Ch. 8] and refer to Guth’s extensive treatment [102].

One notable feature of affine subspaces, such as points and lines, is their lack of scale. Can
polynomials be used to count cubes and tubes? How about to estimate integrals involving com-
plicated expressions? Dvir’s proof [69] of the finite field Kakeya conjecture introduced a robust
way of counting structures (e.g., special points, lines) with the aid of polynomials. Another satis-
factory answer came in the form of the resolution of the endpoint multilinear Kakeya conjecture
by Guth [100].

Perhaps even more surprising is the fact that Guth also managed to tailor the polynomial
method to produce significant progress on the restriction conjecture, a highly oscillatory problem
that is not a priori formulated as a counting problem. His approach can be summarized as follows.
Use a polynomial P of small degree to partition the spatial ball B(0, R) into cells where |E f?
has roughly the same mass. On B(0, R), the function Ef is the sum of wave packets whose mass
is concentrated inside tubes. The key is to understand how the various wave packets interact
with the cells. The contribution from the tubes that lie roughly tangent to the zero set Z(P)
of the polynomial P is estimated directly, using both counting arguments for tubes and the
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oscillatory properties of Ef. The contribution from the other tubes is estimated using a well-
crafted induction hypothesis, exploiting only the algebraic properties of the cells and the L?
orthogonality of the wave packet decomposition.

Here, we will merely introduce the polynomial partitioning method and refer to Demeter [63]
and Guth [102] for applications.

10.1. Polynomial partitioning. The main idea of polynomial partitioning is to simultaneously
bisect N masses in R™ using a polynomial of low degree. The low degree of the polynomial allows
one to exploit the fact that any line can interact the zero set Z(P) of a polynomial only a few
times.

The first building block is the following classical theorem from algebraic topology.

Theorem 10.1 (Borsuk—Ulam). Let f : S* — R™ be continuous. Then the following two
statements hold and are equivalent to each other.

(1) There is xo € S™ such that f(—xo) = f(zo).

(2) If f(—x) = —f(x) for all x € S™, then there is xg € S™ such that f(zo) = 0.

Remarks 10.2. (1) The case n = 1 can be illustrated by saying that there always exist a pair
of opposite points on the Earth’s equator with the same temperature. The same is true for any
circle. This assumes the temperature varies continuously in space.

(2) The case n = 2 is often illustrated by saying that at any moment, there is always a pair of
antipodal points on the Earth’s surface with equal temperatures and equal barometric pressures,
assuming that both parameters vary continuously in space.

Theorem is the key to prove the following “ham sandwich theorem” due to Stone and
Tukey [170].

Theorem 10.3. Let F be a real vector space with dimension dim(F) consisting of real-valued,
continuous functions on R™. (For instance the space of polynomials with given degree.) Let
fo = 0 denote the trivial function. For N < dim(F) let pq,...,un be finite Borel measures on
R™ such that for each f € F\{fo}, one has p;(Z(f)) =0 forall j =1,...,N.

Then there is f € F\ {fo} such that for each j =1,...,N one has

w{z €R™: f(2) > 0}) = wy({e € R« f(z) < 0}). (10.1)

We now apply Theorem to the space F = Poly ,(R"™) of polynomials on R™ of degree < D.
In the following estimates, the dependence on D will be important, while that on the ambient
space dimension is swept under the rug as always. We start with two preliminary observations.

(1) A simple counting argument reveals that this space has a fairly large dimension, namely

dim(Poly ,(R")) = (D;LL”> ~p D" (10.2)

(2) The zero set of any polynomial P has zero Lebesgue measure (as can be seen from a
simple induction argument).

Corollary 10.4 (Polynomial ham sandwich). Let p1,...,un be finite Borel measures on R™
that are absolutely continuous with respect to the Lebesque measure. Then there is a non-trivial
polynomial P € Poly p(R™) with D <,, NY/™ such that for each j = 1,...,N we have

pi{xz e R": P(x) > 0}) = p;j({z e R": P(z) <0}). (10.3)

Iterating this corollary ~ D™ times allows us to split any “mass” into N equal pieces.
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Theorem 10.5 (Guth [103]). Let 0 < W € L*(R™). Then for each degree D there is 0 # P €
Poly 5 (R™) such that R™ \ Z(P) is the disjoint union of ~, D™ open sets {O;}; (called “cells”)
such that all integrals foj W are equal. Moreover, each line in R™ can intersect at most D + 1
cells O;.

Example 10.6. Let W = 1} 1j». Then the polynomial

n M-1

P(a1, ) = [[ T] (xj - %) (10.4)

j=1m=1

has degree D = n(M — 1). Moreover, R™ \ Z(P) has M" connected components O; satisfying
fO» W=M"forall j=1,....M™.

For technical reasons, it is helpful in our arguments later to use non-singular polynomials.

Definition 10.7 (Non-singular points and polynomials). A point z € R" is called non-singular
for a function P : R" — C, if VP # 0. A polynomial P is called non-singular, if every point in
Z(P) is non-singular for P.

Remarks 10.8. (1) The neighborhood of Z(P) close enough to a non-singular point is a smooth
hypersurface.

(2) In most applications, it suffices for the integrals W to be comparable, rather than equal to
each other. Using a density argument, this can be achieved by using only nonsingular polynomials
P; in the proof of Theorem (cf. [T03]). A product of nonsingular polynomials has the property
that its non-singular points are dense in its zero set. This additional regularity makes some of
the arguments easier. We make this remark precise in the following theorem.

Theorem 10.9. Suppose 0 < W € LY(R"™). Then for any D there exists a non-zero polynomial
P of degree < D so R" \ Z(P) is a disjoint union of ~, D" open sets O;. Moreover, the
integrals foj W agree up to a factor of 2. Finally, the polynomial P is a product of non-singular
polynomials.

11. INDUCTION ON SCALES
12. ADAPTING WOLFF’S ARGUMENT TO THE PARABOLOID
13. CONNECTION TO PDESs

13.1. Original Strichartz estimates. Strichartz [I72, §3] observed that restriction theorems
immediately yield estimates on the LP norms of solutions to certain dispersive PDEs, in particular
the free Schrodinger equation, the Klein—Gordon equation, and the acoustic wave equation. We
begin this section by giving classic bounds on ||u||» for the free Schrédinger equation. We will
then generalize these estimates to mixed norm estimates which are invaluable to prove global
well-posedness of nonlinear dispersive equations such as the cubic nonlinear Schrodinger equation.

The main theorem of this section is the following result [172] Corollary 1]. The full range
of Strichartz estimates were proven by Keel and Tao [I19], whereas non-endpoint results were
obtained by Ginibre and Velo [95] and Yajima [203].

Theorem 13.1 (Strichartz estimate for the free Schrédinger equation). Let u(x,t) be the solution
of the inhomogeneous, free Schrédinger equation

du

5 (x,t) + A u(z, t) = g(z,t)

1

(13.1)
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forz € RY, t € R, and A € R\{0}. Assume f € L*(R?) and g € LP(R4*Y) for p = 2(d+2)/(d+4).
Then u € LY(RY) for ¢ = 2(d+ 2)/d and ||ull; < a(||fllz + |9llp)-

Proof. Tt is well known that ([13.1)) has a unique solution which can be written as

t
uu¢%=/eM“@Amaﬁd&+a F(§emi a0 g
0 Rd
by performing a Fourier transform and applying Duhamel’s formula. The estimate for the second
term is then an immediate consequence of the restriction theorem
H(FdU)VHLq(RdH) N ||F||L2(S)
where the manifold S is the paraboloid starting at the origin, i.e.,
S ={(z,t) e R R(x,t) :=t — A|z|* = 0}.

To estimate the first term we use ||e”? ||y, = 1 (by unitarity) and |[e"?||1 o < [t|~%? (by the
fundamental solution of the free Schrodinger equation). Thus, by interpolation,

. _ 1_1 _
€2 |posg S 117 HF2) = Jg =/ (@+2)

Thus, with r = d/(d+2) (i.e.,, 1/p—1/q¢=1—r = 2/(d+2)), and the Hardy—Littlewood—Sobolev
inequality,

which was asserted. O

t
/ eM(t_S)Ag(-, 8) ds

0

t
s/u—wwm@mmwmﬂmmwm,
La(R%) 0

Remark 13.2. One should compare the last inequality with the Christ-Kiselev lemma [47]
which says the following.
Let X,Y be Banach spaces, I be a time interval, and K € C°(I x I : B(X — Y)) be a kernel
taking values in the space of bounded operators from X to Y. Suppose 1 < p < ¢ < oo is such
S I llzpax

that
‘/K(t,s)f(s)ds
1 LY(IY)

for all f € LP(I : X). Then, for any s < ¢, one also has

K(t,7)f(r)dr Sz rax)
scl:s<t Lg([:Y)

The principle that motivates this lemma is that if an operator is known to be bounded from
one space to another, then any “reasonable localization” (in this case to the causal region s < t
of time interactions) of that operator should be bounded as well. Unfortunately, the condition
p < q is necessary.

The proof of this lemma as it was formulated here can be found in Smith and Sogge [158]

Lemma 3.1] or Tao [I82]. A slight variation thereof was used by Mizutani and Yao [139, Appendix
CJ.

For Strichartz estimate for the Schrodinger equation with scalar potentials, we refer to the
recent paper by Kim—-Seo—Seok [122] and the vast list of references therein. Let us in particular
emphasize the groundbreaking works by Bouclet and Mizutani [I4] and Burq et al [32] [33]
for Schrodinger operators with critical singularities and critical decay (in particular of Hardy’s
type). The generalization of Strichartz inequalities to fractional Hardy operators was carried out
by Mizutani and Yao [I39, Theorems 1.7 and 1.8].
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13.2. Global well-posedness of the cubic NLS in d = 2.

13.2.1. Non-linear dispersive equations. Let us discuss some immediate consequences of the re-
striction conjecture regarding evolution equations. Examples for such equations are the heat
equation

O — Au =0,
the wave equation

O*u— Au=0,
and Schrodinger’s equation

10w — Au=0.

There are many other important evolution equations such as the Euler or the Navier—Stokes
equation which describe the motion of fluids.

For evolution equations, the natural problem to study is the Cauchy problem (as opposed to,
say, the Dirichlet problem). We specify initial data w(0) = f (and, for the wave equation also
the initial velocity d:;u(0) = g) and ask for the solution w at a later time ¢. There are three
fundamental questions that one can ask about such equations.

e Existence: does a solution u(t) exist at all? In what sense (weak, strong, classical) is it
a solution? Does it exist for all times, or just for a finite time interval?

e Uniqueness: can there be more than one solution with the same initial data? Are there
some extra conditions (e.g., regularity conditions) one needs to impose to force unique-
ness? If there are still several solutions, is there a “good”, or “physically relevant”
solution that is somehow “better” than the others?

e Stability: suppose we perturb the initial data slightly. How does this affect the solution?
More precisely, does the solution depend continuously on the data (as measured in some
Banach space norm, for instance)?

An equation is said to be well-posed if it satisfies all of the above three properties. (Clearly,
one can qualify well-posedness as being local or global in time, or being subject to some regularity
condition, etc.)

For linear equations these questions are fairly simple to answer, but they become more subtle
for non-linear equations. In the following we shall focus on the nonlinear Schrédinger equation
(NLS), a prime example for a dispersive equation, i.e., irregularities of solutions do not go away at
all, but instead they propagate around in space. In particular, different frequency irregularities
move in different directions or at different speeds. As such, solutions do not get smoother as
time goes by, but they do tend to spread out and decay.

For this discussion, we shall just focus on variants of the Cauchy problem for the free linear
Schrédinger equation

10u — Au =10
u(0) = f

in two spatial dimensions, i.e., u(t,z) is a function on R x R?. For this equation, we have the
exact solution

T dnt

which is valid for all ¢ # 0 (and pointwise for f € L* N L?). For fixed f € L!, the solution decays
in time, namely

u(t,z) = oA f(z) = L / e~ileuI® /40 £ () dy
R2

. 1
—itA < )
e Flloo < 2=/l
On the other hand, .
le™™2 fll2 = [I£l2
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by Plancherel. (In fact, all Sobolev norms are conserved in time.) So, even though the solution
decays pointwise, the L2-norm is not altered, i.e., nothing gets “annihilated” (or created). This
is reflecting the dispersive rather than dissipative (meaning that singularities attenuate and
disappear as time goes by) nature of the equation. Very poetically speaking, it is the A term
in the Schrédinger equation that causes the dispersion; without this term, the equation becomes
Jyu = 0 which obviously has no dispersion.

Now let us perturb the free Schrédinger equation. Popular examples of perturbations include

e restricting the equation on a manifold on R?,

adding an obstacle (and providing some sort of boundary condition),
adding a potential,

coupling it with another equation, or

adding a non-linearity.

Let us consider the last option and restrict ourselves to the so-called meson equation or cubic
non-linear Schridinger equation in d = 2 dimensions, i.e.,

i0pu — Au = Nul?u
u(0) = f
where A € C is a constant. One could of course consider other non-linearities as well but the
cubic non-linearity is just L?-critical, i.e., if |Ju||2 is kept constant (as it physically is), it is not
possible to scale A away (which is possible for other powers of the non-linearity).
To get some idea of what this equation is doing, let us pretend that the dispersive term, i.e.,
Auwu, was not present. Then ([13.2)) can be integrated and the solution reads

ult) = (u(O)] 2 - 2005

where —iA = a+1ib. Obviously, if @ = Im(\) > 0, the equation will blow up in finite time, namely
at t = (2alu(0)|?)~L. It is basically the non-linearity which causes a positive feedback loop and
leads to the rapid increase of the solution.

However, we expect that the dispersive Au term tries to stop this blow-up from happening
by spreading the singularities of u around as soon as they get too large. Of course, for this to
happen, the solution at ¢ = 0 or the coupling constant A of the non-linearity must not be too
big. In fact, we have the following

(13.2)

Theorem 13.3. Suppose ||f|la = 1. Then, if X is sufficiently small, there there exists a global
solution u to (13.2)) such that ||u|la < 1 for all t. Furthermore, the space-time estimate

~

[ullps, < 1 holds. This solution is unique subject to the above condition, and the solution

depends continuously in the norms just mentioned on the initial data f in L?. Finally, we
have scattering in the following sense. There exists some initial data fy such that

u(t) —e ™2 fi]a =0 ast— oco.

In the PDE jargon, we just claimed that the meson equation is globally well-posed with
scattering in L? for small X\. In Subsection we shall discuss the case of large coupling
constants .

Note that this theorem does not care about the sign of A. (Intuitively, A\ > 0 should act
as an “attractor”.) The theorem says that the decay inherent in the Schrédinger equation has
tamed the effect of the non-linearity. In fact, as time goes to infinity, the non-linearity becomes
increasingly irrelevant.

The techniques used to prove this result are by no means restricted to this one particular
equation; they can be extended to all kinds of non-linear dispersive equations which are in
some sense a small perturbation of a well-understood linear equation. Unfortunately, we still do
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not really understand how to push the well-posedness theory beyond perturbation theory into
equations that are far more non-linear than .

The treatment of these equations is connected, spiritually at least, with restriction theory. An
informal link is as follows. Suppose that u is a global solution to the free Schrodinger equation

10iu—Au=20.
Assuming that u has a space-time Fourier transform, we get (formally at least),
—2n7a(r, €) + 4n€a(r,€) =0,
where
T
If a(7, &) # 0, this implies 7 = 27[¢|?, i.e., @ is supported on the paraboloid
S={(r,&): 7 =2n[¢|*}.

Thus, we may write

u =g do
for some g, where do is some surface measure on S. It turns out that the best choice of do is the
spatial Lebesgue measure d§, or more precisely the pullback of this measure under the projection
map (7,&) — &.

If we require that the initial data of u is in L?, it turns out to imply a L? estimate on g by
Plancherel’s theorem. In other words, we have a representation of v as u = g;i?f where we have
L? control on g.

We would like to say that u decays at infinity, so that the non-linear effects will also die away.
It turns out that the right estimate to use is

lgdolls, < llgllz-

(In d spatial dimensions, this is Hg/-d;'HL2(d+2)/d < lglle.) If we take the adjoint of this, this
x,t
becomes
[ fll2(s.a0) S 11 fllays
which is just the Tomas—Stein restriction estimate Rg(4/3 — 2) in d = 3 dimensions.
In what follows we will however not invoke the Tomas—Stein estimate since u is supposed
to solve the non-linear, rather than the free Schrodinger equation. However, the Tomas—Stein

philosophy, particularly squaring an estimate and interpolating between an L' — L* and an
L? — L? estimate, will be very present.

13.2.2. Proof of well-posedness in d = 2. Let us start with the proof of the main theorem. We
want to solve the equation

iug — Au = Aul*u
with initial data u(0) = f. Without loss of generality, let || f|l2 = 1. In a first step, we shall
rewrite this equation as an integral formulation via Duhamel’s principle, namely

t
u(t) = e A X / e =B (Ju|u) (s) ds . (13.3)
0

(One should think of the first term as the influence of the initial data, whereas the second term
corresponds to the cumulative influence of the forcing term |u|?u.) Although this equation is
equivalent to the differential form, it is much easier to handle when it comes to proving existence
and uniqueness.
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To find a solution, we shall use an iterative method. We first approximate u by the linear
solution

’LLo(t) — e—z’tAf
and then make the better approximation

) = i [ €O o) ds

and so forth, by defining ug+1 = Nuy where

(N(u)(t) =e "2 f + i)\/ e DA (|ufu) ds .
0

We hope that this sequence of approximations converges to a limit as k — oo so that N(u) = u.
Put differently, our goal is to show that the operator N has a fixed point, that this point is
unique, and that it depends continuously on the data. This would be an immediate consequence
of the contraction mapping theorem, provided we know that IV is a contraction on some metric
space X which contains ug. This sounds easy enough — and a very large number of existence
results in PDE are ultimately derived from this very simple idea. The catch is that we have to
pick the right metric space to get the contraction working.

After a lot of experimentation and looking at the behavior of the first few iterates ug, uy, etc.,
we ultimately decide that the correct space to use is

X =Au:ulzs, <C},

where C' is some universal constant and the metric is induced by the L* norm. Thus, we would
like to show

Juollgs, < 1 (13.4)
and
1
IV (u) — N(U)Hth < §||u — vHLi,t for all u,v € Li,t . (13.5)

This will be accomplished by the following three estimates which go under the name Strichartz
estimates and were already discussed in Subsection We shall use the homogeneous Strichartz

estimate (yields estimate (13.4) on ug = e "4 f)
=2 s, S £l (156

(compare this to Theorem |13.1] m, the dual homogeneous Strichartz estimate (yields scattering
and that u(t) still belongs to L?)

||/ A (1)dilly S 1F s (13.7)

and the retarded Strichartz estimate (yields the contraction property)

t
| [ e ) dslus, S Il (13.8)
0 z,t wot

We shall prove these estimates in the next subsubsection. For now, let us see how these estimates
give what we want.

First, the estimate on the zeroth iteration uy = e "2 f, i.e., , follows trivially from
(13.6)). Next, we shall prove the contraction property . We first note that one can simplify
N(u) — N(v) as

N()— N —M/ (=8 (| 2y — [o]20) ds
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Thus, by , we have
IN () = N@)llzs, S Wllluls = [ol*v]l a2
Now, we use the pointwise estimate
llul?u — [v]*v] = |Jul®(u = v) = [v[*(v = u) + [ul*v — |v[*ul
< uf*(u —v) = |v)*(v — )| + |utv — ViU
= ||uf*(u = v) = [v]*(v = w)| + uv(@ - D)

< JulPlu =] + ol = ul + Jul[v]Ju — 0]

A

3
5 Hul?lu = ol + ol*lu = v[] = O(jul*lu — v]) + O(|v[*|u - v])
and Holder’s inequality to obtain

IN () = N()lgs, S I (lullille = vlla + ol = vlla) -

But since u,v € Li’t, clearly holds, if X is chosen sufficiently small.

Thus, we have proven existence, uniqueness, and continuous dependence of u on the initial
data. As a bonus, we get that the limit u € L} ;. However, we are not done yet; we still
need to show that wu(t) still belongs to L? and that scattering occurs. Let us investigate the
square-integrability. From Duhamel’s version of the NLS, we obtain

t
lu(®)llz < lle™ 2 fllz + lle™*2 | e™2(Jul*u) ds]|- -
0

Clearly, the first term is bounded since f € L2. To estimate the second one, we use ((13.7)) and
obtain

t
II/0 2 (Jul*u) dsll2 < [llul*ullays = llulli S 1
as desired. Finally, we show scattering. Define f by
fr=feix [t (utu)e s,
0

ie., fy is equal f modified by the backdated effect of the non-linearity. From (13.7) and the
argument just given, we see that f, € L?. We wish to show

lu(t) —e ™2 f ]ls =0 ast— oco.

From Duhamel’s version of the NLS, we have
t
0
- (e_imf + i)x/ e A (|ufu) (s) ds)
0

o0
= —i)\e_im/ ™A (|lu)?u)(s) ds.
t

u(t) —e MAf, = (e_itAf + i)x/ e =R () 2u)(s) ds)

Using (13.7), we obtain
[u(t) = =2 filla S ML 00y [l *ullass

which yields the claim by monotone convergence.
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13.2.3. Proof of the Strichartz estimates. [Check whether the following arguments were generalized
by Keel--Tao [[119], Theorem 1.2] to obtain sharp Strichartz estimates from L' — >
bounds on eH ]
Let us first see the implications (13.8) = (13.7) = (13.6) and finally prove (13.8). First,
the homogeneous Strichartz estimate follows from the dual homogeneous estimate by Cauchy—

Schwarz, namely
/ ( / AR (L, 7) dt) (@) dz
0

Rearranging the left side, this becomes

' / / F(t,z)e "2 f(x)dt dx

Taking SUD o p4/3, We obtain ||e’“AfHLiyt < |Ifll2; i-e., (13.6) by duality of the LP spaces.

Next, let us see how the dual homogeneous estimate follows from the retarded estimate. First,
we square the dual homogeneous estimate as

S IFl sl Fla

< IFl sl 7l

([ e p@ [ e r)as S IFI2,,
0 0 @t
and rewrite it as
|| s ra 2Py dsar s Py
o Jo @t
By symmetry, it suffices to consider the portion of the double integral where s <1, i.e.,
o) t
|t [ s @@ E ) < 1P
0 0 x,t

and rewrite this once more as

o] t
/ / F(t, x) (/ e DA R (s 1) ds) dtdz .
R2 Jo 0

Now, by Holder’s inequality, the left side is bounded by

¢
I1E'1l 4 / e AR (s x) ds
x,t 0

4
Lm,t

Now, we may apply the retarded estimate ([13.8)) which yields the claimed inequality.
Finally, let us prove the retarded estimate. We right out the Li’t norm of the left side of

@)
o 4 1/4
[
0 L2

and apply Minkowski’s inequality to obtain

t S t a\ 1/4
H / e—i(t—S)AF dSHLi . S </ dt (/ ds e_i(t_S)AFHLi) >
0 ’ 0 0

t
/ e_i(t_S)AF(s) ds

0
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By interpolating between [|e="2 f|la < ||fll2 and [le™"2 f|loo < [t] 7Y f]l1, We can estimate the
L norm appearing in the integrand and thus obtain

t o t 4\ 1/4
HA e_i(t_S)AFdsHLi,t < (/0 dt (/0 ds |t — 5|_1/2||F(s)”L§/3) )

<2 IFON asllze S NFN s

where we used the Hardy-Littlewood—Sobolev inequality (in the time-dimension!) in the final
inequality. This concludes the proof of ((13.8).

13.2.4. Large values of A\. The proof of the contraction property crucially relied on the
smallness of A\. Therefore, it is not expected to obtain global existence for large A\ since the
non-linear term can make the the wave function extremely large for certain frequencies before
dispersive effect of A can repair the damage. However, one can at least get a local solution.

Theorem 13.4. Suppose ||fll2 = 1 and X is arbitrary. Then there exits a time Ty > 0 and
a local solution u to (13.2) such that ||u(t)|lz2 < 1 for all 0 < t < Ty. Moreover, u satisfies
lullps 2 xjo,m)) S 1o This solution u is unique subject to the above conditions and the solution

depends continuously in the norms just mentioned on the initial data f € L2.

The proof of this theorem is virtually identical to that of the main theorem. There are,
however, two main differences.

(1) All our norms are restricted to the space-time interval R3 x [0, Tp).
(2) We iterate on a much smaller ball, namely

X =A{u:lullps ,@2xo,m)) <€}

where £(\) is a tiny number. One can check that the Duhamel map N is still a contraction
if this number is small enough.

(3) We must guarantee that the zeroth iterate ug = e "2 f is in X. But this follows from
the homogeneous Strichartz estimate ||e’imf||Lit S N fll2, Lees fluollzs, S 1 globally.

Thus, if Ty is chosen small enough, monotone convergence shows [[uol|r1 , r2x[0,7]) < €-

13.3. Strichartz estimates for the Schrodinger equation on the torus via decoupling
inequalities. See Subsubsection [21.1.2| and the notes of Hickman—Vitturi [I07, p. 22, Lecture
2, Section 2.2].

14. POINTWISE CONVERGENCE OF THE SCHRODINGER EVOLUTION
We consider the nonlinear Schrédinger equation (NLS)

{i@tu(x,t) = —Au(z,t) + N(u),
u(x,()) = f(x)a

where T¢ = R/27Z and N is a power-type nonlinearity. The basic question is the following: Let
s> 0and f € H*(R?). For which s > 0 does the solution u(z,t) converge pointwise (Lebesgue)
almost everywhere to f(z) as t — 0?7 For A/ = 0 in R! this question was first posed by Carleson
[43, p. 24] who showed that almost everywhere convergence holds, whenever f € H'Y*(R).
Dahlberg—Kenig [60] showed that this one-dimensional result is sharp; in fact, they proved that
s > 1/4 is a necessary condition for a.e. convergence in R? for all d > 1. Recently, Bourgain
[23] showed that s > d/(2(d + 1)) is a necessary condition for a.e. convergence to the initial
data. This has been proved to be sharp, up to the endpoint, by Du-Guth-Li [65] in d = 2 and
Du—Zhang [67] in higher dimensions.

xr € R or T¢
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See works by Kenig—Ruiz [121], Sjolin [I57], Vega [192], Bourgain [I7, 23], Du-Guth-Li [65],
Du—Guth-Li-Zhang [66], Du-Zhang [67], and the references therein.
For N(z) = |2|P~12, see Compaan—Luca-Staffilani [48] who proved pointwise a.e. convergence

in Q4 € {R4, T?} for p > 3 and
S L d 2
max -
s ax (8", o p—

and s > 1/4 for d =1 and p < 9. Here,
* s R E itA _ d s(Od
s .—1nf{s. tlgr(l]e f(z) = f(x) for ae. 2 € Q%, fe H*(Q )}

is the exponent for which pointwise a.e. convergence in the linear setting, i.e., N' = 0 holds,
ie., s* = d/(2(d+ 1)) on R? and s* = d/(d + 2) on T¢ (see Moyua—Vega [140] in d = 1 and
Wang—Zhang [195] for higher dimension.).

See Dimou—Seeger [64] for convergence of evolution generated by fractional Laplace in one
dimension. Bounds on eigenfunctions of —A, see, e.g., Sogge [160, [159]. See also Stovall’s review
[I71] for more references.

15. CONNECTION TO THE KAKEYA CONJECTURE

In this section, we first show that the so-called Kakeya maximal conjecture is a consequence of
the restriction conjecture. Afterwards, we discuss the connection between the so-called Kakeya
set conjecture and the Kakeya maximal conjecture. In particular, we review the proof of the
two-dimensional Kakeya maximal conjecture. Finally, we discuss how Kakeya can be used to
study the restriction conjecture without the help of the square function conjecture (see Section

15.1. Restriction conjecture = Kakeya maximal conjecture. Here, we follow Lecture 1
in the notes of Hickman and Vitturi [I07] and Wolff [200, Proposition 10.5].

The Knapp example (Subsection in the introduction is central to the following discussion.
Recall that the restriction estimate Rj,_,(¢" — p') “just barely fails” for p’ = ¢’ = 2d/(d — 1).
By that we mean that for all € > 0 the estimate

”(Fda)v||L2d/(d*1>(B(O,R)) S Re||F||L2d/(d*1>(]?d*1,do)

holds for all R > 1.
We are now going to consider the case where F is the superposition of many disjoint Knapp

examples, i.e.,
F= Z 1,
K

where kis a R™Y2 x ... x R™1/2 cap on P4~ 1. If Q C S9! denotes the set of normal directions
to these caps, we have

(d=1)/(2d)
|| 2/ ta-1) a1y S (R*d*l)/? X \m) . (15.1)

~

On the other hand, the uncertainty principle tells us that (1,do)" is essentially constant on a
tube dual to » (with unit normal w), i.e., on a tube T, with dimensions R'/? x --- x R/? x R
which is oriented in the direction w. Away from T, the function (1,do)" decays rapidly. Thus,
heuristically,

(Fdo)¥(x) ~ R™D/2N " e2miwteqy (x) (15.2)
we
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where £, denotes the center of the cap oriented in direction w € €2. By modulating the summands
of F', one may replace each T, in with any translate of itself while maintaining .
Here, we will however agree that the tubes are contained in a ball B(0, AR) for some A > 1 but
otherwise arrange them in an arbitrary fashion. Our goal now is to show that these tubes are
“essentially disjoint” even if their overlap is “maximal” (which it is if we translate them in the
above fashion).

Due to the summation over exponentials in 7 we expect considerable cancellations. If no
cancellation was present, |(Fdo)V| would roughly equal R~(?=1)/2 times the ¢! sum of the 17, .
Because of the cancellations, we expect that the ¢! sum should be replaced by a smaller £? sum.
In fact, randomizing this sequence lets us exploit these cancellations effectively via Khintchine’s
inequality (see, e.g., Stein [I65, Chapter IV, §5, Equation (44) and Appendix DJ), i.e

I 192l ~ [ B S s},
k R k

where () is a Rademacher distributed sequence, i.e., a sequence of statistically independent
and identically distributed random variables with P(e, = £1) = 1/2 for all k.
Thus, instead of considering a mere sum of Knapp examples, we define the modulated and

randomized sum
RO = F e 1,00

for some choice of z,, € R%. Note that

2d_
E|(Fdo)'| 7L < RE|F|T,
Ld-1 (R4) Ld 1(]pcl 1) (15 3)

- RE/ B{| Y exe®™ €1, (€)|F7} ~ R 10
Ppd—1 P

by the restriction conjecture and since the value of |F| is independent of the outcome of the e.
Moreover,

(Fdo)Y Z g(1 (z —xy).
Applying Khintchine’s inequality and the uncertainty principle ([15.2]), we obtain
_2d_ _2d_
E||(Fdo)" ||d ~( Zl n)\g)m\l% ZIRDRS 1Tw)1/2||;§
w
= R 1 |
w

Combining this with ([5.3), we obtain (noting [T,,|“T* ~ R = Rud-1- 507

_-p? d-1 d—1
1D 1nll o SR x QT =R (|T,| - |2f) 7

We may thus summarize our above findings in the following conjecture which would follow
from the restriction conjecture.

Conjecture 15.1 (Kakaya maximal conjecture). Let Q C S ! be a mazimal set of R~/?-

separated directions and (T,,)wecq a collection of RY2 x ... x RY? x R-rectangles where T,, is
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oriented in the direction of w. Then, for any e > 0, the inequality

d—1
—a
S 1 < (z m) (15.4)
Ld/(d—l) (Rd)

weN weN

holds.

The reason why the above conjecture is called a maximal conjecture is that it can be refor-
mulated in terms of one, as we shall see in a moment, but see in particular Conjecture [15.2] and
Lemma m (In short, Lemma says that Conjecture implies Conjecture @ which is
the maximal Kakeya conjecture stated in the usual form.)

Let us continue with the discussion of Conjecture If the rectangles T,, were mutually
disjoint, the above inequality would of course be an equality, i.e.,

d—1
—d
> g, =R <Z|Tw> .
Ld/(d=1)(Rd) wen

weN
This means that (15.4) can be interpreted as the statement that the rectangles pointing in
different directions must have small intersection, i.e., they must be “essentially disjoint”. This
heuristic can in fact be made more precise. Let us define the overlap of the tubes T, by «, i.e.,

|UTw|:OéZ].Tw.
w

weNR

Clearly, 0 < a < 1. From Hoélder’s inequality, we have
d
STl =11l < 1D 1 laya-vl | Tl
weN weN weN weN
Combining this with (15.4), we obtain
R <a,
i.e., a is essentially 1 up to extremely small powers of §.

Let us now finally explain, why the name “maximal conjecture” is appropriate. In the fol-
lowing, we assume 0 < 6 < 1 and f be a compactly supported function and define the Kakeya
maximal function by

* P 1
3 (@) = sup e /T 1 (15.5)

where the supremum is taken over all 1 X § X --- x § tubes T,, which are oriented in the direction
of w € S, Let K(p,e) denote the estimate

15| zr -1y S 6~ YPH2 | £l o (a) - (15.6)

Conjecture 15.2 (Kakaya maximal conjecture — equivalent formulation). Let 0 < 6 < 1, f,
and f3 be as above. Then K(p,e) holds for all1 <p < d and e > 0.

Bourgain [15], Section 2] proved this conjecture, provided 1 < p < p(d) where
pd—1)(d+2)—d
play= 20 DAED d.
2p(d—1) — 1
i.e., in particular (d +1)/2 < p(d) < (d + 2)/2. Below, we shall focus on the case p = d which

corresponds to a “d c-estimate” in the above conjecture. Some remarks on Conjecture are
in order.
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Remarks 15.3. (1) It is clear from the definition that

I1f51loe < Nl flls s (15.7)
£ lloo < 07D fly - (15.8)

(2) If d > 2 and p < o0, then there can be no bounds of the form
1f5lla < Clifllp (15.9)

where C' is independent of §. (The role of ¢ is not important here.) To see this, consider a zero
measure Kakeya set E E|, let Es be the d-neighborhood of E, and f := 1g,. Then f§(w) =1 for
all w € S%! and hence [|f;]l; ~ 1. But on the other hand, lims_ || ||} = lims_o |Es| = 0 for
any p < oo.

(3) Let f = 1p,(5). Then for all w € S9! the tube T}(0) contains By(8) so that

9= gy 2

Hence, ||ff||, ~ 6. But on the other hand, we have | f||, ~ 6%/P which ultimately shows that a
“0~¢-estimate” of the form
Ve>03C: >0: |f5lleesa—1y < Ced™ || fll Lo (mey

can never hold for any p < d. Thus, by interpolation with (15.7]), the Kakeya problem therefore
consists in establishing

Ve AC, : ||f(§k||Ld(Sd—1) < CE(S_E”fHLd(Rd) . (15.10)

In fact, this was proved for d = 2 by Cérdoba [5I] in a somewhat different formulation and
by Bourgain [I5] as we stated it here. These results are somewhat easy in d = 2 since the
L2-formalism (with all its measures of orthogonality and oscillations through Plancherel) can be
exploited heavily.
(4) Interpolating with on the other hand gives a family of conjectured inequal-
ities
1£5 aga—1) Se 6P fllpomay, 1<p<d and g¢=(d—1)p . (15.11)

~

Note that if holds for some pg > 1, then it also holds for all 1 < p < py (by interpolation
with (15.8)). The current best results in this direction are that holds with p = min{(d +
2)/2,(4d + 3)/7} and a suitable ¢, see Wolff [I97] and Katz—Tao [II§]. In fact, Wolff established
the p(d) = (d + 2)/2 endpoint in Bourgain’s result with ¢ = (d — 1)p’. As we shall see soon
(Proposition [15.13)), this implies that Kakeya sets have Hausdorfl dimension > (d + 2)/2 (see
also Remark . In Theorem we shall prove Bourgain’s result. U

Let us now give another proof of the fact that the restriction conjecture implies the Kakeya
maximal conjecture.
Proposition 15.4 (Fefferman, Bourgain). Assume that the restriction estimate
2d

15.12
71 (15.12)

[ fdollp <p ||fHLP(Sd‘1) P>
holds. Then, the Kakeya mazimal estimate (|15.13)), i.e.,

5 a1y Se 01 fll Lacray
holds true.

143uch sets can be constructed explicitly, see, e.g., Besicovitch [9], Perron [145], Kahane [I15].
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Remark 15.5. Note that (| m is only ostensibly stronger than ) below which states

||fdo'Hp Sp W fllpesge-1y for p > 2d/(d — 1). In fact, these estlmates are (formally at least)
equivalent, see Bourgam [15].

The proof of Proposition relies on the following Lemma, which will come in handy later
in the proof of the two-dimensional Kakeya conjecture (by Cérdoba [51]). In what follows, we
denote by

To(a)={zecR?: |(x—a)-e|]<=, [(z—a)t| <8}, zt=z—(z-e)e

| =

the d-neighborhood of a unit line segment in the e direction, centered at a.

Lemma 15.6. Let 0 < § < 1 and 1 < p < oo and suppose p has the following property: if
{ex} €St is a mazimal 6-separated set, and if 471", y? < 1, then for any choice of points
ar € RY, we have

| ; ykl1s (ally <A

Then, there is a bound
5 lr -1y S Allfll Lo (ray -

Remark 15.7. Observe that the maximal -separated subset {e;} of S?~! has cardinality =~
§—d=1),

Proof. Let {ej}r be a maximal -separated subset of S¥~1. Observe that if |w — w’| < J, then
fi(w) < Cff (W) since any T (a) can be covered by a bounded number of tubes 7, (a’). There-
fore,

1/p 1/p
15y < (Z/ | f5 (w)I? dw) <C <5d_1 Z |f§(€k)|p> =Cott Zyk|f§(€k)\
k k

for some sequence y; with >, y¥ "§a-1 = 1, where we used the duality between /P and o’

(Les [[fller = (g, f) for some (gi)ren € " with [|g]l,r = 1; here, fr = 6@=D/?|fx(ex)| and
gr = ypod=D/p )) in the last line. Therefore, by the definition of the maximal function,

d—
Hf&”pgé 1zyk|T§ (ak;)l |f‘

Te, (ak)

for a certain choice of {ax}. But since |T? (ax)| ~ 647!, we obtain (using Holder and the
hypothesis),

151l < / (Zyk1T5 (ax) ) [l < IIZyles (o)l 1 fllp < All fllp

thereby proving the lemma. |

Proof of Proposition[I5.} In view of the above lemma, we chose a maximal §-separated subset
{ex} of S4=1 whose cardinality is roughly §~ (1) as observed before. Now, for each j, pick a
tube Te‘sj (aj) = T; and denote by 7; the 62 rescaled version of T}, i.e., the tube of length 62

and thickness § !, oriented along the e; direction. Furthermore, let

S;={west: |l —w e <C716%}
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be a spherical cap of radius ~ C~'4, centered at e;. Here, C is chosen so large that the S; are
pairwise disjoint. (Note that the S; are just dual to the 7;.) Now, let f; be the associated Knapp
examples, i.e., f; are supported on S; and satisfy

| fill Lo ga-1y = 1
|fdo| 2 847 on 7.
Now, let

e = Zf‘:jyjfjv
J

where the y; are non-negative weights and the sequence {¢;}; is a Rademacher sequence. Since
the f; have disjoint supports, we have on the one hand

1% oy = D wllFill% o gay ~ D y20%
J j

since S~ N S| ~ §971 for all j. On the other hand, we have by Khintchine’s inequality

I Py 1~ [ B cuan(o))
k

that
q/2

BT foque) = || B(Fdr @) do~ [ Zyjmda ax

o100 [ 5 o

Now, assuming that the restriction estimate m holds true, we can combine the last two
inequalities and obtain for any ¢ > 2d/(d — 1),

q(d— 1)/ |Zy21 |q/2 x<qu5d 1

This is almost the estimate that we need to apply Lemma- Introducing zj = yJ2 and p’ = q/2,
the above inequality is equivalent to the statement

if 941 sz/ < 1,then || szlTij/ < 7201
J J
for any p’ > d/(d — 1). Now, rescaling by §2, the above is equivalent to
it 61322 <1 then || 21y [l S 62 D),
J J
Observe that d/p’ — (d—1) /0 as p’ \ d/(d — 1). Thus, for any € > 0, we have
if 691N "2 < 1 then || 2y |y S67°

J J
if p' is close enough to d/(d — 1). So, by Lemma [15.6] this implies for any & > 0

1 £5 I Le a1y Se 6 fll o (may

provided p < d is close enough to d. Interpolating this with the trivial L>° bound yields the
claimed estimate. 0
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15.2. Relation to the Kakeya set conjecture. One consequence of the Kakeya maximal
conjecture is the following statement concerning Besicovitch sets. Recall that such sets settle the
d-dimensional Kakeya needle problem, i.e., they contain a unit line segment in every direction.
Besicovitch’s construction shows that such sets can have measure zero. However, it is not clear
what their dimension is.

Conjecture 15.8 (Kakeya set conjecture). All Besicovitch sets have Hausdorff dimension and
Minkowski dimension equal to d.

Let us very briefly recall the definition of Hausdorff dimension (which is a bit tricky) and
Minkowski dimension, at least for compact sets. See Appendix [E] for more details.

