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Abstract

Our thesis is concerned with Strichartz estimates both in terms of their method of proof and
application to nonlinear partial differential equations (PDEs). We make an overview of the
method in the abstract setting following the style of exposition introduced by Keel and Tao [30]
(1998) and the subsequent work by Foschi [20] (2005). Into that we incorporate generalizations
to many special advances that have appeared recently. In a separate chapter we make explicit
derivations to concrete equations like the wave, the Schrodinger , the Dirac, the Klein-Gordon
and other similar equations. Thus, we present the most complete sets of estimates for these
equations, improving significantly what has appeared in the literature. We also uncover the fact
that certain endpoint inhomogeneous Strichartz estimates contain all homogeneous Strichartz
estimates as a subclass in terms of an equivalence between the two types of estimates, see The-
orem 1.3.2. Thus to us it is the inhomogeneous Strichartz estimates that are of prime interest.
This aforementioned equivalence helps us also to study the class of homogeneous Strichartz es-
timates for data classes outside the energy class. Such estimates were originally investigated by
T. Kato [29] in the special context of the Schrodinger equation which we generalize and improve
substantially. Our thesis contains also two separate new developments which we summarize in
the paragraphs below.

The first main subject in the thesis of special interest are the Strichartz estimates for the
kinetic transport equation. These estimates were studied before us by Castella and Perthame
[11] (1996) and Keel and Tao [30] (1998). Our work vastly improves the family of inhomogeneous
Strichartz estimates for that equation. This fact allows us to prove that the Othmer-Dunbar-
Alt kinetic model of bacterial chemotaxis is globally well-posed for small enough initial data
in 3d. Moreover, this is the first application of Strichartz estimates to global well-posedness in
the context of a nonlinear kinetic model and therefore it validates them as a useful tool in such
contexts.

Another related question is the validity of the endpoint homogeneous Strichartz estimate
in the context of the kinetic transport equation in spatial dimensions bigger than one. This
problem was considered by Keel and Tao in their famous work [30] but proved too difficult
to be resolved. In 1d we give a new geometric counterexample to the failure of the endpoint
estimate which is shown to occur on characteristic functions to Besicovitch (Kakeya) sets. We
too cannot resolve the higher dimensional endpoints but instead prove weaker substitutes that
are valid in the setting of finite velocity spaces. The loss of integrability compared to the
original estimate can be chosen to be arbitrary small. The original estimate cannot be resolved
by the techniques of Keel and Tao [30] and Foschi [20] alone, in view of a counterexample that
we give. The difficulty here is that there does not exist a family of perturbed estimates in a
“full neighborhood” around it in a sense to be made precise later in the text.

The other main subject in the thesis that is of special interest is related to the question of
the global regularity of the Dirac-Klein-Gordon system in space dimensions above one for large
initial data. That question was originally considered in the 1970’s by Chadam and Glassey
[12, 13, 23] but proved too difficult for the time. In the past decade there is a renewed interest
that brought many advances on the front of low regularity local existence theory. We present
the first proof in 2d of global existence for large initial data under the assumption that the
data is spherically symmetric. Our result relies on new inhomogeneous Strichartz estimates
for spherically symmetric functions that we prove in the abstract setting and in particular for
the wave equation. We propose a definition of spherical symmetry for spinors and show that
under it the class of spherically symmetric initial data is preserved by the time evolution of
the system. Independently of us, a new preprint appeared by Griinrock and Pecher [24] that



claims to solve that problem in a higher regularity class without the assumption of spherical
Ssymimetry.

We make a number of other lesser improvements and generalizations in relation to the
Strichartz estimates that shall be presented in the main body of this text.
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Chapter 1

Introduction

1.1 Preliminaries

Strichartz estimates are a type of a-priori estimates for the solutions of a large class of linear
partial differential equations whose common property is that their solutions tend to disperse
over time. Originally, such estimates were proved by R. Strichartz [45] in the late 1970’s for
the wave equation but later researchers extended them to other dispersive equations. The
original method of proof relied on the recently discovered by Stein and Tomas fundamental
results on the restriction properties of the multidimensional Fourier transform. However, the
techniques were based on heavy harmonic analysis and the estimates were limited to special
cases. In his article [38], Pecher showed that the time and space exponents need not be equal
and thus provided most of the Strichartz estimates for the homogeneous equation in the special
context of the Klein-Gordon equation. The next major advancement in the method came out
in Ginibre and Velo [21] who invented a simpler and more flexible proof that relied only on the
duality principle in Functional Analysis. In the late 1980’s, Yajima extended the method to
equations with inhomogeneous terms to cover different time and space exponents. These ideas
were finalized in the mid 1990’s in the papers by Lindblad and Sogge [31] and Ginibre and Velo
[22]. Today, the core of these techniques is known as the TT*-method.

By the mid 1990’s Strichartz estimates became a standard tool in the analysis of the
Schrédinger and the wave equations and gradually became familiar to researches working out-
sides these two equations. For example, in 1996 came out Castella and Perthame’s short article
[11], where they prove some homogeneous Strichartz estimates for the kinetic transport equa-
tion.

The next breakthrough came in 1997 when Keel and Tao [30] brought a much awaited
unification in the theory. The authors elucidated the fundamental property of scaling in the
estimates, presented the method in the abstract level, and gave some new tools based on
bilinear-form interpolation and scaling invariant decompositions which are today the core of
studying the end-point estimates and the inhomogeneous estimates.

In a paper of 2005, Foschi [20] gave a further refinement of the method by introducing
a dyadic Whitney decomposition which is more effective than the original one of [30] in the
inhomogeneous setting.

Please bear in mind that in our historical remarks we have selected only these advances
that have helped in a larger degree the subject to obtain its modern outlook. We are interested
only in the most basic form of the subject that treats the question of the Strichartz estimates
as consequences of a given dispersive (decay) estimate and an energy estimate. The latter two
estimates can be regarded as axioms which form the fundamental level in the body of Strichartz
estimates and the entire structure is raised only by deduction from them. There are many other
special circumstances of interest which we regard as special topics and extensions of the main
theory and shall not be considered here.

After these introductory remarks let us now present the subject from a mathematical per-
spective. We denote by U(t) the continuous linear evolution group of a linear homogeneous
differential equation. The two most important properties of U(t) are



e the dispersive estimate:

1
0Ol S g Wy 1 €R, VS € L (Xid) (L1)

e the energy estimate

WU flle S Ufle. ¢ R, VF € L2(X;dp) (1.2)

where o > 0 is the rate of decay, f is the initial profile of the wave, and by L? = LP(X;du)
we denote the Lebesgue space LP over some measure space (X, du). The two inequalities above
reflect the physical phenomenon that the amplitude of the wave decays over time (equation
(1.1)), while its total energy remains constant (in the case of equality in equation (1.2)).

The homogeneous Strichartz estimates have the form

10O Algzry SIFs vfe L2

To the inhomogeneous equation we associate the following operator

W(t)F/t U(t — s)F(s)ds. (1.3)

— 00

Under the assumption that supp F' C [0,00) x R™, (1.3) gives the Duhamel’s formula of the
fundamental solution to the inhomogeneous PDE. The inhomogeneous Strichartz estimates have
the form

WO Fllpar, S IFIl (1.4)

Li'ey”
where by L{L" we denote the Lebesgue space L1(R; L"(X; du)). We show in the sequel that the
homogeneous Strichartz estimates can be identified as a special subclass of the inhomogeneous
ones, see Theorem 1.3.2. From this point of view, the study of the inhomogeneous Strichartz
estimates shall be our prime goal. The Lebesgue norms in the dispersive and energy inequalities
shall be suitably generalized to vector-valued Lebesgue norms and abstract Banach space norms
in the subsequent chapters. We shall study the explicit form of the Strichartz estimates for
concrete equations and shall prove new Strichartz estimates that shall help us prove existence
of solutions to nonlinear PDE’s.

The thesis is organized as follows. This introductory chapter continues with an example
of a typical application of the Strichartz estimates to the global well-posedness of a nonlinear
dispersive equation. We also highlight a universal equivalence relation between various types
of homogeneous and inhomogeneous Strichartz estimates.

Chapter 2 is the place where we begin studying in detail the methods of proof of Strichartz
estimates. This is done in a concrete situation, that of the kinetic transport equation. This
chapter is completely self-contained and the exposition follows closely our preprint [37]. The
treatment of this setting resembles to a large degree that of the abstract setting at least on the
level of how interpolation works. This is the case because in both situations we cannot use the
special interpolation properties of the (isotropic) Lebesgue spaces, and in particular the fact
that in the latter context the real method gives rise to a finer family of well-known spaces, that
of the Lorentz spaces, for which we have extensive embedding relations in the cruder family of
Lebesgue spaces.

In Chapter 3 we make an application of the Strichartz estimates for the KT equation to
the global well-posedness of the nonlinear kinetic model of chemotaxis proposed by Othmer-
Dunbar-Alt.

In Chapter 4 we prove some new inhomogeneous Strichartz estimates with spherical symme-
try in the abstract setting. The most important concrete case, that of the wave equation is also
considered explicitly. In Chapter 5 we make an application of the estimates from Chapter 4 to
the global well-posedness of the Dirac-Klein-Gordon (DKG) system in two spatial dimensions
when the data is spherically symmetric.

Chapter 6 is intended to be a reference containing the complete set of the Strichartz estimates
in the context of the most frequently used partial differential equations. The formal proofs are

10



given in Chapter 7.

1.2 Working example

This section provides a working example for one of the most typical applications of the Strichartz
estimates in the analysis of nonlinear PDE’s. First, we fix the notation of some of the most
frequently used spaces and operators throughout the entire body of this text.

By D?* we denote the operator of fractional differentiation of symbol |£|®, and analogously,

by A® we denote the inhomogeneous operator of symbol (14§ |)$/2. The homogeneous Sobolev
space H?(R™) on R is defined by

Hy(R") = {u € S'(R") \ P(R") : | D*ul| 1 gy < 00}

for 1 <r < oo, s € R. In other words that is the set of tempered distributions S’'(R™) on R™,
factorized by all polynomials P(R™) on R", whose Sobolev norms || D*:|| ., g, are finite. When

r = 2, instead of H3(R"), we simply write H5(R"). Analogously, the inhomogeneous Sobolev
space HZ(R™) on R™ is defined by

HIR") ={ue S'R"): A" 1r(gny < 00}

The homogeneous Besov space Bf’q(R") on R” is defined by

B, ®") = {u e S'®)\PRY) : {27 165 5 ull oy ez |, < o0}

where {¢;};ez is a homogeneous Littlewood-Paley dyadic decomposition on R™. Analogously,
the inhomogeneous Besov space By (R") on R™ is defined by

B (R") = {u € S'(R™) H{Qsj I, * u||U(Rn)};g0qu < oo} ,

where {¢; }}";0 is a inhomogeneous Littlewood-Paley dyadic decomposition on R™.
Recall the well-known continuous embeddings between the Besov spaces Bﬁ’z, and the
Sobolev spaces H?

Hf<—>Bﬁ,2, 1<r<2, Bﬁ,2<—>HTS, 2 <r < oo, (1.5)

see [3, p. 152]. Analogous embeddings are valid for the inhomogeneous Besov and Sobolev
spaces t0o0.
Now let us consider the following estimate

lu®)ll oz + P20+ [P 2000

<
LeL (1.6)
1z + Mgl g1z + [ F Ml parapaga

‘LEOLEE

for the solution of

Ou(t,z) = F(t,z,u) (t,x) € R'*3
(u7 Ou)i=o0 = (fu g),

proved by Strichartz in his original paper.

Example 1.2.1. [41, p. 110] Let us apply the above inequality to prove global existence and
uniqueness for Ou = u* on R'™3 with data (u, d;u)i—o = (f,g) € H'/? x H=/2 provided that

Eo = fll gz + gl g2

is sufficiently small. To see this, denote by X (u) the left hand side of (1.6). We now iterate in

11



this norm. The iterates are defined inductively by ug = 0 and

.3
Uuj =uj_y

with data (f,g), for j € N. Then by (1.6), using the fact that
lwvwllpars < llullpa ([0l g llwll La

we have

X(Uj) S CE() + CX(’U,jfl)g.
So if X (uj_1) < 2CEy, then so is X (u;), provided C(2CEp)? < 1/2. Then, since

O(ujir — uy) = uf —uf_y = (uy — uj1)uf +uj1(uy + 1) (u; —uj1)

with vanishing initial data, we have
X(ujpr —uy) < C'[X (uy) + X (uj— )P X (uj —uj1) < C'(A4CE)* X (uj — uj_1),

so {u;} is Cauchy provided C'16C*EZ < 1/2.