Definition 15.9 (Minkowski dimension). Let E be a compact subset of R?. The set E is said
to have Minkowski dimension n if

lim 1 Es| =d—
lim log | By| = d — n
where Ejs is the d-neighborhood of E.

There are in fact two refined definitions.

Definition 15.£(Upper Minkowski dimension). The upper Minkowski dimension (or box pack-
ing dimension) dim(FE) of a set £ C RY is defined as the infimum over all exponents n such that
for any 0 < § < 1, the set E can be covered by O(§~") balls of radius J.

Definition 15.11 (Lower Minkowski dimension). The lower Minkowski dimension dim(FE) is
the infimum of all exponents n such that there exists arbitrarily small 0 < § < 1 for which the
set F can be covered by O(6~™) balls of radius 4.

Definition 15.12 (Hausdorff dimension). The Hausdorff dimension dimg(E) is defined as the
infimum of all exponents n such that for any 0 < § < 1, the set E can be covered by a countable
collection of balls B(x;,r;) of radius r; < ¢ such that >, r* < 1.

Clearly, dimpy(E) < dim(F) < dim(E), i.e., the Minkowski forms of the Kakeya conjecture
are easier. For an introduction to Hausdorff measures, we refer to Appendix[E|and the references
contained therein.

Proposition 15.13. (1) The Kakeya mazimal function conjecture implies the Kakeya set con-
jecture. More precisely, if (for 0 < é < 1) it holds that

Ve > 030, (£l < Ced ™| fllumces (15.13)

for some p < 00, then Besicovitch sets in R? have Hausdorff dimension d.
(2) More generally, if

Hw e 871 (1)) (w) > a}| S 674 P ca P || (15.14)
holds for alle > 0 and 0 < 6 < 1, and E C R? is a Borel set having the property that for each
w € SU71 there is a unit segment ,, in direction w for which |y, N E|g > 0, then dimg E > p.
Remark 15.14. (1) The inequality

|Es| > C16° (15.15)

for any Kakeya set E (and its d-neighborhood Ej) follows immediately from (15.13]) by the same
argument that was used in (2) in Remark Formula ([15.15]) says that Besicovitch sets in R?
have lower Minkowski dimension d.

(2) Note that (15.14]) is a weaker version of (15.11]) with ¢ = p and f being of the form 1g.
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Proof of Proposition[15.13 See Wolff [200, Proposition 10.2] for the first and Sogge [161, Propo-
sition 9.1.5] for the second part.

(1) Let E be a Besicovitch set. Fom Remark (i.e., Hy(F) = 0 for any « > d) and the
definition of the Hausdorff measure (Lemma , it suffices to show that for a given covering of
E by balls B; := By, (r;) with, say, r; < 1/100, we have » 7% 2 1 for any a < d. For this let

Jo={j: 27k < r; < 2_(k_1)}

and denote by I, any unit line segment oriented in the direction w € S~! which is contained in
our Kakeya set . Let further

1

d—1
= : | Bi| > ——
Sk weS |wﬂ ]‘_100/62

J€JK
Since
D 100kt <1 and > L0 | Bl > L] =1,
k k JE€Jk
we see |, Si = St (If not, we could find some wy ¢ Sy, for every k = 1,2, ... meaning that |, N
U,es, Bil < (1008*)7'. But since I, C J; Bj we must have 1 = |I,,| < 37,1 Ly, U, Bjl <
> k>1(100k*)~" < 1.) In particular, it is clear that ¢(Sk) 2 1, where o denotes the euclidean

surface measure on S 1.
Now, let

f=1g, , where Fy := U B, (107;) .
J€Jk
Then, for w € Sy we have (for a tube T5(a) of length 1 and thickness & oriented along w, and

centered at a € RY),
2—k

_ 75 (au)]
T2 " (a,) N Fy| > 2o e/l
1T (aw) N Fel 2 00z

where a,, denotes the midpoint of I,,. Hence, after a short computation (see also the ensuing
remark), we see

1f5-illp Z k20 (SK)/P. (15.16)
On the other hand, ([15.2) implies that
I £5-4llp < Ce2¥€|fll, < C2%4(| T2~ D) P. (15.17)

Comparing (15.16) and (15.17)) therefore shows
J(Sk) S Qkpefkdk,Zp‘Jk‘ S 27k(d72p5)|Jk| )

ZT?_QPE > Z2fk(d72pe)|(]k| > ZU(Sk) >1,
J k E

which was asserted at the beginning of the proof (for 0 < a = pe < d with p < oo and ¢
sufficiently small).

Therefore,

(2) See Sogge [161], Proposition 9.1.5]. We proceed similarly as in (1). One of our hypotheses
is slightly weaker since we are not assuming that for each w € S?~! we can find a unit segment
7w in this direction contained in E. However, since

Sd-1 _ U {we 841 Iy, with |y, N E|r > a},
0<a<1
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it follows that we can find ag € (0,1) and U C S9! so that |U|ge—1 > 0 and that for each w € U
there is a unit line segment in the direction of w so that

|’Yw N E|R > Q.
To use this, suppose that E C B, (r;) is a covering by balls of radius r; € (0,1/2) and let, as

J
before, Jj, = {j : 27% <r; < 27%+1} being the index set of those 7; satisfying r; € [27F,27F+1),
Then if now
Qo

U= {weU: hun U Be ()l > 5 ymy

J€Jk
by the earlier argument where we showed S~ = U5, S;ﬁ we must have U = |J;—, Uy. If
Dy :=U,e, Ba,(2r;), then we also get

b

* QQ
15 )% __Q0 .
(1py)p-k (w) > 27(1 + k2)’ w e Uk

Consequently, by (15.14) (with E = Dy, 6 = 27% S971 replaced by Uy, and a replaced by
ag/[r(1+ k?)]), we have

|Uk|Sd*1 Se,ao (1 + kQ)p2k(n_p+8/2)|Dk| Ss’ao 2_k(p_8)|Jk|

where |Ji| denotes the cardinality of J; and we used |Di| < [Jilr§ ~ [Jx[275 as well as
(1 + k2)P < 2%¢/2. Therefore, if 0 < € < 1, then summing this estimate over all j, we obtain

S 2 3 Y e N 2y S Ui 2o Ulsis > 0.
J

k=1j€Js k=1
Hence, by Definition [15.9} see also Definition [E.I] and Lemma [E.3] we must have dimy E > p as
claimed (cf. [I61, Lemma 9.1.3]). O

Remark 15.15. Let us quickly justify (15.16). Since f = 1, and |T2 " (a)NFy| = k~2|T2 " (a)|,
whenever w € S, we have
1 72" (o)

1p,(z) 2 sup M

w

fo-r(w) = sup kg, ().

acR4 |T3_k(a)| Tﬁfk(a) a€Rd

Therefore,
I fs=illzrsa-1y 2 k218, Ipr(sa-1y = k20 (Sk) /7,

where ¢ denotes the euclidean surface measure on S¢~1.

Although appearing quite elementary, the Kakeya conjecture is a major open problem in geo-
metric measure theory which is closely connected to many classical problems in Fourier analysis
regarding estimation of oscillatory integrals. This is a consequence of Fefferman’s solution of the
disk multiplier problem [73] and work of Cérdoba (e.g., [51]) and Bourgain (e.g., [I5, 19, 27]). So
far, the conjecture was only shown in d = 2 by an elegant argument of Cérdoba and Fefferman.
(See also Subsection [7.4]and [179] Lecture 5] for a proof using bilinear estimates.) Of course, the
conjecture is also an immediate consequence of the two-dimensional restriction estimate (that
we outlined in Subsection and the square function estimate by Cérdoba and Fefferman, see
Appendix [B]

For further information on this classical problem, we refer the reader to the excellent reviews
by Wolff [T98] and Katz and Tao [I17]. Here, we shall content ourselves with the treatment of the
problem in d = 2 and review the (direct!) proofs by Cérdoba [51] (which is based on geometric

158ee also the proof of [I61, Theorem 9.1.4].
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arguments) and Bourgain [I5] (which uses Fourier analysis). Here, we follow again Wolff [200]
Theorem 10.3].

Theorem 15.16. If d = 2, then we have the bound
151221y < CQlog(1/8)) 2| Il 2 e2) -

Proof of Theorem due to Bourgain. Without loss of generality, we can assume f > 0. In-
troducing

1
Ps (@) = 55lrs(0) s

we see that the maximal function can be written as

f5 (W) = sup (f * p§)(a) .

a€R?

Now let us find a pointwise upper bound on this function. To this end, we introduce 0 < ¢ € S(R)
such that ¢ is compactly supported and ¢(z1) > 1 for |z1] < 1. Let us further define

¥ :R2 SR

v () - 55 p(e2/5).

i.e., a smoothed out characteristic function of a & x 1 tube oriented along the e;-axis. Note
that ¢ (z) > p§'(z) and therefore f5(e1) < sup,epz(f * ¥)(a). Thus, if we similarly define
Y, = Pop, for some rotation p,, € SO(2), we obtain similarly ,,(x) > p§ (x). Using this bound
and Cauchy—Schwarz, we can therefore estimate

P < | sup (v )@P < 17Tl < ([ PO <¢> df)(/R '“’“(5)'@).

a€R? 2 <£>

Now, since 7:[1: = z[; 0 pw, we know that 1//1: is supported on the dual rectangle R,, (oriented along
w) with dimensions [£;] ~ 1 and |&| ~ §~1. Combining this with [¢)| < 1, we obtain

9 (6)] d¢ M
/Ridﬁ,S/R — /1 t= dt =log(1/9).

2 < E> o <E>

(If we considered the d-dimensional problem, we would get a factor § —(d-2) instead.) Now putting
all estimates together, we obtain

X 1 — .
163 ey S 1085 [ o [ L@IF@F <€ > e

1 . _
—tog3 [ IfOF <> ([ Tn©law) de
Stogg [ 1ft©) s =10 31115.

To get from the second to the last line, we used that, for fixed ¢ € R2, the set of w € S41
where 1, (€) # 0 holds, has measure << £ >71 see also the ensuing remark. This concludes the
proof. O

Remarks 15.17. (1) As we remarked after the estimate of fR2 W&# d¢, the above arguments
show

1 £5 |2 sa-1) S 67 D2 £l L2 oy (15.18)

in d > 3 dimensions, which is the best possible L? bound.
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(2) Let us elaborate a bit more on the estimate
{oes™™: (@)l >0} S<¢>7 (15.19)

for given (fixed) ¢ € R% Recall that QZ; was a smoothed out (and compactly supported!)
indicator function of a §=! x ---§~! x 1 rectangle, oriented in the direction w and centered
at the origin. Thus, to prove we can pretend that 1, is actually a smoothed indicator
function of a thickened hyperplane with thickness O(1), say, e.g., 10. Moreover, by an elementary
geometrical observation, it suffices to consider only the case d = 2. Next, by the underlying
rotational symmetry, it suffices to consider only R? > ¢ = (&,0). Now suppose first that
|€] = O(1), say |¢] < 10000. Then, the left side of is trivially bounded by [S?!| and
so we are done in this case. In conclusion, we are left with estimating the left side of
in d = 2 when & = |£|é; with [£] > 1 (say |£| > 10000), and 17):,(5) is replaced by the indicator
function of an infinitely elongated tube of thickness 10, oriented along w and centered at the
origin. Let us for simplicity also assume that the tube is shifted in negative es-direction such
that the upper border coincides with the e;-axis. Then, as we start rotating the tube in positive
direction with the rotation center being (0,—1/2), there will be a rotation angle ¢ where the
lower border of the tube touches &; that’s precisely the angle, we are interested in since

1. 70 ~ v ’
wes' [R@> 0 [ @~ [ a=p.

But by elementary trigonometry, this angle is given by sin(¢/2) = 1/(2]¢|). Since [{] > 1, we
may approximate sin ¢ ~ ¢ which shows the claim, see also the following figure.

Figure 4

As opposed to Bourgain’s proof, Cérdoba elegantly exploited a simple geometric fact. Apart
from a technical issue involving small angles, the main point is that two lines intersect in at most
a point, whereas every two thin rectangles intersect in a small parallelogram.

Proof of Theorem due to Cdrdoba. In view of the auxiliary Lemmal[T5.6] it suffices to prove
that for any subsequence {y;} with 6 " y? = 1 and any maximal J-separated subset {ey} of S!,
we have

S (log(1/6))"/2 . (15.20)

Z Yk 1T§k (ax)
k

The relevant geometric fact is
52

2 ()NT? () < —
Te, (@) NTE, (b)] < or — el 70

(15.21)
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which is proven in the remark below. Using this, we can estimate the left side of (|15.20)

2
52
1 = T° nT? < -
Zk:yk T3 (ar) > yeye| T2, (ar) N7 (ar)| S Zykye|ek S
9 kU k.0
)
= Oy - Voyy———— < ||V6 K ) .
’;\[yk \[yz|ekied+5 < |IVoyklle ||z€: keVoyell 2
Here we abbreviated
Ky, := 75
k.l - |€k — €£| +(5

and denoted by ¢2 the usual ¢? space where the summation is with respect to k. Now recall that
the set of {ex} is maximal é-separated. Thus, for fixed k, there are at most 6! summands in
the ¢-summation. Moreover, since the angle between ey and e, is given by J|k — £|, we have

lex — ee] = V24/1 — cos(0]k — £]) > 1/%5“{77& for |k —¢| < %

Therefore, we can estimate

1) ) 1
sup y ——F— < ——— ~log ~.
k ;kk—eﬂ—i—é Z§66£+6 1)

Thus, we can apply Schur’s test (Lemma [4.18)) to the kernel K}, (which is symmetric in & and
£) which allows us to estimate the left side of (15.20) further by

Z Yrlrs (ar)
k

In view of the hypothesis § Y y? = 1 (recall Lemma [15.6)), this concludes the proof. O

2
1 ) 1
2 S log 5 Ek:(\/gyk) S log 5

Remark 15.18. Let us shortly elaborate on the measure of the intersection of two thin rectangles
in (15.21]) which can be reformulated as

2
T2 (a) N T (b)| S min {5, m‘iéé} .
Clearly, it suffices to consider a = b, ¢, = e; = (1,0), and that the angle 6 between e, =
(cosf,sinf) and ey is at most /2. Since |T? (a)| < &, the first bound is trivial. Now suppose
lex — e1] = v2v/1 — cos @ > §, which is (since cosf < 1 — 02 /4) satisfied if > 1/26. In this case,
sinf > 0/2 > §/2 and we have §/(2sinf) < 1. Using cosf > 1 — 6% and the formula for the
surface area of a parallelogram, we finally obtain
5§ 6 262 2v/262 21262

TS N1 =4- . — << = 15.22
ITe, NTe, 2 2sinf — 0 T \/2¢/1—cos@ |ex —eq] ( )

what had to be proven.

15.3. Universal bounds for the Kakeya maximal operator. We follow Sogge [161], Section
9.2]. The reason why these bounds are called “universal” is that they are indeed optimal in
curved spaces. Recall that Wolff [I97] found improved bounds in the euclidean setting. (He got
the following theorem for p < (d + 2)/2 instead of p < (d +1)/2.) See also Subsection [15.4]

The main goal of this subsection is to prove non-trivial bounds for the Kakeya maximal
function in higher dimensions using Bourgain’s bush method. An improved bound is due to
Wolff [197] (see also [161, Theorem 9.4.1]) who could at least treat p = (d + 2)/2 giving the
critical exponent in d = 2 in the following theorem.
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Theorem 15.19. Let d > 3. Givene >0 and 0 < 6 < 1/2, we have
15 Nagsa—s) Se 6772 f Loy (15.23)
whenever 1 <p < (d+1)/2 and ¢ = (d—1)p’.
Observe (or recall) that the trivial case p =1, i.e.,
151 oo 501y < 0~ f |2 ey
If p=(d+1)/2, then ¢ = d+ 1. To prove the other estimates, recall

Theorem 15.20 (General Marcinkiewicz interpolation). Suppose T is a subadditive operator of
restricted weak types (pj, q;) with po < p1 and go # q1, i.e.,

1T 18 Lo S el e ~ |B]YP
Then one has the estimate
ITfllzaor S flILoorr
foralll1<r <oo, 0 €(0,1) with g9 > 1. If additionally g9 > py and r = qy, then
1T fl[Lao < [I.f]lzeo -

Proof. See Stein-Weiss [169, Chapter V, Theorem 3.15] or Theorem 1.3.4 in harmonic analysis
notes of summer term 2020. O

Proof of Theorem[I5.19 Since the case p = 1 in (15.23)) is trivial, it suffices, by the above
Marcinkiewicz interpolation, to show the corresponding restricted weak-type ((d + 1)/2,1) —

(d+ 1,00) bound

Hwe ST (1p); (w) > a}|7T S a6~ &1 |B| T
that is

{we S (1p); (w) > a}| S a”@HDs@=Dp2, (15.24)
For a constant A > 1 to be fixed later, we set

Q= {we ST (1p); (w) > Aa}.
Then we would have once we prove
Qo lga—1 Sa @@= DIp2 o>0, 0<d<1/2. (15.25)

At the end of the proof we shall see that the case where o < § is trivial. Thus, let us, for the
moment at least, also assume that o > A9.
Now choose a maximal (Ad/a)-separated subset {w;}L, =7 in Q4. Then it follows that

Q0| gi-1 Sa (AS/)1M . (15.26)

Thus, to get the desired bound on ||, we need good bounds on the number M.
If w; € Z, then, by definition of ), we have

IENT,,| > Aa|T,,| (15.27)

and so, by summing over j (and recalling |T,| = §971), we have

M
S IENT,,| > co(A,d)Mad*™!
j=1
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for some ¢y = ¢o(A,d). Thus,

M
1 / co(A, d)Mas?=1
= 1r, > ——7F7F7—.
B Jp 2 2]

Since there must be a point a € E where the non-negative function Zjﬂ/il 17, equals or exceeds
its average over Hﬂ ie.,

we obtain

M
A, d)Mad?—1
Zlij(a) > CO(’|)E|a, some a € E.
i=1

Put differently, by the pigeonhole principle, this point @ € E must belong to at least N> N < M
tubes {T.,, }]Ail such that

co(A,d)Mas?—1

N >
B

(15.28)

Let us collect these tubes from the original collection into the “bush” centered at a € R? (see
Figure [5))

{ijk }]kvzl .

Now, since the points w; € S9! are (A§/a)-separated and since, for the moment, we are
assuming « > Ad, we conclude that if A is large enough, we must have{ﬂ

(T, Ny, )\ Bale) =0, if k£ 2.
Therefore, the “tips” of the branches of the bush about a € R¢, denoted by

=T, \Ba(a), 1<k<N,

16T his point @ € R? is a point where a preferably large number of tubes T.,; intersect themselves as well as
the set E. The latter property is not that important for the moment; the former point means that there is a
subcollection of the intersecting 7w, that form a “Bourgain bush”, see Figure

1"This is a simple consequence of the geometrical fact, that if £; and ¢ are two lines crossing each other at
the origin with angle 6 € (0, 7/2], then dist(¢; N rS?=1 s NrS¥=1) ~ rf. In our case, r = o and 8 = Ad/a, so
the distance on the sphere is roughly A§ > 0.
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are disjoint as depicted in Figure

Figure 5. A Bourgain bush

Since
|T.,; N Ba(a)| < CoalTy,,|
for a uniform constant Cy, we conclude that if A > 2C, as well,
ITj N E| > Aa|To,, | — CoalTy,;, | > AalTy, |/2, 1<k<N
by . If we use this, the disjointness of the tips of the branches, and , we conclude

N
B > |75, N B| > cadad®™ N > &yMa26*¢=V) /|,

k=1
or equivalently,
M < Ca~267214-D| g2, (15.29)
If we plug this into , we obtain the desired bound
|Qq|ga-1 Sa @@ DIER2 >0, 0<d<1/2 (15.30)

stated ad the beginning of the proof in (|15.25)).
We are left with the case a < A which is a lot easier. For assuming that £, # 0, we just use
the fact that we can find a single tube T, so that

st ~a|T,| < |ENT,| < |E|.
Thus, there must be ¢y > 0 such that
co < a_25_2(d_1)|E|2 .

But since the right side is dominated by the right side of (15.30) if a < AJ, we conclude ([15.30))
must be valid in this case as the left side of (15.30) is at most [S9~1|. O

15.4. Wolff’s bounds for the Kakeya maximal operator in higher dimensions. We
present the proof of Wolff’s [197] bound for the Kakeya maximal function in higher dimensions
and follow Sogge [I61], Section 9.4]. When d = 2, the following theorem is optimal as we have
seen earlier.

Theorem 15.21. Letd > 3 and f; denote the Kakeya mazimal function defined in (15.5)). Then
given € >0 and 0 < § < 1/2, we have

15 W Lagsa—1y Se 6~ YPH 5| fl oo (ray (15.31)
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whenever 1 < p < (d+2)/2 and ¢ = (d — 1)p’. In particular (by Proposition , we have
that dimg E > (d + 2)/2 for Besicovitch sets E C R.

15.5. How can Kakeya help in proving the restriction conjecture? In the first subsection
we saw that the restriction conjecture implies the Kakeya maximal conjecture. Bourgain [I5]
Section 6] partially reversed this and obtained a restriction theorem beyond Tomas—Stein by
using a Kakeya set estimate that is stronger than the L? bound stated in Wolff [200, Formula
(151)], i.e.,

1 1
||Zyk1T§k(ak)Hg Slogg Z(\/gyk)2 510g57
k k

used in the proof of the L? bound (15.18)) (via Lemma [15.6). It is not known whether (either
version of) the Kakeya conjecture implies the full restriction conjecture. Anyway, we have

Theorem 15.22 (Bourgain [I5]). Suppose that we have an estimate
1D sl < Ceo™ (G714 (15.32)
j J

for any given € > 0 and for some fired ¢ > 2. Then

Ifdollp Sp 1f 1l Lo a-1) (15.33)
for somep <2(d+1)/(d—1).

Remarks 15.23. (1) The geometrical statement corresponding to ([15.32)) is that Kakeya sets
in R? have Hausdorff dimension at least g, recall the second assertion in Proposition [15.13| and
the ensuing remark.

(2) Note that (15.12]), which stated ||f/d?7||p Sp fllze(ga-1y for p > 2d/(d — 1). is only
ostensibly stronger than (15.33)). In fact, these estimates are (formally at least) equivalent, see
Bourgain [15].

We shall sketch the proof only for d = 3 and follow Wolff [200, Theorem 10.6]. Recall that in
this case, we already know the bounds
[fdollrams) S I1flL2s2)

from the Tomas—Stein theorem, and

||deHL2(Bo(R)) S R1/2||fHL2(SQ)

from Theorem with &« = d — 1 = 2. Interpolating between these two estimates yields a
family of estimates

— 2 1
||fdJ||Lp(BO(R)) SRy ||f||L2(g2) , for2<p<4. (15.34)

In the following argument we show that the exponent of R can be lowered by an ¢ if the L? norm
on the right side is replaced by the L* norm.

Proposition 15.24. Letd =2, 2 < p < 4, and assume (15.32) holds for some q > 2. Then, for
all e > 0, we have
— o 2 1
| fdollLr(Bo(r)) Se R (p)”fHLOO(Sd—l) , alp) < b2 (15.35)
Clearly, this implies (15.33) for all p such that a(p) < 0, i.e., in particular, there are p < 4 for
which ((15.33]) holds.
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Heuristic proof of the proposition. By homogeneity, we can assume || f|| foo(s2) = 1. Let § = R™*
and cover S? by the spherical caps

S]—:{wESzz |1 —w-e;| <6},

where {e;} now forms a maximal §'/2-separated subset of S?. Then we decompose
=Y 1,
J

where each f; is a Knapp example supported on S;. Abbreviate G = f(;l?f and G; = W so that
G =", Gj. By the uncertainty principle, the G; are roughly constant on 6712 x 5712 x5!
tubes 7; oriented along e; and decaying rapidly away from them. For simplicity, let us assume
in the following that G; are in fact supported only on the 7; El

Next, let us cover By(R) with disjoint cubes @ of sidelength v/R. For each fixed cube Q let
N(Q) denote the number of tubes 7; that intersect Q. Note that G|o = >_, G;lq, where we sum
only over those j’s for which 7; intersects (). Using this and the known restriction estimates

(15.34), we can estimate |G| z»(q) for 2 <p <4 by

-0 1(2_ 1 1(2_ 1
Ifdollo@) = Gl S RFG2D | Y < rR:G-3) (V@) )2
FimiNQ#AD L2(S2)

~ 5%7%N(Q)1/2

|1/2

where we used that the f; are essentially disjointly supported and ||fj|lz2(s2)y ~ |9; ~
§@=1/4 = §1/2 Summing over all Q then yields
3p_ sp 1 2
1F Aol gy S OF 7D N(@QP2 e 65 S 1, (12 (15.36)
J

where we used
131,122 = ST N@P2IQ = 677 Y N(QP.
J Q Q

Now let p = 2¢’, where ¢ is the exponent in ((15.32)), and assume that p is sufficiently close to

4 (and interpolate between (15.32) and (I5.18), i.e., || f5 ||l z2(s2) < log(1/8)Y/2(|f]|2 if necessary).
For any € > 0, we have from the hypothesized, strengthened Kakeya set estimate ((15.32)),

—1(3_14
H zJ’:lTe\qu’ < 3(3 ).

Rescaling this inequality by d~! yields
[ Z 1|l < Coo—(d714e) . 5=8/a" — 5=1=8/p—<

Plugging this into (|15.36) shows

= 11, 11
Il fdo|lr(Bo(ry) S 0% 7 = R~
and thereby the assertion since 1/p —1/4 < 2/p —1/2 for p < 4. O

181 is precisely because of this assumption that our proof is merely heuristic. Clearly, the Fourier transform
of a compactly supported measure cannot be compactly supported; the rigorous proof uses Schwartz decay of the
G instead
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In the next subsection, we will review Tao’s surprising finding [I81] that the Bochner—Riesz
conjecture actually implies the restriction conjecture, thereby implying of course the Kakeya
conjecture. In that context, we shall also review older work by Bourgain who directly proved the
implication Bochner-Riesz = Kakeya. The latter is frequently used to construct counterexamples
to LP-boundedness of certain multipliers. The most prominent example being the failure of LP-
boundedness of the disk multiplier when p # 2 (Fefferman [73]).

16. CONNECTION TO THE BOCHNER-RIESZ CONJECTURE

Historically, the first connection between — apparently purely geometrically involving consid-
erations — the Kakeya conjecture and (Fourier) analysis arose in the 1970s. Considering the
classical Fourier transform of a test function f in R, one may ask whether the truncation

(Skf)(z) = / f(e)ermive dg (16.1)
[€I<R

converges as R — oo to f in a certain sense, e.g., in LP, or even pointwise almost everywhere.
The above operator is usually referred to as the ball multiplier (disk multiplier in d = 2). Proofs
of such assertions typically lie in proving the assumptions of the following two classical functional
analytic results. Their proofs can be found, e.g., in Krantz [126] p. 27].

Lemma 16.1 (Functional analysis principle 1). Let X be a Banach space and S a dense subset.
Let Tr : X — X be a sequence of linear operators (bounded on X ) such that Trf — Tf in X
norm as R — oo for test functions f € S and some linear operator T that is also bounded on
X. Then, in order to have Tpf — Tf in X norm for all functions in X (and not only test
functions), it is a necessary and a sufficient condition to have the estimate

ITefllx S Ifllx  for all sufficiently large R and f € X .

Lemma 16.2 (Functional analysis principle 2). Let 1 < p < oo, Tr : LP — LP be a sequence of
linear (LP bounded) operators, and denote by

(T (@) = sup [(Trf) ()]

the maximal function associated to Tr. Let S C LP be a dense subset. Assume that

(1) For each s € S, the limit imp_,o0 (Trs)(z) = (T's)(x) exists in C for almost all x € R?
and another LP bounded operator T'.
(2) The associated mazimal operator T* has weak type (p,p), i.e. for each o> 0,

{z eRT(T"f)(2) > a}| SaP||fll, forall f L.
Then, for each f € LP, imp_oo(Trf)(x) exists for almost all x € RY.

Remark 16.3. The above two lemmas are by now standard tools to establish norm or pointwise
almost everywhere convergence theorems. It is therefore natural to ask whether they are also
strictly necessary. In particular, is it possible to have a convergence result img_ oo Trf = T'f
without being able to obtain uniform operator norm bound or a weak-type maximal inequality
of the above forms?

In case of norm convergence, the answer is “no”, thanks to the uniform boundedness principle,
which among other things shows that norm convergence is only possible if one has the uniform
bound

ITrfllx SWfllx forall feX,

see the proof of Lemma [16.1
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Returning to the pointwise almost everywhere convergence, the answer is in general “yes”.
Consider for instance the rank one operators

(Tof) () = / L) (& — ) () dy

from L1(R) to L(R). It is clear that lim,, (7, f)(z) = 0 almost everywhere for f € L*(R) and
that the operators T}, are uniformly bounded in L!. However, the maximal function 7% f does
not belong to LY*°(R). One can modify this example in a number of ways to defeat almost any
reasonable conjecture that something like the maximal weak-type estimate should be necessary
for pointwise almost everywhere convergence. In spite of this, a remarkable observation of Stein
[162], now known as Stein’s mazimal principle, asserts that the maximal weak-type inequality
s necessary to prove pointwise almost everywhere convergence, if one is working on a compact
group, the operators T;, are translation invariant, and the exponent p is at most 2.

Theorem 16.4 (Stein maximal principle). Let G be a compact group, X be a homogeneous
space of G with finite Haar measure p, 1 < p < 2, and T,, : LP(X) — LP(X) be a sequence of
bounded linear operators commuting with translations such that T, f converges pointwise almost
everywhere for each f € LP(X). Then T* has weak type (p,p).

On the other hand, the theorem does fail for p > 2, and almost everywhere convergence results
in LP for p > 2 can be proven by other methods than weak (p,p) estimates. For instance, the
convergence of Bochner—Riesz multipliers in LP(R?) for any d and for p in the range predicted
by the Bochner—Riesz conjecture was verified by Carbery, Rubio de Francia, and Vega [39] (see
Carbery [35] for d = 2 where, however, he proves a maximal weak-type inequality) despite
the fact that the weak-type (p,p) estimate of even a single Bochner—Riesz multiplier, let alone
the maximal function, has still not been completely verified in this range, especially for 1 <
p < 2, but see Tao [I84] and Li and Wu [I30] for maximal weak-type estimates in this range.
(Carbery et al use weighted L? estimates for the maximal Bochner—Riesz operator, rather than
L? type estimates.) For p < 2 though, Stein’s principle (after localizing to a torus) does apply,
and pointwise almost everywhere convergence of the Bochner—Riesz means is equivalent to the
maximal weak-type (p,p) estimate.

Stein’s principle is restricted to compact groups (such as the torus (R/Z)? or the rotation group
SO(d)) and their homogeneous spaces (such as the torus (R/Z)? again, or the sphere S¢~1), i.e.,
the principle fails in the non-compact setting (as in R, as we have seen it before when dealing with
Tof = f * 1} nya); the Ty, f converge pointwise almost everywhere to zero for every f € L'(R),
but the maximal function does not obey the weak-type (1, 1) estimate). However, in many appli-
cations on non-compact domains, the T, are somewhat “localized” enough that one can transfer
from a non-compact setting to a compact setting and then apply Stein’s maximal principle. (For
instance, Carleson’s theorem [4I] (see also Fefferman [74] for an alternative proof, Grafakos’
book [96], Section 3.6.5] and https://en.wikipedia.org/wiki/Carlesony,27s_theoren for ref-
erences of expositions of Carleson’s paper) on pointwise almost everywhere convergence of the
partial Fourier series Y.\ f(n)e?™"® for f € L2(R) is equivalent to Carleson’s theorem on
the circle R/Z (due to the localization of the Dirichlet kernels) which is, due to Stein’s principle,
equivalent to a maximal weak-type (2,2) estimate on the circle R\ Z. By a scaling argument in
turn, this is equivalent to the analogous weak-type (2,2) estimate on R.)

See also Guzmén [61] for a systematic discussion of this and other maximal principles as well
as www.terrytao.wordpress.com/2011/05/12/steins-maximal-principle/| for more details.

a

At this stage, it is also reasonable to remind the reader of the following sledge hammer whose
proof can be found in Dunford and Schwartz [68] (Section XIIL.6: Lemma 7 (p. 676), Theorem


https://en.wikipedia.org/wiki/Carleson%27s_theorem
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8 (p. 678); Section XIIL.8: Lemma 6 (p. 690) Theorem 7 (p. 693); Section XIIL.9: Exercise 3
(p. 717)). The form which we shall use the theorem is as in [166], p. 48].

Lemma 16.5 (Hopf-Dunford-Schwartz ergodic theorem). Let {T"};>0 be (measurable) semi-
group of operators on LP(R?). Suppose that | T f|l, < ||fll, for any p € [1,00]. Then the mazimal
Sfunction
S
arp) s (4 [ 1@ ar)
s>0 \ S Jo
satisfies the inequalities

(1) 1M fllp Sp | £llp for all p € (1, 00];
(2) {z e R : (Mf)(z) > a}| < a Y f|li for each o >0 and f € L*.

Proof of Lemma|16.1. Let f € X and suppose € > 0. Then there exists an s € S such that
Ilf — sl < e. Now select J so large that if j,k > J, then ||T;s — Tys|| < e. For such j,k, we
calculate
175 f = Te Il < 1T = Tysll + [|Tjs — Thes|| + | Tks — Th f|l
<TG f = sl + e+ 1Tl s — £l <321 +sup [Tel]) =0 ase—0,

i.e., T} f is Cauchy. Since X was supposed to be a Banach space, this establishes the result. The
converse follows from the uniform boundedness principle, see, e.g., Rudin [148, p. 98] or Lieb
and Loss [132, Theorem 2.12]. O

Proof of Lemma[16.2. The proof parallels that of Lemma but is a bit more technical.

Let f € LP and suppose that ¢ > 0 is given. Then there is an s € S such that ||f — s[[} < 4.
For simplicity, we assume that both f and T;f are real-valued (the complex-valued case then
follows from linearity). Fix e > 0, independent of 6. Then

[+ timsup(T, ) () — lim (7, ()| > 32}
< R : [limsup(T;(f — 5))(@)] > e} + [{o : [limsup(T}s)(x) — liminf(T;s)(z)] > e}
J—0o0 Jj—o0
+ Ha : [limsup(T; (s — f))(z)| > e}
j—o0
< e sup (T3 (f =) (@) > e} + 0+ {a : sup [(T5(s = f))(@)| > e}
=z (T7°(f —9))(@) > e} + [z : (T7(s = [))(z) > e}
S2e7P|f = s||h <2675
Since this estimate holds no matter how small §, we conclude
{a : [ limsup(Ty f) () — lim inf (T} £) ()| > 3¢} = 0.
j—o0 J—0o0

This concludes the proof of Lemma since it shows that the desired limit exists almost
everywhere (see also Grafakos [96], Theorem 1.1.11] for the fact that convergence in measure
(what we just showed) implies convergence almost everywhere up to a subsequence). O

In the context of these notes, we shall be concerned with the LP convergence of Bochner—Riesz
means. (For pointwise almost everywhere convergence, see, e.g., Carbery [35] and Carbery et al
[39] where a maximal weak type (p,p) inequality is proven for p > 2, see Tao [I84] and Li and
Wu [I30] for 1 < p < 2; it is easy to see that S% f converges to f uniformly if f is a test function.)
By scaling invariance, it suffices to prove the uniform LP boundedness for R = 1. Ind =1, it
follows from the weak L!-boundedness of the Hilbert (Riesz) transform and interpolation with
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the obvious L? estimate that Sg is LP-bounded for all p € (1,00). For d > 2, one has an explicit
kernel representation, namely
Lemma 16.6. Let 6 > 0 and f € S(R?). Then

s r'1+o J, 2 —
$i) = [ ()] eneefig dg = THD [ JuessBIEZ il g

Zi e:i:27ri|937y\ + 0(1) p
wa 1+ |z — y|@FD/2+s Fly) dy

(16.2)

as |x] — oo.

For a generalization of the |x| — oo asymptotics for general ¢(§) (homogeneous of degree one,
C*, and non-negative in R?\ {0}) instead of &2, see [I61, Lemma 2.3.3]. Note also that this
formula is very similar to the one for (do)Y; morally speaking the kernel of (do)V is comparable
to the one of S;'. This is akin to the heuristic that the delta function is “of the same strength
as” the distribution 1/2. Note that every time as ¢ is lowered by 1, predicts that the
kernel S is multiplied by roughly |x|. This is consistent with the heuristic observation that the
derivative of the symbol ms = (1 — |¢|?)%. is roughly comparable to ms_1.

Proof. See Stein and Weiss [169, Chapter IV, Theorem 4.15], and Tao’s notes [I79, Lecture 3].
Since the symbol (1 — [£[?). is radially symmetric, we only need to compute (with r = |z|)
the right side of

oo

/d(1 — )P g = 27r/ (1 — k) (k)= =22 ] 4oy o (2mkr) K dke
R 0
by the Fourier—Bessel transform, see, e.g., Stein and Weiss [169, Chapter IV, Theorem 3.3]. Using

the identity
Tu+1

Jutv+1(r) ] /0 Ju(kr)kF (1 — k2 dE

T 2T+l
for p > —1/2, v > —1, and t > 0 (see, e.g., Stein—Weiss [169, Chapter IV, Lemma 4.13]), we
have (with v = § and p = (d — 2)/2)),

/ - €)™ de = (2m) 707 20D (1 + 8)r@TD2T0T gy o e s (277)
R

T(L+6) g
=— 5 T V20 Ja—a) s 41(27T)

which yields the first assertion. The asymptotic behavior as |z| — oo follows from

(d+1+20)m
4

see, e.g., [I69, Chapter IV, Lemma 3.11] or Olver [142], Formula 9.2.1]. Note also that the kernel
is finite as |z| — 0 since |J, (z)| S |z|” for v > —1/2, see, e.g., [142], Formula 9.1.62]. (In fact the
kernel is complex analytic since the symbol is compactly supported.)

Although the above proof yields the exact formula for the integral kernel, its method is not
very robust. Let us therefore now sketch an alternative, somewhat fuzzier, but more robust
proof. Since my is radial, we let £ = Aey without loss of generality and evaluate in the following

J(d—2)/24+541(277) = 72 cos (27rr - > +0r3%), r— oo,

(1 _ 52)5627Ti)\§d df .
|€1<1

We decompose this smoothly into three pieces, i.e., the north pole | — e, | < 1, the south pole
|€ + en| > 1, and the rest where |{,| < 1 — ¢ for some & > 0.
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Let’s deal with the rest first. By stationary phase, the core part || < 1 is rapidly decaying in
A and so it suffices to consider the surface part |{] ~ 1. In this case, we can use polar coordinates

and reduce to
/ (1 _ T2)ird71 / eQwi)\rwd dw .
re1 Sd—1:|wq|<1l—e

But the inner integral is O,.(A\~") for any N € N by stationary phase, and so is the total integral.
Thus, we are left to study the north pole (as the south pole is treated analogously). Let us
decompose further
(1- 52)i = fdw * du + error,

where f € C2°(R?) is supported on a cap of the north pole, and
du(€', ) = 8(&")n(Ea) (—€a)%

is a measure supported on the &, axis. Here, n € C2°(R) is a bump function which equals 1 at
the origin. Indeed, one can easily work out that

(fdw * dp) (€', &q) = _/Rd F a)d(1 = )5(E — " m(€a — a)(— (g — €a))% do

=Aﬂ&wwvw%meWWM%w—mﬂwd
= (€, 2(&))n(&a— () T(E)N®(E) - )5,

where J is some Jacobian factor. By choosing f properly, one can make this a good approximation
to the kernel of ms near the north pole. The error vanishes to order § + 1 or more at the sphere.
One can then do a similar decomposition of this error, with a new error term which vanishes to
order § + 2. Continuing this procedure shows that one can make the error term as smooth as we
like and absorb it into the error term of .
Let us now consider the contribution of main term, i.e.,
(fdw - dp)(Neq) .

By the computation of the Fourier transform of surface measures of curved surfaces, the first
factor is Ce?™AN~(d=1)/2 4 o(A=(4=1)/2) We claim that the second factor is (C' + o(1))A~17°.
Since the &’ variable is pretty much irrelevant here, this claim is equivalent to

dp(en) ~ Fn(€a)(—€a)5]A) = (C +o(1)A™ 0.

Recalling that F[(£4)%](A) = CA~17? (in the distributional sense, see, e.g., Gelfand-Shilov [92]
Chapter II, Section 2.4 or p. 360]) by homogeneity, the claim follows, since the convolution with
the Schwartz function ) does not perturb the decay and merely smoothens out F[(£4)%](A). O

The above representation leads to a necessary condition for the LP-boundedness of S?%.

Theorem 16.7 (Herz [106]). In order for ||S?f|l, < |If|lp to hold, one must have
20+1

2d

In particular, we see that the larger § gets, the larger the interval on which one has a shot at
convergence.