1.3 Equivalent estimates

In this section we present some instances of equivalence between two given Strichartz estimates.
To do so, let us first introduce the setting. Consider two abstract Banach spaces Bi, Bs.
Suppose that the duality pairing (-,-) for these two spaces is the same and that B; and By*
have a common dense subset S. We define the adjoint U*(t) : S — B1* to U(t) : S — Bs by

(U@ f,g9)={f,U*(t)g) VYf,g€eS.

A typical example is By = L?, By = L9, which have the same duality pairing (f,g) = [ fgdz,
and S being taken as the Schwartz class on R"™.

Lemma 1.3.1 (The Duality lemma). The following two estimates for W (t) are equivalent
IWOF gy S 1Flpeas,
WO F Lo ripy+y S IF N o (8,7 -
for 1 <p,q < oo, whenever they are both invariant to the transformation U(t) < U(—t).
Proof. The proof is a straightforward generalization of the proof of Lemma 2.5.3 O
Theorem 1.3.2 (The Equivalence theorem). A. The following three estimates are equivalent
10O g S 15, vf € By,
WO Fl g risy) S IFl sy > VE € L' (R; By),
WO F | oo o,y S I Fll e ®ipery»  VF € LY (R; B2Y).
B. If By is a Hilbert space, the homogeneous estimate above is equivalent to
IW @) Fllpsipy) S Wl Lo s,y VF € LY (R; By").

whenever q > 2. In the case when g = 2 we can only claim that the homogeneous estimate is
implied from the latter inhomogeneous estimate.

Proof. The proof is a straightforward generalization of the proof of Theorem 2.3.5. For part
B, bear in mind that in the abstract setting we use the Christ-Kiselev lemma 7.1.5 instead of
Lemma 2.5.1 and thus now for the endpoint case the implication is only one-way. O

12



Chapter 2

Strichartz Estimates for the
Kinetic Transport Equation

2.1 Introduction

The main goal of this chapter is to study the range of validity of the Strichartz estimates for
the kinetic transport (KT) equation

Owu(t,z,v) +v - Vyu(t,z,v) = F(t,z,v), (t,z,v)€ (0,00) x R" x R", (2.1)
u(0,z,v) = f(x,v).

The first estimates for the KT equation appeared in the paper of Castella and Perthame
[11] (1996). The authors prove a large part of the homogeneous Strichartz estimates for that
equation plus some inhomogeneous estimates of special type. The next work treating that
subject is the paper of Keel and Tao [30] (1998), where in a small paragraph the authors prove
the full range of homogeneous Strichartz estimates, save for the endpoint ones which proved
too difficult to be resolved and remained open. Following up the discussion in [30], Guo and
Peng [25] (2007) resolved in the negative the endpoint homogeneous Strichartz estimate

WOl zreory S 1Flz (2.3)

in one spatial dimension (1d), where U(t)f = f(x — tv,v) is the KT propagator, by means of
two separate counterexamples. Interestingly enough, they also showed that this estimate holds
if one replaces the spatial L*>°-norm by a BMO-norm, a situation that is unique for the KT
equation.

Then in 2008 appeared the first application of Strichartz estimates to a kinetic model, see
Bournaveas et al. [8], where it is proved that the Othmer-Dunbar-Alt (ODA) kinetic model
of chemotaxis (3.1)-(3.3), (3.5), has global weak solutions in three spatial dimensions (3d).
However, the authors are unable to show uniqueness and continuous dependence on the initial
data, and to work in data classes that are preserved by the evolution of the system. Thus their
application of Strichartz estimates leaves doubt whetether these estimates can be a very useful
tool in the context of nonlinear kinetic systems when it comes to proving well-posedness.

We shall prove that the ODA model is globally well-posed in 3d for small data by use of
Strichartz estimates. Our proof benefits from the larger range of inhomogeneous estimates that
we prove here which is also the reason for our improvement to the result of [8]. Thus our work
presents the first application of Strichartz estimates in the context of a nonlinear kinetic system
that gives global well-posedness, and in the light of the above, it also validates the Strichartz
estimates as a viable tool in the analysis of a kinetic equation.

One of the more interesting results of this chapter is the fact that the endpoint estimate
(2.3) fails on functions f that are characteristic of Besicovitch sets on the plane. Moreover, our
approach is flexible enough to resolve in the negative all estimates containing L*°-norms in the

13



x-variables of the form

WO S 11y

in all dimensions, where 0 < ¢, p,b,c < 00, ¢ # 0.
Another intersting observation that we make here concerns the inhomogeneous operator

W(t)F :/0 U(t— s)F(s)ds

that solves the inhomogeneous KT equation (2.1). As it is well-known the proof of the Strichartz
estimates for W (t) usually goes through proving the analogous estimates for the TT*-operator
and then using the celebrated Christ-Kiselev lemma that implies the former form the latter.
However, we show directly that in the context of the KT equation the Strichartz estimates for
both operators are equivalent.

We study other possible relations of equivalence between different Strichartz estimates and
one particular example in this direction is the equivalence of these two estimates

WO fparrry SN llzyze s vfe L)L, (2.4)
WO Fl oy S Fllpipyre  VF € LiLL LS, (2.5)

Note that the inhomogeneous estimate above is endpoint with respect to the temporal exponent
that is equal to 1. This connection helps us study the range of validity of the homogeneous
estimates of the form (2.4) which are given for data outside the “transport” class. Such esti-
mates were investigated by T. Kato [29] in the context of the Schrédinger equation where the
homogeneous estimates are of the form

WUs@Ofllpgry S Il s Vel (2.6)

(Us(t) here is the Schrodinger propagator) and are given for data outside the “energy” class
(L?), ie. for f € LP and 1 < p < 2. The equivalence between the estimates in (2.4) and
(2.5) helps us improve the method of Kato, and we prove a larger range of estimates that we
would have obtained by just adapting his method to the present context. In this connection
we should mention the fact that the inhomogeneous Strichartz estimates that we prove for the
operator W (t)F are based on adaptation of the methods of Foschi [20] and Keel and Tao [30] and
currently present the most powerful method for proving inhomogeneous Strichartz estimates.