1 1
=5l < (16.3)

Proof. This is shown by convolving the Bochner—Riesz kernel with a test function of the form

1 il <1/10
f(@):= {0 it || > 1/10
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In this case, (S?f)(x) ~ |z|~(@+1420)/2 a5 |z| — oo by Lemma m Moreover, a moment’s
thought will convince the reader that the oscillating factor in the Bochner—Riesz kernel produces
no significant cancellation in S? f. Thus, S¢f does not belong to any L? if

d_d+1

P 2
which is a rearrangement of (16.3)). O

+0

We see that the Bochner—Riesz kernel is in LP for § = 0 only if p > 2d/(d 4+ 1). By duality, it
is therefore natural to conjecture that Sgf converges if p € (2d/(d + 1),2d/(d — 1)). Let us see
whether S is bounded in d = 1. In this case

Sif = F (1 f) = 57 (sl + 1) —sena — 1))

By the invariance of multipliers under affine transformations, it thus suffices to prove the LP-
boundedness of f +— F~!(sgn(r) f) But this operator is just the Hilbert transform multiplied
by i/m, i.e,

dy

i i
“(H)@) = 2o [ @)
which well-known to be LP-bounded.

Now what about d > 2? Surprisingly, Fefferman [73] disproved this conjecture, i.e., the ball
multiplier is in fact LP-bounded only for p = 2! What is the reason for this dramatic failure of

LP-boundedness?

The previous discussion indicates that Fourier analysis, orthogonality, cancellations and so on
should be involved in the analysis of Si. Fefferman’s proof, which was of course via contradic-
tion, involved pure size estimates (he refers to them as Meyer’s lemma) and a clever geometric
construction. And here is where the Kakeya conjecture comes into the play.

Before we review Fefferman’s disproof, let us discuss whether certain regularizations of Sg
have a chance of convergence. And indeed, it is conjectured (and in certain cases, such as in
d = 2, already proven) that the so-called Bochner—Riesz means

5 imf P
(SN = [ (- 6PIRY)] e fe)dg
do converge for all 4 > 0 if p lies in the conjectured range. This the content of

Conjecture 16.8 (Bochner—Riesz conjecture). Let 6 > 0 and 1 < p < co be such that (16.3)
holds. Then S%f converges to f in LP norm as R — oo for all f € LP.

If p lies outside of the above range, one may still get convergence if § is chosen to be p-
dependent in the right way. As is the case for the restriction conjecture, the Bochner—Riesz
conjecture is fully resolved in d = 2. (The reason will become clear in a moment.) Observe that
for § — 0, one recovers the ball multiplier. For higher 6, Sf% can indeed be seen as a mollification
of the ball multiplier.

Before we continue, let us dispose some easy cases first. Clearly, the conjecture is true when
p = 2 because of Plancherel’s theorem. On the other hand, if 6 > (d—1)/2, then, the asymptotics
(16.2)) of the Bochner-Riesz kernel imply that the convolution kernel S% is integrable. (Note that
there is no singularity near zero in z-space; in fact, F[(1 — £2)](z) must be complex analytic
since the multiplier is compactly supported.) So the claim follows by Young’s inequality in this
case.

Now, what is the connection between the restriction and the Bochner—Riesz conjecture? On
the one hand, the implication Restriction = Bochner—Riesz was shown for the paraboloid by
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Carbery [36]. For general surfaces, Fefferman [72] proved that if the (p, p) restriction hypothesis
is strengthened to a (p,2) estimate, then the Bochner-Riesz conjecture holds.

On the other hand, the reverse direction Bochner—Riesz = Restriction was shown by Tao [181]
for the sphere.

In the following subsections we shall fill in the details in the above discussion. We start
by showing the LP-boundedness of S? using solely the knowledge of the Bochner-Riesz kernel,
Lemma [16.6] Afterwards, we review Fefferman’s disproof of the LP-boundedness of the ball
multiplier. We will then review the equivalence Restriction < Bochner-Riesz. Finally, we shall
see the implication Bochner—Riesz = Kakeya. We will mainly follow [I79] Lecture 3], but see
also Fefferman [74].

16.1. LP-boundedness of S? via Carleson—Sj6lin oscillatory integral estimates. See also
Sogge [161], Section 2.3] for a generalization of the to general ¢(¢) (homogeneous of degree one,
C*, and non-negative in R? \ {0}) instead of ¢2. See also Bourgain [I5] 16, 26] and his review
[27]. See also Fefferman [74].

From Lemma (note that the integral kernel of S is complex analytic since the symbol is
compactly supported) and Young’s inequality it follows immediately that S? is LP bounded for
all 6 > (d—1)/2. The problem gets significantly more difficult in the case § < (d—1)/2 since the
kernel is not integrable any more and we need to exploit its oscillatory behavior. Let us recall
the necessary condition (Theorem

2d cp< 2d
d—1-20 P~ d¥i1+2
and the known positive result. When d = 2, matters are completely settled: We shall see below
that when & > 0, S is LP(R?) bounded for 4/3 < p < 4. There is also the companion result that

it actually holds in the range 4/(3 + 2J) < p < 4/(1 — 26), whenever 0 < § < 1/2. Our goal in
this section is to prove

Proposition 16.9. The operator S, initially defined for f € S, extends to a LP(R?) bounded
operator whenever

2 _
d+1+20 “PSa-179
and
2(d +1) 2(d +1)
1<p<< ——2 — L < p<
e

Note that the first restriction is equivalent to

1 1 1
0 >0(p) where d(p) = n\p 2| 5
which is the only known necessary condition for the boundedness of S¢. As mentioned above,
when d = 2 this condition is in fact sufficient, i.e., we may drop the second assumption on p. We
will prove this fact shortly afterwards.
Let us start with an LP — LP estimate for a certain oscillatory integrals (compare with Theo-
rem . Let ¢ € C°(RY) be a smooth cutoff function such that 1 vanishes in a neighborhood
of the origin, and set

(@)@ = [ e uta =y s dy. (16.4)

Invoking the LP — L9 Carleson—Sjolin estimates for oscillatory integrals related to the restric-
tion conjecture (see Theorem or Theorem |A.7]) and freezing one variable, we obtain
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Lemma 16.10. We have that

IGAfllLe(ray S )‘_d/p/Hf”LP(Rd) (16.5)
whenever 1 <p <2(d+1)/(d+ 3).

Proof. Let us first modify G by setting
(GrD@) = [ i) 1) dy
where now 1) € C®°(R? x R%) is a smooth cutoff function for (z,y) € R% x R% whose support

does not intersect the diagonal {(z,y) : z = y}.
For x = (2, z4), we keep x4 fixed and write

(GAf) (' xa) = (T f) ()
where

(Ti () = / AT y) () dy.

Rd
(i.e., the restriction operator, recall also Theorem and Appendix|A.2)). This leads us to the
phase function ¢(z’,y) on R4~! x R? given by
o(@',y) = —(la' = y'|> + |za — yal*)"/?,
with 4 fixed and y = (v, yq). It is not difficult to verify directly that ¢ satisfies the conditions
of Theorem Indeed, the vector @ arising in the curvature hypothesis (A.11)) may be taken
to be w = (z —y)/|z — y|. We can therefore invoke Theorem and obtain

. 1/q ,
([, @D anira) X o

Next observe that ¢ > p and that the integration in z’ above is only over a compact set. Thus,

[ 1Gan ol de S X7 117
Rd—1
and a final integration in x4 (again over a compact set) gives

1G>l Loay S AP\ £l o ray -

The passage from the inequality for G to that for G (i.e., to go back to a C2°(R%) function v
from a C°(RY x RY) function ) is then accomplished by a familiar argument, see, e.g., Stein
[167, Chapter VI, Section §2.3]. Indeed, the last estimate implies

(Crf) (@) da < A=/ / f(@)P da
jo—20|<1 jo—a0|<c

for each 29, where the constant ¢ is determined by the size of the support of ¢». An integration
in 2° € R? (which only yields a multiple of the volume of the unit ball) then proves the assertion
of the lemma. |

Proof of Proposition[16.9 Recall that S{f = Ks * f with K; as in Lemma m where the
principal term is given by a constant multiple of
[t =y dy = (7)),
ly|>1

Then there are finitely many terms of the same kind, but where the factor |y|~(¢+1)/2=9 ig
replaced by |y|~(?+1)/2=9=J7 (and hence improved) with j > 0. Finally there is an error term
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which corresponds to the convolution with an L' kernel. Thus, we only need to deal with the
principal term.
Let us now decompose

—(d+1)/2—6
—n/2-5 _ N gelaen e ()T y

ok
k>0

dyadically where (as before) ¥(z) = ¢(x) —¢(2z) is a smooth function supported in 1/2 < |z| < 2
(when ¢ is a bump function at the origin). Thus, we may write T = Zkzo T}, where

¥ (3)

[ Tillpp = 27 (D2 Gy - 27 g 2 IEFD/ZHAE gkl gt

(Thf)(x) = 2_[(d+1)/2+6]k/ ]

—(d+1)/2—5
i )

eQﬂ'ily‘f(:E _ y) ('y

Now, scaling y ~— 2Fy shows that, whenever 1 < p < 2(d+1)/(d + 3),

with G as in the previous lemma where 9 (y) is replaced by |y|~(4+1/2=0y (). If

- ﬂ+5 —i+d<0,
2 P’

which is equivalent to p > 2d/(d + 1 + 26) (i.e., the asserted range for p), then ||T|,, <
> k>0 ITk|lp,p converges which concludes the proof. O

We shall now review Carleson’s and Sjélin’s proof [44] of the Bochner-Riesz conjecture in
d = 2. We emphasize that the following estimate extends Theorem[A.7|to the full tange 1 < p < 4
(instead of 1 < p < 2).

Theorem 16.11. Under the assumptions of Theorem[A.7, when d = 2, we have

IT5f | ey S A9 Fll Loy (16.6)
where ¢ = 3p’ and 1 < p < 4.
Proof. See [167, p. 412]. O

As a corollary, one obtains the full Bochner—Riesz and restriction conjectures in d = 2. The
latter is essentially contained in Fefferman [72] (joint with E. M. Stein). For an alternative proof
of the Bochner—Riesz conjecture in d = 2, see also Fefferman [74].

Corollary 16.12. Suppose S C R? is a curve whose curvature is nowhere zero and Sy is a
compact subset of S. Then

R 1/q
( [ If(é“)qdo(é“)) <o [l f €S

whenever 3¢ =p' and 1 < p < 4/3.
For an alternative proof of this, we refer to Subsection (which followed [I79, Lecture 5]).

Corollary 16.13. The operator S) estends to a LP(R2) bounded operator for 4/3 < p < 4
whenever § > 0 and more generally to the range

— <P —
3+25 V125
whenever 0 < § < 1/2.
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16.2. The multiplier problem for the ball. We review Fefferman’s disproof of the bounded-
ness of the disk multiplier using a variant of the Kakeya conjecture [73]. Nice expositions can
also be found in Krantz [120, Section 3.5] and Grafakos [97, Section 5.1].

As we have already mentioned several times, Carleson and Sjolin [44] made heartening progress
in 1972 when they proved that the disc multiplier is almost L bounded in the sense that S?
is LP bounded for any § > 0 and 4/3 < p < 4 using the theory of oscillatory integrals. In this
section, we shall show that this is indeed the best that one can get. Writing S° = Sf , we show

Theorem 16.14. S° is bounded only in L*(R?) for d > 2.

Indeed it suffices to disprove LP boundedness for p > 2 (by duality, we also obtain the case
p < 2) in two dimensions since LP boundedness in R¢ implies boundedness in R¢~! by an
observation of de Leeuw.

Lemma 16.15 (de Leeuw). Suppose that m is a smooth Fourier multiplier on R% and that the
operator T defined by

TF(€) =m©)f()
is bounded on LP(RY). Then the operator Ty defined by

Tog(&') = m(&',0)3(¢")
for & € R~ is bounded on LP(RI~1).

Proof. From the invariance of LP multiplier bounds under affine transformations (to see this,
just scale), we see that we may replace m(§) by

mg(€',€a) =m(&', &a/R)
in the definition of T" without affecting the L” boundedness property. Letting R — oo and taking
limits, we may replace m by
meo (€', €a) =m(¢,0),

i.e., the operator

T (€ &a) = m(&,0) f(€', €a)
is bounded on L?(R%). If we now apply this fact to a function of the form f(z',z4) = g(2")v(z4)
and observe that f(&, &) = g(£')¥ (&), we obtain the desired result. O

There are two key insights in the disproof of the disc conjecture. The first is that the disc
conjecture would imply a vastly improved Kakeya conjecture (Meyer’s lemma) where the “tubes”
will not have to be separated anymore. The second key is that such a strengthened Kakeya
estimate can indeed never hold. The proof of the latter is inspired by Besicovitch’s (or rather
Schoénberg’s simplified) construction of Besicovitch sets (that contain a unit line segment in every
direction). Let us start with the first insight.

Lemma 16.16 (Y. Meyer). Let (vj);en be a sequence of unit vectors in R? and let H; be the
half-plane {x € R? : z-v; > 0}. Defined the “half plane multipliers” (T})jen on LP(R?) by setting
T;f(&) = 1m, () f(€). If the disc conjecture holds, then for any sequence (fj)jen, we have the
square function estimate

||(Z|ijj|2)1/2”p S H(Z )21l (16.7)

Proof. The idea is to approximate the half-planes by gigantic discs and to use the standard
randomization argument to obtain the above square function estimate from the supposed LP

—

boundedness of the disc multiplier. More precisely, let TD; be the operator defined by TD; f(§ =
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1pr f(§) where D7 is the disc of radius r centered at rv;. For f € C2°, we have the uniform
convergence

(T;1)() = lim (Toy )(x)
which is easy by going to Fourier space since

(L, = 1o fll < 1(La; = 1or)llsollfl1 = 0.

Thus, by Fatou’s lemma

J J

By dilating R? it therefore suffices to set 7 = 1 and prove
IO T £ 2 S WO 1A -
J J

Since translating in Fourier space corresponds to multiplying by phases in position space, we
have (recalling that S was the disc multiplier)

(Tp1 f)(z) = ™o eSO 2m10 Y f](a)
and so it suffices to prove

IO 159 £ 21 S U 115 s
i j

But by the Marcinkiewicz—Zygmund theorem (see, e.g., Grafakos [96, Theorem 5.5.1]), this
estimate holds because of the assumed LP boundedness of S°. O

To disprove the disc conjecture, we shall find a counterexample to the square function estimate
(116.7) for half planes. The example is based on a slight variant of (Schénberg’s improvement of)
Besicovitch’s construction for the Kakeya needle problem.

Lemma 16.17. Fix a small number n > 0. Then there is a set E C R2 and a collection
R ={Rj}jen of pairwise disjoint rectangles with the properties that

(1) |[ENR;| > |R;|/10, i.c., at least one-tenth of the area of each R; lies in E and
(2) |E| <n);|R;l
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where Rj is the shaded region in Figure @

Figure 6

Let us now see how the half-plane multiplier acts on functions supported on rectangles whose
long side is oriented along the normal of the half plane.

Lemma 16.18. Let R be a a x b rectangle in the plane with arbitrary position and orientation
and let R be the rectangle of the same length which is shifted over by c-a for some constant ¢ > 1
in the direction of the long axis of R. Then there exists a function fr supported on R such that
|frl <1 on R and |(Tjfr)(%)| ~ 1 for any v; € S' and & € R.

Observe that for ¢ = 1, we recover the setup of Figure[6l The following arguments can easily
be generalized to treat also the case 0 < ¢ < 1, which is left as an exercise.

Proof. Let us assume v; = (—1,0), i.e., we consider the half-plane & <0, i.e., 1/“]7(5) = x(&)f(©)
where

X(€) = = — = sgu(6y).

2 2
By the formula for the Fourier transform of the Hilbert transform, we have (in the sense of
distributions)

Th@ = [

R2

1 11
=4 ——9 —x)dy.

(5000 + g -000m) ) £l =)

Now, let 0 < ¢ € C°(R?) be supported on [0, 1]> with 1 > 0 on [1/3,2/3]? and symmetric with

respect to reflections with respect to the coordinate axes. Let furthermore R be the rectangle

centered at z € R? whose long side a lies in the z; direction and whose short side b lies along

the 2o direction. If we define

falo) = (B2 222
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then the action of the half-plane multiplier on fr evaluated at the center & = (21 + ca, 22) of the
translated R is given by

(T, fr) (%) %/Rz (5(y) + Z.ié(yz)yfl) ¥ (yl -4 ;Zl 2 & ; 22) @

1 .’fg—ZQ 1 dy1 .’L‘2—22
o (552 ) g [ (e ™52

The first summand vanishes since ¢ > 1, whereas the second one, in absolute modulus at least, is
clearly bounded from below by some positive constant. The computation where Z is an arbitrary
point in R is completely analogous. O

With this at hand, we can disprove the disc conjecture by contradicting the square function
estimate ((16.7) for half-planes.

Proof of Theorem[16.14. Set f; = 1g, with R; as in Figure |§| and v; being parallel to the longer
sides of R;. Direct computation shows that |(T}f;)(z)| > 1/2 for « € R, so that

/E(Z|(ijj) dx—Z/|Tf] P dae > = Z|EmR|> L Z|R\— L Z\R|

(16.8)

by the fact |E N R;| > |R;|/10 for our constructed set E. On the other hand, if the square
function estimate (16.7]) were true, Holder’s inequality would show that the left side of (16.8)) is
bounded from above by

/ ZI (Tif) (@) ) do < |E[P2P N QT f)15 S 1EIP2P 11515
J I (16.9)
= |E|P=2)/p (Z |Rj|)2/” < 77(10—2)/1923 IR
J J
where we first used the square function estimate, then the fact that the R; are pairwise disjoint,
i.e., there are no mixed terms appearing in the summation over j, and finally the size assumption
|E | <n>_; |R;| on the constructed set E. For sufficiently small  the bounds in (16.8) and (16.9 (16.9)

contradict each other which disproves the square function estimate ((16.7)). This shows the failure
of the LP boundedness of the disc multiplier and concludes the proof of Theorem O

We are thus left to give the

Proof of Lemma[16.17 We shall closely follow the excellent exposition of Cunningham [59]
(where the minimal area for a plane, simply connected, or star-shaped, set within which a unit
segment can be rotated continuously to return to its original position with its ends reversed, is
determined; in fact, it is shown that star-shaped Kakeya sets cannot have area less than 7/108,
although it was not known whether this is the best value), but see also the classic paper of
Busemann and Feller [34].

Consider the following process: we are given a triangle 7' as in the left drawing in Figure
with horizontal base ab and height h. Extend the lines ac and bc to points @’ and b’ of height
h' > h. Let d be the midpoint of ab, see the right drawing in Figure
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———

PN,

-

a b

Figure 7
We say that the two triangles 7" = ada’ and T" = bdl’ arise as sprouts from height h to height
h.

Now we can construct the Besicovitch set . Begin with an equilateral triangle T° whose base
is the interval [0,1] on the z-axis, and pick an increasing sequence of numbers hg, by, ha, ..., hg,
where ho = v/3/2 denotes the height of the initial triangle 7°. Now sprout 7° from height hq
to height h; to obtain two new triangles 7’ and T”. Now sprout both 7" and 7" from height
hy to height ho to obtain four new triangles T, T2, 73, T4, all of height ho. Continue sprouting,
obtaining at stage n, 2" triangles of height h,, with base length 2=™. Finally, set F equal to the
union the final 2% triangles T%, T2, ..., 72" which arose at stage k.

For the special case, where hg = v/3/2, we obtain the sequence of heights

Buseman and Feller [34] showed that |E| < 17. (Actually, Busemann and Feller use a sprouting
procedure slightly different from this. However, since their sprouted triangles are strictly larger
than these, their estimates apply here, too.)

Having built F and computed its measure, we are left to construct the collection of disjoint
rectangles which satisfied |E N R;| > |R;]/10 and |E| < n>.; | R;| for any given (small) n > 0.
To do so note that each dyadic interval I C [0,1], of length 27%, is the base of ezactly one
T; =:T(I). Let us call its upper vertex P(I). We then construct the rectangle R(I) as in Figure
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~log k

r-axis

B
N~

A \ /

Figure 8
It does not matter how R([) is placed, as long as it stays inside the triangle P(I)BA. Now define

R = {R(I) : I is a dyadic subinterval of [0, 1] of length 2%} .

Now let us check the claimed properties. First, |EF N R;| > |R;|/10 is trivially satisfied by
construction since T'(I) C E. To check the upper bound |E| < 71", |R;|, we note that the area
of each R(I) is roughly 2% log k. Since there are altogether 2% of such rectangles, we have

> IR ~ 2% 27 logk = logk.
I

Clearly, the left side is greater than |E|/n if we pick k = k(n) so large that logk > 17/n.
Finally, it remains to show that the rectangles are pairwise disjoint. But this just follows from

the elementary geometric observation that P(I') lies to the left of P(I) whenever I’ lies to the

left of 1. 0

16.3. Restriction = Bochner—Riesz. This is essentially contained in Fefferman [(2, Theorem
3] but we will follow the exposition in [I79, Lecture 3].

Let us fix § > 0 such that the necessary condition holds. Then, as in the proof of the
Tomas—Stein theorem, we will decompose the convolution kernel K5 = F[(1 — 52)‘i] dyadically
using the (1) := (2 %z) — p(27%*12) where ¢ was a bump function supported around the
origin. Then, we break up

Ks =K+ > K.
k>0

As opposed to the proof of the Tomas—Stein theorem, we do not need to impose any fancy
moment conditions on ¢ or ¢ since we inequality on p is strict, i.e., we do not need to care about
any subtleties concerning endpoints.
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First, since 9K is a bump function, the convolution is clearly an LP-bounded operator by
Young’s inequality. So, as before, we are left with showing that

1D % WkKs)llp S 111l -
k

Since we have a bit of room in the condition (16.3)) on p, we may just use the triangle inequality.
In fact, we shall show

1 1 1

I1f % (W Ks)lp S 2192720 ), (16.10)

which is just summable in k if holds.

The first observation that we shall use to prove (16.10) is that the kernel ¢, K5 is compactly
supported on an annulus {z : |z| ~ 2%}, i.e., the operator is somewhat localized. In fact, the
values of f at a point  only influence points which are in a 2* neighborhood. The following
useful lemma allows us to reduce our study of such “local” operators to a compact set.

Lemma 16.19. Let T be a linear operator taking functions on R to functions on R®. Suppose
T is local in the sense that the support of Tf always remains within R of the support of f for
some R > 0. Then, for any 1 < p < q < oo, the bound

ITfllg SUFllp  for all f e LP(RY) (16.11)
s equivalent to the bound
ITfllLas,2r)) S Ifllp for all f € LP(B(R)), (16.12)
holding uniformly in x.

In other words, to show ([16.11]), it suffices to test it for functions supported on an R-ball.
Intuitively, the idea is that functions on distinct R-balls basically do not interfere too much with
each other.

Proof. Clearly, we only need to show (16.12) = (16.11)). For this purpose let f € LP(R?),
choose a finitely overlapping collection of balls { B} that cover R? and denote a partition of unity
1 = )5 ¥p subordinate to that cover. Then, we write

1Tl = / (> bl = / S Tws Al
B B

Since T is local in the above sense, the functions T'(¢5 f) are just supported on the double 2B
of B. These balls are still only finitely overlapping, so we have the pointwise estimate

1> TWsI* S IT@sI.
B B

Putting this back into the previous estimate, simplifying, applying the assumed LP — L9-
boundedness (16.12)), and the elementary inequality

() ()

for a sequence {ap}p of non-negative numbers and (crucially) ¢ > p, we obtain

1/q 1/q 1/p
ITfllq < (Z ||T(¢Bf)||3> < (Z ||1l)Bf||Z> < (Zli/)Bfllﬁ) :
B B

B

Again, since the balls are only finitely overlapping, it is easy to see that the right side is essentially
[1f1lp- 0
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The condition ¢ > p in the above lemma is absolutely necessary. This is an example of one of
Littlewood’s principles: “the higher exponents are always to the left”. More precisely, we have

Lemma 16.20. Let 1 < p,q < oo and T be a non-zero translation invariant operator on RZ.
Then, the estimate |Tf|lq S |fllp is only possible, if ¢ > p.

Proof. Let ¢ be any bump function such that Ty is non-zero. Let N > 0 be a large number,
and let x1,...,xny be N very widely separated points. Define f by

N
f@) =Y ple - o).
i=1

If the above estimate held for f, we would have

N N
1Y Tl —zllg S ela =zl
i=1 i=1

since T is translation invariant. However, the right side is bounded from above by a constant
(lllp) times N/?_ whereas the left side can in fact be bounded from below (by forgetting about
the overlaps of Tp(x — x;)) by a constant (|T¢p|,) times N'/9. Letting N — oo, we have
necessarily 1/q < 1/p, i.e., ¢ > p. O

Now, let us return to the proof of (16.10)), i.e.,

1_1y_1_
If * G Ks)llp S 292720 1),

From the above discussion, it suffices to prove

1

If * (U Ks) |l e (B, (a2v)) S 2ldG=2) ===k g1

for all f supported on a ball B,(a2*~!). By translation invariance, we may take x = 0.

We are supposed to apply the Tomas-Stein theorem which is an LP — L? theorem. Indeed,
using Holder’s inequality (since we are on a finite domain) on the left side of the last formula
and using Plancherel, we have

1 # (E)l2B, a2y S 2% DI # @Ks)lla = 2%G D f - W xm) o
where we have denoted m;(€) = (1 — £2)5.. Thus, we are left to show
I e xma)ll2 S 27X 1]
We will shortly prove the key estimate
i xms(€)] S 27°%(1+27d(¢, )™, NeN. (16.13)

Assuming this for a moment, we see that it suffices to prove

R ¢ 2
I£1+ 246, 5N = [ i de S 241

to finish the proof. We distinguish between d(&,S) > 1/2 and d(&,S) < 1/2 and start with the
former case, which is an error term. In this case, we crudely estimate

IS 2" £l

by the definition of f , Holder’s inequality, and the fact that f is compactly supported. On the
other hand, the denominator in the integral is 2~V* for any N and rapidly decreasing as & — oo.
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This decay beats all other factors, and the bound is easy to prove. Thus, it suffices to prove

()P .
/ (1+ 2kd(€, S))2N S27MIf12.

1/2<]€1<3/2

Discarding the Jacobian arising from passing to polar coordinates, we rewrite this as
3/2 .
R el I M E R T
1/2 rSd-1

16.4. Bochner—Riesz = Restriction. We review Tao’s proof [I8I] that the Bochner—Riesz
conjecture implies the restriction conjecture.

16.5. Bochner—Riesz = Kakeya. We review the argument Bochner—Riesz = Kakeya. We dis-
cuss Bourgain’s works [15] [26] [17] that progress on Kakeya is connected to progress for Bochner—
Riesz (and thereby for Restriction by Tao [I81])

16.6. How does Kakeya help in proving Bochner—Riesz? The key observation is that
every function can be decomposed into a linear combination of wave packets by applying stan-
dard cutoffs both in physical space (by pointwise multiplication) and in frequency space (using
the Fourier transform). After applying the Bochner—Riesz operator to these wave packets in-
dividually, one has to reassemble the wave packets and obtain estimates for the sum. Kakeya
estimates play an important role in this since the wave packets are essentially supported on
tubes; however, this is not the full story since these packets also carry some oscillation that can
be exploited. Thus, one must develop tools to deal with the possible cancellation between wave
packets. The known techniques to deal with this cancellation, mostly based on L? methods,
are imperfect, so that even if one had a complete solution to the Kakeya conjecture, one could
not then completely solve the Bochner—Riesz conjecture. Nevertheless, the best-known results
on Bochner-Riesz (e.g., in d = 3 the conjecture is known, see Tao and Vargas [177, [178] for
p > 26/7 and for p < 26/19 using also bilinear methods) have been obtained by utilizing the
best-known quantitative estimates of Kakeya type.

17. CONNECTION TO SPECTRAL MULTIPLIERS
17.1. Eigenfunction estimates for —A. We start with the basic observation
dE /=x(A) = A" ' Riga—1 Ryga—1 dA
in the sense that for f € S(R?),

4B = f(@) =3 [

Sd—l

eQwiz-(Aw)f()\w) do(w) = / eQﬂ'm'éfA(f) dO’)\gdfl (f) .

ASd—1
Here dE4()\) denotes the spectral projection associated to some self-adjoint operator A. This
follows immediately from

T PO dE () = (6 F By = [ dk PGy - (K [ k) do(w)
0 0 S

for appropriate measurable functions F : [0,00) — R. In particular, the (rescaled) Tomas—Stein
estimate

e [ ) P S B g2, = R R, = e

d—1

:@k(w)
— g2 g2
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with p. = 2(d + 1)/(d + 3) immediately yields

H dE =5 (\)

- < \—d+2d/pe—1 _ )\d(ﬁfi)fl (17.1)

Pe—DL

By a change of variables and the rescaled Tomas—Stein estimate, i.e.,

|7 0w aw) = w80 = [ an F)- (k0 [ i) dote) )

0

=g [T rw (e [ iR o))

§/ dk F(k) - k27120 dlbe g2,
0
(17.2)
for any F' : [0,00) — [0,00) (such as a characteristic function), we obtain analogously
dE_a(X _1
‘ a(A) <Az 2 (5 2) (17.3)
d)\ pc_>pi;

We remark that the above change of variables is just saying
1
dE_aA(N\) = 5A%—lR*ﬁSHRﬁSd_I dX.

One could have obtained (|17.3]) also from Stone’s formula

S(EWL D) + (ED ) = lim oo [ (RO+i2) = RO - 9))f. £ dd
A

or equivalently (in the weak sense)
dEM0) 1

dx 2w

(recall also that Im(F(E + ic)) dE — du(E) where F(z) = [(A — z)~ " du()) denotes the Borel

transformation of the (spectral) measure p) and the “uniform” (in Im(z)) resolvent bound of
Kenig-Ruiz—Sogge [120, Theorem 2.3], i.e

(A= (4i0) ™ — (A= (= 0) ) = “m (4~ (A+i0)) ) |

_ 1_13)
sup  (—A = 2) Moy Sap o@D = 2 () (17.4)
Im(z)€(0,1)

for all 2d/(d+2) < p < 2(d+1)/(d+3) = p. which, in turn, is obtained via complex interpolation
between the L? boundedness of
o<
T T(d/2+0)
for Re(¢) = 0 and the L' — L boundedness for Re(¢) € [—(d +1)/2, —d/2]. In turn, the latter
follows from the explicit expression of the Fourier transform of the symbol of T¢.

(—A = 2)¢

Remark 17.1. The analogous estimate

. _ a(1_1Y)_4 2d 2d  2(d+1
H(=A)"2 = ) gy ooy S el G707 se[,d), pe[ X )}

d+1 d+s d+3
(17.5)

was proved by Cuenin [53] (in fact also for more general operators including Dirac) and Huang
et al [112].
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We will now upgrade 1l using the observation

dEs()\) = 2% (1 + ‘;) - dEA(N)
and the estimate
(1= A/X) F|lposq = N0l |/ e tA=A/N =1 gy L/me*t(t/x)—%—%)tk*ldt
<2(G-9)

for 2k > d(1/p — 1/q). Indeed, this estimate and (17.3)) yield
R AE_a(N)

mH \_/

dE_A(}) 2k - —k
_— =2 1—A/A 1—A/A
e el i e A W
_ _ dE_a(N) _
S0 0= A oo 1= A/ o | SN
pc‘}p/c
Thus, by interpolation, (17.3)) can be upgraded to
’dEA(A) <At(G-9) (17.6)
dA p—p’

forall 1 <p < p..
Let us finally mention that (17.3)) respectively (17.6) should have always be more precisely

written as
d(1_1)_
o (=A)lpoy s 4FG77) (17.7)

which just follows from setting F'(k) = 1(x x41)(k) in (17.2). Formulae (17.3)) respectively (17.6])
correspond to the choice F(k) = d(k — A).

17.2. Restriction theorems and multiplier theorems for Schrédinger operators. By
perturbation theory, the resolvent estimate and the spectral projection estimate
can be further upgraded to treat —A + V for 0 < V e L¥2 N L2+ for some ¢ > 0, see
TIonescu—Schlag [114] (for uniform resolvent estimates which imply spectral measure estimates by
Stone) or Huang et al [I12]. (In fact, the non-negativity of V' is only used to prove the bound
on [|(1—A/A)~*||,—, when one applies Trotter’s formula, i.e., ultimately to prove the L' — L>
bound on dEAa(A); neither the resolvent bound, nor the LPe — Lpfv bound on dEA()\) use that
V is non-negative.) It is for this very reason that estimates like and (| are sometimes
called Tomas—Stein estimates as well, see, e.g., [155] p. 3073- 3074]

For further generalizations of the above theme, we refer to the works by Guillarmou et al [99],
Sikora et al [I54] [I55], and Chen et al [45] 46].

17.3. Distorted Fourier transform. In the following we consider Schrédinger operators of the
form

H = Py(D) +V(x,D) in L*(R?)

where P, is real and simply characteristic (see Hormander [109, Definition 14.3.1)), o, (P) =
{0}, and V (z, D) is a symmetric short range perturbation of Py in the sense of Hormander [T09]

19T his is no upgrade as the restriction estimate in (17.3)) already holds for all p € [1, pc].
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Definition 14.4.1]. Recall the Agmon-Hormander spaces B and B* (see, e.g., Hormander [109]
Section 14.1]) and let
Z(Py) :={A€R: Py(&) = X and dPy(€) = 0 for some ¢ € R} and
Sy = {£€R: Py(¢) = A}
Recall that

/ LoVEL 1. f) = = lim 1 / Lo\ TIm(Ro(A + ic) f, f) dA
/dm ) [ 1R dos @, rer.

Recall the resolvent formula R(\ 4 40)f = Ro(\ £ 40) fario where f. = (1 + VRo(2))"!f is a
continuous function of z € C* \ (0,,(H) U Z(P)) with values in B. Thus, we have

/ 1oN@EY [, ) = / A 1g()) /S i) dos,(€), feB,

whenever QN (o,,(H) U Z(FPy)) = 0. This motivates
Definition 17.2. If f € B, then the L? functions defined by

(F£)(©) = FIQ+ VRo(A£140) 7 I(€), &€ Sh
= Fl(1 = VR +i0))f1(£)

almost everywhere in Sy are called distorted Fourier transforms of f.

(17.8)

We recall the following properties of solutions of scattering states. Let By = {u : Péa)u €
B* for every a}.

Lemma 17.3 (Hérmander [T109, Lemma 14.6.6]). Ifu € By, , A ¢ Z(Po), and (Po(D)+V —A)u =
0, then u is given by the solution of the Lippmann—Schwinger equation

u=uy — Ro(AFi0)Vu (17.9)
= (1— ROAFi0)V)ug (17.10)
where
G = v46(Py — \) = vidos, (£), vy € L*(Sy,dYs,)
and

[ el = o yders, € =0 (7.1)
where dog, (€) = [V Py(&)|71dSs, (€) and dXs, (€) is the euclidean surface measure on Sy. More-
over, if X\ ¢ (Z(Po) Uop(Po+V)), then

(Fufiiig) = (F_a) = (fu), iffeB. (17.12)
Let us also recall
Theorem 17.4 (Hérmander [109, Lemma 14.6.4 and Theorem 14.6.5]). Fi : E°L?(RY) —

L2(R4) is an isometric operator, which vanishes on EPPL?(RY), with

1B = [ 1Fes©F de.
Rd
Moreover, the intertwining property

]:ieitH _ eitPu(f)]:i
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holds for all t € R. In particular, the restriction of H to E€L? is absolutely continuous (since
Py has purely absolutely continuous spectrum,).

Moreover, Fy : E°L?(R%) — L@) is actually unitary, i.e., the restriction of H to E°L? is
unitarily equivalent to Py, i.e., 0.(H) = 04.(H) = o(Py). In particular, for f € E¢(L*(R%)), we
have

(FLHf)(E) = Bo()(F£f)(©€), ie, (Hf)(x) = (FibB()F:f)(z).
In particular, it follows that
FiFy=E° and Fo Fi = 125 .

The distorted Fourier transform (17.8) can be conveniently represented using the solutions
e (@) (for £(A) € Sy) of the Lippmann—Schwinger equation (17.9). In fact, we have (see also
Ikebe [113] and Yafaev [202, Sections 6.6-6.8])

(Fef)(€) = (pe. /), €€ U S (17.13)

AEoqc(H)

Fo@ = [ ec@a©de= [ x| dos (@ et 1)

U'ac(H)

Moreover, we have the following expansion theorem (see also Ikebe [I13, Theorem 5])

f= X s+ [ leelee s ds (17.15)

A€o pp(H)

where {)} xeo,, (#r) denote the L2-normalized eigenfunctions of H, i.e., Hyy = A)y. Moreover,

Hi= 3 Moo h)+ [ Rul©lee) e f)de. (17.16)

A€opp(H)

The above results motivate in particular the following definition of the distorted Fourier re-
striction and extension operators

(Fs, 1)(€) = (e, f) = (FL)(E), €< 5y (17.17)
(F2,0)(z) = /S dos, (€) e (2)9(E) (17.18)

which are defined with respect to the canonical measure dog,. In particular, we have for any
A Cou(H),

Ba) = [ lealedde = [ r [ dos, (@) loeon)oenl = [ ax Fg P,
Pyt(A) A Sx A

in a suitable weak sense and in particular, for A € o,.(H),

dEg (A "
5)\( ) :/ dos, (&) |peon) ey | = F§, Fs, -

S

17.4. Eigenfunction estimates for F'(—A). The theme in the first subsection can clearly be
generalized. We are picking up the discussion from Remark
Suppose, we are given a continuous function a : R — [0, 00) with
Va(€) #0 foré€a'(A),ACR.
Then we can define the Fourier multiplier Hy = F*AF, where A is multiplication by the symbol
a(§) and X C R is some Borel set. It is well known that its spectral projection is given by

E(X) = F LarxpF -



132 K. MERZ

Now consider the “cospheres” associated to a,
Sy:={¢ R a(é) =N}

with the associated Lebesgue surface measure doy(£). We may then define the canonical measure
associated to a by
dox(§)

which is, however, not intrinsic to Sy. (See also Strichartz [I72, p. 705].) In particular, the
elementary volume d¢ in R? satisfies

d¢ = dAdS,(€) .

Thus, by the above discussion, we can write the spectral projection E as

w800 = [ Teemuoen@W@ras= [ ji@rde= [ ax [ 1o |2dz(A >)
17.19

Thus, a(D) has absolutely continuous spectrum and the spectral projection-valued measure is
given by dE(\) = F§, Fs,d\, where Fg, denotes the Fourier restriction operator associated to
the measure d¥, (see below) and we have

L fa) = /S T F(€)dA ()

In particular, for a given measurable function F : [0,00) — R, we have

(46, F(Ho)w) = / dx F(\) /S D(E)? dSA ().

It follows from (17.19) that the space E(A)H, in which Hy becomes diagonal, is given by the
direct integral

E(MH « /65 L*(Sy)) dX,

where Sy is endowed with the measure d¥. A vector f € E(A)H is mapped in this direct
integral into an element f (M) which, for every fixed A € A, is the restriction of f on S).

Let us now denote the Fourier restriction and extension operators on Sy by Fs, and F§, and
abbreviate Fg, respectively F§ if A = 0. In particular,

Fs p(x) = /S e EH(€) dEN(E).

Now, if S\—¢ has non-vanishing curvature and a is sufficiently smooth, it follows again by the
Tomas—Stein theorem that the associated spectral projection

dE())
dX

H dE()
pcﬁp::

where p. = 2(d + 1)/(d + 3). One may now ask how these estimates behave, when one varies .
Clearly, the bounds depend heavily on the restriction estimates for Sy, and thus, it is inevitable
to control the behavior of the surface measure dX) as A varies.

Since the spectral measure dF is absolutely continuous, we have

dE(\)
X

(A=0)=Fg5Fs

satisfies

<1

)

dE(\) = d\ = F3, Fs, d\ = (dZsk ) X,
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i.e., it suffices to control ||c§;A ||l for 1/r = 14+1/p’—1/p (and possibly p = p. = 2(d+1)/(d+3)).
For a given diffeomorphism ¥ (A) : S — Sy, the Radon—Nikodym derivative is given by

A
(0, = TR —exp ( | <divj><w<u><>> . ces,

where j(£) = |[VP(£)|72VP(€), see, e.g., Yafaev 202, Lemma 2.1.9]. Thus, we have
Ean(e) = [ mredss, () = [ SN0 dEs(C).
S s

and therefore
[dEs, |- < iugT(/\,C)IIdES(w(A)')Hr7
€

where $(\) : R — R? is defined by
(PN, ) = (2,9 (N))
Example 17.5. (1) For P(¢) = &% (ie., P(D) = —A), we take S = S and S\ =
{€ e RY: €2 = A} = VAS? 1. We reparameterize A = 1 4 p for p > 0, i.e., Sxp) =
{€ € RY: |€2 — 1] = p}. (For the “inner” surface, we restrict to p < 1 of course.)
Thus, for our “new symbol” P(§) = &2 — 1 defining S,,(5), we have j(&) = £/(2[¢]?) and
div j(¢) = (d —2)/(2]¢]?). We will now construct a C*-diffeomorphism v : S — Sy with
¥(0)¢ = ¢ and ¥(p)¢ = /1L p¢. For t > 0, we define ¥(¢)¢ = /1 = t{. Thus,
P d=2 d—2)/2 d—2)/2
7(p, ¢ :exp(/ du) = 1:i:p( )/2 = \(
(7:¢) o MarEy) T
and we obtain
A8 g, [|r = ANA=2/2 . \=d/@0)) g5 g |, < AY/2-1=d/2+d(1/p=1/p")/2 _ \d(1/p=1/p")/2-1

thereby recovering (17.3]).
(2) For P(&) = [¢], ie.,, P(D) = v/—A, we take S = S 1 and Sy = {¢ e R?: [¢] = \} =
AS?~1. The situation is pretty clear since

Eo) = |

2T 43, (£) = A1 / 09 g5 (€) = XN dEs (Aa)
Sx

s
Thus, we immediately obtain
Hd/EEHr — )\d-1, )\_d/er/E\er < \d—1=d+d(1/p=1/p") _ )\d(l/p—l/p/)—l’
thereby recovering ((17.1). In principle, one could go through the above steps and ex-

plicitly construct a diffeomorphism (\) : S — Sy and compute the Radon—-Nikdym
derivative; but since the situation here is so simple, we refrain from doing so.