We also consider the endpoint homogeneous and inhomogeneous Strichartz estimates in
higher dimensions. We give a counterexample showing that there does not exist a family
of perturbed (local) estimates in a “full neighborhood” around each of these estimates which
explains why the methods of Keel and Tao [30] and Foschi [20] cannot be applied to this context.
However, we prove weaker substitutes of these estimates that can be useful to applications under
the assumption of a finite velocity space. The loss of integrability of these estimates compared
to the original ones can be chosen to be arbitrary small. The proof of the endpoint Strichartz
estimates for the KT equation remains one of the most difficult open questions with regard to
Strichartz estimates.

The estimates that we prove do not follow from the estimates proved before us in the abstract
setting for two reasons. One is that the decay estimate

1
1Tl peery S i 1Ny e (2.7)

for the KT equation has vector-valued Lebesgue norms and in order for the Strichartz estimates
that follow to be also given in Lebesgue norms one needs to use the complex method of inter-
polation and not the real one which is used in Taggart [46]. Another, even more fundamental
reason, is the fact that the KT equation enjoys a whole family of spaces that it preserves in its
evolution and not just the Lebesgue space L?. We shall call the following estimate

W@ e, = 1Flpe,, VER 0<a<oo, (2.8)

14



the transport estimate, and the class L3 , - a transport class. Initially, we shall prove the
homogeneous estimates for data in Liy and shall extend this result to all other transport
classes by the following invariance

f= 1% U@ f— (U@ )* (2.9)

The exponents in the Strichartz estimates (in (2.12), analogously for (2.13)) transform according
to the rule

v

(q,7,p,a) = (ag,ar,ap,aa), 0<a < oo (2.10)

and any two estimates whose exponents are related in such a way are equivalent.

2.2 Notation and basic facts

All estimates that we prove in the sequel involve the following two basic operators
t
Ut)f=flx—tv,v), WQHF = / U(t— s)F(s)ds, (2.11)
0

that decompose the solution u to the Cauchy problem for the linear KT equation (2.1), (2.2)
into a homogeneous and inhomogeneous part

u(®) =U@)f + W(t)F.
The homogeneous Strichartz estimates have the form

OY T T (2.12)

where by L{L" L? we mean L%([0, 00); L™ (R™; LP(R™))). Whenever we consider Lebesgue spaces
over other domains, the domain shall be shown explicitly. For example, by L{L" L? (V') we mean
L1([0,00); L™ (R™; LP(V))).

We shall also study generalized homogeneous estimates for data outside the transport class

10O lzazy e S 1l zs - (2.13)
The inhomogeneous estimates have the form

WO Fllpapr e S IF (2.14)

Ly -
As we already mentioned in the Introduction, one of the new result of the present chapter
is the fact that all homogeneous estimates (2.13) (and therefore (2.12)) are contained in the
inhomogeneous Strichartz estimates (2.14) of the special form with either ¢ = 0o or ¢ = co in
a sense of both estimates being equivalent.

Let us now describe the range of validity of the homogeneous estimates. Following Keel
and Tao [30], we shall call the Lebesgue exponents for which estimate (2.12) holds for every
f e Lé. admissible.

z,v

Definition 2.2.1. We say that the exponent triplet (g, r,p) is KT-admissible if

1 n (1 1 def

(= = HM 2.1

. 2(p r)7 a (p,7), (2.15)
1<p,qr<oo, p“(a)<p<a, a<r<r(a), (2.16)

except in the case n =1, (¢,r,p) = (a,00,a/2).

In the above definition we use the abbreviation HM(p, r) to denote the harmonic mean of p
and r, i.e. a = HM(p,r) whenever



For convenience we have also computed the exact lower boundary p* to p and the exact upper
boundary r* to r which are given in

Definition 2.2.2. Set

pla) = 2 (@)= 2y i e
pa=1 i

: (2.17)

a <
a<m

n

We have used the convention that 1/0 = oo, i.e. for n = 1, r*(a) = co. Furthermore,
throughout this text we shall always use the convention 1/0c0 = 0 and 1/0 = co in the context
of Lebesgue exponents.

Note that the second line in (2.17) is a cutoff that keeps the Lebesgue exponents in the range
[1,00]. In view of the power invariance (2.9) this is not needed for the proof of the homogeneous
estimates but in the proof of the inhomogeneous estimates one needs to exploit the fact that
the Lebesgue spaces with exponents in the cited range are Banach spaces and have duals in
the same range. Without this cutoff, the bounds will be p*(a) = ;%% and r*(a) = ;4 for any
a>0.

A consequence of the above definition is the fact that if the triplet (g, r, p) is KT-admissible,
then a < ¢ < 0o and p < r. Triplets of the form (g,7,p) = (a,r*(a),p*(a)), for (n+1)/n < a <
00, shall be called endpoint. When a = 1 the only admissible triplet is (0o, 1,1), and similarly,
when a = oo the only admissible triplet is (0o, 00, 00).

To describe the range of the inhomogeneous estimates we shall need the next two definitions.
Following Foschi [20], we shall call the exponent triplet (g,r,p) KT-acceptable if it satisfies a
certain condition that is necessary for the validity of the inhomogeneous estimates of the form

(2.14) for any right hand side F' € Lg/ L7 L7

Definition 2.2.3. We say that the exponent triplet (g, r,p) is KT-acceptable if

1 1 1
<n(—), 1<¢g<o0, 1<p<r<o, (2.18)
q p T

orifg=00,1<p=r<o0.