17.5. An application of the observation of Frank and Sabin. We follow [87, Section 4].
Our goal is to prove uniform Sobolev estimates and limiting absorption principles (LAPs) for
Schrodinger operators in Schatten ideals. We begin with the former which is an extension to the
uniform Sobolev estimate by Kenig—Ruiz—Sogge [120, Theorem 2.3].

Theorem 17.6 (Uniform Sobolev estimate in Schatten spaces). Let d > 2 and assume that

q€[4/3,3/2] ifd=2,
geld/2,(d+1)/2]  ifd>3.



134 K. MERZ
Then for all z € C\ [0,00), we have the estimates

[W1(=A = 2) ™' Wal| sa-vas@-a r2(ayy S 12|77 D[ W || 2o [ Wal| 120 (17.20)
and, for v > 1/2, §(z) := dist(z, [0,00)), and all z € C\ [0, 00),

—A -2t < _1""2((d+1d)/22 o1 3y
[[WA( 2)7 Walls2¢rvar2 (L2 may) S 0(2) TR 2| 2RI |Wh | pacrrarn [|Wall p2crvare) -
(17.21)

Proof. We begin with the proof of (17.20). By scaling it suffices to consider z € C\ {1} with
|z| = 1. For such z we will prove the bounds

W (=A = 2)" W5 22 < Wi lloolWalleo, tER (17.22)
and

IWE (=2 = 2) =" Wy lg2 < Maac o IWA® g IWall® g, teR  (17.23)

d—1+2a d—1+2

where a is an arbitrary parameter satisfying 1 < a < 3/2ifd=2and d/2 <a < (d+1)/2 if
d > 3. Obviously, these estimates imply

Wi (=A = 2) W[ 2y 12 < [[WA oo Walloo
[Wi(=A — 2) VW, | g2 < My ool [Wi|| s |[Wal|

Ld—1+2a Ld—1+2a

for all t € R. Thus, complex interpolation for Schatten idealﬂ (cf. Simon [I56, Theorem 2.9])
applied to the family Wi (—A — z)~¢W; then gives

Wi (=A = 2) " Wallsze S 1WAl a0 [|[Wal|

Ld-1+2a

Ld}ffza ’

Up to the change of variables a = g(d — 1)/(2(d — ¢)) this is just the claimed estimate. In fact,
if d =2,3 and a = 1, then (17.23) is already the desired bound and complex interpolation is not
necessary.

So let us prove and . The former estimate is an immediate consequence of
Plancherel. For the latter, we will estimate |(—A — 2)~%"%(z — )| and apply either
e the Hardy-Littlewood-Sobolev inequality if it is bounded by a constant times |z — y|~¢
for some ¢ € (0,d) or
e Holder’s inequality if it is uniformly bounded in |2 — y|. (This is the case when 4d/(d —
1+2a) =2, ie., a=(d+1)/2. In this case the L? norms of |[W;|* and |W3|* are taken
on the right side of (17.23)), as expected.)

To that end recall [120, Formulae (2.21), (2.23), (2.25)], i.e.,

2/\+1 d/24+A
CA - WMo — ) — 2 ’ _
8= = Gy (ge) | Keo (ko)
and, with v € C,

e’ VK, (w)| < Clw|~Re®)] for |w| < 1, Re(w) > 0,

1K, (w)] < Crepye B w712 for [w| > 1, Re(w) > 0, Re(r) > 0.

20Note that although (17.23)) deteriorates super-exponentially, it is still sub-double-exponential in ¢, so Stein
interpolation is indeed applicable.
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Setting A = —a +it, v =d/2+ X = d/2 — a + it, we have Rev € [0,1/2] for a € [d/2,(d + 1)/2].
Thus, for w = /z |z — y| with z # 1 but |z| = 1, i.e., [w| = |x — y|, we can estimate in this case

| Ky (w)] Sad eCdat” Jw|~ReMIA | ~1/2 (1 /\Re(w)_N)} , Re(w)>0,NeN
2
Sa,d efdat |‘T - y|71/2 ) |w| = |QZ - y|a |Re(1/)| < 1/2

Combining the previous estimates therefore gives

d/2—a
(A = 2 = )] St P
Set ey (a = )] \Je - o7
Saa oot o -y F

Thus, by the Hardy—-Littlewood—Sobolev inequality, we obtain

By o , d—1 d+1
lea zt(_A _ Z) a+th2a 1t||?§'2 < Md,aecdvat2||Wll|ia_4ff2 ||W2”2da_4ff2 if a € |: :|

2 72
for all ¢ € R. This is precisely ((17.23]) and concludes the proof of (17.20]).
The second estimate (|17.21)) follows from complex interpolation between (17.20]) for v = 1/2

respectively ¢ = (d+1)/2, i.e.,

IW1(=A = 2) 7 Wallsass S 27D W] pasa [[Wa | s (17.24)

and the trivial bound for v = o0, i.e.,
[W1(=A = 2) " Wa || < 8(2) MWl loo|[Woloc - (17.25)
This concludes the proof. O

We will now use and upgrade arguments of Ionescu—Schlag [114] to obtain a LAP in Schatten
spaces for V € L9. As in their arguments, a crucial ingredient is a deep result of Koch and
Tataru [125, Theorem 3] about absence of embedded eigenvalues for such potentials.

Theorem 17.7 (LAP for V € L9 in Schatten spaces). Letd > 2 and assume that V € L1(R¢ : R)
with
q€(1,3/2] ifd=2,
q€ld/2,(d+1)/2] ifd>3.
Define oy :=2V (d—1)q/(d —q). Then
(1) VI2(—A+V —2)" YV |2 € S (L*(R?)) for every z € C\ [0,00).
(2) the mapping C\ [0,00) 3 2+ VV/2(—=A +V — 2)"Y V|2 € 8% is analytic and extends
continuously to (0,00) (with possibly different boundary values from above and below).

(8) under the additional assumption q¢ > d/2, there is a constant Cq 4 (independent of V)
such that for |z| 7Y/ CD||V| . < Cy,, one has

IVI2(=A 4V = 2 V2500 < 2Caglo =+ DV 1o (17.26)

If g = d/2 and d > 3, the bound (17.26)) holds provided |z| > C(V) for some constant
C (V) only depending on V.

The proof of this theorem relies on detailed information of the Birman—Schwinger operator
VIZ(—A = )7V |2,

Lemma 17.8. Let d > 2 and assume V € L1(RY) where q satisfies the assumptions in Theorem
. Let I C (0,00) be a compact interval. Then
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(1) the family
A(z) = VY2(—A — 2) Y VM2 € §% (L2 (RY))
is analytic on the half strips S+ := {z € C: Re(z) € I, £Im(z) > 0} .
(2) On each Sy, the family A(z) is continuous up to St and we denote by VV/2(—A — X\ +
i0) =1V |Y/2 its extensions at A > 0.
(3) For all z € S+ we have the estimate

1A(2)llsa < Clo| 7+ COYV |14, (17.27)

where C is the implicit constant in (17.20) which is, in particular, independent of I.
(4) for all z € Sy the operator 1+ A(z) is invertible and the map Sy 3 z +— (1 LA(Z))*l is
an analytic family of bounded operators on L*(R?) which is continuous on Si.

It is precisely this lemma which relies on the absence of embedded eigenvalues [125, Theorem
3]. The proof of Theorem is then a simple combination of the uniform Sobolev inequalities
of Theorem and this lemma (together with the resolvent identity).

Proof of Lemma[I7.8, (1) The family C\ [0,00) > 2z = V¥/2(—=A — 2)71|V|'/2 is indeed analytic
as can be seen by invoking the resolvent formula. We obtain for any z, 2o € C\ [0, 00),
N
V(A =) VY2 =) (e = 20)" VIR (=D = 2) V|
n=0

= VYA = 2)7 Nz — 20)VTH(=A — z) TNV 2.

By the Seiler—Simon inequality and the constraint ¢ > d/2, the right side is bounded in §%
norm by

[VY2(=A = 2)"H(=A = 20) "NV [Y2|| s
<VIY2(=A = 20) "M Zeag 1(=A = 20) N THI(—A — 2) 7t < CN V|,

and hence vanishes as N — oo if |z — 2¢| is small enough (such that |z — 29| < C~! for instance).
This shows that the entire series converges in S“¢ with a nonzero convergence radius and thereby
the asserted analyticity of A(z) in Sa.
(2) Next, we notice that one can rely on the arguments and results of Ionescu—Schlag [I14] as
V is an admissible potential in their sense, see also [87, p. 1676]. In particular, [I14, Lemma 4.1
b)] yields that for each A > 0 there exists an operator (—A —A+i0)~! € B(L2a(e+D) — [2a(a—1)),
ie.,
||(—A == i0>_1||L2q(q+1)*>L2q(q71) < Cr for any A E ID

such that z — A(z) can be extended as a continuous family on the strips Si in weak operator
topology, i.e., there are sequences I > \,, — A and ¢, — 0 such that

lim ((=A =X\, i) f,0) = (FA = X+i0)"Lf, @),  fe L2t e S(RY).

n—oQ
We will now show that this family is indeed continuous in S*. To that end let z € S and
(zr) C Sy such that z, — z. Since the Schatten spaces are Banach, so in particular complete,
it suffices to show that A(z,) is Cauchy in §** norm to show Schatten norm continuity of A(z)
up to the real axis. To that end, we decompose

VV =W+ Wy, VY2 =W, + Wy,
where Wy, Wy are bounded, compactly supported functions and

Wallg/z + [Wallgp2 < e
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Using the uniform Sobolev inequality (17.20)), we then obtain
1A(z0) = Azm) s < [Wi((=A = 20) 7! = (=A = 2n) ") Wilsea + Ce.

The first term is easily bounded using the classic LAP in trace ideals for potentials that are
short-range in pointwise sense, cf. Yafaev [202] Proposition VII.1.22]. (See also [202] Proposi-
tion VI.2.1] for Holder continuity of the Birman—Schwinger in operator norm.) Anyway, that
proposition asserts that the family z — Wi(—A — z)~'W; is analytic in S1 and continuous on
S4 in 8% topology. In particular, it implies for n,m large enough

IWi((—A = 20) ™" = (A = 2) ) Wilsea <&

for any given €. Thus, (A(zy)), is Cauchy in S* and hence z — A(z) € §% is continuous
up to the real line, i.e., the boundary of Si. Let us repeat that this implies in particular that
VY2(—A—=X£i0)" V|2 € §% for all A > 0 and that the asserted estimate continuous
carries over to the real axis.

(3) We apply analytic Fredholm theory (cf. Yafaev [20I, Lemma I.8.1 and Theorems I1.8.2-3])
to the family (of compact operators) A(z) in the strips Sy and infer that z — (1 + A(z))~*
is a meromorphic family of operators on Sy with poles at those points z where —1 € o(A(2)).
Moreover, this family is continuous up to the real axis, except at those points A € I where
-1 e€o(A(N)).

This almost finishes the proof, as we are left to show that no such points z € S1 exist such
that —1 € 0(A(z)). Recall that our potential V' is assumed to be real-valued.

Case Im(z) # 0. This follows from a simple argument similar to the one at the beginning
of the proof of [114] Lemma 4.6]. We present the argument for the sake of completeness. We
sandwich 1+ A(z) from the left with [V|'/2f and from the right with V'/2f. Then, also the the
imaginary part of

£V +(fV(=A=A£i0)"1f) =0

vanishes. Since the first summand is zero for real-valued V', so must be the second one, i.e.,
0=tw [ VIR~ Akie) tdg == [ TP+ - 3]
R Rd

Since £ > 0, the integral must vanish, so the integrand is zero almost everywhere, i.e., f = 0. So
1+ A(z) is invertible for all z with Im(z) > 0 if V is real-valued.

Case z > 0. This is where the result on absence of embedded eigenvalue of Koch and Tataru
comes in. So suppose there are A > 0, a sign +, and f € L?(R?) such that (for (—A—\=+i0)"! =
Ro(M))

-1

VIZRoWIVIY2f = —f.

We will now show f = 0. So let us define g := Ro(\)|V|Y/2f. Since f € L? and V € L9,
we have |V|'/2f € L29/(a+1) and by the classic uniform Sobolev inequality [120, Theorem 2.3]
g € L?9/(a=1D(R?). Moreover, Vg € L?4/(4+1) and the above equation reads
Ro(\)Vyg=—g.

By the integrability properties of g and Vg, we can rewrite the equation as the well-defined
Schrodinger equation (—A + V)g = zg in the sense of distributions on R%. Since g € L?9/(4=1)
and Vg € L29/(4+1) | we have g € HE)%/(QH) C HL_. Once we show that g € L? (or |z|~'/2%¢g €
L? for some ¢ > 0), we can apply [125, Theorem 3] and conclude g = 0 and therefore also
f=-VY2Ry(\)|V|*/? = —/Vg = 0 and therefore —1 ¢ o(A(z)).

So we are left to show g € L?. Since Vg € L?%/@*tD | we have Vg € X where X denotes
the Banach space defined in the introduction of Ionescu—Schlag [I14] (that plays a similar role
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than the Agmon-Hormander spaces). By [114, Lemma 4.1 a,b)], we know Ro(\) : X — X*
boundedly. Thus, g = —Ry(A\)Vg € X*. Using Ry(A\)Vg = —g and [114, Lemma 4.4], we obtain

11+ |z g]x <00, M>0.

Writing ¢ =< z >"2M< ¢ >?M g and recalling X* C L*¥/(4=1) we see g € L?. This finally
concludes the proof of Lemma [17.8 g

We are now ready to prove Theorem It basically uses the resolvent identity to upgrade
the results of Lemma on V/2(—=A — 2)" V|2 to VI/2(=A +V — 2)~ 1V |V/2,

Proof of Theorem[I7.7]. We rewrite the operator of interest as
1

14+ V12(=A - 2)"1|V|1/2

By Lemma |17.8] we know that the maps

1

2 TTVIACA o VE © B(L*(RY)), z— VY2(=A —2)"HV |2 € S¥(L*(RY))
are analytic on C \ [0,00) and extend continuously to (0,00) with possibly different boundary
values from above and below. This settles (1) and (2).

Thus, we are left to prove the uniform Schatten bound . Indeed, for ¢ > d/2 and
z € C\ [0,00) such that C|z|7'T4/ D[V, < 1/2 we obtain (by (I7.28), the Schatten bound
for the Birman—Schwinger operator in , and the uniform resolvent estimate for Schatten
spaces in Theorem

[VY2(=A+V = 2) V|2 se

VY2 A4V —2) V|2 = VY2(—A —2)" VY2 (17.28)

IN

-1
[(evea =) s - s,

IN

STIVYA(=A = 2) V2" ] - Ol TH Y COY Y

n>0
<2012 HYCD|V o, for Clz| YDV, < 1/2.
Finally, let ¢ = d/2 and d > 3. Similarly as in the proof of Lemma we decompose

V12 = Wy + Wy and |V|Y/2 = W, + W, with Wy, W, € C. bounded and W, W, € L4/2 with
L%/? norm < e. Then, again by the uniform Sobolev estimate in Schatten spaces (Theorem [17 ,

IVI2(=A = 2) V2 < Wi (=A = 2) ' Wi + Ce, 2 € C\[0,00).
But since Wy, W, also belong to L9/2 for any ¢ > d /2, we can apply our previous result and infer
[Wi(—A —2)"'W | = 0 as|z| — co.
Thus, there is a C(V) such that for all [z] > C(V) we obtain the same bound (L7.26)). This
concludes the proof of Theorem [I7.7} O
18. CONNECTION BETWEEN FOURIER RESTRICTION AND EIGENVALUE ESTIMATES

We are mainly motivated by [83] who used the Birman—-Schwinger principle and the Kenig—
Ruiz-Sogge estimate to obtain bounds on every eigenvalue of —A — V in L?(R?) with complex-
valued V. In [57], the Stein-Tomas estimate for Schatten ideals, Theorem was used to
analyze eigenvalue sums of |A + 1| — V with real-valued V. (It transpires from the approach that
the kinetic energy can be much more general.)
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18.1. Definition of resolvent for large class of potentials. To analyze eigenvalues of —A +
V', it is helpful to understand how the resolvent

Ry(\) =(-A+V-AH)"1 AecC (18.1)
is defined.
18.1.1. Compactly supported potentials.

Theorem 18.1 ([70, Theorem 3.8]). Let d > 3 be odd and V € L3, (RY). If Im(X) > 0, then
Ry()\) : L? — L? is a meromorphic family of operators with finitely many poles. In fact, it
extends to a meromorphic family of operators Ry ()\) : L2 — L2 _for all A € C.

comp loc

Definition 18.2. Let V € L, (R?). Then the poles of the meromorphic continuation Ry () :

comp
LZ,np = Li. with A € C are called scattering resonances. See [70, [55]

For recent effective bounds on the number of resonances #{resonances\ : |A\| < r}, see [55].

18.1.2. LP-potentials. When analyzing real-valued potentials and A € R, we may assume V € L9
with ¢ € [1,(d + 1)/2]. If not, we have to sacrifice the end-point (d + 1)/2 and assume there is
v > 0 such that V € e L4 with ¢ € [1,(d +1)/2) or V € e I LIEFD/21 at most. We use the
notation

vo = ||V (g+1y/2 and vy : —||627"|V||(d+1)/2,1 (18.2)
with the Lorentz norm
* da L/a
— 7 d. /p
IV llpq = p? </ © otz e R V()| > ) ) . pae (0,00) (18.3)
0
[V ||p.oo :=supa|{z € R*: |V(z)| > o} (18.4)
a>0
Define the Birman—Schwinger operator
BS(\) := |[V['2Ry(N)V/2. (18.5)
If V is bounded, then by iterating the second resolvent identity,
Ry (\) = Ro(A) = Ro(\)V'/2(1 4+ BS(\) V|2 Ro(N). (18.6)
This formula is valid for ImA > 1 since, by the Stein—Tomas theorem
__2
BSOS X[Vl a41)/2,  ImA > 0. (18.7)

If V is unbounded, one can use (18.6) as a definition of Ry (A) for ImA > 1. This idea goes
back to Kato [116], but see also [93] [04] for abstract results in the non-self-adjoint setting.
Recall the Stein-Tomas theorem for Schatten ideals (Theorem [4.15)) saying

IBSMllas S ATV gnyj2 Im(A) 2 0. (18.8)
On the other hand, Frank-Laptev—Safronov [86] considered numbers of eigenvalues of Schrodinger
operators with complex V' and extended this to ImA < 0. They showed
2(eld+1)/2 _ 1)

IBS(A) a1 S A~ 77 [|e2Patmd)=/(d+D) "Wll(as1y2, A €C, for some B, > 1 .
(18.9)

In particular, BS(\) is compact whenever S4(ImA)_/(d + 1) < v and vy < co. By the mero-
morphic Fredholm theorem (see, e.g., [{0, Theorem C.8]), the definition then defines a
meromorphic continuation of Ry to the region ImA > —(d 4 1)v/8q4; in partiular, scattering
resonances are then poles of the operator-valued function A — (1 + BS()\))~!. Moreover, it
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turns out [55, Corollary 3.2] that, for (ImA)_ < 7, BS(A) € S(@+1->° the weak Schatten class
consisting of compact operators whose singular values s,, obey sup,,cy p/ (g < 0.

Theorem 18.3 ([55, Proposition 2.1]). If d > 3 is odd and V € L@+V/21 then Ry (\) has a
meromorphic continuation to Im(X\) > —.

18.1.3. Pointwise decaying potentials. See [55, Section 2.

18.2. Alternative proof of Stein—Tomas inequality in Schatten spaces. We provide an
alternative proof for the Stein-Tomas theorem in Schatten spaces (Theorem which does not
rely on complex interpolation. Such proof can be helpful to investigate the isospectral operator
E*VE and allowes to keep possible valuable oscillation of V.

Theorem 18.4. Let V € LWHN/21 Then [|E*VE| sarroe S ||V asr -

Proof. We perform a dyadic horizontal decomposition

V(z)=>_"V; with V;=Vigvi<n,., (18.10)
Jj=20
where
H; =inf{t >0: {|V| >t} <2071 (18.11)
This is called horizontal decomposition, because |supp(V;)| ~ 27. In particular,
IVllzar ~ 1H;2 N erzy)- (18.12)
Then, by the triangle inequality and the fact that |V;| ~ Hj,
1€ VE||sarroe SO HlIE Loupp(vy)€ | sast.oe. (18.13)
JELy

In Theorem below, we show

$n(E¥10E) <n~71|Q|7T,  Q measurable, (18.14)
which, together with the definition of weak Schatten spaceﬂ yields

1 Lyupp(vy) Ellsasroe S [supp(V)| 7T ~ 2751 (18.15)
This concludes the proof. O

Theorem 18.5. Let Q C RY be measurable and $k(E*1QE) be the k-th singular value of E¥1oE.
Then

sk(E710E) = sp(1oEE 1) < k™ T |Q| 7. (18.16)
The following proof is not efficient for oscillating potentials, since we entirely work with
10EE 1q.
Proof. Let Q = Uaepzd Q. be a disjoint partition of  into cubes Q, = pa + [0, p]? with side
length p centered at a € pZ?. Let x, := 1g,. We split
T:=10EE1q =T, + T, (1817)
with
Ti(s) == Z XaEE xp and Ty(s) := Z XaEE X B- (18.18)

la—B[>s la—B|<s

21Recall that the singular values s, (T) of T € SP*>° obey sup,en 1 Psn(T) ~ | T|Ip,00 < 0.
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We now use Fan’s inequality s,4mt1(A+ B) < $p41(A) + $my1(B) for all n,m > 0 and obtain
$n(T) = sp(Th + To) < 5, (T) + || T3]|- (18.19)

We begin with estimating || 7T2||. To that end, we use Plancherel’s theorem and regard S =
{(&, (&) : & € DCRYY as the graph of a function ¢ : D — R with D C R4~!. Then

(£9)(x) = / | elaap(€) +a - €)gl€ ol€))1n(€) de (15.20)
Writing F,,(¢') = e(zap(€')g(&’, 0(&'))1p(¢') and using Plancherel in R?~! yields
ag+p
ool < [ de / | [ aeme)f
_ /ad+P dxd/ d§/|F'rd(§,)‘2 (1821)
Rd—1

ag+p
- / a4 /R de'|g(€', o(€))1p(€)]? = pllgll22(s)-

d

This shows, by Young’s inequality for sums,

1T2(s)]| < sup > HE Xag1, €7 X892) |1 a—pi<s
91,92€L2 (B) | gzl <1 |, 5
< sup Y [Exagls D1 (18.22)
lgll2<1 74 1B<s

Spst sup D [Ixagll3 < ps.
llgll2<1 a€pZd

To estimate s,(77), we use

$n(T1) < || Ti|lp.oon™ P = n~ VP sup N(#{k : sx(T1) > A})VP. (18.23)
A>0

We take p = 2 and estimate the right side using Markov’s inequality,

#{k: sp(Th) > N} < B3T3 (18.24)
The integral kernel of T} is
Ti(z,y) = Y. Xa(@)xs(y)(EE)(x —y). (18.25)
la—B|>s

Since |(£€%)(2)| ~ (2)~(@=1/2 we have

2

1= [ dedy| ¥ xalonsmEE )z~

la—B|>s

< (ps)~ @7 /RM drdy Y Xa(®)xs(y) (18.26)
oy

= (ps) "V Y 1QallQs| S (ps) V0.
a8



142 K. MERZ

Here we used
2

D xal@xs@)| =D xal@)xs(v) (18.27)
b P

by the disjointness of the cubes ., and that the summations over o and 8 only run over such

a, B € pZ? for which Qo N # 0 and Qg N Q # (. Thus, combining (18.23)(18.26]) shows

sn(T1) S~ Y2 (sp)~(d=D/2)q). (18.28)
Combining this with f shows
$n(T) < n=2 (sp)~W=D2|1Q| + s9p. (18.29)
Optimizing over p, with optimizer p, satisfying p? = ¢(5)|Qn=1/? shows
$n(T) < efs)|Q|?/ (@D p=1/(d+1) (18.30)
as desired. This concludes the proof. d

18.3. Estimates for singular values. Recall Stone’s formula saying that dE(k?) = 7~ Im((—A—
k2 £i0)71) = cqk =" E(K)E* (k) for all k € R with the scaled extension operator

E(k): LS — 159, (RY)

comp

Eb(@) = [ e dule). 2R ke

(18.31)

where dw(¢) denotes the induced Lebesgue measure on S%~!. Clearly, £(k) can be analytically
continued to k € C. In this case, we have, from Stone

Ro(\) — Ro(=\) = cgA¥2E(NEMN), TIm < 0. (18.32)

We record the scaled Stein—Tomas and Agmon—Ho6rmander estimates,

d(d—1)
< (y|-Han
£l 2, <IN gliaeens (18.33)
d—1
IEN gl 2(Bry) S REINTT [lgllzz(a1)- (18.34)
In fact, in combination with the Stein—Tomas estimate for Schatten spaces, one has
N _d(d—1)
IVI2ENEN VY lar S AT [V|@41yj2,  TmA > 0. (18.35)

19. CUENIN’S TOOLBOX
We collect some standard tools of Cuenin.

19.1. Phragmén—Lindel6f. We follow [149] Section 5] and start with the Helmholtz equation

(A+E)u=f (19.1)
whose solution is
u(r) = /‘P(x —y)f(y)dy (19.2)
where
@H((;)_z)/z(kb?—m) 1
O(x—y) =cqk? o — g @D where ¢4 = %i@n) @72 (19.3)

where H §\1) = Jy) + 1Y) is the Hankel function of the first kind, which coincides, up to innocent
prefactors, with the modified Bessel function K)(+iz) with imaginary argument. (Recall that
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the modulus of Hankel functions decays like |z|~'/2, thus, |®(z)| < (z)~@=D/2 for k = 1.)
Clearly,

b(¢) = (— + K2 +i0) . (19.4)
This distribution can be expressed in terms of homogeneous distributions of degree —1, principal

value (p.v.), and Dirac delta, see, e.g., [92 pp. 209-236]. We can obtain the expression from the
one variable formula

1
. L N—1 L .
E11\1‘%@ +ig)”" =p.v. " +imd (19.5)

which can be extended to Re-function t = H(¢) (e.g., H(¢) = £2) as far as we can take locally
H as a coordinate function in a local patch of a neighborhood in R? at any point & at which
H(&)) = 0. We have

Proposition 19.1. Let H : RY — R be such that |[VH(£)| # 0 at any point & where H(€) = 0.
Then we can define the distribution limit

(H(&) +1i0)~" = sli{r(l)(H(f) +ig)7t, (19.6)
and we have
.N—1 1 .
(H(¢)+:0)"" = p.V.% +imd(H(E)) (19.7)

in distributional sense.
In the above 6(H(&)) is defined via
smlls= [ SO -0w©d = [ w©dn(© (19.5)
{H(£)=0}

where do (§) = |dvzg((§))l is the Leray measure with d¥ g (£) being the Lebesgue measure induced

by d¢ on the hypersurface {H(§) = 0}. We summarize this in
Lemma 19.2. Let H(§) = —€2 + k2. Then

(H(&) +i0)~" = pov. Htﬁ) oS ey (19.9)
Thus,
2 _ 2, m-—1 _ f(f)ezmx{ E v
(R (k) f)(@) = (A + &2 +i0) " f)(@) =p.v. | 25—+ - (doysas * f)(z) . (19.10)

CJga —E2 + k2 2k
We begin with the well-known KRS bound.

Theorem 19.3 ([149, Theorem 5.2]). Let k > 0 and % > % — i > ﬁ and d >3 or1l >
11~ 2 _
5—;25 and d = 2. Then

IR (K3 fll o S kG5 (19.11)

The proof of the endpoint estimate was carried out earlier and used Stein’s complex inter-
polation method. To treat 1/p — 1/p’ > 2/(d + 1) it suffices to use real interpolation and the
following estimates.

Lemma 19.4. Let x € S and denote do. := f(-)do(-) x e~ X (%), where f € L=(S%"1). Then

g

sup |do<(&)] S I fllzoese-1ye™" (19.12)
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Proof. Without loss of generality suppose f = 1. We first make the reduction to the case where
X is compactly supported. This part of the argument is called “Schwartz tail argument”. Take
a C° partition of unity of R? such that

v =1, (19.13)
J€No

where 1) is supported in Bo(1) and v;(§) = (&/27) for j > 1, where ¢ is supported in the
annulus {¢ € R?: 1/2 < [¢] < 2}. We adapt this partition to the resolution ¢, i.e., we take

> wi(E/e) =1. (19.14)
JENg
Now write
doc(§) = do(-) x ™ Y i(X(2)()- (19.15)
j€No
Observe that for any N € N,
§— 1 _
Ix( E")Iﬁw A~ & —nl ~ e (19.16)
and so
. . _ _ j \d—1
o) ey ONO1 = [ dotin (D] £ ik et (1017)

Taking N sufficiently large makes the j-summation convergent so that
do.(&) <et. (19.18)

Since the j = 0-term satisfies the estimate trivially, the proof is concluded. O

Lemma 19.5 ([I49] Lemma 5.2]). Let x € S and

1 .
R.(§) = (—|2+k2+zo x 5‘1)((5)) ©). (19.19)
Then
[R(&) St (19.20)
and so in particular
|Re(€) ! (19.21)

S e
STee TR

Moreover, for 6 € R, a Phragmén—Lindelof argument combined with the previous estimates yields

1 0 1
———— %€ - < 19.22
(|~|2+k2+i5*8 X(a)>(§)““|§2+k2|+s ( )
First proof of Lemma[19.5 Explicit estimates in [149, Lemma 5.2]. Recall
1 1

2
v 4+ Ty 19.23
Aritio PVAyT T g% (19.23)

By Lemma [19.4] it suffices to estimate the convolution with the first summand, i.e.,

P.¢) = pﬁ e (19.24)
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Denoting x.(¢) = e~9x(&/¢), we shall estimate

P.(£) = —p.v. + / + / — ) ——d
=(§) = —pv / X=(§ =) PSR (19.25)
l—e<Inl<l+e  In|<l—e |n|>1+e
=hL+1h+1s.
The summands I + I3 < e71||x||; are easily estimated. To estimate I; we write
_ Xe(€—m)
= / =1
6<1—Inl|<e (19.26)
1 I+e pd—1
= li —rf)————— d%(0).
61~I>I(IJ /1_ / Ad 1 5 " )(T+1)(T—1) ( )
Changing r = 2 — s in the second integral, we obtain
1—e
I, = lim F(r,6)(r—1)"tdr, (19.27)
6—0 1—e
where
pd—1
F(r,§) = / Xe(§ —10) d¥(0)
§d—1 r+1 (19 28)
2 — p)d-1 )
- [ xe-e-nn B aso).
§d—1 -Tr
If we observe that F(1,£) = 0, we may write by the mean value theorem
-0 OF
/ F(r,&)(r—1)"tdr<e sup |—(r, 5)’ . (19.29)
1—¢ l—e<r<1]| Or
The radial derivative of the first integral in the definition of F'(r,¢) is given by
0 (r / (€ — r0)dS(6) + / 0. Vx.(€ — 1) dS(0) (19.30)
— - : —r . .
or \r+1 gd—1 Xe " r4+1 Jga— Xe

The second of these integrals can be written as

_1ZT+1/Sd ) (a x) (€ —r0) d(0). (19.31)

Thus, both integrals can be understood as mollifications with resolution € of the measures
6; d>(0), which, from Lemma are bounded by C(x)e~!. This gives the desired estimate for
the first integral in the definition of F'(r, ). The second integral can be treated in the same way.
Thus,

OF
‘ (r, f)‘ (19.32)
and so we obtain the desired estimate |I1(¢)| < e~!. This concludes the proof. O

Second proof of Lemma[19.5 Alternatively (JC’s arguments): by a partition of unity we may
assume that m(€) := (=& + k? +i0)~! is supported in a small conic neighborhood of the first
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coordinate axis. The implicit function theorem (see also (19.48)) in the proof of Lemma m
below) then allows us to reduce the proof to the bound

‘51 + 140
where 7.(£1) = e 1y(£1/¢) is a function of one variable. By Riemann-Lebesgue and Hausdorff-
Young,

$ 7| Set, (19.33)

1
‘51 w0 F el S s et (19.34)
where we also used that the Fourier transform of (¢; +i0)~! is bounded, see also [I11, Example
7.1.17]. The final estimate is a consequence of the estimate for § = +0 and the Phragmén—
Lindeldf principle, since better estimates are available for 6 > 0. Alternatively, one can appeal
to the Malgrange preparation theorem [IT1], Theorem 7.5.5] and follow the proof of [I3] Lemma
23], which we present later in Lemma O

The KRS bound with zero imaginary part in Theorem then implies

Theorem 19.6. Let z € C and 1/p — 1/p’ € [2/(d+ 1),2/d] ford >3 or 1/p —1/p" € [2/3,1)
for d=2. Then for any u € C°, one has

lully S 127G )1(A + 2)ull, - (19.35)
The proof uses the following version of the Phragmén—Lindel6f maximum principle.

Proposition 19.7. Let F(z) be holomorphic in {z € C : Im(z) > 0} = C1 and continuous on
the closure. Assume that |F(z)| < L for z € 0C4 and that for any € > 0 there is C = C, such
that |F(2)] < C.e®V?l as |z| — oo, uniformly in the argument of z. Then |F(z)| < L for any
A (C+.

Proof of Theorem [19.6 Suppose @ and ¢ are compactly supported on R? and consider in C the

holomorphic function
F(z) = 272670 0, (A + 2) ) = 272670 (0, (=€2 + 2) 1) (19.36)

where we use the principal determination of log z and thereby of monomials z® = e®!°8(2) for
a € R. By the convergence of the distribution (—¢2 + z +ig) ™t — (=2 + Re(z) +i0) !, we see
that F'(z) is continuous on the closure of C,. By Theorem we know F(z) < Cllulp||v|l, for
z > 0, where C' is independent of z. For z < 0, better, i.e., elliptic, estimates are available, so
F(z) < C|lulpllv]lp for all z € R.

We now estimate F'(z) for |z| > 1. In particular, let |z| be so large such that for all ¢ € supp(a),
we have

(=P + 12" < = (19.37)

2
|2

Then we obtain
[F(2)] < Cla| ' 72673 o / [()[[6(¢)] < Ce¥l, ¢ € supp(@) (19.38)
By the Phragmén—Lindelof principle, we obtain

_ dcl__ 1
IF(2)] < Clullpllly < (0, (A +2)7 )] < Cla| 2077 ul ol (19.39)

which proves the assertion by density of C'° in L? spaces. O
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19.2. Clever factorization of general kinetic energies. Let hy be a tempered distribution
on R%, smooth in a neighborhood of some point ¢ € R? such that A := ho(¢°) is a regular value
of hyg, i.e., that the level set

Sy = {6 €R%: ho(€) = A} (19.40)
is a smooth nonempty hypersurface near £°. Locally, i.e., for & near £° the implicit function

theorem implies that S is the graph & = a(¢’, \) for some real-valued function a(¢’,\). This
yields the factorization

ho(§) = A =e(&, (& — a(d, ), (19.41)

where ¢ = (£4,¢) € R xR and a(¢/,)\), and e(&, \) are real-valued, smooth functions, e(&, \)
being bounded away from zero. Locally, e(£, A) is given by the expression

e(,2) = /0 dt D, ho(t6 + (1 — H)al€, \), &) . (19.42)

By a linear change of coordinates one may always assume a(0,A) = 0 and 9¢a(€’, \)|er=o = 0.
Then a(¢', A) = O(|¢']?).

Now suppose I C R is a fixed compact subset of the set of regular values of ho(¢), i.e.,

{ANER: Vho(€) # 0for all ¢ € R? such that ho(€) = A}, (19.43)
and let
S=JS={6eR": ho(¢) €I} (19.44)
Ael

We assume that Sy is compact and has everywhere non-vanishing curvature for each A\ € I.
The following lemma is closely related to the Stein-Tomas theorem for the Fourier restriction
operator.

Lemma 19.8 (|53, Lemma 3.3]). Let n be a bump function. Then

sup [[n(D)[ho(D) — (A +ie)] Hlpp S 1. (19.45)
A€l le|<1

The following is a more precise version which tracks the precise e-dependence.

Lemma 19.9 ([13] Lemma 23]). Letn be a bump function, ¢ € C such that 0 < Re(¢) < (d+1)/2,
and € € [—1,1]. Let also RZE = n(D)[ho(D) — (X +ig)]~¢. Then we have for all N € N the
kernel bound

sup [RTS (2)] S eCMmOF () =5 +Re(O) gy =N (19.46)
NeT ’

for some C > 0.

Proof. 1t suffices to prove this assertion for fixed A\. Thus, we absorb A into the symbol and
consider p(¢) = ho(€) — X. Let Q C R be a precompact subset such that S € 2. By a partition
of unity and a linear change of coordinates we may assume that, locally near an arbitrary point
of Q, we have either p # 0, or Op/9&; > 0. In case p # 0 we get the stronger bound

|RYS(2)] Swv (2) 7N (19.47)

by non-stationary phase.

Suppose now p = 0 and dp/9&; > 0 and consider first ( = 1, i.e., we are dealing with the
resolvent. By the implicit function theorem, the set {p(§) = 0} is then the graph of a smooth
function & = a(¢’) and we have the factorization

(p(§) —ie) ™! = q(€)(&1 — a(€') —ieq(€)) 7", (19.48)
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where

& —a(f)

q(§) ) >0, (19.49)
see, e.g., [109] Section 14.2], [53] Lemma 3.3], or [175, Section 3.1]. There it is sufficient to work
with the limiting distributions corresponding to € = +0, which would yield the assertion of the
lemma in this case. However, we claim the estimates also for non-zero . To obtain the desired
decay for fixed ¢ > 0, we use another factorization in which ¢(£) will be replaced by a function
which does not depend on & . The following approach is motivated by Koch and Tataru [124],
albeit in the much simpler setting of constant coefficients. Their [124] Lemma 3.8] provides the
alternative factorization

e(§)(p(§) —ie) = & + a(f') +ieb(¢) (19.50)

where e is elliptic (e # 0) and a, b are real-valued. This is a version of the Malgrange preparation
theorem [ITI, Theorem 7.5.5] or the classical Weierstrass preparation theorem [I11, Theorem
7.5.1] in the analytic case. We appeal to [124] because it makes the dependence on & explicit.
Note that the imaginary part b is now independent of £&. The symbols e, a,b can be found by
iteratively solving a system of algebraic equations and using Borel resummation of the resulting
formal series (see [124, Lemmas 3.9 and 3.10]). Moreover, a,b have asymptotic expansions in
powers of e, while e has an asymptotic expansion in powers of ¢ and &. We will only need
the first term b; in the expansion of b. Changing variables £ — & + a(£’) we are reduced to
p(§) = £ + ieq(€) for some real-valued function g. By the proof of [124) Lemma 3.9] we have
b1 = 1/(1+4 ¢}), where g1 = O¢,ql¢,—0. Therefore, b > ¢ on the closure of € for some constant
¢ > 0 (we used compactness and the smallness of £). Since we have constant coefficients, the
simple parametrix [124] (5.5)] with (operator-valued) kernel K (z; — y1), given by

K(21) = 1p,, <qye=1 0P emima@) (19.51)

is actually exact, i.e., we have (D; + a(D’) + ieb(D’)) "' K is the identity (we denote both the
operator and the kernel by K here). By the stationary phase estimate for complex-valued phase
functions [I11], Theorem 7.7.5], we have

K (2)] € (@)~ eel=el 4 On(()~). (19.52)

Using the factorization (19.50) and extending 1/e globally as a Schwartz function, we obtain the
claimed estimate of the lemma in the case ( = 1.
The case ¢ # 1 requires only minor modifications. The kernel in ((19.51)) is replaced by

Ke(x1) = & (@ )esm1 P gmiziaD) (19.53)

where X" (7) := 1coy|7["/T(w + 1), w € C, and I' is the usual Gamma function. Then
(D1 + a(D') 4 ieb(D')) " K is the identity. This follows immediately by applying the inverse
Fourier transform to the following identity (see, e.g., the explanation after [IT1, Example 7.1.17])

F (T — e_‘STxi(T)) (&) = e mCHD/2(¢ _j5)=¢"1 §>0, (eC. (19.54)
Again by stationary phase,
2 d—1 d 1
[Fe()] MmO (@)= 5 HReOeelerl 4 Oy (1) 7)), 0= Re(¢) < 2. (19.55)

The growth estimate in [Im({)| comes from a standard estimate on the Gamma function, cf. [96]
Appendix A.7]. O
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20. STATIONARY PHASE AND MICROLOCAL ANALYSIS

We start with a classic review of the technique of stationary phase and apply it to obtain
estimates on the Fourier transform of surface measures of curved, smooth surfaces. This material
is classic and is covered exhaustively, e.g., in Stein [167, Chapter VIII]. Here, we will actually
inspect the proofs a bit more closely and seek sufficient conditions on the smoothness of the
manifold in question. Afterwards we will connect the stationary phase techniques to analyze
certain distributions defined by oscillatory integrals and review the lattice counting problem.
Then, we review some facts from pseudodifferential operators and microlocal analysis on R?
and transfer them to the setting of compact manifolds. Finally, we study the propagation of
singularities and prove Egorov’s theorem.

Concerning the first problem of obtaining bounds on do, let S C RY be a CNe manifold
of codimension one with non-vanishing Gaussian curvature and surface measure do(£). Let

Y € Cév “(R9) whose support intersects S in a compact subset of S. Denoting du = vdo, we
wish to obtain the smallest N, Ny € N such that

()Y (@) S <@ >0

In Proposition we show that N, >4+ [d/2] and Ny > 2+ [d/2] are sufficient conditions.
Herz [105] showed that this regularity condition can even be relaxed to N, > [(d —1)/2 + 2], if
one sets ¥ =1 on S. (If N, > [(d — 1)/2 + 4], he obtained the leading term in the asymptotic
expansion for (do)V as |z| — 00.)

The decay estimate for (du)Y is often proved using a stationary phase argument. Here, we
follow the presentation of Stein [I67, Chapter VIII] and start with a repetition on oscillatory
integrals of the first kind.

20.1. Oscillatory integrals of the first kind in one dimension. In this section we consider
integrals of the form

I(\) = /R M@ (2) da (20.1)

for \>> 1,9 € Co* (R), ¢ € CN+(R), and certain N, Ny, € N.

Proposition 20.1. Let N € N. If¢p € CN(R) and ¢ € CNFTY(R) with ¢'(x) # 0 on suppy,
then

[T S A

Proof. We define the “covariant derivative” D and its adjoint by

1 d [ f()
D = ! d (D = —— .
(PI@) = 5@ ad (D@ = (50
Since DNe'¥ = ¢ integration by parts yields
/ e (Wp(z) da| = / M@ (DY () dr| S ATV
R R
what was asserted. |

We will now consider the situation where ¢’ vanishes somewhere on suppt. The case where
also higher derivatives vanish can be found in [I67, Chapter VIII, Proposition 3]. In particular,
an asymptotic expansion is derived whose coefficients can be computed explicitly for certain
phase functions ¢, see also [I67, Chapter VIII, Section 5.1].



150 K. MERZ

Proposition 20.2. Assume i) € CCN”’(R), ¢ € CNe(R) with Ny > 3 and N, > 5. Let xg €
suppy be such that o(xg) = ¢'(xg) = 0, but ¢"(xg) # 0. Assume further that ¢ is supported in
a sufficiently small neighborhood around xo. Then

T S A2

Proof. We split the proof into four steps.
Step 1. We show that

/ e plo" o~ AT(EFD)/2 Z cg-e)/\_j LeNy. (20.2)
R ,
7=0

The proof is contained in [167, Chapter VIII, Formula (9)].
Step 2. Let n € Cg(eﬂ)/z]“(R). We will then show

/ e”‘ﬁxzn(x) dx
R

To prove this, let a € C*° with

<ATED2 peN,. (20.3)

1 f <1
M@:{ or o] <1,

0 for |z| > 2

and decompose, for some ¢ > 0 to be chosen in a moment,

e pln(z)dx = | ¢ atn(z)alz T e 2ln(2)(1 — a(x T
[ atnta)dn = [ A atn@iatass)do+ [ atne)1 - ale/e))d

R R

Clearly, the first summand is bounded by a constant times e/*!. To estimate the second sum-
mand, recall the covariant derivative D from Proposition which, in this context, acts as

(Df)(@) 1fu>mu<wnm—id(““)

" 2i\z CAdx \ 22
Thus, we have for N > (£+1)/2,

/ ei)‘””2m£77(m)(1 —a(z/e)) dx
R

/R A (DY [2fn(2) (1 — a(w/e))] da

<AV / |z|72N dx = const AN 172N

lz|=e

Choosing € = A~1/2 shows (20.3). Similarly, one obtains for any g € S(R) vanishing near the
origin,

)

SA

/ ei)‘ng(x) dx
R

Step 3. We will now prove the assertion for p(x) = 22 and ¢ € v (R) with Ny > 3. Let
Y € C°(RY) with +)(x) = 1 on suppy, write

/}Rei’\xzw(x) da::/e“‘xze_” (exzw(x)) Y(x)dz

R

/R &3 (LDYN g(2) da

and Taylor expand to zeroth order

exzz/J(a:) =bo+ ho(z) - x
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where hg(x) = o(x) belongs to CV+»~1(R). Plugging this this into the above integral gives three
terms, namely

bo/ e’ o7 g boA~1/? Z e\ (20.5a)
R m
/ e pho(z)e ™ Y(x) da| < A (20.5b)
R
/e”“"”zboe_ﬂ”2 (@(x) — 1) dr| <AV (20.5¢)
R

where we used ([20.2)) for the first summand, (20.3]) for the second one (since hy € CN+~1(R) C
C?(R)), and ([20.4)) for the third one.

Step 4. We finally consider general phase functions ¢ € CV¢(R) with N, > 5. We expand ¢
near zo, i.e., () = c(x—x¢)?[1+e(z)] for some ¢ # 0 and ¢ € CV¢~2(R) with e(z) = O(|z—x0)),
ie., |e(z)] <1 for z sufficiently close to xo. For such x, one has in particular ¢’(z) # 0. Thus,
let us fix a neighborhood U around zy so small such that these conditions hold. Since we
assumed that the support of ¥ was small enough, we can in particular assume suppy C U.
Now, let y := (z — x9)[1 + &(2)], i.e., x — y(z) is a CV¢~2(R) diffeomorphism from U to some
neighborhood of the origin. Since ¢(z) = cy?, we have

[y = [ i) dy

R R
for some ¢ € CNv (R) N CN+=2(R) whose support intersects any neighborhood of the origin.
Thus, we can apply the results of the third step and conclude the proof. O

20.2. Oscillatory integrals of the first kind in higher dimensions. We will now generalize
Propositions and |20.2| to R? with d > 2. We will say that phase function ¢ defined in a
neighborhood of a point o € R? has x( as a critical point if

(Ve)(z0) = 0.

Similarly as before, let
I()N) ::/ M@ ip(z) da .
R4

Proposition 20.3. Let N € N. If ¢ € CN(R?) and ¢ € CN*TH(R?) has no critical points in
suppvy, then
[T S A

Proof. For each xq € suppy there is a ¢ € S¢~1 and a ball B, (§) for some § < 1 such that
& (Vo)(x) >c>0 forall x € By, (9).

Decompose ¢ = >, 1, into a finite sum where each ¢, € C¥(R?) is supported in one of these
balls. Now choose a coordinate system x1, ..., x4 such that z; lies along £. Then

/ M@y () da :/ dzs...dxg (/ T )y (1 1) d$1>
R4 Rd—1 R

and we can apply Proposition to the x; integral to conclude the proof. O

Next, suppose ¢ has a critical point at x¢ but is non-degenerate. By that we mean that the
d x d matrix
0%
O0x ;0
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is invertible. Using a Taylor expansion (e.g., for ¢ € CN¢(RY) with N, > 3), one sees that
non-degenerate critical points are in fact isolated.
Proposition 20.4. Suppose ¢ € CNe(RY) with N, > 4 + [(d+1)/2], and 29 € R? is a

non-degenerate, critical point of ¢ where additionally p(xzo) = 0. If ¢ € clv (R?) with Ny >
+ [(d+1)/2] is supported in a sufficiently small neighborhood of xq, then

[T S A2 (20.6)
Moreover, for each j =1,2,3, ...
& [ e r)]| 55 A2, Az (20.7)
and additionally
IS A2 A>1, ifv(ye) =0. (20.8)

Proof. The proof follows closely the lines of that of Proposition First, let Q(x) denote the

unit quadratic form given by
m d

Q(z) :in— Z x?

j=m+1

for some fixed m € {0,1,...,d}. The analogue of (20.2) is

/ ePAQ@) g —17* 1l g o, A= /2-101/2 ch (m, )N, (20.9)
R4

=0

whose proof can be found in [I67], p. 345].
Next, the analogue of (20.3]) is the statement that

/ M@ () da
Rd

itn e Ccr(“d)/ZHi(Rd). (As in the proof of Proposition we will apply this estimate for
¢ = 1 with ho(z)y € CN¢~1(R) in place of n, i.e., Ny > 2+ [(1+d)/2].) To prove it, we
consider the cones

< ATd/2-1E2 (20.10)

D, :={zeR?: |z;]* > [2/*/(2d)}
and the smaller
If = {w € R s [ > |o'*/d}

where 2’ = (z1,...,2;_1,2j41,...,2q). Then, since

d
Ure-=.
j=1

we can find functions €y, ..., Qg with suppf2; C I'; which are homogeneous of degree zero and
smooth away from the origin such that

d
ZQJ(x) =1 forallz#0.
j=1

Thus, we can write

d
/]Rd M@ (1) da = Z/ W@ gl (1), () da .
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Now, as in the proof of (20.3)), let a € C°(R?) be a radial function such that
1 for |z| <1,
0 for |z| > 2,

and decompose

ei)\Q(m) ’L)\Q(I () alz -
[ o), da = [ (@09 (2)a(z/e)d

Rd
+ / AW 1) () (1 — oz /e)) da

As before, the first summand is bounded by a constant times ¢*%. To treat the second summand,

we integrate by parts in the cone I';, using the covariant derivative

. , ] 1 Of(x)
D INQ(2) _ oiAQ(z) o h (D = 4+ i
A © ith  (D;)(x) 2idx; Oz;

This, together with the fact that |z;| > |2'|/v2d in T';, and
[(*DH)N ()] Sv AN |72,

allows us to estimate

/R P ()0 () (1 - ale/<)) d

9D (@) @)1 = a(a/2))] da

/S >\7N / |I|£72N dr S A7N5472N+d
|z|>e,|zal 2|2’/ V2d

for N > (£ 4 d)/2. Choosing ¢ = A~'/2 as before shows (20.10).
A similar argument shows that whenever g € S(R?) and g vanishes near the origin, then

/Rd @) (1) da

which is the analog of (20.4). Combining this with (20.9) and (20.10) as in the proof of Propo-
sition yields the assertion in the special case ¢(z) = Q(z).

To pass to the general case, one can appeal to the change of variables guaranteed by Morse’s
lemma. Since ¢(xg) = Ve(xg) = 0, and the critical point is assumed to be non-degenerate,
there exists a CVe~=2(R?) diffeomorphism from a small neighborhood of zq in z-space to a small
neighborhood of the origin in y-space under which ¢ is transformed into

; Zyw

j=m+1

<AV, NeNg, (20.11)

for some m € {0, ...,d}. The index m is the same as that of the quadratic form corresponding to

[angxJ (o)

The proof of this can found in [I67, p. 346-347]. Combining this with the findings in the special
case where p(z) = Q(x), concludes the proof. O
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20.3. Fourier transforms of measures supported on surfaces. Let ¢ € ol (R™) with
Ny > 44 [(n+1)/2], and ¢(0) = Vp(0) = 0. Let us further assume that the determinant of

the n x n matrix ,
0%p B
(5ea) €= 0

never vanishes. Then ¢ describes a n-dimensional C™V¢ surface S, which is given by the graph
€nt1 = (&1, ..,&n) and has non-zero Gaussian curvature at every point. Let do denote the

measure on S induced by the Lebesgue measure on R™1, and fix a function v € CL* (R™F1)
with Ny > 24 [(n+ 1)/2] whose support intersects S in a compact subset of S. Let us now
consider the finite Borel measure du (&) = (&)do(¢) on R™ML, which is of course carried on S.
We wish to discuss the behavior of the Fourier transform

(d)¥ (z) = /S AT E(E) do (€)

for large |z|. For convenience, we relabel d =n + 1 in the following

Proposition 20.5. Suppose S is a CN¢ surface in R? of codimension one with N, > 4+ [d/2],
whose Gaussian curvature is non-zero everywhere. Let further du = wdo be as above. Then

[(dp)¥ ()] S Ja| 747D/,

Proof. For the purpose of the proof (in applying Proposition [20.4)), we will work with n =d — 1
as in the beginning of this section and assume, by compactness, that S is given by the graph

fn-i-l = @(517 ey gd) 3
so do(&) = /14 |Vp(§)2d&...dE,. Thus, we can reduce matters to showing that, if =
el (R™) with Ny > 2+ [(n+1)/2] is supported in a small neighborhood of the origin,

/ PAPEM () dg‘ <AT/? (20.12)

where A = || > 0, z = A, and n = (1, ..., 1) IS @ unit vector, and

&) =E-n=D_ &+ @&, &n)ini1 -

j=1

Also, we have that ¢(0) = V¢(0) = 0, and

0%
1§C}S€t§n <(Q)§Ja§k) (O) 7é 0.

We divide the proof into three cases, depending on the position of n € S™, namely

(1) n is sufficiently close to the “north pole” ny = (0,0, ...,1),
(2) n is sufficiently close to the “south pole” ng = (0,0, ...,—1), and
(3) 7 lies in the complementary set on the unit sphere.

The first and second case are analogous. We have that V¢ ®(¢,nn)|¢=o = 0 and want to see that
for each n sufficiently close to 7y, there is a unique £ = £(n) so that

Ve®(€,n)le=¢(n) = 0.

The latter is a series of n equations, and one can find the desired solution by the implicit function
theorem, which requires that we check that the Jacobian determinant

det [ iy } (0.73) £ 0,

0808k
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but this is of course our assumption of the non-vanishing curvature. In particular, if the 7-
neighborhood of 7y is sufficiently small, then also

0%
S| (€ £0.

and we can invoke Propositionm (with zg = £(n)) as long as the support of v is small enough.
This shows that the left side of is bounded by a constant times A\~"/2 and concludes the
discussion in the first two cases.

Thus, we are left with the third class of . By definition,

Ve®(€,n) = (M, 70) + 001V R(E) -
However, (n? + ... +02)'/2 > ¢ > 0 for n away from the poles, and

Ve(§) =0(§) as€&—0.

Thus, |Ve®(€, 1) > ¢ > 0, if the support of ¢ is a sufficiently small neighborhood of the origin.
We may now invoke Proposition [20.3] (with N =2+ [(n + 1)/2]) which shows that the left side
of (A-§) is bounded by a constant times \~2~[(*+1)/2] < \=n/2, O

det [

20.4. Oscillatory integrals and wave front sets. Here, we follow Sogge [160, Section 4.1.1]
but refer also to the classic exposition of Hormander [I11] Section 7.8 and Chapter VIII].

We now apply the “nonstationary phase lemma” (Proposition to analyze certain distri-
butions defined by oscillatory integrals. Specifically, let us consider integrals of the form

Ip(z) = / eiq>($’9)a(a?,9) df = lim e@(m’e)a(z,e)p(sﬁ) do (20.13)
RN e—=0 JpN

where in this definition p € C°(R”) is a bump that equals one near the origin. In fact, for the
oscillatory integrals that we consider here, we will see that the definition does not depend on the
particular choice of p.

Here, we assume z € Q C R? where € is an open subset of R? with d possibly different from
N. Moreover, we assume ® € C>(Q x RV \ {0}) is real, homogeneous of degree one, i.e.,

D(x,\0) = A\D(x,0), A>0 (20.14)
and, additionally, if d denotes the differential with respect to all variables, we assume
d® #0 on QxRY\ {0}. (20.15)

As an example, one may think of ®(x,0) = 2’ - 0 + 2, 10% with x = (2/,zy41) € RV and
¢ € RN, Finally, we shall also assume that the amplitude a(z, ) is a standard symbol of order
m, i.e., for all multi-indices « and 7, we have

|DYDg a(x,0)| Saq (1+[6)™ 71, (20.16)
whenever x belongs to a fixed compact subset of Q and # € RV . In this case, we shall abbreviate
aeS" s is valid.

We will now give a sufficient condition when I in is smooth.

Theorem 20.6. If ® is as above and a € S™, then Ip € D'(Q) and its definition (20.13)) does
not depend on the choice of p. Additionally, if o € Q and

Vo®(x0,0) # 0 for all § € RV \ {0},
then I is smooth in a neighborhood of xg.

Before we turn th the proof, we restate the last part of the theorem. We recall
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Definition 20.7. Let v € D'(Q2). Then the singular support sing suppv of v is defined as the
complement of the set of points xy € 2 which have the property that v restricts as an element
of C*(N,,) for some neighborhood N, of xg.

Using this notion, the last part of Theorem [20.6|says
sing supp Iy C {z € Q: Vy®(z,0) = 0 for some § € RV \ {0}}. (20.17)

Proof. We first show I € D'(2). To do so, we decompose Ig dyadically. So, let 3 € C°(RY)
be a bump function with

BO) =0if |0] ¢ [1/2,2], and Y B(B/2)=1, 0+0.

j=—o0

We then define for u € C°(Q),

] = /Q do /R 8 D58/ ol ()

and
] = / do / g &0 1—§: 8(0/2) | a(z, 0)u(x) .

Clearly, each Ié is a distribution on Q for j = 0,1,2,... (which is just integration against a
smooth function on 2, depending on j). To prove that also Is belongs to D'(2), we show, for a
given relatively compact subset K € 2 and a number M € N there is k(M) such that

\Ifb[uﬂ < 2™ sup sup|D%|, u€C®(K) forallj=1,2,.. (20.18)
la| <k(M)

Setting A\ = 27, one obtains

) = AN / / @0 3(0/27)a(x, O)u(x) db da .
But since a € S™, we have
|D)Dg (B(8)a(z, A0))| Sa~yx A", forze K.

Consequently, (20.18]) follows from stationary phase (Proposition and the assumption d® #
0. Moreover, (20.18]) implies that the definition is indeed independent of p since we
assumed that p € C2°(RY) equals one near the origin; consequently, if 5 were another function
with this property, then p — p € C°(RY \ {0}).

To prove , let 2o € Q have the property that Ve®(x¢,0) # 0 for § € RV \ {0}. We
will now show that there is a § > 0 such that Iy (z) is smooth on {z : |z — z¢| < ¢}. Since ® is
homogeneous of degree one, we see that there is > 0 and ¢ > 0 such that

[Vo®@(x,0)| >c if |x—mxo|<d.
Therefore, if
L V@@(,T,H)
TN Ve®(x,0)|
we have that for every M and {z : |x — x| < 0} that

'v97

Ié(x) =\ /RN eikfb(w,G)(L*)M(ﬁ(e)a(x’)\6)) do — O()\N-i-m—M).
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Thus, if M > N +m and x(0) = 3272, $(6/27), then

n(e) = 13(a) = [P0 L)Y (x(B)a(a,6) db
RN

is an absolutely convergent integral. But that shows that Io — I3 is continuous on {z : |z — x| <

§} and, by similar arguments, that this difference is indeed smooth on this set. Since I3 € C°°(€2),

this shows (20.17]). ]

While this theorem locates the possible locations of the singularities of Ig, it does not yet
assert anything about the “directions of propagation” of these singularities.

Example 20.8. Let 2’ = (21, ...,24-1) and dp(xq) = dz’ be the induced Lebesgue measure on
the hyperplane x4 = 0. Then the distributions v = pda’ with p € C°(RY) satisfy sing suppv C
suppp N {z € R% : 24 = 0}. On the other hand, since §y(z4) is a distribution that does not
depend on the z’ variables, the “directions of the singularities of v” is just those spanned by
the unit vectors (0, ...,0,+1). (We will make this saying precise below.) This fact is captures by
the Fourier transform, ¢(§), which is rapidly decreasing in any closed cone through the origin
which does not contain (0, ...,0,%1). For a generalization of this example, see Hormander [IT1],
Theorem 8.1.5].

Let us now consider more general u € &£ (R?) (compactly supported distributions). By a
Paley—Wiener-Schwartz theorem, we have v € C°(R?) if and only if 4(¢) is rapidly decreasing,
Le., |0(&)] Sn< & >N eHUImE) for any ¢ € C? where H(£) = Sup,cquppu (@, ) is the supporting
function (see Sogge [160} §A.2] or Hérmander [111], Theorem 7.3.1]). However, the above example
indicates that it is possible that 4 € C**° is rapidly decreasing in some directions but not in the
others, i.e., only some high-frequency components of & may contribute to the singularities of w.
The wave front set, which we are about to define unifies these along with the singular support.
Recall that a conic neighborhood of a set ¥ C R4\ {0} is an open set A/ containing ¥ and having
the property that if £ € A, then so is A¢ for every A > 0.

Definition 20.9. For u € &' let T'(u) € R4\ {0} be the closed cone consisting of all € R%\ {0}
such that 1 has no conic neighborhood in which

i) Sn<é>"N, NeN
holds.

Note that if u € &'(R%), then, by Paley-Wiener, we have u € C° if and only if I'(u) = 0.
We may therefore interpret sing supp v as measuring the location of the singularities of u and
I'(u) as measuring the the directions of the singularities of u. Keeping this in mind, we have the
following natural result.

Lemma 20.10. If p € C>®°(RY) and u € &' (RY), then
I'(pu) CT'(u).
Proof. Our goal is to control
€)= [ e~ myitn)dn.
Since u € &'(R?), we know that 4 is smooth and satisfies

[a(m| < (14 )™

for some m (by integration by parts, see also [I11, Theorem 7.3.1]). Next, we note that if £ is
outside of a fixed conic neighborhood of I'(u) and 7 is inside a slightly smaller conic neighborhood,
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then [€ —n| > ¢(|¢] + |n|) for some ¢ > 0. In this case, we obtain
6(& = ma(m)] Sv A+ &+ )™M @+ )™ Sy @+ €+ ) "™, NeN.

On the other hand, if n is outside of a fixed small conic neighborhood of T'(u), we obtain for any
£ ERY,
16(& = mam)| Sy A+ 1€ =)@+ ).
Combining these two observations gives
[pul Sw /(1 €]+ )N dn + /(1 HE=n)N (A + )N dy
= O(Jg[ 7T 4 g7
thereby showing I'(pu) C T'(u). O
This lemma affords us a further localization.
Definition 20.11. Let Q C R? be open and u € D'(). For z € Q, let
L.(u) := ﬂ T(pu).
{peCe=: p(x)#0}

One easily verifies T'(pju) — T'y(u) if p; is a sequence of C'2°(Q2) functions with p;(z) # 0
and supp p; — {z}, see also [I11], pp. 253-254]. The set I',(u) C R?\ {0} essentially captures
the directions of the singularities of w at x. This allows us to define a basic object in microlocal
analysis.

Definition 20.12 (Wave front set). For u € D'(f2), the wave front set of  is defined as
WF(u) = {(z,6) € A x RI\ {0} : £ €T, (u)}.

Since u € D'(Q2) is smooth near x if and only if I';(u) = 0 (by Paley—Wiener), it follows
that the projection of W F(u) onto €2 is exactly sing supp . Similarly, one shows (see also [IT1],
Proposition 8.1.2]) that the projection of W F(u) onto the frequency component is precisely I'(u).
In particular, this shows that W F(u) is conic in the sense that it is invariant under multiplication
by positive scalars in the second variable. It could therefore be considered as a subset of QxS 1.

Theorem 20.13. Let Q be a linear subspace of RY and u = ug d% where ug € C*(Q) and d¥ is
the Euclidean surface measure. Then

WF(u) = suppu x (2 \ {0}).
As an example, think of u = ug dz’, i.e., where da’ = §(x4)dr and Q = {z € R? : 4 = 0}.
Proof. See Hérmander [IT1, Theorem 8.1.5]. O
The following theorem naturally extends Theoremand gives a first localization of WF(Ig).
Theorem 20.14. Let Iy € D'(2) be as in (20.13). Then
WF(Ip) C {(z,V,®(x,0)) : (x,0) € Q xRN\ {0} and Vy®(z,0) = 0}. (20.19)

Proof. The proof is very similar to the one of Theorem Let u € C°(2). To prove (20.19),
it therefore suffices to show that

1(¢) := // @ =Ty (1) a(x, 0) d da

is rapidly decreasing when £ is outside of an open cone I'y containing
(V. ®(z,0) : (x,0) € suppu x RV \ {0}, Vo®(z,6) =0} .
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Repeating the previous arguments, this amounts to showing that for such £ we have
‘ / / AP0 ~i5E (0 30V o, M) dr O] Sar A+ €)M, M €N (20.20)

whenever 8 € C°(RY \ {0}). Let us define
AD(x,0) —x-&
U(r,0) = —F———

(0 =\ ]

Then we claim that

AV, @ (z,0) — &| + A\ VoP(x,0)
A+ (€]

on the support of u(x)B(0)a(xz, Ad). This would show after an application of the nonsta-

tionary phase lemma (Proposition [20.3]).
To verify that claim, first note that (20.21)) clearly holds, unless

c< gl <c

for certain constants 0 < ¢ < C' < oo, since d® # 0. So let us assume this in the following. Also,
if Vo® = 0, then |AV,®(z,0) — &| > /(|]AV,®(z,0)| + |£]) for some ¢’ > 0 if £ is outside of T'y.
Thus, the claim holds when |Vg®(z,0)| is small and 5(f) # 0. Since also clearly holds
for such § when |V®(x,0)| is bounded from below, the proof is complete. O

|v$79\IJ($, 9)| ~

>e>0, £¢7Ty, (20.21)

We conclude this subsection by showing that W F () is invariant under diffeomorphisms. Let
k: Q= Q

be a diffeomorphism between two open sets. Then if, say, u is a L}OC(Q) function, then it defines

a distribution in D’'(2), defined via

() = /Q w(y)U(y)dy, T e OX(Q).

Likewise, the pullback of u via &, i.e., (s*u)(z) = u(k(x)), defines an element of D’(2). In this
case, if ¢ € C'°(£2), we get

(K™u)(¥) = /Q u(k(z))(z) do = /

—1

ot ) e B )] dy, v € C2(@),

Q

To be consistent, we must then define the pullback of a general u € D’'(2) by the formula
-1

" (y)’ dy, ¢eCz(Q). (20.22)

(W) () = (W), W(y) = v(x~ (1)) \det dr

Note that if & : R? — R? is a linear transformation, then (20.22) immediately gives the change
of variables formula for wave front sets, i.e.,

WF(k*u) = &*WF(u), ueD(Q), (20.23)
whenever the pullback of a subset A C © x R%\ {0} is defined via the pullback map for cotangent
bundles, i.e.,

RN = {(2,6) + (k(), () 71€) € A} (20.24)

The following result says that this fact remains true for general diffeomorphisms.

Theorem 20.15. Let r : Q — Q be a diffeomorphism between two open subsets of RY. Then

(120.23)) is valid.
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Remark 20.16. Note that the pullback formula is exactly the change of variables for
the cotangent bundle that one encounters in dealing with C'*° manifolds. Thus, if M is a smooth
d-dimensional manifold and u € D’'(M), then its wave front set W F'(u) can be defined as a subset
of T*M \ {0} using local coordinates.

Proof of Theorem [20.15 O

20.5. The lattice counting problem. The goal of this section is to prove a primitive result
concerning lattice counting in R?. Specifically, we show that

#{j €27 |jl <A} =|Bo(D)IA + O\ A > 1. (20.25)

Using the decay of the Fourier transform of surface measures (Proposition [20.5) which in
particular applies to the sphere, we obtain the following estimate on the Fourier transform of the
ball multiplier.

Corollary 20.17. Let x(z) denote the characteristic function of the unit ball in R?, i.e., x(x) =
1p,(1)(w). Then it satisfies

RO S<Ee>"F . (20.26)

Proof. First, since x(x) is compactly supported, its Fourier transform is bounded (in fact even
real analytic), i.e., it suffices to consider || > 1, say. Next, we reduce the problem to that region
where x(x) lacks continuity, i.e., an annulus around the unit sphere. For that purpose, let

0 for r <1/4
1 forr>1

C=(R) 3 B(r) = {

and smooth in [1/4,1]. Then (1 — B(|z]))x(z) € C®(R?), i.e., it has rapidly decaying Fourier
transform. Thus, it suffices to prove

1

[ x@stahe e do = [ ar ot 50 [ e mretdot) = o€
R4 1/4 Sd—1

where do(w) denotes the usual Lebesgue measure on S?~!. We already saw that the Fourier

transform of measures supported on curved surfaces is of the form (see, e.g., Stein [I67, p. 360]

or Sogge [160, Theorem 4.1.10])

> el (rig))
+
where
di L
@ai(s) = (’)(57%7]), j=0,1,2,...., s>1.
Plugging this in and integrating by part gives
[ st tar = 3 Sl [ ar vt s rlel e < o)
R4 T :|:27TZ|§| 1/4 dT ’
where the main contribution in the last step comes from the boundary term of the integration
by parts. O

The other ingredient in the proof of (20.25) is
Theorem 20.18 (Poisson summation). If ¢ € S(R?), then

Yol = ¢0).

jezd jezd
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Proof. See, e.g., Grafakos [96, Theorem 3.2.8]. O
Proof of (20.25). If x(x) = 1p,(1)(x), then we can rewrite the assertion (20.25) as
N = 32 xG/A) = BN+ O 7) A= 1 (20.27)
jezd

To prove this, we replace x(x) by a smoother function that can be controlled using the Fourier
transform and Poisson summation. To do so, fix 8 € C°(RY) satisfying

>0, /Rd/s(y)dzjzl, and B(y) =0, for [y >1/2.

Then, for some € > 0, depending on A and to be specified later, we shall compare the sum in

(120.27) to the smoothened version
N(eA) = > xale)), (20.28)
jGZd
where

(e ) = (748 /2) * X(-/) (2) = /

» e B ((x—y)/e) x(y/N) dy.

Note that 0 < ¥, and, by the support properties of 8, we also have x(z/\) = X (e, ) whenever
|z| & [\ — e, X+ ¢]. Therefore,

55)\—8(6?‘1:) < X(Z‘/)\) < XX-FE(&\) Z‘) P

ie.,
N(e,A—e) < N\ < N(e,A+¢). (20.29)
Since x — X (€, ) is Schwartz with Fourier transform given by
NR(AE)B(eC)
Poisson summation gives (recalling [ x = [Bo(1)| and [ 8 =1)
N(=A) =MD" x(\)Bes) = [BoMIA* + A" > x(\)B(E)) - (20.30)
jezd {j€zd: j#0}

Since |3(&)] Sy (1+]€)~N (for any N € N) and [(&)] < (1+[¢))~“#* (by Corollary [20.17), the
second term in (20.30) is bounded by
Ly — dt1 LN — _da+1 _
MY T )Y At [ e 1 )N e
{jezd: j£0} [€1>1

for any NV € N. But since for 0 < ¢ <1 and N > d one has

[ @) e N ag

|€1=1

s [ aepeFar [ aee) e Vg

1<|gl<et |§]>e—1
d+1 _d—1 d+1 _d—1

SATTTeT Tz o+ ()\/&‘)_%E_d =\""zg 2z |

one concludes
d—1

N(g,\) = |Bo(DHA + ON T e 5) .
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Combining this with (20.29)) thus yields

N(A) = [Bo(D)M + O(eA 1) + O\ F e ),
since (A €)% = A\ + O(eA9™1) (coming from the |By(1)| term). Optimizing in € (i.e., choosing
£ = A\™ ¥ so that both remainders are of the same order), finally shows the asserted (20.27). O

20.6. Pseudodifferential operators.
20.6.1. Basics from the calculus of pseudodifferential operators.

20.6.2. Microlocal properties. We shall now go over various microlocal properties of YDOs that
we shall need later on. Among others, we shall give an equivalent definition of wave front sets
that will be useful later on.

First, it will be useful to have microlocal versions of the existence of parametrices (i.e., ap-
proximate inverses) for elliptic pseudodifferential operators (satisfying |P(x,&)| > ¢[¢|™ for some
¢ > 0, m > 0, and sufficiently large |¢|). Recall that a parametrix of an elliptic ¥DO of order m is
another YDO of order —m, say E(x, D) having the property that, modulo smoothing operators
in S,

PoE=FEoP=1.
Any other operator with this property differs from F only via a smoothing operator. (See, e.g.,
Sogge [160, Theorem 4.2.5].)

To state a microlocal version of this fact EI, we need to denote the characteristic set of a DO

P(z, D) of order m, which is a subset of R? x R%\ {0} = T*R?\ {0}.

Definition 20.19. Let P(x, D) be an elliptic DO of order m. Then Char P, the characteristic
set of P(x, D), is that closed subset of T*R?\ {0} whose complement is all points (zg,&) €
T*R?\ {0} for which there is a conic neighborhood Ny, ¢, C T*RY\ {0} of (zg,&) on which
lower bounds of the form

|P(x, &) = cl¢™
hold for large |¢| with ¢ > 0 possibly depending on N, ¢, -
Remark 20.20. Alternatively (as is standard in the analysis of differential operators P(z, D) =
> la|<m Ga()D®), one could have simply defined

Char P := {(z,¢) € T*(RY)\ {0} : P, (x,&) =0},
where P, (2, £) is the principal part defined by P (z,€) = 32|, =, @a(z)

The following is the microlocal version of the existence of parametrices for YDOs which are
elliptic only in certain directions. For a symbol a(z,£) and a conic neighborhood N, we write
a € ST(N), whenever we have for any N, a, and (3 that

(8 () s

Theorem 20.21. Let P(x, D) be a WDO of order m and assume that (zg,&) € T*RE\ {0} is
noncharacteristic for P, i.e.,

Snas LHIENTY, if (2,6) eN.

(20,&0) ¢ Char(P).
Then there is a YWDO E(x, D) of order —m so that

(PoE)(z,8)—1, (EoP)(z,&) —1€ S W)

for some conic neighborhood N of (xq, &o).

22¢hat distinguishes between directions where P(x, D) is elliptic and where not
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Next, let us recall that ¥DOs are in general (as opposed to differential operators) non-local.
Nonetheless, there remain certain remnants of locality in the sense that WDOs leave the singular
support invariant. This fact is called pseudolocality. It means that if P € S™, then

sing supp P(z, D)u C sing suppu, u € H >, (20.31)
This just follows from the fact that the kernel of P(z, D) is smooth away from the diagonal.
Similar considerations lead to the stronger microlocal property of P(x, D), namely
WF(P(z,D)u) CWF(u), uwe H . (20.32)
Later on we shall show the almost inverse inclusion
WF(u) C WF(P(z, D)u) U Char(P),
see, e.g., Hormander [I11, Theorem 8.3.1] or Sogge [160, Corollary 4.2.11].
Remark 20.22. A final side remark is that if P is an elliptic differential operator, i.e., P, (z,§) #
0 in T*(R9) \ {0}, then we indeed have the reverse inclusion, i.e.,
WF(Pu)=WF(u), u€D R
and in particular sing supp Pu = sing supp u for u € D’(R?%) (Hérmander [I11, Corollary 8.3.2]).

Another fundamental object in microlocal analysis of ¥DOs is the notion of essential support.

Definition 20.23. Let P be a YDO. Then the essential support of P(x,£), denoted by esssup P
is that closed subset of T%(R?) \ {0} whose complement consists of points (z¢,&y) having the
property that P(z,£) € S™°(Ny,.¢,) for some conic neighborhood Ny, ¢, of (o,&) in T*(R9)\

{0}
Thus, if u € H~>°(R%), we have
WF(P(xz,D)u) C esssup P.

Our next goal is to give an alternative characterization of W F'(u) whenever v € H~°. First,
we note also that, by the definition of WF(u), the statement (xo,&y) ¢ WF(u) means that
P(z,D)u € C* for certain YDOs P(x,&) € S° that are non-characteristic at (zg,&y). Specifi-

cally, let
1 for |z| < 1/2
0 for |z| > 1

CF(R) 2 p(x) = {

and smooth in between, and,

0 for |¢] < 1
C>*(R?%) 3 = .
(R 5 x(¢) {1 N
Let us furthermore set
QsteD)oto) = [ ds = <plla — anl /o) (&~ 1) /0) w(@00(6).
Then (z9,&) ¢ WF(u) if and only if Qju € C* when ¢ > 0 is small. This is due to the fact
that the Fourier transform of Qju equals

§ & A
P((m - @)/@X(f)[ﬂ((' —x0)/8)u]”(€) .

Based on this, one checks that (z¢,&) ¢ WF(u) if and only if Q% (x, D)u € S(R?) when 6 > 0 is
sufficiently small.
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Moreover, since P(z, D) = Qj(x, D) is also not characteristic at (o, o) and we let for m € R
Rm(u) :={P(z,&) € S™: P(x,D)u e C*}, we H™ ™ (20.33)
denote the set of regularizing operators for a given u € H~>° El, then by the above arguments,
(WFw)°< |J (CharP).
PeRo(u)

The main result here is, however, that we actually have equality and not only for m = 0, but
for all m € R. This provides a useful equivalent definition of W F'(u) (Definition [20.12)).

Theorem 20.24. Letu € H* and m € R. Then

WF(u)= (] CharP.
PER , (u)

In particular, we have for a given P € S™,
WF(u) C Char P, if P(z,D)uec C™.
The following corollary provides a nice complement of the microlocal property of
UDOs.
Corollary 20.25. If P € S™ and uw € H™°, then
WF(u) C WF(P(x,D)u)U Char P. (20.34)
In particular, if u solves P(x, D)u =0, then WF(u) C Char P.
Proof. We prove the equivalent assertion
(WF(Pu))°n (Char P)¢ C (WF(u))°.

If (zo, &) ¢ WF(Pu), then, by Theorem there must be a Q € S° with Q(z, D)oP(x, D)u €
C*> and (x0,&) ¢ Char Q. If also (xg,&p) ¢ Char P, then, by the Kohn—Nirenberg formula (cf.
[160, Theorem 4.2.2])

(PoQ)e6) ~ ¥ 40P (1) Qo).

we also have (zg,&p) ¢ Char(Q o P) and so (zg,&y) ¢ WF(u) also by Theorem O

The proof of Theorem [20.24] relies on the following lemma, which is more or less equivalent to
the theorem.

Lemma 20.26. Let w € H=>°. Then (x0,&) ¢ WF(u) if and only if there is a conic neigh-
borhood N of (z9,&0) in T*R%\ {0} so that P(z,D)u € C* whenever P(z,D) is a ¥DO with
symbol P(z,&) supported in N .

Let us first see how the Lemma implies the above theorem.

Proof of Theorem[20.24 Let (x0,&) ¢ WF(u). Then by the lemma if Q(x, &) € S™ is supported
in a small conic neighborhood of (z¢,&) and equals |£|™ for |{] > 1 with [£/]&] — &o/|€o|| and
| — x| small then Qu € C*°. Since Q(z, &) is non-characteristic at (xq, &y), we conclude

(z0,&0) € U (Char P)¢,

PeERp, (u)

23als0 including operators that may be characteristic at (zo,&0) ¢ WF(u)
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and thus
(1 CharP CWF(u).
PERm(R)

Conversely, suppose that P(z,£) € S™, P(x,D)u € C*, and (z9,&p) ¢ Char P. We then must
show that (z9,&) ¢ WF(u). By Theorem [20.21| we know that for such (xg,&p) there exists a
microlocal parametrix ) € S™™ such that

(QOP)(.’B,f) -1le S_N(Nﬂ?o’ﬁo)

for some conic neighborhood Ny, ¢, of (zo,&). But then if A € S* and A(x,§) = 0 for (z,§) ¢
Nio,eo we have that A(z, D)(Q o P — 1) is smoothing by the Kohn-Nirenberg theorem (i.e.,
P(z,D)oQ(x, D) is a ¥DO of order m+ p whenever P and @ are ¥DOs of order m, respectively
w, cf. [I60, Theorem 4.2.2]). Since

u=Q(Pu)+ (1—QoPu
and Q(Pu) € C* (since Pu € C*), we conclude A(z, D)u € C*. Thus (zg,&) ¢ WF(u) by

the lemma which concludes the proof. O
Proof of Lemma|20.26, O

20.6.3. Pseudodifferential operators on manifolds. Before we define YDOs on manifolds and dis-
cussing some of their properties, we prove a preliminary result showing how certain types of
UDOs on R? transform under changes of coordinates.

We consider operators of the form

(Po(a) = [ 7209 Play uly) de dy (20.35)

where the compound symbol P belongs to S™, i.e., satisfies

ONY/ 9 B1 o B2

Z) (= Z) P
(%) (3) () Peme
and p € C®(R24 x R?\ {0}) is real-valued, homogeneous of degree one in ¢, and satisfies
a2, =0 and Vaple,y.6)|,_, =¢. (20.36)

In particular this means that ¥ behaves like a plane wave near the diagonal, i.e., one has

o(,,€) = ((z ), &) + O(lz — y?l€]) -

Thus, if supp,, , P is contained in a sufficiently small neighborhood of the diagonal, we have that

Sas (L+ g™

1
Velp(z,9,6) = (=9, &) < 5lz —y| onsuppP. (20.37)
Under these hypotheses, we have the following

Proposition 20.27. Suppose P € S™ as above vanishes when x ory is outside of a fized compact
set in R and that o satisfies (20.36) and (]20.37])@. Then P, is a YDO of order m. Moreover,
if we set P(x,€&) = P(x,x,§), then P, — P(x, D) is a YDO of order m — 1.