Note that a KT-acceptable triplet is always KT-admissible. We shall later see that this
condition is necessary both for the validity of the generalized homogeneous estimates and the
inhomogeneous estimates. To further describe the range of validity of the inhomogeneous
estimates we give the following

Definition 2.2.4. We say that the two KT-acceptable exponent triplets (¢,7,p) and (g, 7, p)
are jointly KT-acceptable if

1 1 1 1 1 1
+~=n<1——~), -+=<1, (2.19)
q q roT q q

HM(p,r) = HM(p',7), (2.20)

and if the exponents satisfy further the additional restrictions

(1)

n—1 n n-1 n
- < — 2.21
P’ 7’ P’ T’ (2:21)
for r, 7 # oc.
(i) if » = oo then the point (1/q,1/r,1/p,1/¢,1/7,1/p) € ¥1 U B,
5 ={(u,0,5,0,1 —k,1) : O< pv<1,0<p+v<l s=(u+v)/n}, (2.22)

B =(0,0,0,0,1,1).
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(iii) if 7 = oo then the point (1/¢,1/r,1/p,1/4,1/7,1/p) € Z2UC,

Yo={(t,1—-k,1L,1v,0,5) : 0<pv<l,0<pu+v<l s=(u+v)/n}, 593
C=(0,1,1,0,0,0). (2.23)
We remark that only the restrictions (2.19) and (2.20) in this definition are shown to be
necessary for the validity of the inhomogeneous estimates. We are being slightly inconsistent
but for the sake of simplicity we have incorporated the remaining conditions in this definition
which we need in our proof but for which we are not able to show their necessity. Note that
the restriction (2.21) is analogous to a similar condition in the context of the Schrédinger
equation whose necessity is also currently not known, see Foschi [20]. This remains an obstacle
to understanding the full range of the inhomogeneous Strichartz estimates in higher dimensions
and this is where the current boundary of the subject lies. The remaining conditions treat the
case when the exponent r, or 7, to the spatial norm is equal to co. Again we do not know
whether these conditions are necessary due to the lack of suitable counterexamples for the
inhomogeneous estimates.
Note also that in one spatial dimension (n = 1) condition (2.21) is void. Thus, the full range
of validity of the inhomogeneous Strichartz estimates is now known for n = 1.

2.3 Main results on Strichartz estimates

We begin with the Strichartz estimates for admissible exponents.

Theorem 2.3.1. Let u(t) be the solution to the Cauchy problem for (2.1), (2.2). Then the
estimate

la)l e S W ls, + 1F o (2.24)

holds for all f € L*(R*)and all F € Lg/LZ/Lgl if and only if (q,r,p) and (4,7,p) are two
KT-admissible exponent triplets and a = HM(p,r) = HM(p',#), apart from the case when
n > 1 and (q,r,p) is being an endpoint triplet for which the corresponding estimates in higher
dimensions remain unresolved.

Note that Theorem 2.3.1 allows the second triplet (G, 7, p) to be endpoint and excludes only
the estimates where the first triplet (q,r,p) is endpoint.

Despite the fact that Theorem 2.3.1 is essentially optimal it does not give the full range of
validity of the estimates for the operator W (t). It turns out that the estimates for W (¢) have
a bigger range of validity than these for the solution u to the inhomogeneous equation with
nonzero initial data considered in Theorem 2.3.1.

Theorem 2.3.2. Suppose that (q,r,p) and (G,7,p) are two jointly KT-acceptable exponent
triplets that further satisfy the following conditions

(i) 1< q,q <00, q>{q, then the estimate

||W(t)F||LfL;L§ S ||F||L£’_,L;/Lg/ (225)
holds for all F € LY L7 LV .
(ii) § =00, 1 < g < 0o, then the estimate
W@ F g prp < 1PNy (2.26)
holds for all F € L'LT L7 .
(i11) ¢ = 00, 1 < § < oo, then the estimate
DT Y T s (2.27)

holds for all F € Lf/’lLZ,L?gl.
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(iv) 1< q,§ < o0, q={q, these endpoint inhomogeneous estimates remain unresolved. Instead,
we present weaker substitutes of (2.25) under the assumption of a finite velocity space
V C R™. The estimate

||W(t)F||L?L§Lf(V) SV ||F||L5,L;lLf/(V) ) (228)

holds for all F € Lg,Li,Lf/(V), whenever P, P are such that 1 < P <p and 1 < P < p
and g <r,qg<T.

Conversely, if estimate (2.25) holds for all F € L?/LQ,LQ’/, then (q,7,p) and (§,7,p) must be
two jointly KT-acceptable exponent triplets, apart from conditions (2.21), (2.22), (2.23), whose
necessity is not fully verified.

Remark 2.3.3. Estimate (2.26) can be strengthen by replacing the Lorentz norm L?°° by the
Lebesgue norm LY in the range ¢ > p'. Anaulogously7 the Lorentz norm L7-! in estimate (2.27)
can be replaced by the Lebesgue norm L7 in the range ¢’ < p. In both cases see Lemma 2.8.3.

Remark 2.3.4. If we restrict ourselves to finite time intervals [0,T], we have the continuous
embeddings

L*7([0,T]) < LP([0,T]), q>p, 1 <q,p,7 < o0,
LP([0,T]) — L*"([0,T]), p>q, 1 <q,p,r < o0,

see [2, p. 217]. For example, let (oo, r,p) and (G, 7,p) be such that estimate (2.27) holds and
let 1 < Q < ¢. Then we have the local inhomogeneous estimate

W@ Fll e o,r1iLa gy ST M0 (o 7y, 12

for any 0 < T' < oo and any F € L?’([O,T];Lingl).

The different cases which Theorem 2.3.2 considers can be visualized quite easily. Let us
first remember that the Lebesgue space LP is best seen as a “function” of 1/p rather than p
in the context of interpolation. Therefore, the range of validity of the estimate (2.25) shall be
described as a region in RS containing the points with coordinates (1/q,1/r,1/p,1/4,1/7,1/p)
if the corresponding exponents appear in a valid estimate (2.25). The projection of that region
over the (1/q,1/g)-plane is visualized on fig. 2.1.

1/q
1|B

1 1/q

Figure 2.1: Acceptable range of (1/q,1/4).

The inner part of AOAB corresponds to the non-endpoint inhomogeneous estimates, while
its three sides correspond to the endpoint inhomogeneous estimates. In the context of Theorem
2.3.2, the inner part of AOAB corresponds to part (i), the cathetus OA - to part (ii), the
cathetus OB - to part (iii), and the hypotenuse AB - to part (iv). The inhomogeneous estimates
can be put into three groups in ascending order of difficulty: the inner part of AOAB, the two
catheti OA and OB, and the hypotenuse AB.

Theorem 2.3.5 (The Equivalence theorem).
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A. The following three estimates

WU e S o re s Vfe L)L, (2:29)
WO Flap, e SIWFpspege,  VF € LyLYL, (2-30)

IWOF| ey e < IF] VF e LY L LY. (2.31)

LYLy Ly
are equivalent whenever 1 < q,r,p < 00, and 1 < b,¢c < 0.

B. Whenever b = c = 2 estimate (2.29) is equivalent to
W Fl pry S 1Flypo, . VP € LT LULL, (232

Remark 2.3.6. In fact the only place where we use the assumption that b and ¢ must be
finite is the proof that the inhomogeneous estimate (2.30), or its equivalent (2.31), implies the
homogeneous estimate (2.29). So all other implications in the theorem remain true even if
b= 00 or ¢c=o0.

In a direct consequence of Theorem 2.3.2 and the Equivalence theorem we obtain

Theorem 2.3.7 (Generalized homogeneous estimates). We have the estimate
WO o= rrrr S Aoz (2.33)

for all f € LYLS, whenever the exponent vector (q,r,p,b,c) satisfies the following conditions

1 e
Lemo ) = M) Y (234)
q r
p<b<a<c<r, (2.35)
a<r<rie), (2.36)

in the range 1 < q¢ < oo, 1 < p,p,r, 7 < oo. Estimate (2.33) also holds whenb=c=p=r
and ¢ = oo (the transport estimate), and whenever b = p, ¢ = r, and 1/qg = n/p —n/r (a
consequence of the decay estimate (2.41)). Furthermore, if additionally ¢ > ¢, then the sharper
estimate

1@ grsrn S 1l se (2.37)

holds for all f € LYLS in the range 0 < q,7,p,b,c < co. Conversely, if estimate (2.37) holds
for all f € LYLS then (q,7,p,b,c) must satisfy conditions (2.34) and (2.35). However, we do
not have a counterezample showing the necessity of the upper bound r*(c) in dimensions n > 1

in the case when b # c.

The Equivalence theorem, part B, together with Theorem 2.3.2, part (iv), imply the following
weaker substitute for the endpoint homogeneous Strichartz estimate over finite velocity spaces.

Corollary 2.3.8. Let 1 < P <p*(a), (n+1)/n < a < oo, and let V C R™ be bounded. Then,
the following estimate

W@ oy v 1l (2.38)

holds for all f € Lj .

2.4 Basic properties of the kinetic transport equation

Lemma 2.4.1 (The decay estimate [40]). The kinetic transport evolution group U(t) obeys the

estimate
1

0Oy < o Iy (2.39)

for all f € LLL.

v
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Proof.

| wsiao= [ ie—wola< [ s it =)

n yeR”

1 1
< fn/ sup 1£(z29)] dz = oo |1l s oo -
i e 7 1 lesrs

n yeR”
l

Lemma 2.4.2 (The transport estimate). The kinetic transport evolution group U(t) obeys the
estimate

10 oz < 1 le 0<a<ox, (2.40)
forall feLg,
Proof. Trivial. O

Corollary 2.4.3 (The decay estimate). The kinetic transport evolution group U(t) obeys the
estimate

ST

U@ fllrrr < W“f“LﬁL;? 1<p<r<oo, (2.41)

for all f € LPL7.

Proof. Complex interpolation between the decay estimate (2.7) and the two transport estimates
(2.8) with a =1 and a = oo. O

Lemma 2.4.4. The formal adjoint to U(t) is the operator U*(t) = U(—t).
Proof. We denote by (-,-) the scalar product on L?(R?*"). Thus,

/ f(z —tv,v)g(z, v)dzdv

- /_ F(y0)9(y ¥ Eo,0)dydv = (f,U(~t)g),

where we have made the substitution y = x — tv. O

Lemma 2.4.5 (Scaling properties of U(t) and W(t)). The evolution operators U(t) and W (t)
enjoy the following scaling properties

Ut)fx = f (/A —tv/A0) = {U(')f}(t//\ z/A;v),
where fr(z,v) = f(z/\v),

Ut)fa = f(x/X—tv/Xv/A) = {U(')f}(t, z/ A v/N),
where fk(xfu) =f (:L'/)\,U/A) ’
/A
W) Fy = A ; F(s,z/x— (t/N—s)v,v)ds = M{W(-)F} (t/\, /A v),
where F)\(t,z,v) = F(t/\, xz/\,v),
W(t)Fy = /O/F(s,x/)\ —(t—=s)v/Nv/AN)ds = {W()F}(t,z/\v/N),
where F)\(t,z,v) = F (t,x/\,v/\).
Proof. Direct inspection. O

Lemma 2.4.6. Suppose that f € LT(R™, LP(V)), where 1 < r,p < oo, and V C R"™. We have
the following two cases
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(i) If r,p < 0o, then
Ut)f e CR; LLLY).
Specifically, if r = p = a < oo, then U(t) is an isometry on Lg .
(i) If r = 00 or p = 00, then
U(t)f & C(R; L, LY).
If, however, f is uniformly continuous in x and V is bounded, then
Ut)f € C(R;LyLY), 1<rp<oo
and U(t)f remains uniformly continuous in x for all t € R.

Proof. The first part follows from the following standard argument. Suppose that x¢(z,v) is
the characteristic function of a square @ in R?". The claim holds for xg. Then it holds for the
class of simple functions on R?” and by density for all f € L3 .. The counterexample needed
for the second part can be taken on characteristic functions of squares in R?”. The remaining
claims are trivial. O

Corollary 2.4.7. In particular if f € CL(R?*™), the space of continuously differentiable func-
tions of compact support on R2™, we have that

Ut)f € C(R; L"LP), (2.42)

v

in view of the fact that in such case both hypotheses (i) and (ii) of Lemma 2.4.6 are satisfied.

2.5 Duality and the TT*-principle

2.5.1 Basics.

Let us consider the operator

v

T:L2, — LILLLY, {Tf}(t,z,v) = f(z —to,v).

Its formal adjoint is the L2-valued integral

(oo}

T L LY L — L2, {T"F}(z,v) = / F(s,z + sv,v)ds.
— 00

The composition of the two has the form

TT* . LY LT LT — LILTLT, {TT*F}t,z,v) :/ F(s,x — (t — s)v,v)ds.