Proof. See Sogge [160), Proposition 4.2.12]. O

2475 we have seen above, the second condition is actually a consequence of the former, but we nevertheless
include it in the statement for the sake of clarity.
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We will now apply this result to see how ¥DOs in R¢ behave under changes of variables. For
simplicity, we assume for the moment that the operators have symbols satisfying P(z,£) = 0 for
x outside of a compact set K. Recall that if x : R? — R? is a diffeomorphism, then the pullback
of a function v € C'*° via k is K*u = uy, defined by

ug(x) = u(k(x)).

Proposition 20.28. Let k : R? — R? be a diffeomorphism and assume that P(y,£) € S™
vanishes when y is outside of a compact set K. Then there is a symbol P.(x,&) € S™ such that,
modulo smoothing operators,

(Pe(z, D)uy)(x) = (P(y, D)u)(y), y=r(z),
and
Py (z, 'K/ (2)€) — P(k(x),€) € S, (20.38)

Remark 20.29. Note that (20.38)) says that, modulo symbols of one order less, the symbols of
WDOs pull back according to the pullback map

(5(2),€) = (2, (2)"€)

which is the change of variables formula for the cotangent bundle coming from changes of coor-
dinates in the base. This fact will momentarily tell us that the principal symbol of a YDO on a
manifold M is invariantly defined as a function on T*M \ 0.

Proof of Proposition [20.28 Choose p € C°(R?) satisfying p(y) = 1 near y = 0. Then if we set
y = k(z), z = k(w) and & =! K'(x)n, we obtain, modulo a smoothing operator, that P(y, D) is
given by

[ Py oz wyulz) dndz = [ S OQ(w,w,€Jus(w) d du,
where
plz,w,21) = (k(2) — K(w), (‘K (2)) 7€)
and
Q(z,w,€) = p(k(w) — k(2))P(r(x), (‘K () 1€ (w)]|' (2)| 7.
Since ¢ is as in and since
Q(z, w,' v’ (@)n)],,_, = P(k(x),n),

the claim follows from Proposition [20.27} O

We may now define YDOs on a smooth compact manifold M.

Definition 20.30. A map P : C®(M) — C*°(M) is called a DO of order m if its kernel is
smooth away from the diagonal A = {(x,y) € M x M : = = y}, and, whenever Q, C M is a
coordinate patch with coordinates

y=r,(z) €=k, () CRL, 2€Q,,
and ¥, 1, € C>(Q,), the operators
Pou(y) =y (5 ()P (Wyu) 0 5, (1) (2), v = ku(2) € k() CRY,  we C®(RY) (20.39)

are (usual) DOs of order m.
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In this formula (¢, u)ok, is understood to be the C°° (M) function which equals ¥, (k, (z))u(k, (2))

when &, (z) € supp v, and zero otherwise. If | J,, ©Q, = M is a finite covering of M by coordinate
patches and {V,} is a smooth partition of unity subordinate to this covering, i.e., >> ¥, =1

and supp ¥, C Q,, and if ¥, € C(M) equals one on supp ¥, and is supported in Q, for

each v, then, modulo an operator with smooth kernel (i.e., a smoothing operator), we have

Py =3, U, P(¥,v). Consequently, we can use (20.39) with 1, and ¥, being the pushfor-

wards of ¥,, and ¥, respectively, to write the symbol of P in local coordinates as a function
P(y,n) = P,(y,n) € S™.

Definition 20.31. We say that P is a classical DO of order m and write P € ¥ (M) if in
every local coordinate system, we have

oo

P(y?n) ~ ZP’m—](yan) 5
=0

where P,,_; is homogeneous of degree m — j in 7.

We shall restrict ourselves to such polyhomogeneous operators from now on since operators
such as \/—A, always have this form. As usual, A, denotes the Laplace-Beltrami operator on

M endowed with a Riemannian metric g.

If we use local coordinates (cf. Sogge [I60, Section §2.3])
T*M 3 (2,€) — (k,,") € RE X RI\ {0}, z€Q,C M,

then we can define the principal part of a classical WDO P by setting

p(,§) = Pr(ru(2),£").
By Remark [20.29] this gives a well-defined function on C°°(T*M \ 0) which is homogeneous of

degree m. Naturally, we say that P is elliptic if its principal symbol never vanishes on T* M \ 0.
Moreover, we define the characteristic set of P as

Char P = {(x,&) e T*M \ 0: p(z,£) =0}.
As we indicated in Remark [20.16} the wave front set of V € H~>°(R?) transforms according

to the change of variables formula (a.k.a. the pullback formula for the cotangent bundle)

(5(2),€) = (2, (2)"¢)

for the cotangent bundle. That means that we can use local coordinates to define the wave front
set of a given u € H™>°(M) = |J, H*(M). For such wu it is also clear that, if R,,(u) denotes

those P € W7 (M) for which Pu € C°°(M), then, by Theorem [20.24] for each m € R we have

WF(u)= (] CharP. (20.40)
PER , (u)

In particular, by using local coordinates, we see that the notion of essential support of P(z, &) €
U7 (M) is a well-defined subset of T*M \ 0, and so, as in the euclidean case (Theorem [20.24]) we
have

WF(P(x,D)u) CesssuppP, uwe H *(M).

If we are working on a Riemannian manifold (M, g), then P € U7} (M) is said to be self-adjoint

(Pu,v) = (u, Pv) ::/ uPvdVy, u,veC™(M).
M
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Recall that P(x,&)—Re(P(z,£)) € S™~! for m-th order, self-adjoint $¥DOs P (cf. [160, Corollary
4.2.8]). Thus, if P € ¥7(M) is self-adjoint and elliptic, then its principal symbol must be real
and either be always positive or always negative on T*M \ 0.

As usual, we can define Sobolev saces of order s on M by setting

”fHHﬁ(M) :Z||quH>(Rd)7 fu(y):(\lluf)(x)a yzﬁu($)7 z € supp ¥,

where, as before {U, } is a smooth partition of unity coming from a finite covering of M by the
coordinate patches (€, k,). It is straightforward to check that different partitions of unity give
comparable Sobolev norms. Thus, there is no loss in just defining the Sobolev norms via one of
them. Moreover, in view of classical DO calculus, we have

P:H*(M)— H*"™(M), PeVUy(M).
If m > 0and P € ¥ (M) is elliptic, then
lullzm S N Pullp2any + llull 2y -

If m =1 and Q € V!(M) is self-adjoint and elliptic, then, as noted above, after possibly
multiplying by —1, we may assume its principal symbol, ¢(x,&), to be positive. Then if A €

gl/? (M) has principal symbol /q(x, &), the previous inequality shows

cl
lull a2 any < ”AUH%Z(JVI) + ||“H2L2(M)-
Since @ — A*A € VY, (M), Cauchy—Schwarz gives
|(w, Qu) = (u, A" Au)| < [ull72(ar)
and therefore, by combining the last two inequalities and noting (u, A* Au) = || Aul|?,
ullFr/2 ar) S (u, Qu) + [full® = (u, (@ + 1)u).
(M)

Thus, Q+c is a positive self-adjoint operator, and, by Rellich—-Kondrachov, has compact resolvent,
so purely discrete spectrum consisting of eigenvalues 0 < p1 < pp < ...pt; possibly accumulating
at infinity. In particular, @) has also purely discrete spectrum, possibly accumulating at +oo
with only finitely many negative eigenvalues (if any).

We are now prepared to study /—A, and show that it belongs to W', (M) with principal
symbol

pm(l‘,&) = (2041)

whenever — Zik:l g7k (x)&;&), is the principal symbol of the Laplace-Beltrami operator A, on
our Riemannian manifold (M, g).
Recall that if 0 = A3 < A7 < A} < ... are the eigenvalues of —A, with corresponding eigen-
projections F;, then
—Agu = ZA?Eju, ue C®(M)
>0

so naturally (by functional calculus), we define P = ,/—A, by

Pu = Z/\jEju, u € C™®
>0

which satisfies P2 = Po P = —Ay.
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Because of the zero-eigenvalue ), the operator —A, is not invertible. However, by modifying
it by the rank-one projection Fj, i.e., setting

Lu = Equ + Z)\?Eju, ue C®(M),
i>1
we see that L > 0 is invertible and that L only differs from —A, by Ey, i.e., a smoothing operator
with kernel (vol,(M))~! on M x M.
We now show that P € W1, (M). To do so, we first construct a positive first order self-adjoint,
elliptic operator @ € W), (M) that satisfies

L-Q*=R (20.42)

for some smoothing operator R. Working in local coordinates, we first set
1/2

d
Q2,8 =x©) | D o (@)&8 ;

7,k=1

where x € C'* vanishes near 0 but equals 1 when, say, |¢||geql. If we let Qi (z, D) = (Q1(x, D)+
Q7 (z, D)) /2, then Q, is self-adjoint, and in W1, (M). Moreover (by the Kohn-Nirenberg theorem
[160, Theorem 4.2.2]) (Q1)*—L € V!, (M). We can now continue inductively choosing self-adjoint
Q; € \Ilil_](M) (j=2,3.,,,) sothat L — (Q +--- + Qn)* € U3 N(M). As a result, if we let
Q € W},(M) be a representative of the formal series 3., Q;, we would get that L — Q? is
smoothing. Since each @Q); is self-adjoint, @) equals its adjoint by a smoothing error. Thus, after
possibly adding such a smoothing error operator, we may indeed assume @) to be self-adjoint.
By what we did before, @ then has discrete spectrum accumulating at +oo. Thus, after possibly
modifying it on a one- (or finite-) dimensional set, we may also assume that @ is positive and
that L — Q% = R indeed holds, as claimed.

Summarized, we found an approximation, i.e., Q% of L = —A, + Ey. We now claim that also
VL — Q = Ry is smoothing. To see this let 4 C C be a contour encircling all eigenvalues of L.
Then by Cauchy’s integral formula,

1
L712% = —ﬂ/z_l/Q(L—z)_1 dz
m
.

and
1 1
-1 _ __ - Y202 ) ldy = — L -R-2)"d
Q=g [@ e = [ R
and therefore,
1
L2l = 77_/2*1/2 (L—2)"'=(L—R—2)""] dz
21 y

1
_27T,y

V2 (L-2)'R(L-R—2)""] d=.

Since R is smoothing, the whole integrand is smoothing and the integral in particular converges
and defines a smoothing operator. Thus

VE-Q=VL- -8+ V-8,-Q=Q@Q " ~L'*)L'* = Ry

is then smoothing as well, we obtain the claim. Since V'L — / —A, is a rank-one projection onto

constant functions, it follows from v/L — Q being smoothing that . /—Ag4 — @ is smoothing, too.
In summary, we have proven
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Theorem 20.32. Let Ay be the Laplace-Beltramsi operator on a compact Riemannian manifold
(M,g). Then P := \/—A, € UL, (M) is a self-adjoint, first-order classical VDO with principal
d .
symbol p(x,€) = /sy 07 (2)E5
Similar arguments show that the operators defined by

A=Ay Pf =Y (1+X)?E;f, feC®(M), seR
j=0

belong to ¥} (M) with principal symbol

d s/2

1+ > g (@)

Jk=1
Moreover, for each s € R we have
lull e ary ~ (1 = Ag)*"*ull L2(ar)
which just follows from (1 — A,)*/? : H* — L? and (1 — A,)~%/2: L? — H* boundedly.
20.7. Propagation of singularities and Egorov’s theorem. We follow Sogge [160], Section

4.3].
Throughout this section we always take

P=,/-A
and are concerned with the associated Schrodinger (or in this case, the half-wave) equation
{(at —iP(z,D))u(t,z) = F(x,t), 0<t<T
u’t:O =f.

Clearly, its solution is given by the Duhamel formula

g9

(20.43)

u(z,t) = (P f(x) +i / t =P (s x)ds.
0

Before we discuss the solution operator e**” in more detail, let us go over some basic properties

of the solution directly via energy estimates. The following lemma resembles that for the usual
wave equation, cf. Sogge [160, Formula (3.1.17)].

Lemma 20.33. Let s € R. If
uwe CH[0,T]: H)nC([0,T)] : H),
then there is a constant Cs, independent of T such that
T
s [t oo < € (|u<o, Matsian+ [ 1001 = Pyu(t. - dt) (204
Proof. O

These energy estimates allow one to prove an existence and uniqueness theorem for the half-

wave equation ([20.43)).

Theorem 20.34. Let s € R. Then for every F € L*([0,T] : H®) and f € H* there is a unique
solution u € C([0,T] : H®) of the Cauchy problem (20.43)) and it must satisfy (20.44]).

Proof. O

This result gives the following
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Corollary 20.35. Let F' =0 and suppose u satisfies (20.43)) with f € H® for every s € R. Then
if u e CY([0,T] : H*(M)) for some 5o € R, it follows that u € C*([0,T] : H*(M)) for every s
and the same is true for Ju for any j € N. Thus, u € C°(R x M).

The main interest of this section is the propagation of singularities for the half-wave equation
(20.43). The analysis relies on the following

Proposition 20.36. Let Q € U7 (M). Then there exists a one-parameter family of ¥DOs
t— E(t) € U7 (M) depending smoothly on t and satisfying

[0, —iP,E{t)] =0, E0)=Q, (20.45)

and having for each t € R the principal symbol
Eo(t;2,8) = qo(Pe(,£)) (20.46)
with qo(x,&) being the principal symbol of Q and where ®; : T*M \ 0 — T*M \ 0 being the

Hamiltonian flow for to the Hamiltonian vector field

Hyi= 2 — — = — (20.47)

associated to the principal symbol p(x,&) of P (cf. (20.41]) ).

Before turning to the proof, we state some immediate consequences thereof. The first concerns
Hormander’s theorem about propagation of singularities of solutions to (20.43)).

Theorem 20.37. Let f € H (M) and let w € C([0,T] : H=*°(M)) be the solution of the
homogeneous Cauchy problem

(0, —iP)u=0, wul|,_,=f. (20.48)
Then for each fixed t € R, we have ®,(WF (u(t,-))) = WF(f), i.e.,
WF(u(t,-)) = {(y,m) € T"M\0: ®(y,n) = (x,) for some (x,§) € WF(f)} . (20.49)

Besides the above propagation of singularities result, we have the following special case of
Egorov’s theorem as a consequence of Proposition [20.36

Theorem 20.38 (Egorov (special case)). If Q € U7 (M) with principal symbol qo(x, &) then
etPQe~F (20.50)

is a one-parameter family of WDOs Eq(t) € V(M) depending smoothly on t € R. Their
principal symbol is given by qo(P¢(x,£)) where @y is the Hamiltonian flow associated to the

principal symbol of P = \/—7Ag.
Proof. O

Remark 20.39. One can easily prove that the principal symbol of
Q(t;z, D) = "’'Q(z, D)e "

is qo(®¢(x, €)) if one just assumes that the evolved Q(¢; x, D) is a UDO. The latter in turn can be
verified for small |¢| using the Hadamard parametrix (cf. Sogge [I60, Theorem 2.4.1]), Theorem
(on the fact that /—A, € UL, (M)), and the proof of [160, Lemma 5.2.2]. Once the small
|t| result is established, the large result continues to hold for all ¢ € R by iteration using the

group property
eiltitt2) P _ jit1 Pita P
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Now we verify the initial claim assuming Q(t) = Q(t; x, D) is a ¥DO with principal symbol go(t).
First note

9,Q(t) = [P, Q(t)]
and recall that the commutator of two WDOSs is of one order lower than their sum and that its

symbol is given by the Poisson bracket of their symbols (cf. [I60, Corollary 4.2.3]). Thus, the
principal symbol d;qo(t) of 0;Q(t) = i[P, Q(¢)] is given by
Op 0Oqo(t) 9p Oqo(t)
t) = t)} = Hpqo(t) = 5= - — 3 :
9qo(t) = {p, a0 (t)} = Hpqo(?) % or or oc

This equation has a unique solution which satisfies the initial condition
20(0;2,8) = qo(z,§) .
Since qo(P¢(x,£)) |t:0 = qo(x, &) and (by the classical Hamiltonian equations of motion ®;(x, ) =
(2(t),&(t)) with £(t) = O¢p and £(t) = —0up)
_ 0qo(Pe(2,§)) dx(t) | Oqo(Pe(x,§)) dE(t)
0o (®1(w,£)) = ox ot + ox Cdt
_ 0qo(Pe(x,8)) Op  Oqo(Pi(x,8)) Op

we indeed conclude go(t; z, &) = qo(P¢(x, §)).

20.8. Friedrichs’ quantization and the sharp Garding inequality. A procedure that as-
signs to a function P(x,&) € S™ (a symbol) an operator on H~>°(R%) is called a quantization.
The Kohn—Nirenberg quantization

Pz, Dyu = / 2T P E)uly) dy dE = / TP Vae), uweSRY  (2051)

is simple and natural as it closely resembles Fourier multiplier operators.

In application to quantum mechanics one would like the quantization of P(x,&) to be self-
adjoint if the symbol is real. However, this is not the case for the Kohn—Nirenberg quantization
but at least for the Weyl quantization

Pyu(z) = /eQm(I_y)'EP (T,{) u(y) dy d§ . (20.52)

We will not make use of this quantization but excellent references describing it and the result-
ing calculus include Martinez [I35] Theorem 2.7.1] (showing how to change between different
quantizations), as well as Folland [78], Muscalu—-Schlag [I41], and Hérmander [110].

Another desirable feature — that is lacking in the Kohn—Nirenberg quantization too — is that the
quantized operators are non-negative whenever their symbols are. The Friedrichs quantization
[89] that we are about to discuss now remedies this failure. It is particularly useful in the study
of quantum ergodicity, see also Sogge [160, Chapter 6].

Example 20.40. The following example illustrates that the Kohn—Nirenberg quantization does
not preserve non-negativity. Consider, e.g., a(z,£) = a(z)&? with 0 < a(z) € C°(R). Then
the associated operator —a(x)d2 is in general not non-negative. For instance, if u € C>°(R) is
such that u(z) = u”(z) for all € supp(a(z)), then (u,a(x,D)u) = — [, [u(z)[?a(z) < 0. On
the other hand, the operator —d,a(x)d, is indeed non-negative and it agrees with the Kohn—
Nirenberg quantizaed a(x, D) up to an operator of lower order.

We will now consider a similar construction for general ¥DOs. Specifically, we show that if
0 < a(z,&) € 8™, then, up to an operator of one order less, a(x, D) is also nonnegative.
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Theorem 20.41 (Friedrichs). Let a € S* and assume that a(x,&) > 0. Then one can write
a(z,§) = ar(z,&) + r(z,§) (20.53)
where r € S*~! and
(u,ap(x,D)u) >0, uwesS. (20.54)

In particular, one choice for such an ap(x,€) is

ar(w.€) = [ (o~ v)aln), (€ = )/aln) aly. ) dy d (20.55)
where q(n) = (14+|n|?)** and o (x, &) € S(R??) is the integral kernel of (x, D) = ¢(x, D)*@(x, D)
where ¢ € C2°(R2%) is even with |¢|l2 = 1.
Proof. See Sogge [160, Theorem 4.4.1]. O

Importantly, this result (and ||ul|gm < || Pul|2+ ||u]l2 for any $DO P of order m) immediately
gives

Corollary 20.42 (Sharp Garding inequality). If a € S*™*1 and Re(a(z,€)) > 0, then
Re(u, a(x, D)u) 2 —|[ul|3m, u€S. (20.56)
Proof. We write

a(z, D) + a(x, D)*
2

(Rea)(x,D) =

. ((Re e, D) - D)+ a(x,D)*)

2

and notice that the term in parantheses is a ¥DO of order 2m. Since ||ul|gm < ||Pull2 + ||ul|2
for any ¥DO P of order m, it suffices to prove the assertion for a(z, D) instead of (Rea)(z, D).
Thus, we can without loss of generality assume a(z,&) > 0. But now we can apply Friedrichs’
theorem and are done since r € S?™. |

The following generalizes Theorem to Riemannian manifolds.

Theorem 20.43. Let (M, g) be a Riemannian manifold of dimension d. Then there is a linear
map

a(z, &) — ap(xz, D)

sending each function a € C*°(T*M \ 0) which is homogeneous of degree zero in & to a VDO
ar(z, D) such that the principal part of ap(x, D) equals a(xz,£) and, moreover,

(hyap(z,D)h) >0, heL*(M), ifa(x,&)>0. (20.57)

Moreover, if A(z, D) € ¥%(M) is a classical Y DO with principal symbol a(z, ), then ap(z, D) —
A(x, D) is of order —1.

Proof. After a partition of unity involving non-negative functions, we may assume that a(z, &)
vanishes when x is outside of a compact subset of a coordinate patch. We may also supppose
that the support of a(x,§) is so small that coordinates can be chosen so that |h| = 1 in the
coordinate patch. If we then work in local coordinates and let ap(x,§) denote the right side
of (20.55), we obtain a ¥DO ap(x, D) with principal symbol a(xz, &) which is non-negative on
L2(RY) if a(z,£) > 0. If 0 < p € C°(R?) and op(x) = 1 on the z-support of a, then the same is
true for the operator par(x, D)p. If we assume as well that ¢ is supported in the image of our
coordinate patch, then the pullback, i.e., ap(z, D), of this operator to M will have the desired
properties. ]
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Let us finally denote by p(x, &) the principal symbol of \/—A, and define its unit cotangent
bundle

S*M = {(x,&) e T*"M : p(x,&) =1}.

Then to every ag € C°°(S*M) we can naturally associate a homogeneous of degree zero function
(extension) a(x,&) € C®°(T*M \ 0) given by a(x,&) = ag(z,&/p(x,£)). Then, using Theorem
we can easily obtain the following result saying that associates to each h € L?(M)
a natural distribution on S*M.

Corollary 20.44. Let (M,g) be as above and fit h € L*(M). Also given ag € C*(S*M)
as above, let a € C°(T*M \ 0) denote its homogeneous of degree zero extension and ap its
corresponding Friedrichs quantization in Theorem [20.43. Then the map

C®(S8*M) 3 ag = up(ag) = (h,ar(x, D)h)

defines a non-negative distribution u, € D'(S*M). Consequently, there is a non-negative Borel
measure pup on S*M such that

up(ag) = / agdppn, ag € CC(S*M).
S M

Proof. Since the map ag — up(ag) is a linear map from C*°(S*M) to C, we would conclude
that up € D'(S*M) if we could show that there is a constant C}, depending only on our fixed
h € L?>(M) such that whenever ag € C*oo(S*M) is real-valued, we had

lun(ag)] < C sup  |ao(z,§)|. (20.58)
(z,6)eS*xM

To prove this we note that
ajy (2,€) := sup |ao| + ao(,€) > 0.
If a* € C°(T*M \ 0) denotes the homogeneous of degree zero extension of a(jf, then, by
(h,at(z,D)h) > 0. (20.59)

Let 1p(z, D) denote the ¥DO of order zero given by Theorem[20.43|when the symbol is identically
one. Then

ax(z, D) = sup |ag|1p(z, D) + ap(z, D).
Therefore, by
sup |ao|(h, 1ph) £ up(ag) >0,
and so
lup(ag)| < (b, 1p(z, D)h) sup |ag| . (20.60)
Since zero-order ¥DOs are L? bounded, we obtain by Cauchy-Schwarz
|(h, 17 (2, D)R)| S IIRlIZ2(ar) »

which means that (20.58)) is indeed valid. Thus, u;, € D'(S*M).
Since ([20.57)) implies that wuj is non-negative, the last part of the assertion follows from
Schwartz’ theorem saying that non-negative distributions coincide with Borel measures. O

Note that if pj is the above Borel measure, associated to h, then, by (20.60) with ag = 1, we

have the following bound for its mass, namely

pn(S*M) = / dpp, < ||1F(xaD)”LQALQHhH%?(M) .

S*
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21. INTRODUCTION TO ¢?> DECOUPLING AND SOME APPLICATIONS
In Section [8| we already saw that the square function conjecture (Conjecture [8.2)
1/2

£l p2as a1 pay Se R > flP (21.1)

0:R—1/2—slab
L2d/(d—1) (]Rd)

forall f e S (R?) with Fourier support in ANz—1(P471), together with the Kakeya conjecture
(Conjecturein the form ) implies the restriction conjecture. Although we did not discuss
this so far, an argument of Carbery [38] in fact shows that the hypothesized square function
estimate implies the Kakeya conjecture and, consequently, the restriction conjecture. E|

In this section, we will therefore consider a weaker “analog” of which is known as
02-decoupling inequality

1/2

I fllzeray Se R Z ”fG”%P(Rd) ; (21.2)
0:R—1/2_slab

where the order of the mixed-norms on the right sides of are now interchanged. The idea
of this inequality is similar to the usual square function inequality, namely, it tries to separate or
decouple the different frequency portions fg (contributing to || f||,) from each other. This is done
in an efficient as possible way to take the cancellations between the fy into account. In this regard
however, is clearly weaker than by the triangle inequality for 2 < p(< 2d/(d — 1)),

since
IO 1ol 2170 = 1D 1 folPllpore <Y N fall7n-
0 0 0

Moreover, we emphasize that does not act as a substitute for in the sense that it is
not clear that it would imply the Kakeya or even the restriction conjecture. However, besides the
fact that the right side of is much easier to compute than the right side of (as only
size considerations will have to be made), decoupling theory does have a plethora of applications
in PDE, additive combinatorics and number theory, see, e.g, the discussion in Carbery [3§].

To simplify the upcoming notation, we make the following

Definition 21.1 (Decoupling norms). For 1 < p < oo and f € S(R?), we denote the p-th
decoupling norm by
1/2

||f||Lp,R—1(Rd) = Z ||f9H%p(Rd)

0:R—1/2—slab
For Q C R? with finite Lebesgue measure, we analogously define the local decoupling norms
1/2

Hf”Lp,R*l(Qd) = Z ||f0H%p(Qd)

0:R—1/2—slab

2E”Attempting to prove the whole restriction conjecture from this point seems a quite optimistic strategy as
(8.1) appears to be very powerful and in all likelihood considerably more difficult than the restriction conjecture.
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and
1/2
e N DR
9:R—1/2—slab
where we recall || f|lzz, ) = [l i01-1de) = [P f | Lr(0)-
In this notation, takes the following form.
Theorem 21.2 (/2-decoupling). With the above notation,
£l ey Se B P Fll o gy (21.3)
holds for all f € S(RY) with Fourier support in Np-1(P?~1) and 2 < p < co where
) = {o #2<p<2Ad+1)/(d-1)
(d=1)/4=(d+1)/(2p) ifp>2d+1)/(d=-1)

This theorem was already somewhat anticipated by Wolff [I96] (in ¢¢ with p not necessarily
2) and proven for the first time by Garrigés—Seeger [91]. Bourgain [22] obtained the result for
2 <p<2d/(d—1) and later, Bourgain and Demeter [29] (see also their study guide [30]) proved
the inequality for the total “super-critical regime” p > 2(d+1)/(d—1) (i.e., exponents above the
Tomas—Stein restriction endpoint) @ Partial results in the super-critical regime were already
obtained earlier by Demeter [62].

Albeit the exponent 2d/(d — 1) plays a major role in the proof of the restriction conjecture,
it turned out that this exponent is no longer optimal when considering the weaker decoupling
inequalities; in fact, a more appropriate endpoint is the Tomas—Stein endpoint 2(d + 1)/(d — 1).
For larger values of p, the obtained decoupling inequalities necessarily deteriorate when R — oo.
(In fact, the polynomial behavior in R is optimal!) In applications it is often necessary to have
the full power of Theorem and, after discussing the preliminary estimate , we will
detail how the complete range of estimates was proved later.

They key tool in the proof of Theorem is multilinear restriction theory, which is well
developed thanks to the work of Bennett—Carbery—Tao [7], see also Subsection Before we
discuss the proof in detail, let us have a brief look at some applications.

21.1. A first glimpse at applications.

21.1.1. The discrete restriction phenomenon. Recall the Tomas—Stein estimate for the paraboloid

P 2(d+1)
2 -1 < P B 1< < —"
[ fll2@a—1y S 11 llorray <SPS 3
which is, via localization theory, equivalent to
3 . 2(d+1)

1E e Br1/2)y) S R 1/4||F||L2(NR,1/2(W*1)) , P> -1
for any F with F' € C°°(Ng-1/2(P41)) (see Lemmal6.3)). Since F is localized to a ball of radius
RY/2 it is natural to expect that F' is constant on the scale R~1/2
weighted sum of indicator functions of balls of radius R~1/2, i.e.,

F~ Z F(U)lB,,,(R—lﬂ) )
neA

and to approximate F by a

26The subcritical estimates follow from the p = 2(d+1)/(d — 1) case together with the trivial p = 2 inequality.
The details of this argument will be discussed later.
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where A C P4~ is a maximal R~'/2-separated subset (think of a lattice as a first approximation).
Since we are only really interested in the values of F' at the vertices of A, we can push this further
and consider expressions of the form

Z a(n)én

neA
where a(n) € C are coefficients (weights) and d,, is a Dirac ¢ mass concentrated at 7. The inverse
Fourier transform of such an expression therefore becomes a trigonometric polynomial, and so
we see, heuristically at least, that the original Tomas—Stein estimate has the following discrete
analog corresponding to an exponential sum estimate.

Corollary 21.3 (Discrete Tomas-Stein restriction theorem). For any mazimal 6%/ := R=1/2
separated set A C P41 and any a : A — C, the extension estimate
il 4 _d=1 2(d+1
S alpyern <ob P lalla. p2 20U a1
net LEve (B(R1/2))

Remarks 21.4. (1) In fact, the discrete restriction estimate is equivalent to the classical
Tomas—Stein estimate, see, e.g., Demeter [63, Propositions 1.29 and 1.37] for the converse of what
we proved here. Thus, the Tomas—Stein estimate measures the LP-average of frequency-separated
exponential sums at a spatial scale which is reciprocal to the separation of the frequencies.
Observe also that gives an improvement of 6%/ P) over the Cauchy-Schwarz inequality
(which corresponds to the situation when no oscillation/cancellation is present).

(2) In the early 90s, Vega already proved a discrete analog of the Stein—Tomas—Strichartz
restriction theorem. We recall

Theorem 21.5 (Vega [193, Theorem 3]). Let N € N and m € Z%~', d > 2. Then

P 1/p 1/2
</|t<N1 /qrd—l dz dt) < CpN (Z |am|2>

i=1 m;=1 m
holds where
CpN%i% if p > % )
Cpn=14C if p=2E0

N sy
and C,, are constants independent of N.

(3) This corollary and the ensuing Theorem also hold when P91 is replaced by S¢1!,
but see also Bourgain—-Demeter [29, Theorem 2.2].

Proof of Corollary[21.3 Without loss of generality, we assume that B(R'/2) is centered at the
origin. Let us now fix 1 € C2°(R%) with supp 1 € Bo(1) and |¢)(x)| > 1 for x € By(1). As usual,
let Yp-1/2(€) := RY?p(RY2¢). Abbreviating

Fi=Y"a(n)e’™
neA
applying the localized Tomas-Stein estimate, and observing that the summands in

Fig12(6) = Y a)in (6 —n)

neA
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have pairwise disjoint Fourier support (by the separation hypothesis on A and the definition of
1) contained in Np—1/2(P471), yields

Z a(n)e*™em SIFg-172llposrizy) S BV Fp-1/2 L2, )n (pa-1))
neh L (B(R1/2)
1/2
= RS la [ e 6 - P de
neA R
1/2

= RV S Jal)l? [ (e -l dg

neA Rd
SRV al2ay = 670 a2 -

(The scaling & — R~/2 from the second to the third line yields a factor of R~%2. Moreover, the
support of ¥ p_1/2, i.e., roughly Np—1/2(P471), is transformed into N (P9~1).) The claim follows

now from the definition of the L%, norm which yields the “missing” 5% 2p) factor. O

Now, Bourgain and Demeter made the fundamental observation that, as soon as one averages
in physical space over much larger balls, one obtains improvements over the classical Tomas—
Stein inequality because of additional cancellations (through oscillations). These cancellations
are a consequence of the £2-decoupling as we will see now.

Theorem 21.6 (Discrete restriction phenomenon). Let A C P41 be a mazimal 6%/ 2-sepamted
subset, a: A — C, and R > §~'. Then, for all € > 0, we have the extension estimate

2(d+1)

> a(n)etm S % U@ gy p > d—1

neA

(21.5)
Livg(B(R))
Remark 21.7. Observe two things.

(1) R > &1 is now rather variable. But more importantly,

(2) we are now averaging over balls with the much larger radius R (instead of R'/?). This

averaging over larger balls is precisely the source of the §'/2P-improvement over the
classical Tomas—Stein inequality.

Proof. Let us prepare the proof with some preliminaries. Fix an R-ball B = B,,(R) and
let ¥ € 65 (R9) be as in the previous proof with Fourier support contained in By(1) and
Yr(€) = R4p(RE). Let furthermore g : PY~! — R be a nice function and observe that (gdo) ¢ r
has Fourier support contained in the R~!-neighborhood Nz-1(P4~1) C Ns(P4~1). Clearly, the
left side of the classical, localized, Thomas—Stein estimate can be bounded by

/B lgdo) (@) d % / ((gdo) *r)" (2)|P dz = / (9do)” - (@) de.

Br Br
Now, applying the ¢2-decoupling inequality to f := ((gdo) * ¥r)Y, we obtain (with the
previous estimate)
1 1/P a1 . 1/2
( (gdo) @) o) e R85O SD (g Gl
|BR| Br 0:51/2 —cap
(21.6)
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where gy := g1y is the restriction of g onto the cap #NP?~!. (Recall that for p > 2(d+1)/(d—1),
we had a(p) = (d—1)/4 — (d+1)/(2p) in the decoupling inequality, which is just the negative
exponent of ¢ on the right side of this formula.)

For a given ¢ > 0 and n € P41, let P(n,e) := P9~ N B, () be an arbitrary e-cap, centered
at 1 of the paraboloid and consider the function

1
9=y a(n)mlp(n,a) :

nen

where we recall that o(P(n,¢)) was the euclidean surface measure of the set P(n,e) on P471.
Now, observe first that (g.do)V(z) converges pointwise to the function on the left side of our
assertion (e.g., by Lebesgue’s differentiation theorem), i.e.,

X ‘ .
lim (¢°do)Y (z) = lim Y a(n 7/ AT do(€) = ) a(n)e*™ .
fp (o)) = 1y 2 AT 23} Jpy ) = 200

Thus, by Fatou’s lemma, i.e.,

IS alme™ 0, < liminf || (g°der) |
neA

it suffices to estimate further the right side of (21.6) with gg replaced by gj. First, for ¢ < §'/2
(think of e = R™!), we have the pointwise estimate

(g5do)" ()] = Zam)m /P LG D SR

neA nEA ,P(n,e)NO#D
1/2

S Yo lal

neAN ,P(n,e)NO#£D

where we used Cauchy—Schwarz together with the fact that
#{TIGAP(%@QQ?&@}:O(D’

because A is a maximal §'/2-separated set, 6 is an §'/2-cap, and P(n),¢) can intersect with at
most one such slab as ¢ < §. Plugging this estimate in the LP norm of the right side of (21.6))
yields

1/2 1/2

S lgdo) rldee | S| DD S la) PRl

0:61/2—cap 0:61/2—cap nEA, P(n,e)NO#0

SR > Ja(n)|?

0:61/2—cap nEA, P(n,e)NO#£D
< RYP||all2a)

1/2

where we used in the final inequality that the cardinality of the #-sum is of order O(1) for fixed
n because € < §'/2 and 6 is a §'/2-cap. This concludes the proof of the theorem. O
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21.1.2. Strichartz estimates for the Schrodinger equation on the torus. We follow the notes of
Hickman and Vitturi [I07, p. 22, Lecture 2, Section 2.2].

As we have already seen in Subsection [13.1] restriction estimates immediately imply estimates
for solutions of dispersive PDE posed in R?. It is natural to generalize these ideas to PDEs
posed on finite domains with certain boundary conditions. Here, we focus on the unit cube
with periodic boundary conditions, more precisely on the Schrodinger equation on the torus
T¢ = R4\ Z%. In the early 90’s Bourgain [18] (but see also [21] for irrational tori and a “survey”)
found that the solution of the Schrédinger equation includes waves which travel with different
directions around the torus. As one may imagine, it is very challenging to estimate how these
different waves interfere with each other and to find estimates on them. At that time Bourgain
could prove sharp estimates only in d = 2, 3. Surprisingly, the analysis required many tools from
number theory. For instance, it uses unique factorization of integers in order to estimate the
number of solutions of some diophantine equations. For higher dimensions, the problem seemed
out of reach and it was supposed that the solution required both Fourier analysis and number
theory. Bourgain and Demeter found that decoupling inequalities were the crucial tool to obtain
dispersive estimates in higher dimensions.

Clearly, dispersive estimates for the solution

u(a, 1) = eI By = 37 ()R EHED
gezd

of the Schrodinger equation on T¢ x R are obtained using the previously discussed discrete
restriction estimates. Now, due to the above discussion, i.e., the fact that a general solution
consists of many waves traveling in different directions, we can certainly not expect the original
Strichartz estimates for the equation on R? to hold. In fact, Bourgain [I8] proved the failure of
Strichartz estimates on T!. (Observe that the exponent ¢ = 6 really is the Strichartz exponent
in d =1, see Theorem [13.1})

Theorem 21.8 (Failure of Strichartz on T! x [0,1]). For every N € N there exists a smooth
function oy on T with supp ¢n C [—N, N| such that

—i(2m) " tA

[le onllrserxo) = (log N)Y|lonl2r) - (21.7)

In particular, we could take ¢ () = 140,1,... 8} (&) (i-e., o is a trigonometric polynomial) so
that we are in the situation of discrete restriction phenomena, i.e.,

N
e—i(QW)’ltAgON(x) _ Z eZﬂi(mn+tn2) ]
n=0

This solution is known as a Weyl sum (or Gauss sum, see also Bourgain’s counterexample [23]
for the a.e. convergence of solutions to the Schrédinger equation) and it is of considerable
interest in number theory. In fact, the lower bound in can be obtained by appealing to
number-theoretic techniques (such as the Hardy-Littlewood—Ramanujan circle method).

Now, the question is whether one can nevertheless establish Strichartz estimates with a sharp
dependence on the size of the frequency support of the initial data. For instance, in view of the
above counterexample, we may pose the

Question: “Can one prove an LZ(T) — LS (T x [0,1]) Strichartz estimate for initial data
oy with supp ¢ C [—N, N] but with a sub-polynomial dependence on N?”

Fortunately, with the help of the discrete restriction estimates proved above, we have
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Theorem 21.9 (Strichartz on T? [29]). Let p € L*(T%) with supp ¢ C [~N, N|%. Then for any
time interval I C R with |I| 2 1, we have for any e > 0,
2(d+2)

_ Nd/z_(d+2)/p+5IIll/prHm(Td)a p> - (21.8)

Up to the subpolynomial loss, Theorem [21.9]is sharp. As we have outlined in the beginning
of this subsubsection, the earlier partial results in higher dimensions were crucially based on
number theoretic arguments which will not be able in the following argument. In particular, it
seems that the current techniques are more robust; in particular, one can apply the following
argument also to the analogous problem posed on “irrational tori”, see Bourgain—Demeter [29].

—1 —1
e #2m) tASDHLP(deI) <

Proof of Theorem|21.9. To ease the notation and make the connection with Theorem clear,
we set n = d+ 1. For ¢ € Z" 1 with |¢'|oc < N, let / := N~1¢ and 0, := |[7/|? so that the
collection A of all n = (1',7,) becomes a (maximal) N~!-separated subset of P"~!. Defining
a(n) := @(Nn') and scaling (z — x/N and t — t/N?), we obtain
- 1/p - P 1/p
R e A R e (21.9)
Tn—1x1 D |1ca
where the domain of integration D is given by
D:={yeR": |y;|] <N/2for 1 <j<n-—1andy, € NI},

and we identified T with [—1/2,1/2] for convenience.

We will now estimate the right side of from above by a localized LP norm on some ball of
radius ~ N? to apply . Since y’ € N~1Z"~! for each € A, the above integrand is periodic
with period N in the variables 3. Now, let R := N2|I| 2 N? =: §~! and Bp := Bz, (R).

3 en
Note that Br can be covered by O((|I|N)"~1) sets of the form D + N(k’,0) where k' € Z"1L.
These observations allow us to estimate from above by
p 1/p

D a(m)e™ | dy Se [YPNC= D= 0FDEE g
neA

L

J|Y/P
I Bl L,

where we used the discrete restriction phenomenon (21.5) with 6 = N~2. Since a2 =
1]l L2(zn-1) by the definition of a(n) and Plancherel, the theorem is proved. O

21.2. Some preliminary observations.

Definition 21.10. Let p € [1,00] and U = {Uy,...,U,} be a finite collection of non-empty
subsets of R? for some n > 1. (We permit repetitions, so I is in fact & may rather be a multi-set
than a set.) We define the decoupling constant Dec,(/) to be the smallest constant for which
there is an inequality

1>~ fillooay < Dec, @) N fill7ap'? (21.10)
j J

whenever f € S(R) has Fourier support in U;.
Remarks 21.11. (1) We have the trivial bounds
1 < Dec,(U) < n'/?. (21.11)

The upper bound follows from applying the triangle inequality and then Cauchy—-Schwarz whereas
the lower bound comes from taking just one f; to be non-zero. Clearly, it would be very desirable
to show Dec,(U) = O, 4(1), uniformly in n. However, the best, one can do at the moment is
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(because all so-far known proofs use an induction of scales argument) a subpolynomial loss, i.e.,
for any € > 0, one has Dec, (i) <. n°.