In view of the TT*-principle, see e.g. [41, p. 113], T and TT* are equally bounded with

|T||> = |TT*||. Thus, the following two estimates are equivalent
ITflpapyry <C ||fHL3M ) VfeL:, (2.43)
ITT Py < C NPl gy, WF € LU LY, (2.44)
where C = ||T||.
By duality, (2.44) is equivalent to
[T R, GO < Ly 1G]y
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and to
0o 0o . § ,
’/—oo /_OO<U(S) FU@) G)dsdt) < C\ o gy g Gl par g

VE, VG € LglL;/LZ, By symmetry, the last inequality is implied by

|B(F,G)| < C2||F| G| VF,¥GeL{L"L, (2.45)

Ly’ | Ld'rLr'Lr

where B(F,QG) is the bilinear form
B(F.G) = // (U(s)* F,U(t)*G)dsdt.
s<t
Here, (-,-) is the bilinear pairing on R?" i.e.
(fr9)=[ [z, 0)g(x,v)dxdv.

R2n

Instead of proving (2.43) directly, we usually prove the equivalent estimate (2.44) for the
TT*-operator. The reason for that lies in the fact that the T7T™*-operator is a convolution
operator. The endpoint estimates are usually proved via the equivalent bilinear estimate (2.45).

We now turn to the inhomogeneous estimates. Suppose that (¢,r,p) and (g,7,p) are two
exponent triplets such that

ITfllpapy oy <C HfHL(;U , Vfels.,
||Tf\|LgL;Lg SCHfHLgfva vaL?c,m

for some 1 < a < co. By considering the composition

~/ ~7 ~/ T* T
g 17 1D a qrrrp
Lt La: L’U - Lx,v - LtLach’

we obtain the consequence

ITT*Fl oy p < CPIF VF e L L} LT (2.46)

G =t i
LI Ly

Note now that the exponents in the two sides of (2.46) are not the same. This estimate
does not any longer imply boundedness for the operator T. However, it implies boundedness
for the inhomogeneous operator W (t) due to the following

Lemma 2.5.1. The following two estimates are equivalent

ITT*Fllaprip S 1P WF e L] LT LY, (2.47)

G =t i
LI Ly

WO Fll oy e S IF VF e L{ Ly LY. (2.48)

G' v =t B
LY LY LY

Proof. Estimate (2.47) implies (2.48) since we can decompose the T'T*-operator into

(=[]

and then make a change of variables in the third integral to transform it to an integral like the
second one. The details are left to the interested reader. The converse follows by the estimate

\W(t)F| < TT* |F|. 0
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Furthermore, the inhomogeneous estimate

||W(t)F||L§L;L{’, S HF”L?'L;’L?,' , VP e L? Ly LY,

analogously to the proof of (2.45), is equivalent to the estimate

[B(E, G S IFI o o Gl (2.49)

Li'Lr Ld' Ly
VP e LI LT P vGeLd L7 LY.
These equivalence relations between various types of Strichartz estimates shall be exploited
in the sequel and for convenience we summarize in the following
Lemma 2.5.2.
(i) The boundedness of the operator T : L2, — LILT LT of the form Tf = U(t)f is equivalent
to the boundedness of the bilinear mapping B : LglL;/Lz X LEILQ/LZ — C.
(i) The boundedness of the operator W (t) : Lg'LZ'Lfl — LILT LY is equivalent to that of the
bilinear mapping B : LY L7 LP x LY L L — C.
The bilinear formulation of the TT*-principle of Lemma 2.5.2 was first introduced by Keel
and Tao [30] in a slightly different context.
2.5.2 Equivalent estimates.
Lemma 2.5.3 (The Duality lemma). The following two estimates for W (t) are equivalent
VEe LI LT L7,

HW(t)F”LgL;LE S ”FHL;T'L;’LE' ’

IWOF e S 1l gy - VF € L LY LY
for 1 <p,q < oo.

Proof. By duality, the first estimate is equivalent to

B SIFl g o0 1G] gy

for all F e LI L7 LF | G € LY L7 L' . We have that
B(F,G) = // (U(—0)*"F,U(—7)*G)drdo,
T<O

by making the substitution ¢ = —s, 7 = —t in the definition of B(F,G). The integral in the
line above can be written as

(—1)" / /T W) F UG drds,

by making the substitution z — —x and setting F'(t,z,v) = F(—t,—z,v), G'(t,z,v) =
G(—t,—x,v). Hence the second estimate follows. The converse follows by the same argu-
ment. O

Theorem 2.5.4 (The Equivalence theorem).

A. The following three estimates
HU(t)f”LgL;ij 5 Hf“Lng ’ Vfe LZLQCN (2-50)
IW@F Laprre SWFlpipype .  VE € LiLL L, (2.51)
WO F| ey e S IF VF e L L} LY. (2.52)

7 /
q frply
L L7 Ly
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are equivalent whenever 1 < q,r,p < 00, and 1 < b, ¢ < 00.

B. Whenever b = ¢ = 2 estimate (2.50) is equivalent to

IWEF gy S IF VF e LY L L, (2.53)

Ly'Ly”
Proof. Part A. The homogeneous estimate (2.50) trivially implies the first inhomogeneous es-
timate (2.51). By the Duality lemma 2.5.3, the two inhomogeneous estimates (2.51) and (2.52)
are equivalent. All it remains is to show that (2.51) implies (2.50).

Formally, the proof follows if we choose an inhomogeneous term F(t) = §(¢) f, where §(¢) is
the delta function on R and f € LYL¢. Indeed, we have

W) f1=U®)f, ||5(t)f“L,{Lng = Hf”Lng )

which furnishes the argument. To give a rigorous proof instead of 6(¢) we consider a smooth
approximation of the identity 6.(t), € > 0. Suppose that f € LY L¢, for 1 < b,c < oo, and thus

v

by Lemma 2.4.7 U(t)f € C(R; LLL¢). In view of Lemma 2.5.6

W OB sz = 15 % U0 e — 10Oz

on R as € — 0. Finally, by Fatou’s Lemma 2.5.7

||U(t)f||Lg(R;Lng) S 1i§Liglf HW(t)éffHL‘Z(R;L%L%) S

lifen_}élf ||5sf||L§(R;LgL5) S ||f||Lng :

The general case of f € LYLS follows by density since C}(R?") is dense in LYLS and U(t) is
linear.
Part B. This follows directly from Lemma 2.5.2. O

Remark 2.5.5. The Equivalence theorem still holds if instead of the Lebesgue L4-norm in time
we have the more general Lorentz L%%-norm in time. The formulation and proof in this case
are straightforward and shall be omitted. Let us note, however, that we shall use once in the
sequel this more general formulation of the theorem with the L%°°-norm in time.