(2) In Proposition we observed that the reverse square function estimate holds in L? and
L* when we assume that the U; (respectively the set-sums U; + U;) overlap only finitely. Thus,
by the triangle inequality, we obtain in these cases that Decs(U) < Aé/ % and Decy(U) < Ai/ 4
where Ay, Ay are defined in Proposition [8.4]

(3) In the literature, the U; are often assumed to be pairwise disjoint. However, here it is
convenient to allow them to be finitely overlapping to circumvent some minor technicalities.

Proposition 21.12 (Elementary properties of decoupling constants). Let 1 < p < oo and d > 1.
Then, the decoupling constant has the following properties.

1) (Monotonicity) We have Dec,(U) < Dec,(U’') whenever U’ = U’ 18 a collection
(1) (. Y P P =1
whose elements contain Uj, i.e., U; C U]’» forallj=1,..n.
(2) (Triangle inequality) We have
Dec, (U), Dec, (U') < Dec, (U UU') < (Dec,(U)? + Dec,(U')?)/?

for all non-empty collections U,U’' of open, non-empty subsets of RY.
(3) (Affine invariance) Let Uy, ...,U, be non-empty, open subsets of R? and L : R? — R be
an invertible affine transformation. Then, we have Decy, (LU, ..., LU, ) = Dec,(Ux, ..., Uy,,).
(4) (Interpolation) Let 1/p = (1 —0)/po + 0/p1 for 1 <po <p <p; < oo and 0 <6 <1.
Suppose that we have forU = {Uy,...,Up} (withU; C R? non-empty, open) the projection
bounds
||PU fHLpt (R4) sz ||fHLp1 (R4) » i=0,1,7=1,..,n, fES(Rd)a

where the Fourier multiplier Py, is defined by
Py, f(€) =10, () f(€)-

Then we have
Dec,(U) < 4.6 Decy, (U) " Dec,, (U)° .

~Po,P1,

(5) (Multiplicativity) Suppose that U = {Uy, ...,U,} is a collection of non-empty open subsets
of R% where each U; is partinitioned (up to null-sets) into U; = U;nzjl Uj¢ for some
disjoint non-empty open subsets of R4, If p > 2, then

Dec,({Uje: j=1,...,n,0=1,...,m;}) <Dec,(U) x sup Dec,({Uj1,;Ujm,;})
JjE{1,...,n}
(6) (Adding trivial dimensions) Suppose that {Uy,...,U,} is a collection of non-empty open
subsets of R and p > 2. Then, for any d’ > 1, we have
Dec, (U, ..., Uy,) = Dec, (Uy x RY ..., U, x RY)
where the right side is the decoupling constant in R% x RY = R+
Proof. O

The following observation shows that there can be no #? decoupling for an infinite partition
in Fourier space, i.e., when n — oo.

Proposition 21.13. LetU = {Uy,..,U,} be a collection of non-empty open subsets in R, Then,

we have Dec,(U) 2 nrz, Equivalently, there exist smooth f; with supp f; contained in compact
subsets of U; such that

1_ 1 "
HZfJIILp Ra) 2 NF 2Z||f]umw )/
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for any 1 < p < 2 and the implicit constant does not depend on U or n.

Proof. Set supp f; C By, (0) for some 7; € U; and 0 < 0 < 1 and LP-normalize the f;. Next, we
modulate the fj such that the f; are concentrated on balls B, (& ~1) and decay rapidly away from

these balls. That is, the f; are of the form f;(€) = ¢(67 (€ — n;))e?™i € for some ¢ € C°(R?)
with supp 1 C By(1). Moreover, we modulate the f; such that |z; — x;| ~ 6~ for any i # j.
Therefore, we can bound

n
1> fills 2 0t/
j=1

But since (32_, Hf]||Lp(Rd))1/2 < n'/2, this establishes the claim. O

Instead of modulating the f;, we could have also randomized them in the spirit of Subsection

051

Note that the the reverse triangle inequality in LP/? for p < 2 would have merely lead us to
EIY et 2 ~ IO 1521 = 1D 152 = D P2 = Y 155
J J J

Remark 21.14. The above proof sheds also some light on why the Hausdorff~Young inequality
Ifle < IfIl, fails when p > 2, even when ¢ = p’ (which is easily seen to be necessary by
“dimensional analysis”). The 1dea is to have f “spread out” in physical space to keep the LP the
norm low. However, we would also like to spread out f in Fourier space to prevent the L?' norm
from dropping too much. To this end, let

D)= ol
j=1

for random signs €1, ...,&, and a non-zero bump function ¢ € C°(RY) with supp ¢ C By(1).
Here, we merely need that the centers x; are sufficiently separated; |z; — x;| > 2 would do, for
example. Since the summands are disjointly supported, we have on the one hand

1fllp ~ nt/

Thus, if Hausdorff-Young were true for p > 2, we would have the (probabilistic) bound || f I <
n'/P. But on the other hand, the Fourier transform is given by

n
— Z gjeZﬂmj-E@(g)
j=1
and so by Khintchine’s inequality E||f||p: ~ 132, |e2”<wﬂ'7'>¢|2)1/2||5:, we have

1F 1l ~ 1€ Z )2y ~ /2

which clearly contradicts || f||,» < n'/? unless p < 2. The point of the randomization argument is
that it allows us to get rid of the phases e>™*#i"¢ in Fourier space which could lead to substantial
cancellations, thereby suppressing the L? norm of f.

Hence, we focus on £2-decoupling for p > 2 in what follows. We already saw that for p = 2, we
obtained decoupling when the sets overlap only finitely. For larger p this constraint is insufficient
as the next observation reveals. In particular, it tells us that we should require that the U; are
somewhat curved (in analogy to the restriction phenomenon).
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Proposition 21.15. If U = {(j,j+1): 0<j<n}, and p € [2,0], then

Dec, (U) ~ nr=3
Proof. O

21.3. Uncertainty principles related to />-decoupling. Weighted estimates will be a com-
mon feature of our future analysis which motivates the following

Definition 21.16 (Smooth localization). We denote by wg_(ry > 0 rapidly decaying weights
concentrated on a ball B.(R), i.e., wp,_(r) satisfies wp, (r)(z) ~ 1 for z € B.(R) and

-N
wp,(r)(T) < (1 + |IRC|) for some large N = O(1).

The precise choice of wp_ (r) may vary from line to line or, indeed, within a single line. For
various technical reasons it is preferable to work with this fairly general class of weights rather
than with Schwartz functions. Let us also introduce the corresponding weighted norms.
Definition 21.17 (Smoothly localized norm). For p € [1, 0], let

Il e ) and
WBc(R) |71/p|| | (2112)

I Nz ws, my) = I Lo (1B (R) 1w, ry) = |Be(R) | 22w, my)

denote the L? norms defined with respect to the measures wp_(r) () dz, respectively |Be(R)| " 'wp, (r) (@) dz.

Let us state and prove the following local Bernstein inequality (cf. Proposition [D.5)) and
orthogonality principles that will be invoked frequently later on.

Lemma 21.18 (Local Bernstein inequality / Reverse Holder inequality). Let r > R > 0. If f
satisfies supp f C B.(1/R), then

122, By S CRIPTYDY Fll e, w0
holds for all 1 <p < q < .

Proof. We follow Hickman—Vitturi [I07], but see also Demeter [63], Lemma 9.19]. For any such
f we have the global Bernstein inequality (Proposition [D.5|)
Il poray S Rd(l/pfl/q)”f”Lv(Rd) :
The local version follows by replacing f by fip () where ¢p () is a modulated Schwartz
function adapted to B (r) such that supp 1/336, ¢y € Be(1/r) € B.(1/R) and it holds that
supp f *¥p () C Be(2/R). O
Proposition 21.19 (Local orthogonality). For r > R'Y? we have
< 1

(D) ez, e S Mz, ) and

(2) 1l 2 stmn) S 1 n
whenever supp f C Ng—1 (P41).

This means, we can both control smoothly and non-smoothly localized L2-averages by smoothly

weighted decoupling norms (recall Definition [21.1]).

Proof. (1) Let o, € S(RY) such that g, () = 1 for z € B(2r) and supp 1, C Bo(1/(2r)).
Therefore,

1fllzz,, (Be) S r= 2| Fiborl| L2 ray = 13 Z o * ol 2 (ray -
6:R—1/2—slab
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This is already almost what we want. Now note that each fg * ’(ZJQT is supported in
Ng-1/2(0). Moreover, since r~' < R™/2, we have that supp(ﬁ; * ’(//}27-) is contained in
the union of only O(1) many R~1/2-slabs. Thus, the supp(fy * ¥o,) overlap only finitely
and therefore, we have

1/2

1Al z2, 5oy S | 7 7° S fo xdarllzee
6:R—1/2—slab

Using Plancherel and taking wp(,y := [t)2,]? yields the desired estimate.
(2) We reduce to the first case by observing that

1122, wne S Do QRN NILIZ2, (500
kezd

due to the rapid decay of wpg(,y. (Here N = Oq4(1) is a large integer.) This allows us to
apply part (1) of the proposition to each of the ||f||z2 (5(r)4&r) to deduce

avg

Hf”%? (i) S Z 1+ |/€|)_N|\f||i§§gfl

ave kezd (wB(r)+k7‘)

Now, the right side is given by

S [ @) | 3 ) e @) | da.

0:R—1/2—slab kezd

But since the expression in parentheses is just another weight adapted to B,., the right
side equals

> / [fo@)Pwpe (@) dz = |17, n-

1
(wB(ry)
0:R-1/2_slab )

and we are done.

22. SUMMARY

[Proof of the restriction conjecture relies partly on understanding oscillatory
integrals and on set theoretic problems, e.g., of Kakeya’s type. See Tao [183, p.
298ff]]

There are three “classic” (i.e., outdated) approaches to prove restriction estimates.

(1) Compute (do)Y(z), perform a dyadic partition of unity of the kernel, and use interpola-
tion to bound || f * (do)" ||,y S || fllp- This is the classic Tomas—Stein approach.

(2) Follow Strichartz’ approach and compute the kernel of (Q(—iV) — 2)~¢ where @ is the
(quadratic?) form associated to S (e.g., Q(€) =&* or Q(€) = —&F — ... =&+ &7, +..&]
for wave- (or Klein-Gordon)-like problems) for Re({) > 1 (often Re(¢ € [d/2, (d + 1)/2]).

(3) Go through the theory of inhomogeneous oscillatory integrals (see Theorem 4.6 where
the Carleson—Sj6lin conditions may not be met (Stein’s and Bourgain’s approach) and
obtain the dual restriction (i.e., the extension) estimate as a corollary.
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APPENDIX A. SELECTION OF OMITTED PROOFS

A.1l. The e-removal lemma. We review the proof of Theorem which is due to Tao [I8T],
Theorem 1.2].

Theorem A.l. Assume |(do)V(z)] < (1 + |z])~ for some p > 0. If Rs(p — p;a) holds for
some p < 2 and 0 < a < 1, then one has Rs(q — q) whenever

11 A,

S>>
g p log(l/a)

The first step is to bootstrap the localized restriction estimate so that it applies to functions
which are supported on a sparse union of balls of constant radius. The idea is to exploit the
estimate , i.e., that the Fourier transforms of functions which are widely separated from
each other in physical space, are quasiorthogonal to each other. For completeness, recall estimate

, namely
| < fols: fils >r2(s.a0) | S RN follLr (Bwo,my) I f1ll Lt (B ) - (A1)

Let us make these considerations now more precise by defining what we mean by sparse
collections of balls.

Definition A.2. A collection {B(z;, R)}Y., of R-balls is sparse if the centers x; are REN¢
separated.

The observation (A.1)) then leads to the following restriction estimate for functions supported
on a sparse collection of R-balls.

Lemma A.3. Suppose Rg(p — p; ) holds for some a >0 and 1 < p < 2. Then

1F 15l 2o (5,01 S BIf oo ey
whenever supp f C |J; B(x;, R) where {B(x;, R)} is a sparse collection of R-balls.

The proof of this lemma will be given at the end of this subsection. Let us now continue with
the proof of Theorem Suppose that Rs(p — p; ) holds for some p < 2 and a > 0. By the
trivial (L', L°°) restriction estimate, Holder’s inequality, and Marcinkiewicz interpolation (see
also Remark [A.5)), it suffices to prove the Lorentz space estimate

If1sl Lo s.dory S 1 lgot » (A.2)

where
1 1 A,

@0 p log(l/a)
and LP>? are the Lorentz spaces (which are Banach spaces, see, e.g., Stein and Weiss [169, Chapter
V, §3, Theorem 3.22]) which are equipped with the norm

tuflgl > t}/P where 1 < p<ooand 1< ¢ < o00.

— pl/a
HQHLP’Q(X,d/t)' p La(Ry ,dt/t)

(Note that the LP-? spaces can also be defined for 0 < p < 1 and 0 < ¢ < 1; however, they are
not Banach spaces anymore, as they cannot be normed, see also [169, Chapter 5, §5.12]).

By averaging over translations, it suffices to show when f is a measure supported on
a discrete lattice Z¢ and the L9%-! norm is replaced by the discrete norm ¢!, One may then
replace f by f*x (and come back to the continuous norm on L%!) where y is the characteristic
function of the cube of size ¢, and ¢ ~ 1 is chosen such that y is positive on the unit sphere.
Combining these two reductions we see that it suffices to verify when f is constant on

c-cubes.
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Since we are working in L%, we may take f = 1y for some set E which we can assume to
be the union of c-cubes. Thus, we are left to prove

—~ 1 Ap
15152 ) < AalLill s ~ Agl BIF 575 (A3)

This will be accomplished with the help of the following Calderén—Zygmund type lemma which
covers such a set F by a reasonably small number of sparse collections of balls where one has
some modest control on the size of the balld®]

Lemma A.4 ([I81, Lemma 3.3|, [I80, Lemma 4.3]). Let E be a union of c-cubes and N > 1.
Then there exist O(N|E|YN) sparse collections of balls which cover E such that the radius of the
balls in each collection is of order O(\E|AN).

Deferring the proof of this lemma to the end of this subsection, we may now conclude the
proof of the e-removal lemma. If E is a union of c-cubes, then by Lemma one can cover
E with O(N|E|/N) sets E; which are each the union of a sparse collection of balls of radius
(’)(|E|AN). By Vitali’s covering lemma, one may assume |E;| < |E|. Applying now Lemma
to each such Ej, one obtains

— N
1Tk, sl Lo(s.aoy S (1B )2 E[VP,
and therefore, by the triangle inequality,
— N
1elsllLo(s.aor) S NIEVN (B[4 ) B[V
Thus, (A.3) follows by taking N = A=!log(1/a) for a sufficiently large A.

Proof of Lemma[A-3 Our first step is to modify the restriction hypothesis slightly, namely de-
note by R the restriction operator to the annulus Ag, i.e., a R~ !-neighborhood Nl/R(Sd_l) of
S?=1 of thickness R~! around the sphere S?~!. (Recall that we denoted the classical restriction
operator by R). The restriction hypothesis Rg(p — p; @) then implies (see also Demeter [63]
Proposition 1.27])

IRf oo gy = I flarllogay S BYP5 flloray  whenever supp f € B(xzo, R)  (A4)

(for any zp by translational symmetry) by averaging the restriction hypothesis over all (1 +
O(R™1))-dilations.

Now, take f =", fip; with supp f; C B(z;, R) (where {B(x;, R)}Y, is the sparse collection
of R-balls) and ¢ € S(R?) satisfies

R T —x;
supp ¢ € B(0,1), ¢|B,1) >0, w(m)=w( 7 )

Since the f; are disjointly supported, i.e., || f|[5 = >, [ filh, and Rf = >, Rfi @i‘sdﬂ (because
In] < n—¢&l 41| < R1+ €] for £ € S and € — 1 € suppg implies n € N7, z(S1)), the assertion
follows from

‘ZFi*Sai’Sdl

27The version below is copied from [I81, Lemma 3.3], while a more detailed version is contained in [I80}
Lemma 4.3].

3

1/p
<RV (Z m-n;.z) for all F; € LP(RY),
LP(S4-1 do)
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taking F; = Rf;, and using the modified restriction hypothesis (A.4). This estimate follows
immediately for p = 1, since

157 Fx galsan | < Z/S df/Rd dn [Fi(m)llga(e —m| S RS 1E -

By real interpolation, it therefore suffices to prove the estimate for p = 2. Renaming fl = F;
and applying Plancherel’s theorem, the estimate is equivalent to

1/2
| Zf * Qilga-ll2 = || ZR(fisoi)llz S RV (Z |fi||§> = RV2|[{lIfil L2y Yillee - (A5)

where we may interpret f = (f1,- fn) and & = (¢1,...,on) as elements of ¢2. Introduce

—

T : 2(L*(RY) — L?(RY) defined by Tf = R(B, f)e, i.e., the left side of the last estimate
equals || Tf|l2. Then T* : L}(R%) — (*(L?(R%)) acts as (T*g); = p;R*g for j € {1,...,N} and
g € L?(S). By Schwarz in L? and then in £2,

1Y RUfipdlie = (£,T" T ez = Y (9 RRY_wifi)re

JEN 1€EN

< Z <||fj||L2 . ||80,7'R*RZ<Pifi||L2>
jeN ieN
1/2
<Mfler | SIeRRS eifil:
JEN 1€N
for all f = (f1, fa,...) € L?L?(R?). Thus, it suffices to prove
1/

2 1/2
IT*Tfllere = | D IR RY (wifi)l SR (Z ||fi||§> = R|[fllezrz - (A.6)
j i i

This will follow from self-adjointness of 7*T in ¢?L?, and the Schur test in ¢? (recall Lemma
4.18))

sup > [lo; R Repillaa S R
I
which in turn will follow from the estimates
[piR* Regill2—2 S R (A.7a)
e R*Repillasa S (RN)™C for j # . (A.7b)
To prove the former estimate, it suffices to prove

[i # (do (i x g))ll2 < Rllgll2
by Plancherel’s theorem. This estimate, however, follows from the corresponding (obvious)
L% — L™ estimate, duality (since the operator g — @; * (do(@; * g)) is self-adjoint in L?(S))
and interpolation. (That is we use that if an operator T' : L? — L? is self-adjoint and obeys
IT||pe—re < A for some A > 0, then ||T||pipr = ||[T*||pesre = | Tllpe—ore < A and
s0 || T|l2—r2 < A by interpolation.) Similarly, it suffices to prove the L™ — L analog of
to prove itself. This estimate follows from the rapid decay of ¢; and ¢; for
|z;—;| > R (which is the case due to the sparsity of the collection) and the decay |c§5(xZ —z;)| S
(1 + |z; — 2;))~@=1/2 < (RN)~C (for some other () again because of the sparsity of the
collection. g
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Proof of Lemma[AJ} For 0 < k < N, we define radii by Ry = 1 and Rx11 = |E|RY, ie.,
Ry = (9(|E|CK) for each k. (In particular, Ry = |E|°).
For k > 1, we recursively set

Ey:={zcE: x¢E;for j <kand |[ENB(x, Ry)| < |E/MN}

and note that UkN:1 E, = E By construction and the hypothesis, we have for every 1 < k < N
and z € Ey,

|E N B(z, Ry)| 2 |E|* /N
Thus, for every o € Ej, the set Ej N B(x, Ry) can be covered by O(|E|'/N) Ry _;-balls which
implies that the entire set Fj, can be covered by O(|E|'/N) Rj,_;-balls which are Rj-separated.

Since the cardinality of these collections can be at most O(|E|), the definition of R shows that
the collections are indeed sparse what had to be shown. O

Remark A.5. Let us shorEly convince ourselves that it indeed suffices to prove the Lorentz
type estimate (A.2), i, |[flsllLe(sdn) S [fllga and the trivial estimate [|f|s]le < [f]1 to
deduce ||f|s||Lq(S,dg) S Ifllerey. Recall the numerology of the problem, ie., ¢ < g < p
where 1/q0 = 1/p + A,/log(1/a). We make use of the following result, which can, e.g., be
found in [Theorem 4.6 in https://www.guillermorey.me/documents/Lorentz.pdf] which
is in fact based on Tao’s notes [Course 245C, https://terrytao.wordpress.com/2009/03/
30/245c-notes-1-interpolation-of-1p-spaces/] on interpolation of LP spaces.

Theorem A.6 (Marcinkiewicz). Let T be a sublinear operator and suppose 0 < p;,q; < 00
(i=1,2) and q1 # q2. If T satisfies
IT fllineoe il fllimer i =12
for all f in an appropriate dense function space, then for all 1 <r < oo and 0 < 68 < 1 such that
qo > 1, we have
ITfllLsor Spipo.grgoro IS l[Lror.

In our case, g1 = 00, p1 = 1, g2 = p, p2 = qo € (q,p), and pp = qp = 7 (since || f|lrr = || fllp,
see also [169, p. 192]). As usual, 1/pg := (1 —6)/p1 + 0/p2 and gy is defined analogously.

The condition of the former theorem is obviously satisfied for i = 1 (because of the trivial
restriction estimate) whereas the condition for ¢ = 2 follows from LP>"™* C LP>"2 for any 0 < r1 < ro
(see [169, Theorem 3.11]), i.e., || fls|lzr(s,d0) < || flsllLr(s,d0) here, and the assumed Lorentz
type estimate ||f|5||Lp(S,dg) S fllgo,1- Finally, 6 is determined by

which is contained in (0, 1) if o satisfies a < exp(—A,p/(p — 1)). O

A.2. Oscillatory integrals related to the Fourier transform. We follow [I67, Section IX.1].
Let us discuss the oscillatory integral (the extension operator)

(T2 f)() = / NPER (e ) F(E)dE, A >0, (A.8)

Rd—1

280ne might imagine that, for a connected, star-shaped set F/, E; is the union of very small sets sitting at the
boundary, E2 is the union of a bit bigger sets sitting at the inner boundary of E; and so on when finally only a
“bubble” Ep sitting at the center is going to be left.


https://www.guillermorey.me/documents/Lorentz.pdf
https://terrytao.wordpress.com/2009/03/30/245c-notes-1-interpolation-of-lp-spaces/
https://terrytao.wordpress.com/2009/03/30/245c-notes-1-interpolation-of-lp-spaces/
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mapping functions on R?~! to functions on R%. We simultaneously consider the dual operator
(the restriction operator)

TN = [ NG ) (0) do. (49)
Rd

[Note that = and & are interchanged in [[I67]] which is somewhat abusing the standard
convention.] Here, v € C®(R4™! x RY) is a fixed smooth function of compact support in x
and y. The phase function ¢ is real-valued and smooth. We assume that, on the support of
1, the phase function satisfies a non-degeneracy and a curvature condition (the Carleson—Sjolin
conditions).

Let us start with the non-degeneracy condition. We require that for each (¢, 2°) € suppy C
RI~1 x R, the bilinear form B(u,v) on R?~! x RY defined by

v Pp(¢, ) 0 .0
B(uv U) = <U7v§><uvvz>¢(£ax)|(£0,$0) - = ];1’0]' s Up W (E , T ) (A]-O)
has maximal rank d — 1 (cf. (4.7)).
As a result, there exists a (unique up to sign) vector w € RY, |i| = 1, so that the scalar

function
& (@, Vap(€,2°))

has a critical point at & = £°. Our further assumption is that this critical point is nondegenerate,
i.e., we suppose that the associated (d — 1) x (d — 1) quadratic form is nonsingular, i.e.,

2
det (55 Vap(ea)) #0 (A1)

at ¢ = ¢°. Note that this is precisely the curvature condition (4.8) that we imposed earlier in
Theorem The above two conditions are therefore just the Carleson—Sjélin conditions.

Theorem A.7. Under the above assumptions on ¢, the operator (A.8)) satisfies the estimate

IT>fllza@ay S AT fll o a1 (A.12)
where
d+1\ ,
= — <p<2.
q <d_1>p and 1<p<2

Remark A.8. In several applications however, the above oscillatory integrals arise in combina-
tions with kernels of singular integral operators. Phong and Stein [146] (see also [147]) considered
the following situation. Let T be a L? bounded operator that is representable by a distribu-
tion kernel K, ie., (T'f)(z) = [ K(z,y)f(y)dy for f € S, where K satisfies |0J0 K (x,y)| <
|z —y| =4 1e1=181, Let (2, ) be a real smooth phase function, let 1) € C°(R? x R%), and assume
det (0,02, ¢) has no zeros on the support of . Consider the operator

(T f)() = / D K (2, )z, y) ) dy

]Rd
defined by
(6. Tf) = / da / dy @D K (2, ) () £ ()
R4 R4

Then the L? operator norm of Ty remains bounded as A\ — oo.
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Proof. See Stein [167, Chapter IX, Section §1.2, Theorem 1] or [I64, Theorem 10].
It suffices to prove the case p = 2 since the case p = 1 is trivial and the rest follows by

interpolation. By duality, the asserted bound for p = 2 is equivalent to
/ 2(d+1
T3 Fll sy S A W Fllrsy for = 25D

where
(TLF)(€) = / e~ NEDY(e ) F(x)dw, €€ R,
Rd

Let us now rewrite the squared L? norm as

1T sy = (P TTF) = [ [ Kaan) F@ PG dyda

with the kernel
Ky(z,y) :/ ei/\[*”(g’””)""(g’y)]q/z(f,m)z/;(ﬁ,y) de . (A.13)
Rd—l

Thus, it suffices to see that K is the kernel of an L"(R%) — L (R?) bounded operator whose
norm does not exceed a constant times A\~24/7"

Our plan is to use Theorem for the L2-boundedness of non-degenerate oscillatory integrals
(in R%). To apply this theorem, we construct an appropriate new phase function ¢ on R? x R
Because of our assumptions on ¢, we can construct it in such a way that it indeed satisfies the
following two (non-degeneracy) conditions. Writing = = (£,&4) with &€ = (&1, ...,&4—1) € R47L,
the constructed ¢ shall then obey

(1) ¢(E,z) = (&, z) + po(x)&a and

(2) det(V=V.9) # 0.
In fact, V¢V, already has rank d — 1 by the non-degeneracy condition, i.e., we need only chose
wo(z) such that (u, V,)po(z) # 0 to increase the rank of the matrix V=V, ¢ to d.

Now, as in the shortest proof of the Tomas—Stein theorem (see Subsection 7 we construct
an analytic family of kernels K3 on R?% x R? by setting

e’

3@ ) = 57y /R | PPEDTEEINY (€ m)p (€, y)lea T v (E) d2

with d= = d€ d§q and where v € C¢°(R) is a bump function at the origin. Let 7, be the associated
integral operator. By an integration by parts, setting s = 0, and applying the fundamental
theorem of calculus along with G(Z, z)|z—(,0) = (&, x), we have

K(x,y) = Kx(z,y). (A.14)

Remember that we want to estimate || 70|, < A72%"" via complex interpolation. Next, by
Theorem for non-degenerate oscillatory integral operators, we have [T} (|22 < A=%? for
all t € R because of the non-degeneracy condition on ¢. Finally, we claim the following L' — L*°
estimate, namely

K ) S 1 (A.15)
To see this, recall ¢(E,x) = p(&, z) + po(x)&q and write
K (z,y) = Kx(z,y) - 7s(Mo(y) — ¢o(2)))

where ,

7s(Alpo(y) = wo(x))) = F(Z/Q)/ ¢S A (o) =eo@y (¢4)|€q| 71 déq



192 K. MERZ

Since

~ d—1 da—1 d—1
D (a-1)/2(Apo(y) — o (@)))] < [A@o(y) — wo())| = < IVpollod - (Alz —yl) =
for large arguments (i.e., large \), we are left to show
[ K (2, 9)] S (Al —y)) @072

In proving this, we may assume that the integrand is supported in a sufficiently small neigh-
borhood around some & = £9 (for otherwise we can write it as a finite sum of such integrals).
Then, we observe that (&, 1) — @(&,y) = V(& 2) - (2 —y) + O(Jx — y|?). So, the claimed
bound on |Ky(z,y)| just follows from the estimates for non-degenerate oscillatory integrals in
d —1 dimensions (Theorem because of the non-degeneracy condition for ¢ which clearly still
holds when we freeze one variable (see also the remark before Theorem {4.6)). (In fact, if x —y
does not point in the “critical direction” of u, which arises in the non-degeneracy condition, we
even get |Ky(z,y)| < (\x —y|)~™" for any N € N since we can integrate by parts as often as we
wish.) This concludes the proof of the theorem. O

Bourgain [16] proved that the theorem can in fact not be improved beyond the range 1 < p < 2
when d > 3. To see this, let d = 3. Then there is an appropriate ¢ and a bounded f having
compact support such that

ITxfllg 2 A2 Y9 as A — 0.

This is however only consistent with the assertion of Theorem if ¢ > 4 (i.e., p < 2). To prove
this lower bound, take

pl6,2) = & o' + 3 {A(s)E, )

for ¢ € R?% o = (2, 23) € R? and A(x3) is a real, symmetric 2 x 2 matrix, depending smoothly
on z3. We will now impose two conditions on z3 — A(z3).

(1) dA(x3)/dxs is invertible for each z3. This condition guarantees the curvature condi-
tion at the critical point, namely that the (d — 1) x (d — 1) quadratic form satisfies
det (s, 0y, (0, Vop(€,2°))) # 0 at £ = £°.

(2) rank(A(z3)) =1 for all x3, i.e., the non-degeneracy condition is satisfied.

It is easy to check that these two conditions are compatible, and that indeed there are smooth
functions x3 — A(x3) that satisfy both simultaneously. Now let f(z) = 1 on the support of .
Then

D) = [ e de.

Let S = {x € R : 2’ € Ran(A(x3))}. In view of our assumptions on rank(A(x3)), we see that S
is a smooth hypersurface. Note that if 2 € S, the quadratic function £ — (&, x) has a critical
point, and moreover the rank of 9,,0,;¢(&, ) is exactly 1. Thus if x € S, we can show, using
stationary phase, that
(Thf)(z) ~ A2 as A — 0.
The estimate also holds in a tubular neighborhood of S whose radius is a small multiple of A~
The result is that
[T fllg 2 A7H2AT,

and the result is proved.
See also Bourgain [16] where it is also shown that for a certain class of phases ¢, one does
have
T3 fllg £ A1 f oo

for some ¢ with ¢ < 2(d+1)/(d —1).
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APPENDIX B. REVERSE LITTLEWOOD—PALEY INEQUALITY FOR SLABS IN d = 2

In this section we will describe an argument of Cérdoba and Fefferman [50] (see also Cérdoba
[61), 52]) yielding the reverse Littlewood—Paley inequality in d =2 if p = 4. Combining this
with the analysis of Section [§] yields a full proof of the restriction conjecture in this case.

The heart of the argument is the fact that the Minkowski sums of all pairs of slabs 6 + ¢ =
{€+¢: £€6,¢ €6} have only bounded overlap (which in turn is somewhat a consequence of
the fact that two circles in R? intersect in at most two points).

Proposition B.1. Let f be a smooth function with supp f - Nl/R(]P’l). With the notation of
Section[8, the inequality

1/2
[ fllzere) < > sl
0:R—1/2—slab
LA(R2)

holds.

Proof. By the Fourier support condition, we have

2 2 2
11 =11~ [ (S o) (S| do= | s (B.1)
0 0 0,6"

2

We distinguish now between the cases dist(6, 8') < const R~'/2 and start with dist(0, ") < R=1/2,
By Cauchy—Schwarz,

> fofor| <23 1fol? > LS 1ol
0,0":dist(0,0’)SR~1/2 0 0:dist(0,0/)SR—1/2 0
i.e., it suffices to estimate the right side of (B.1)) where the summation is restricted to slabs which

are at least R~1/2-separated. In particular, it suffices to show
2

> folo|| < > | foforll3

0,0:dist(0,0’) > R—1/2 2 0,0’:R—1/2 —slab

which can be interpreted as the statement that fyfs are pairwise almost orthogonal. (Observe
that this right side just agrees with the right side of the statement of the proposition).
Observing that the left side of the claimed inequality equals
2
> fox for
0,0:dist(6,0’) > R~ 1/2 9
by Plancherel’s theorem and that

supp fo * for SO -0,
it suffices to prove that the number of overlaps of 6 — ¢ is bounded, i.e.,
‘{9,0’ RY2 _glab : dist(6,6') > R™Y2 and € € 6 — 9'}‘ <1 forall € € R2.

To prove this, consider the pairs 01, 6] and 62, 65 which are such that 8, — 0] N0y — 65 # 0

and dist(6;,0) 2 R™Y2% (for j = 1,2). In particular, that means that there are y; € ¢; and
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y; € 0} such that y1 — 3} = ya — y5. Moreover, since 0; and 0’ belong to Ni/r(P'), there are
tj,t; €10,1]%"" such that
lyj — () SR and y) — (), (1)) S R™Y for j =1,2.

J ~J
Defining t; = (t;,t}), adding and subtracting (y1 — ¢7) — (y2 — ¥5) = 0, and using the above
estimate yields
(L —t) =t~ )| SR
which means in particular
((tr =) = (ta —t3)| SR™' and |(8] — (1)) — (83 — (t2)*)| S R~
From these estimates, it can be inferred [by expanding everything?]
[ty = t4] - [(t +11) — (2 + 1) SR
Since dist(0;,0;) = R~'/2, it follows that
[(t1 +11) = (t2 + 15)| S RV
and in particular
it —to] SR™Y? and |t) —th| S R7Y/?
=y — | SRV and |y —yh| SRV
But that means that for a given pair 1,6} there are only O(1) choices of pairs 6, ) such that
61 — 0} N0y — 64 # () which means
Ha,e’ RY2 _glab : dist(6,0') > R™V/2 and € € 0 — 0’}‘ <1 forall € € R?

as asserted. O

APPENDIX C. INTERPOLATION THEOREMS
See, e.g., Tao’s notes on harmonic analysis or Grafakos [96], Section 1.4].

C.1. Repetition on Lorentz spaces. See, e.g., Folland [79] Section 6.4], Adams—Fournier
[, pp. 221], the notes by G. Rey https://www.guillermorey.me/documents/Lorentz.pdf,
Grafakos [96, Section 1.4], Triebel [191], and Bennett and Sharpley [5]. For interpolation theory,
consider Bennett—Sharpley (once more) and in particular Bergh and Lofstrom [8].

Let (X, 0, 1) be a measure space, i.e., a set X equipped with a o-algebra of subsets of it and
a function g from the o-algebra to [0, 0o] that satisfies u(@) = 0 and

o0

n|UBi| = iu(Bj)

j=1
for any sequence B; of pairwise disjoint elements of the o-algebra. The function p is called a
(positive) measure on X and elements of the o-algebra of X are called measurable sets.
Definition C.1. Let f be a measurable function on X. Its distribution function Ay : Ry —
[0, 0] is defined by

Ap(a) = p({z e X :[f(z)] > a})

We collect some classic properties, see, e.g., Grafakos [96, Propositions 1.1.3 and 1.1.4].

Proposition C.2.

(1) Xy is non-increasing and right-continuous.
(2) If |f] < |g|, then Ay < Aq.


https://www.guillermorey.me/documents/Lorentz.pdf
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(3) If | fn| increases to |f|, then Ay, increases to Ag.
(4) If f =g+ h, then Ap(a+ ) < Ag(a) + An(B)-

(5) We have the layer cake representation

ﬂ@:A hmwwm:A 10,0y (@) da

Js@pds=p [~ %

(7) We have || f|loc = inf{ax > 0: A¢(cr) = 0}.
Chebyshev’s inequality asserts

(6) We have

Ap(a) < a7
which leads to the definition of weak LP spaces.

Definition C.3. Let 0 < p < oo. Then we denote by LP*°(X) the class of all functions whose
quasi-norm (i.e., the triangle inequality only holds up to some constant)

1f1},00 == sup a”A(cx)
a>0

=inf {C >0: A\f(a) <a PC forall a >0}
is finite.

Remarks C.4.

(1) Check that both definitions actually coincide!

(2) By Chebyshev’s inequality, we immediately see || f||p,00 < ||f]lp, i-e., LP C LP:>°

(3) By construction, L>-* isometrically coincides with L°°.

(4) Since A\gn(a) < Ag(/2) + Ap(ar/2), it is easy to see that ||g + hpcc < 2C5([|9]lp,00 +

[Plp,00)-
Example C.5. Let p € [1,00) and f(z) = |z|~%P, then f ¢ LP(R?) for any p, but f € LP»>
since
Hz e RY: |z|~¥P > a}| = / dr ~a™P.
|z|<a—Pr/d
The equimeasurable decreasing rearrangement of f is the function f* on [0, 00), defined by
* =1 <tl=1 <
F0) = it Ar(e) < 1} = inf p(a) <1},

which is a non-increasing function since Ay is non-increasing. In particular, Ay (a) = Af(a). Let

us now define the Lorentz quasi-norm.

Definition C.6. Let f be a measurable function on X and 0 < p, ¢ < oco. We define the Lorentz
quasi-norm as

1/q
o L0 @) 4) ™ g <o,
pq =
sup,s.q t/7 f*(t) if g=o00
By definition, LP'P coincides isometrically with LP.

Proposition C.7. Let f be a measurable function on X and 0 < p,q < co. Then

1/q
1/p\? da .
1£1lp.a = P ([ (ars(@)/e)” o) v <o,
SUPq >0 a)‘f( ) /p if ¢ = o0
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Proof. See Grafakos [96], Proposition 1.4.9]. O
We collect some useful properties.

Lemma C.8 (Monotone convergence). Let (f,)nen be a sequence of measurable functions with
|frul | f] almost everywhere. Then || f|lp,q = limp—soo || frllp.q-

Proof. See Lemma 1.3 in Rey’s notes. O
Lemma C.9 (Fatou). Let {f,}nen be a sequence of measurable functions. Then
o < T .
| hnlglogf fallp,g < hnrglorolf 1£1lp.q
Proof. See Lemma 1.9 in Rey’s notes. g

Theorem C.10. Let 0 < p < 00 and 0 < g < oo, then LP? is a quasi Banach space, i.e., it
is complete and satisfies the quasi triangle inequality. For p,q > 1, they are normable and in
particular actual Banach spaces.

Proof. See Grafakos [96, Theorem 1.4.11]. O

Proposition C.11 (Nestedness). Let 0 < p < oo and 0 < ¢ <1 < oco. Then ||fllpr Sp.ar 1l
i.e., LP9 C LPT.

Proof. See Grafakos [96], Proposition 1.4.10]. O
Proposition C.12 (Hoélder’s inequality). Let 0 < p1,pa,p < 00 and 0 < g1, ¢2,q < 00 obey
1 1 1 1 1 1
-=—+— and -=—+—.
p P11 P2 qa q Qg2
Then || fgllp.g < 11 fllpr,q1 191 pa.g2-
Proof. See Tao [186, Lecture 1, Theorem 6.9]. O

More details concerning the following proposition can be found in Grafakos [96].

Proposition C.13 (Dual characterization). Let 1 < p < oo and 1 < q¢ < co. Then for any
f c Lp,q!

£l ~pea sup{‘ [ @@ dute)| ol <1}

Proof. See Tao [186, Lecture 1, Theorem 6.12]. O

C.2. Marcinkiewicz interpolation. Typically, the Marcinkiewicz interpolation theorem is
stated under the condition that an operator satisfies two weak-type estimates. Recall that if
X and Y are two measure spaces and 7T is a linear operator from functions of X to functions of
Y, then T is said to be of strong-type (p, q) if

ITfllayy S fllzex)y forall fe LP(X).
We say that T is of weak-type (p, q) if

Ky e Y (Tl = A S IFIZATT forall A >0, f € LP(X).

Clearly, the strong-type estimate implies the weak-type estimate. One can weaken this concept
even further by only considering functions f which are characteristic functions of a set. This
leads to the notion of restricted weak-type estimates. We say that T is of restricted weak type
(p,q) if

{y e Y : |(T1p)(w)| > A} S |B|YPA~9 forall A\>0,EC X . (C.1)
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Note that every characteristic function belongs to LP*! with
115y = const |E['/?

The enhanced Marcinkiewicz interpolation theorem (see, e.g., Tao’s notes [I79, Lecture 2, Lemma
2.3] or Grafakos [96], Theorem 1.4.19] and Tao [I86, Lecture 1, Lemma 8.5]) therefore says that
if T is LPi:1 — L% bounded for j € {0, 1}, then T is LP*"" — L9" bounded for all 0 < r < oo.
Remark C.14. There is also a result by Bourgain [25] (see also Grafakos [96] p. 71]), but see
also Carbery et al [40 Section 6.2] saying that if the sequence of linear operators T; maps
T3l i m: i 27

for i € {0,1} and normed vector spaces A;, B; with ap < 0 < «, then T = Zj T; extends
to a bounded operator mapping Ay 1 to Bpoo. (Recall A = (Ao, A1) and Ay and By are
the Lions—Peetre interpolation spaces.) A more precise and explicit version is formulated in the
following proposition.

Proposition C.15 (Bourgain interpolation (Grafakos’ version [96])). Let 0 < pg < p1 < o0
and 0 < Bo,B1, Mo, M1 < oo. Suppose that for k € Z a family of sublinear operators {T}}
is of restricted weak-type (po,po) with constant My27 %% and of restricted weak-type (p1,p1)
with constant M,2F5v for all k € Z. Then there is a constant C = C(fBy, B1,po,p1) such that
> nez Tk is of restricted weak-type (p,p) with constant CM&_GMf where 0 = Bo/(Bo + 1) and

pt=(1-0)/po+0/p1.

Proposition C.16 (Bourgain interpolation (Carbery et al version [40])). Let 0 < po,p1, 40, q1 <
oo and 0 < Bo, f1, Mo, M1 < co. Suppose that for k € Z a family of sublinear operators {T}}
satisfies

||Tj||Lpoﬁqu < M027ﬂ0j and HTj”LPl*)L(Il < M12+’81j .

Then there is a constant C' = C(Bo, B1, Do, P1, 90, 1) Such that

IS T fll o < C MO MY|| ]| o
kEZ

where 8 = By/(Bo + B1) and p and q are as usual.
It is convenient to reformulate in a more symmetric, dual formulation.
Lemma C.17. Let 1 < p,q < co. Then, one has if and only if
(Le, T1)| S B[P (C.2)
foral EC X and F CY.
This should be compared to the dual strong-type estimate
g, THLS 1 lIpllgller -

Proof. For our purposes, we only need the implication (C.1)=(C.2). (To prove the reverse direc-
tion, one sets F' = {Re(T'1g) > A}.) Using the triangle inequality, the layer cake representation,
and Fubini to do the z-integration first, we have

e 118 < [ (e @de= [ [ 1grn 0 irds

- /Ooo iz € F:|(T1g)(z)| > A} dA.
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We have two estimates for the integrand. The first is just |F|. The second is O(|E|%/PA~9) by
assumption. Thus, the integral can be estimated by

O </ min{|F), |E|q/p)\q}d>\>
0

which yields the assertion after an elementary calculation. O

C.3. Stein interpolation. See Stein and Weiss [169, Chapter V, Theorem 4.1].

APPENDIX D. SOME REMARKS ON THE UNCERTAINTY PRINCIPLE

D.1. Bernstein inequalities. We follow the nice exposition of Wolff [200, Chapter 5] and the
survey of Folland and Sitaram [80]. For the following discussion it will be helpful to remember
that for an invertible linear map 7" : R* — R%, one has

Fol =|det(T)| " foT™"

where Tt denotes the inverse transpose of T'.

For us, most of the time, the uncertainty principle is the following heuristic statement. If a
measure [ is supported on an ellipsoid E, then for many purposes i may be regarded as being
constant on any dual ellipsoid E*.

The simplest rigorous statement is as follows.

Proposition D.1 (L? Bernstein inequality). Assume that f € L? and supp fc By(R) for some
R>0. Then f is C* and it holds that

1D fllz < 7 R) V| f]l2 -

Proof. Since f is compactly supported, f is in fact holomorphic and the claimed estimate just
follows from Plancherel. O

A corresponding statement is also true in LP, but proving this and other related results needs
a different argument (namely, the Mikhlin-Hormander theorem) since there is no Plancherel the-
orem. In this context we state somme lemmas that are helpful to construct compactly supported
functions in Fourier space from Schwartz functions in physical space.

Lemma D.2. There is a fived Schwartz function ¢ such that if f € L' +L? and supp f C By(R),
then

f=o" «f
where pB' (z) = R%(Rx).

Proof. Take ¢ € 8 such that ¢|g,(1) =1, i.e., """ |g,(r) = 1. Thus, ((prl * f — f)* =0 which
shows the assertion. O

Lemma D.3. There are radial bump functions X that satisfy x > 0 and x > 1p,(1)-
Proof. If g is an even bump function, then take x(£) = A?B(g * g)(A¢) for some A, B >0. O

Lemma D.4. There exists a radial 0 < ¢ € S(R?) such that supp$ C (—1/2,1/2)¢ and with
the property that

Zg@(m—n):l, zeR.

nezd
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Proof. See Schlag—Shubin—Wolff [I52] Lemmas 2.4 and Lemma 3.1]. We only present the proof
for d = 1. The proof for higher dimensions is almost identical.
In Fourier space the claimed partition of unity reads

(&)Y e =N " G(k)ok(€) = do(€) (D.1)
nez keZ

where the first equality follows from Poisson summation (>, f(n) = >, f(k)). To ensure the
second equality, it suffices to take supp@ C (—1/2,1/2) and set <p 0) = 1@ To obtain the
positivity, start with any even Schwartz function ¢y with supp pg C (—1/4,1/4) and g(0) = 1.
Since (3 extends to an entire function on C, one has

mes[ps = 0] =0.
Therefore, ¢ = ¢ * p% > 0 everywhere, whereas
¢ = [0 * o)’
has support in (—1/2,1/2). Finally observe that

2(0) = (/%(5) (f)d§> =( @(£>2df)2>o.

The second equation in (D.1]) uses that g is even whereas positivity follows since pg is real.
Hence,

Y ele—n)=¢(0), zeR

neZ
by the preceeding argument. Dividing by the right-hand side finishes the proof. |

Proposition D.5 (LP Bernstein inequality). Suppose that f € L' + L? and supp fc By(R).
Then the following assertions hold.

(1) For any a and p € [1, 0],
1D fllp < RNl -
(2) Forany 1 <p <q < oo,
11
1y S RG]l -

With the help of the second assertion it becomes obvious that Bernstein inequalities are an
invaluable tool in the analysis of (nonlinear) PDEs. The inequalities say that, for localized
frequency, low Lebesgue integrability can be upgraded to higher integrability (i.e., smoothness)
at the cost of certain powers of N. In fact, this cost is a gain when the frequency is small.

Proof. As before, let ¢ = <pR71 such that f = f. Then the first claim just follows from
VYl = el - R

and Young’s inequality. To prove the second assertion, we note

11 = liell - RV
for any r € [1,00]. Thus, for r being defined by 1+ 1/¢ = 1/p + 1/r, Young’s inequality yields

1flla = 1% fllg < Il fllo S RY7 N1l = RO 111l

thereby showing the second claim. g

290ne could have also obtained this directly since ZneZ e~ 2ming — d¢.,0-
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With this warm-up, we are ready to extend the above LP — L9 bounds to ellipsoids instead
of balls using change of variables. An ellipsoid is a set of the form

E:{xeRd:ZMSI} (D.2)

for some a € R? (the center of E), some choice of orthonormal basis vectors {e;} (the axes), and
some choice of positive numbers r; (the axis lengths). We define the dual ellipsoid E* to E as
the ellipsoid having the same axes as E but with reciprocal axis lengths, i.e., if F is given by
, then E* should be of the form

{J;ERd:Zr?Km—b)-eﬂQSl} (D.3)

for some choice of the center point b.

Proposition D.6 (L? Bernstein inequality for an ellipsoid). Suppose that f € L' + L? and
supp f C FE for some ellipsoid E. Then

1_1
I fllg S 1EIP 2] fllp
if 1 <p<q<oo.

This statement reflects the heuristic fact that faster decay of the Fourier transform (i.e., the
smaller the ellipsoid E is) yields better smoothness properties (in terms of integrability) of the
function.

One could similarly extend the gradient bounds of the previous statements to ellipsoids cen-
tered at the origin, but that statement is awkward since one has to weight different directions
differently, so we ignore this here.

Proof. Let k be the center of E and T be a linear map taking the unit ball onto £ — k. Let
S = Tt be the inverse transpose of 7T, i.e., also T = S~t. Let furthermore f(z) = e=27*7 f(z)

and g = f1 0 S. Since f/o\T = |det(T)|’1f0T*t, we have
9(6) = | det S| fi(STH(€) = | det S| F(STHE + k) = | det T f(T (£ + k).

Thus, § is supported in the unit ball, so by the LP Bernstein inequality for balls, ||gllq < |lgllp-
On the other hand,

lgllg = I det S|7 4|l = [det T1M9|| fllg = 1BV flq
and likewise with ¢ replaced by p. So
B fllg S 1B £l

as claimed. O

D.2. Locally constant lemma. Finally, we will also prove a “pointwise statement”, roughly
saying that if supp f C F for some ellipsoid F, then f is roughly constant on the dual ellipsoid
E* (and rapidly decreasing away from it if f is assumed to be smooth). In fact, we shall show
that the values of f on E* can morally(!) be controlled by the average over E*.

To formulate this precisely, let N be a large number and let ¢(z) = (1 +|z|?>)~". Suppose an
ellipsoid E* is given. Then define pg«(z) = o(T(x — k)), where k is the center of E* and T is a
self-adjoint linear map taking F* — k onto the unit ball. If 77 and T3 are two such maps, then
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TyoTy is an orthogonal transformation, so ¢z~ is well defined. Essentially ¢g- roughly equals
1 on E* and decays rapidly as one moves away from E*. We could also write more explicitly

, -N
pp-(z) = 1+27|(x_k)'ej|

2
Tj

Proposition D.7 (Locally constant lemma). Suppose that f € L' + L? and supp f CE for
some ellipsoid E. Then for any dual ellipsoid E* and any z € E*,

If(2)l SN |E*|_1/Rd (@)l (@) dz = |E*|7H| fll 21 o e (2 - (D.4)

Proof. Assume first that F is the unit ball so that E* is also the unit ball. Then f is the
convolution of itself with a fixed Schwartz function . Accordingly,

—z T T (E—Z2 —N Q?
£ < [ @l - 2lds Sy [ 1F@I0+o =)V a
Sy [ @I+ )Y da

where we used the rapid decay of ¢ and 1+ |z — 2|? > 1 + |2|? uniformly in |z| when |z| < 1.
This proves the assertion when FF = E* is the unit ball.

Next, suppose F is centered at zero but E and E* are otherwise arbitrary. Let k and T be as
above (T took E* — k to the unit ball, i.e., 7" maps the unit ball to E, and T-! maps E onto
the unit ball, i.e., 77! maps the unit ball onto E* — k; more precisely, these maps also take any
translate of one set to the according translate of the other!), and consider

g@) = f(T 'z +k) & (&) =|detT| > *Ef(T7).

Thus, § is supported on T~ 'E, i.e., a unit ball. According to our above findings for the unit
ball, we have

9| < | o@)lo(o)] da

if y belongs to any unit ball. Hence, it follows that

40 < [ @l T e+ blde = ] [ pp (o)l o+ )] do

1B [ e @)l f(@)] do

by a change of variables and the fact | det T'| = |E*|~!. This shows the assertion since the above
estimate holds for z in some unit ball which we may identify with T'(E* —k) (since T took E* —k
to the unit ball) which however means that the argument 7'z + k belongs to E*. |

When E is not centered at zero, one merely needs to replace f(z) by e 27 f(x) where k is
the center of E.

Remark D.8.

(1) The above proposition is an example of an estimate “with Schwartz tails”. It is not
possible to make the stronger conclusion that, say, | f(z)| is bounded by the average of f
over the double of E* when x € E* (even in the one dimensional case with E = E* being
the unit interval); i.e., taking the average over R? is necessary! To see this, consider
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a fixed Schwartz function g with g(0) # 0 whose Fourier transform is supported in the
“unit interval” [—1,1]. Consider also the functions

e =(1-2) o)

Since f n are linear combinations of § and its derivatives, they have the same support as
§. Moreover, they converge pointwise boundedly to zero on [—2, 2], except at the origin.
It follows that there can be no estimate of the value of fy at the origin by its average
over [—2,2].

(2) All the estimates related to Bernstein’s inequality are sharp except for the values of the
constants. For instance, if F is an ellipsoid, E* a dual ellipsoid, and N < oo, then there
is a function f with supp f C F* and with

£l = |E],
|f(@)| < App(z),

where pp = @%N) was defined above. In the case F = E* being the unit ball, this is

obvious; take f to be any Schwartz function with Fourier support in the unit ball and
with the appropriate L' norm. The general case then follows as above by making a
change of variables.

(3) The name “locally constant lemma” is motivated by the following counterexample. Con-
sider f € S(R : R) with suppf C [0,1]. Then one might wonder whether f could not
actually look like a sequence of peaks whose distance to each other is extremely small.
The locally constant lemma says that this cannot occur. On the one hand, due to the
pointwise bound || fllcc < [[fll21(pp- dx), OnE sees that the peaks must not be too big.
However, these peaks then cannot add up to the given L' norm. Hence, f cannot be a
sequence of narrow peaks, but must actually be roughly constant on the dual interval
(which is just [0, 1] again).

The last two estimates imply that || f||, ~ |E|'/? for any p which shows that the last proposition
is also sharp.

D.3. Localization and discretization. The following is taken from [58]. The essence of the
following results is the uncertainty principle in the following verbal form.

Localization in x-space on the scale R induces a smoothing in &-space on the scale R™'. This
amounts to discretize &-space on the scale R™1. The roles of x and & are interchangable.

D.3.1. Localization in momentum space. Denote by Qj, the collection of all cubes @}, of sidelength
h. Define the weight function

wg, (x) = (1+ h~tdist(z,Qp)) 1% 2z e R Q€ Q. (D.5)
We start by restating the locally constant lemma (Proposition [D.7)

Lemma D.9. Let v € S(RY) and assume that ¥ is supported in B(0,1/h). Then v is locally
constant on all cubes Qp, of sidelength h in the sense that

lollz=(@n S 1QnI~ 0] 22 oy -

This lemma allows us to compare the LP(R?) norm of a function with Fourier support con-
tained in a ball of radius 1/h with its £P-norm, when sampled on a lattice of h-distant points.
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Lemma D.10. Let v € S(RY) and assume that © is supported in B(0,1/h). Let Ay, C R be a
set of h-separated points. Then for any p > 1, we have
[oller(any S h™P[[0]l Lo ga)-

Proof. Again by scaling, we can assume h = 1. Thus, let A C R? be a set of 1-separated points.
Pick a collection of cubes Q of sidelength one that cover A. By Lemma[D.9]

”'U”zp(/\) Z |U |p S Z ||U||L1(wQ
veEA

Write v =3, vq/, where vg is supported on Q' Then

[0/l (we) < (1 + dist(Q, Q") ™ **|vgr[| L1 (rey-
By Hoélder, [lvg |11 (ray < lvgr||Le(re). Hence, (by Young)

vaHLI(wQ S0+ dist(Q Q)P ogr 17, ey S 017
Q,Q’

where we summed a geometric series in Q. O

D.3.2. Discrete Fourier extension operator. Let My = {¢ € RY : |¢| = A}, and consider the
extension operator
Ex: L(My,don) = L¥(RY),  (Exg)(x) = (gdon)" (x),

where o) is surface measure on M,. We write £ =&, and M = M, 0 = 04.

In the following situation we will exploit the effects of a simultaneous position and frequency
(almost) localization. In local Fourier restriction theory we saw that a position localizationon
scale R allowed a smoothing, and thereby a discretization, of £&-space on scale R™1.

Definition D.11. Let Discres(M, p, 2) be the best constant such that the following hold for each
R > 2, each collection A% consisting of 1/R-separated points on M, each sequence a, C C, each
ball By and each collection A; of 1-separated points in R%:

. a1
I Z ave(V - )| g (A, gy < Discres(M,p,2)R = ||ay [z (a,)- (D.6)
vEAT,

The following proposition replaces the LP(B(R))-norm encountered in local Fourier restriction
theory by a ¢ (B(R))-norm, where we sample over points whose distance is dictated by the Fourier
length scale. Thus, if we were dealing with a sphere of radius 1/h, the sampling would have to
occur over h-distant points in z-space.

Proposition D.12. If1 < p < oo, then
Discres(M, p,2) S 1€l 2(ar,a0)— 1o (Ra)- (D.7)
Moreover, if p > 2, then the reverse inequality also holds.

Proof. The claim is a special case of [63, Prop. 1.29], with one small difference. There, Discres(M, p, 2)
is defined with the L” (Bg) norm in the left hand side of (D-6). Thus, let Discres'(M,p,2) be
the best constant in the inequality

. d-1
IS avelw- @)l gy < Discres (M, p, 2)R*F [la, |l (ag- (D.5)
veEAR

Then [63, Prop. 1.29] asserts that the proposition holds with Discres’(M, p, 2) in place of Discres(M, p, 2).
Thus, (D.7) follows once we show that

Discres’ (M, p, 2) > Discres(M, p, 2). (D.9)



204 K. MERZ

Without loss of generality we may assume that Br = B(0, R). If we set
J@)= ) ave(v-z), then F(fer)(€)= ) apr(€+v),

veEAR vEAT,

where ¢p is as before and F denotes the Fourier transform. Note that F(fpr) = fx* YR 18
supported in an 1/R-neighborhood of M. In particular, it is supported on the ball B(0,2).
Thus, for any collection A; of 1-separated points in RY,

”fHéP'(AmBR) < ”f@R”ep’(Al) S ”f@RHLP’(Rd)’
where we used pr > 1p, in the first inequality and Lemma in the second. By a partition

of unity and a sparsification argument we may assume that f is supported on a disjoint union
of balls of radius R. By the rapid decay of $r and by the definition of Discres’ (M, p, 2),

oo
~ - . da—1
||<)0Rf||LPI(Rd) 5]\7 Z.] N”f”LP'(B(:rj,R)) 5 Dlscres'(M,p, 2)R 2 ||aV||52(A*R)a
j=1

where we used that holds uniformly in the centers of the balls. Combining the last two
estimates yields .

To prove the reverse inequality to 7 we may assume that Bg = B(0,R). By [63]
Prop. 1.29] it suffices to prove the reverse inequality to . Let A; be a 1-net of points
z; € Br. Let f(z) be defined as above. Without loss of generality we may assume that f is
supported on a disjoint collection of balls B(z;,10). Then

1900 ) = (I o)™ = ([ S Uty )l ) e

- B(0,10) 5
< Discres(M, p, Q)R% llavllez(az,)

where we used that holds for each collection z; + y of 1-separated points, uniformly in
Y. O

D.3.3. Stein-Tomas theorem. The following is an immediate consequence of the Stein—Tomas
theorem and Proposition (see also [63, Cor. 1.30]).

Proposition D.13. Letp’ > 2(d+1)/(d — 1). Then Discres(M,p,2) < 1.

~

D.4. Preliminaries for the wave packet decomposition. If f was smooth and real-valued
and supported on some ellipsoid E, then (by an integration by parts argument, say) f € S(R?)
is concentrated on E* with center of mass at the origin. In general, when f is complex-valued,
one should expand f in a Fourier series where one samples at the centers of masses of all E*
tiling R?. Let us make this more precise and assume for simplicity that supp f C 6, where
0, C R? is a rectangle centered at the origin with side lengths R=%/2 x .- x R™1/2 x R,
oriented along w € S¥~!. To make the computations more accessible, let p € C°(R%) with
supp ¢ C [-1/2,1/2]¢ and

T:0,—[-1/2,1/2]¢
T=DoR, ReSO(d), D=diag(R"? ., RY*R)

where R € SO(d) rotates 6, to 0.,, and D scales the rectangle to the unit box [—1/2,1/2]%.
Let us denote by TS a dual rectangle with side lengths RY2 x ... x RY? x R, oriented along

w € S%1, and centered at a € R?. Let us collect all centers of masses of these dual rectangles
that tile R? by T,,. Then

f=¢oT
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and we wish to expand

= 3" fula)e®™ €1, (¢)

a€eT,

for certain Fourier coefficients f,(a) that we shall now compute. We prepare for a € T,

mila,) £\ _ o mia-§ _ (T "a,€)
@0y = [a (o=t = o [ dele

- 1
~ Tdet(D)

<e27m(T a7-)’s0> )

Since T~ ta € Z% whenever a € T,,, we obtain by summing the equality over a € T,

D7 [ det(T)] 2o fe2 T el = (e)

a€T,,

Hence, replacing & — T¢, we obtain

F(©) = (9o T)(&) = det(T)| Y (2™, fre*™ €1, (€). (D.10)

a€T,

Taking the inverse Fourier transform, we observe

flx) ~ Y (@, fePm S, (x — a) (D.11)

a€T,,

where (recall |detT| = R(@H1/2) yp = RE+HD/2F (1, ) which is focused on T,, and obeys
X1, |loc ~ 1. Finally observe that we do not immediately get a Plancherel identity, but

IFI3 = 1det(T)[> Y (™, f) - (f, &2 /d§ P01, ()P (6 + 1 = 8a)

a,beT,

= [det(D)] 3 [ P+ ST @0, (7m0 [ (o= b=y () dy.

a€T, a#beT,, R
(D.12)

Since (x1, * x1,)(a — b) is a Schwartz function adapted to, say, a doubly dilated tube T,, with
X7, * X7, |00 ~ R@TD/2 we have (with the abbreviation f,(a) := (™) f)) for any N € N,

S @l fo® e *xr )@= b) ~y B3 [ fula)][ £u®)](1+]a—b)~N

a#beT,, a#beT,
(D.13)
d .
Sy RN (i) p))?
a€cT,,
Therefore,
IF1l5 ~ RFD/Z N (e, f)? (D.14)
a€T,,

which reflects the almost orthogonality of the (e*7(®) f)xr  for different a € T,,.
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D.5. Wave packet decomposition for the truncated paraboloid. The following is taken
from Demeter [63, Chapter 2].
Let T € C°([—4,4]9~1) with

dorE-j)=1.

jeza
Now let us refine the mesh a bit. Let R > 1 and rescale the lattice Z%~! to R~/27Z%1. Then

Y TRV )~ gz
l7I<RY/2

where T(R1/2§ —Jj) equals roughly an indicator function on a cube w := ¢, + [—R_1/2, R_l/z]d_l
with ¢, = R~'/2j. The ¢, denote the centers of those cubes which are roughly R~'/? distant
from each other and overlap at most O(1) many times. We collect these center of masses in the
set Qr € R™1/27Z9-1 Then, as in it is reasonable to decompose f in a Fourier series

FO=3 3 RFT (2 f1,)e2 e T(RY2(E — ) (D.15)

cw€QR cq€EQR
Z Z <e2”<c‘1">,f1w>e2”ic‘Z'C”Tq$w(§) (D16)
cwENR ceEQR
where ¢, € R'/2Z7~1 are centers of dual cubes ¢, + [~R'/2 R'/?]9~1 which are R'/2-separated
and collected in the set Q g, and
d—1 ) e d—1
You(l) = BT eGP (RVZ(E — ), | Tguli~RT (D.17)

For future use, let us record the following almost orthogonality property, valid for any weight
Wqw € C (such as wg,, = Wedw ., for instance),

1/2
d—1
[ Z Z WqwLqwll2 ~ R Z Z |wg,l® (D.18)
cw€QR g EQR cw€QR g EQR
which is a consequence of the fact that the cubes w are only finitely overlapping (for the > €O

summation) and similar computations as in (D.12)-(D.14) (for the >°. ., summation). Our

goal is to understand Ff in the case of the truncated paraboloid S = P41 = {(£,£2): € €
[~1,1]?"1}. To that end, we first record

* —2miz-(cu,c2 i
(FSTQ,W)(I) =e? (i) /Tq7w(n)e2 ®x.q.w () dn

with a complicated expression for the phase (which just comes from exploiting the galilean
symmetries of P4~1)
z' —cq + 2¢,1q 0 &d

R1/2 TR
By stationary phase, we anticipate that FgY, ., will be concentrated on a RYV2x...x RY2x R
tube centered at (cq, 0) pointing in the direction (—2c¢,,, 1) (which just follows from the observation
that the old 2’ = 0 point gets mapped to the new point 2’ which satisfies ' 4+ 2¢,2z4 = 0). That
is, F§Y 4w (x) decays rapidly whenever (', z4) is no critical point in the sense that V, ¢, .. = 0.
More precisely, recall Theorem [20.14] which says

WE(F5Yqw) = {(@, Vopugw(®) : (@,1) € RT\{0} x supp(Yyw), Vyaqw(n) = 0}

That is, the singularities will propagate along rays pointing in the direction V;¢; 4..,. To make
these statements more precise we introduce the following definitions.

@w,qw(n) =n-
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Definition D.14 (Tubes and wave packets). (1) We denote by T}, the spatial tube in R? given

by
Ty = {z = (', 24) € RY: |2/ — ¢, + 2c0ma| < RY?, 24| < R} (D.19)
The collection of these tubes for fixed w is denoted by T,,. The collection of all tubes is denoted
by T.
(2) For M > 1, let
MT, , ={z= (2 zq) € RY: |2’ — cq +2c,x4| < MR'Y?, |zq] < R} (D.20)

denote the dilate of T ., around its central axis.
(3) For each tube T =T, ,, we write Y, ,, = Tp and F§Yr = ¢p. The latter function (or any
scalar multiple thereof) is called wave packet.

The following theorem (see [63, Theorem 2.2]) summarizes the main features of the wave
packet decomposition.

Theorem D.15 (Wave packet decomposition). Let f € C™([—4,4]9"1Y), then there is a decom-
position
f= Z fr (D.21)
TeT

with supp fr C wr for some wr = ¢y 7+ [fR’l/Q, Rfl/Z]dfl with ¢, € Q. Let F&fr = arpr
with ar € C so that

Fsf = Z arer - (D.22)
TET
Then the w1 obey for any k > 1,
lerle ST, llprlla S R/ (D.23)
lor |l Lo -1 x—mRpMT) SEMTF, M >1 (D.24)
supp o C {(£,€?) : € € wr}, (D.25)
the ar obey the Plancherel similarity (recall | Yr||3 ~ R%)
d—1
£ ~ R Jar|? (D.26)
TET
d—1
1F10]5 ~ R=Z > Jarl?, (D.27)
TET,,

and the coefficients fr obey the Plancherel similarity

IFI3 ~ > llfrll3 - (D.28)

TET
In particular, th choices

arp = e e . (2mar) 1) and fr =arTr
are admissible.
Proof. Taking ar and fr as above, then the bound
o7l oo Ri-1 x (- mRNMT) Sk MTF, M >1

follows from non-stationary phase arguments since

inf Vobraw(m)| = M.
UESUPP(T),mG(Rd*IX[_RyR])\MT| nQD ', (77)‘
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The bound [|¢7|| e ey S 1 is immediate while
d—1
IfLull3 ~ RZ Y Jarl?,
TeT.,
follows from the almost orthogonality of the T, ,, (D.18) or Parseval’s identity
i(Cq," —d=1
>o leien), f)2 = B f15.
c€QR

Summing this over all w € Qg and using the fact that these cubes overlap at most O(1) many
times (to exploit almost orthogonality), one infers

d—1
IFI2 ~ R7= ) larl?.

Note also that

I3 ~ > Ifrll3

TeT

follows from the bound | Tr||3 ~ R(*~1/2 and

supp ¢ C {(£,£%) : € € wr},
which in turn follows from a direct computation. Note that ¢ is a measure supported on a

hypersurface. O

D.6. Other interesting uncertainty principles. Another interesting variant of the uncer-
tainty principle was found by Shubin—Vakilian—-Wolff [153, Theorem 2.1].

Definition D.16. Let p(z) = min{1,1/|z|}. Then a set E C R? is called e-thin if
B Ba(p(@)| < = |Ba(pl@))] , = € R
Theorem D.17 ([I53] Theorem 2.1]). There are € > 0 and C' < oo such that if E and F are
two e-thin sets in R?, then for any f € L*(R?), it holds that
1712 < € (Iflgasey + 1 fllzegre)) -

Clearly, the theorem says that f and f cannot both be concentrated on small sets at the
same time. There are numerous related results in the literature, see, e.g., Fefferman [76] or
Havin—Joricke [104].

We keep track of the following lemma which says that sharp cut-offs in spatial variables
automatically lead to frequency smearings on the inverse scale.

Lemma D.18. Let Ny, Ny >0, N > Ny + Ny, and F : R? — R? be measurable. Let YN8 (§) =
N9y(NE) where 5 is a smooth bump function on R such that §(x) =1 for |z| < 1, i.e., yi/n is
a smoothing operator in frequency space on scale N~'. Then

Lioj<n F(D)1g<ny = gy F - (F(E) *v1yn) F Ligj<n, - (D.29)

Analogously, for any surface measure do on a codimension one manifold S that is embedded in
R4, we have

1\w\§N1F5F51|7;\§Ng = 1|$|SN1F71 (dO’ * ’YI/N) ‘7:1|93|SN2 (D30)

where Fs and F§ are the usual Fourier restriction and extension operators.
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Proof. Let f € S(R?), then

(1< F(D)1 g 1<n, f) () = 1<, /F(w —Y) Ly <n, f(y) dy.

Since || < Ny and |y| < Na, we automatically have |z — y| < Ny + No < N. Thus, with the
smooth bump function ¥, we obtain

(1< F(D)1 1< n, f) (2) = L1 <, /F (z = y)3(|z = yl/N)1y<n, f(y) dy
= Ly, F ! (F(f) *v1/N8) F Ligj<n, f) (2),

which is the first part of the assertion.
Since F§Fg acts as convolution with (do)Y, we obtain analogously

(Ljaj<n, F§Fs1jzj<n, f)) (2) = Liz1<n, /(dU)v(u’U = )3z —yl/N)1y<n, f(y) dy

= (Lojen 1 (do % y1yn) F Ljajeny f) (@)

since
(do s yyw)” (@ —y) = /Rd dé i) /Sdff(n) YN (€ =)
= [ dotny e (12 —y1/)
= (do)"(z = y)j(jz — yl/N).
This concludes the proof. O

APPENDIX E. HAUSDORFF MEASURES

In the following we summarize some properties of Hausdorff measures following Wolff’s notes
[200, Chapter 8].

Definition E.1. Fix o > 0 and let £ C R?. For € > 0, we define

=inf{> r}
j=1
where the infimum is taken over all countable coverings of E by balls B, (r;) with r; < e.

Clearly, HS(FE) decreases when € N\, 0 and so we define the (spherical) Hausdorff measure [1],
p. 7]
— 15 (=
H,(FE) := g% H(E). (E.1)

It is also clear that for 3 < o we have H{(F) < Hg(FE) whenever € < 1, i.e.,
H,(FE) is a non-increasing function in «. (E.2)

Remarks E.2. (1) If H}(E) = 0, then H,(E) = 0. This follows from the definition since a
covering showing that H}(E) < § will necessarily consist of balls of radius §/°.
(2) It is also clear that H,(E) = 0 whenever a > n since one can then already cover R? by

balls B, (r;) such that > > j—1 7§ is arbitrarily small.

Lemma E.3. Let E C R?. Then there is a unique number ag, called the Hausdorff dimension
of E or dim(E) such that Hy(E) = oo if a < ag and Ho(E) =0 if a > «p.
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Proof. Define g to be the supremum of all « such that H,(E) = oo. Thus, H,(E) = oo if
a < ag by (E.2). Now suppose o > ay, let 5 € (ag, ), and define M := 1+ Hg(E) < oo. For

given € € (0,1), we can therefore find a covering of balls with Zj rf < M and r; <e. Thus,

S e S <o
J J
which goes to zero as ¢ — 0. Thus, H,(E) = 0 for a > «y. O

Remarks E.4. (1) The set function H, may seen to be countably additive on Borel sets, i.e.,
H,, defines a Borel measure. In particular, H,(E U F) = H,(F) + H,(F) for compact, disjoint
sets B, F. This is part of the reason one considers H, instead of any other HS (e.g., H}). We
refer to standard references in the area like Carleson’s survey [42], Falconer [71], or Mattila [I36].

(2) The Borel measure H, coincides with |Bg(1)|~! times the Lebesgue measure. If o < d,
then H, is non-sigma finite. The follows, e.g., by Lemma [E-3] which implies that any set of
non-zero Lebesgue measure will have infinite H, measure.

Example E.5. (1) The canonical example is the usual 1/3-Cantor set on [0,1] This has a
covering of 2" intervals of length 37", so it has finite Hice2 measure. It is not hard to show that

Tog 3

in fact its Hig2 measure is non-zero. This can be done geometrically (cf. [71, Theorem 8.6]

log 3
with similitudes ¢ (z) = /3 and ¥3(z) = (v + 2)/3E|), or one can apply Proposition below
to the Cantor measure. In particular, the Hausdorff dimension of the Cantor set is log 2/ log 3.

There are various other notions of dimension. Let us mention only one of them, namely the
Minkowski dimension which we define here only for compact sets.

Definition E.6 (Minkowski dimension). Suppose E C R? is compact, then let Es = {x € R? :
dist(x, E') < 0} be the d-neighborhood of E.
Let ag be the supremum of all & > 0 such that, for some constant C,
|Es| > Cod«
for all 6 € (0,1]. Then, ag is called the lower Minkowski dimension of E, denoted by d,(F).
Let ay be the supremum of all a > 0 such that, for some constant C,
|Es| > Cod

for a sequence of ¢’s converging to zero. Then «; is called the upper Minkowski dimension of E,
denoted by dy (FE).

It would also be possible to define the Minkowski dimensions like the Hausdorff dimension
but restricting to coverings of balls of the same size. Namely, define a set S to be d-separated if
any two distinct points x,y € S satisfy |x —y| > §. Let E5(F) be the d-entropy on E, defined by
the maximal possible cardinality for a d-separated subset of E. |§| Then, one can show that

. log&s(E)
dL(E) = hgri)ltl;lf W s
g&s(E)

305ee also Corollary 8.7 there which says that the Cantor set is indeed self-similar since it satisfies the open
set condition U?zl ;([0,1]) C [0, 1].

31gee also Theorem 8.3 there which says that there is a unique compact set E C R such that ¢(E) =
U]- Y;(E) = E for any finite set of contractions, and for any non-empty compact set F C R, one has
limy_, o ¥ (F) = E in Hausdorff metric.

32Show that Es(F) is comparable to the minimum number of §-balls required to cover E.
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Notice that countable sets may have positive lower Minkowski dimension; consider, e.g., the set
{1/n}5<; U {0} which has upper and lower Minkowski dimension 1/2.

In the following, we will give a potential theoretic characterization of the Hausdorff measure.
If E is a compact set, then let P(E) denote the space of all probability measures supported on
E. The following will be quite helpful.

Proposition E.7 (Frostman’s lemma). Suppose E C R? is compact. Then the following two
assertions are equivalent.

(1) There is a p € P(E) such that
p(By(r)) < Cre (E.3)
for a suitable constant C' and all x € R, r > 0.
(2) Hy(E) > 0.
Proof. See Wolff [200), Proposition 8.2] or Mattila [I37, Theorem 2.7]. O

Let us now define the a-dimensional energy of a (positive) measure p with compact support
|§| by the formula

d d

() ::/M, a<d. (E.4)
[z —yl|*

Let us also define the mean field potential

V() = / & — g~ du(y),

i.e., we have

() = [ V@) duo). (E.5)

Roughly, one expects u to have I, (1) < oo if and only if it satisfies (E.3|). Although this precise
statement is false, we will now see that the Hausdorff dimension of a compact subset can still be
defined in terms of the energies of measures in P(E).

Lemma E.8. Let p be a probability measure with compact support. Then, the following two
assertions hold.

(1) If w satisfies (E.3), then Ig(pn) < oo for all § < a.

(2) Conversely, if u satisfies 1o () < oo, then there is another probability measure v such
that v(X) < 2u(X) for all sets X and such that v satisfies (E.3)).

Proof. (1) Without loss of generality, we assume that the diameter of supp(u) is < 1. Then, by

(E.3),
[Vi@dut) s [ 32 B ) dute) £ [ 32 duta) $1.
3=0 3=0
(2) Let F' = {z: V*(x) < 21 (p)}, then u(F) > 1/2 by I (u) = [ V,*(x) du(z) (and the mean
value theorem). Let us now define the new probability measure v by v(X) = u(X N F)/u(F).

By the previous argument v(X) < 2u(X) and we are left to show that v satisfies (E.3). Suppose
first z € F. If r > 0 then

33The compact support assumption is not needed; it is only included to simplify the presentation
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which shows whenever © € F. For general x we distinguish between the cases where
the intersection B,(r) N F is empty or not. Assume first that r is such that B,(r) N F = 0.
Then evidently v(B,(r)) = 0. Else, if B,(r)NF # 0, let y € B,(r) N F and observe that
v(By(r)) < v(By(2r)) S r* by the first part of the proof. O

We are now ready to give an alternative characterization of Hausdorff dimension for compact
subsets of R.

Proposition E.9. If E is compact then the Hausdorff dimension of E coincides with the number
sup{a: Jp € P(E) with I,(1) < oo} . (E.6)

Proof. Denote the above supremum by s. If § < s, then by (2) of the previous lemma, we
know that E supports a measure with (B, (r)) < Cr”?. But then by Proposition we have
Hg(E) > 0, ie,, § < dimF which means s < dimE. Conversely, if f < dim E, then by
Proposition E supports a measure with u(B,(r)) < CrP*¢ for some sufficiently small € > 0.
Then Ig(p) < 0o and so 8 < s which shows dim F < s. O

As the a-energy is the expectation value of a translational invariant function, the Fourier
transform should come in handy. In particular, we will make us of the elementary

Proposition E.10. Let u be a positive measure with compact support and o« < d. Then
dp()dp(y) j[ |(6) 2 L (%52)mo/?
Iau:/izca d§, where cq = —=———. E.7
W= ] T = futgr T(a/2) =0

Using this and Proposition allows us to prove a lower bound on the Hausdorff dimension
of the support of probability measures.

Corollary E.11. Suppose j1 is a compactly supported probability measure on R* with

()] S €77 (E.8)
for some 0 < B < d/2, or more generally that (E.8) is true in the L? sense
[P ds s v, (E9)
Bo(N)

Then the dimension of the support of u is at least 2.

Proof. By Propositionit suffices to show that if (E.9) holds, then I, (u) < oo for all v < 28.
But in view of the Fourier representation of I, (u), we have (using |i1(€)| < [|u]l1 = 1)

_1 d 2 —j(d—a) N 2
ol </§|<1 /g|>1> \do‘ €3 Sup|u |+ZQ / 1a(8)]” d§

7=0

29 <|g|<2i 1
S Ll + 3022 oo,
j=0
whenever a < 28. This shows (E.9) and concludes the proof. O

One may ask the converse question, whether a compact set with dimension o must support a
measure p satisfying

(E)] Se (L+]¢])/2¢ (E.10)
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for all € > 0. The answer is (emphatically) no El Indeed, there are many counterexamples,
i.e., sets with positive Hausdorff dimension which do not support any measure whose Fourier
transform even decays as |(| — oo. Consider, e.g., the line segment £ = [0,1] x {0} C R2.
Clearly, E has dimension 1, but if g is a measure supported on E, then i(£) only on &, and
so it cannot go to zero as & + &2 — 0. If one considers only the case d = 1, this question is
related to the classical question of “sets of uniqueness”, see, e.g., Salem [I51] or Zygmund [206].
For instance, one can show that the standard 1/3 Cantor set does not support any measure such
that f vanishes at infinity. Indeed, it is non-trivial to show that a “non-counterexample” exists,
i.e., a set F with given dimension a which supports a measure satisfying . One can find a
construction of such a set due to Kaufman in Wolff [200, Chapter 9].

Remark E.12. There is an important relation between the Fourier transform of Borel measures
and dynamical properties thereof in quantum mechanics. Consider a self-adjoint Hamiltonian
H in some Hilbert space #, the associated spectral measure (on Borel sets in R) dpuy(A) =
(v, dEg (M) for some 1 € H, and its Fourier transform

i (t) = / e dpiy = (1, ) = ((0), $(2))

Its absolute square, i.e., |y (t)] = |(1(0),%(¢))|?, denotes the survival probability as (0) is
evolved along the Hamiltonian flow. Usually, one is interested in its Cesaro average

2 1 r 2
<JpP >ri= / ()2 d
0

Wiener’s theorem then asserts limy oo < [fip]* >17= D, cp [t ({A})|?. Thus, if ¢ € H,, the
continuous spectral subspace of H, the survival probability decays to zero. If j, is uniformly
a Holder continuous (UaH), i.e., puy(l) < |I]* for some a € [0,1] and where |I| denotes the
Lebesgue measure, then, Strichartz’s theorem [I73] (see also Last [128, Theorem 3.1]) refines
Wiener’s theorem and says

<l >r ST, ¢ € Hun(a)

where Hyn(a) = {9 py is UaH}.

We say that a measure p is a-continuous iff p(F) = 0 for any set E for which the Hausdorff
measure H,(E) = 0 and denote Hoe = {9 : py is a-continuous}. Last [I28, Theorem 5.2]
showed that for all a € [0, 1] one has H,p(a) = Hqe which means that H,. must have a dense
subset of vectors for which supy T% < |fiy|? >71 < oo.

Moreover, the a-dimensional energy defined in (E.4)) is related, via the Fourier transform to

> |y ()2 - Citan Cu dpiy () dpy ()
/ i dt = g, |7 ) = (g, | |7 dpy) = [ SRS = ()
o t |z =yl
Recalling Proposition it is then interesting to observe that (cf. Last [I28, Lemma 5.1] p is
a-continuous, whenever I (py) < 0o.
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