We finish this paragraph by presenting several technical facts we needed in the proof of the
Equivalence theorem. To that end, we need to generalize to the abstract setting some basic
facts about approximations of the identity. Denote by L(B, B) the space of all linear continuous
operators on the Banach space B and let K(t) : R — L(B,B) be an operator-valued function
that maps R into L(B, B). For each ¢t € R, let m(t) : R — [0, 0] denote the operator norm of
K (t). Suppose that m(t) € L N L' and

/O; m(t)dt = 1.

K.t) = 1K (t> R —F+K. = /_o; K.(t — 5)F(s)ds,

We set

€ €

where F' : R — B is a vector-valued function. In the next lemma we specify conditions on F'
and K under which F, — F, in the sense that ||F(t) — Fc(t)|| 5 — 0 as € — 0. We shall call any
such family of kernels K., for € > 0, an approximation of the identity.

Lemma 2.5.6. Suppose that F' : R — B belongs to L}, .(R; B), the space of all locally integrable

B-valued functions on R, and m(t) = O(|t|™") as |t| — 4o00. Then F. — F at each point of
continuity of F.

In the classical setting of B =R (or C) the proof of this theorem can be found in a standard
course of Real Analysis like e.g. [51, p. 152]. The generalization to the vector-valued setting is
straightforward. The lemma shall be used under the same assumptions on the kernel to show
that ||[Fe(t)||g — |F(t)|lz on R, as € — 0, whenever F' € C(R; B)
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In the same spirit we generalize

Lemma 2.5.7 (Fatou’s lemma). Suppose that Fy, — F a.e. on R, then
HFHLf'q(R;B) < likniicgf ”Fk”Lf’q(R;B) )

wherep=q=1,p=qg=00, or1 <p< oo and 1 < q < oo.

Remark 2.5.8. The classical Fatou’s lemma is originally stated in the case of LP9(R;B) =
L'(R), ie. forp=¢g=1and B=R.

Proof. The limit Fj, — F a.e. on R means that ||F(t) — Fj(t)| 53 — 0 for almost all t € R. This
implies the limit || Fy ||z — || F||z a.e. on R. By considering fi(t) : R — [0,00), fx(t) = || Fk(t)| 5.
and f(t) : R — [0,00), f(t) = ||[F(t)|z it will be enough to show the claim only in the scalar
case. However, the latter is a direct consequence of the Monotone convergence theorem for the
Lorentz space LP?(R) stated below. Indeed, let gr = inf{fx, fk+1,...}. Then gr / f and
0 < g < fi. Thus,

£l oo = lim [|gll oo < liminf[| fill 7.

and the claim follows. l
Theorem 2.5.9 (Monotone convergence theorem for Lorentz spaces). Let (X, X, ) be a mea-

sure space and let {fr} be a sequence of measurable functions on X. If 0 < fr /' f p-a.e. on
X, then

ka”Lp,q(X;d,u) - ||f||LP=CI(X;d#) )
wherep=q=1,p=qg=o00, orl <p< oo and 1 < q < 0.

Proof. In the case when p = ¢ = 1 the proof can be found in [51, p. 172]. The case when
p = q = oo is trivial. The rest follows from the special representation of the Lorentz norm

a ~ 1/p g o4t
Hf”Lp,q(X;d,L) = o (P f(t)) e q < 00,
Hf”Lp,q(X;du) = sup {tl/pf*(t)}a q = 00,

0<t<oo

see [2, p. 216]. Indeed, the claim follows from the property

\fel /NS prace. = f 7,

see [2, p. 41], where by f* we have denoted the decreasing rearrangement of f, for a definition
see [2, p. 39]. O

2.5.3 Local in time decompositions and scaling

The full power of the bilinear formulation of the TT* method only comes to light when one
decomposes the bilinear operator B(F,G) into local in time dyadic pieces that are scaling
invariant with regard to Strichartz estimates. In order to present that idea in more detail, we
need several definitions in advance.

Denote by Q the region {(t, s)|s < t} on the (¢, s)-coordinate plane.

Definition 2.5.10. We call any positive integer that is a power of two a dyadic number.
Furthermore, we call a square @ in R? dyadic if its side length is a dyadic number and the
coordinates of its vertices are integer multiples of dyadic numbers.

We apply Whitney’s dyadic decomposition on 2 and obtain the family O of essentially
disjoint dyadic squares @ (overlapping on the sides is not excluded) such that the distance
between any square @ € O and the boundary of Q ({(¢, s)|t = s}) is approximately proportional
to the diameter of @, see figure 2.2. By O, we denote the collection of all squares in O whose
side length is A.
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Figure 2.2: Whitney’s decomposition for the region s < ¢

Thus we obtain the representations
a={J U, BEG=> > BuFG),
A QGO)\ A QGOA

where

Bo(F.G) = / /Q (U (s)F(s), U (£)G(t))dsdt. (2.54)

The advantage of the above decomposition lies in the fact that whenever QQ = Jx I and Q € O,,
we have

A= [I] = |J] ~ dist(Q, 0Q) ~ dist(I, ). (2.55)

This special property (2.55) of Whitney’s decomposition plays a role in the proof of the following
scaling invariance

|BQ(F7 G)‘ S )\B(q,r,d,f) HF”L‘E’(J;L;/L,%/) ||G||L§/(I;L;,L€/) (256)
of the localized bilinear operator Bg. Here we have used the notation
1 1 1 1
,6’((],7",(],7:):—1—~—n<1——~>, (257)
q q roT

The range of the Lebesgue exponents (1/¢,1/r,1/p,1/¢,1/7,1/p) for which we can prove that
(2.56) holds for every @ € O, shall be presented in Lemma 2.7.4. Let us assume for the present
that we have chosen Lebesgue exponents for which this lemma holds. Now, it is even more
important to know whether the sum of all dyadic pieces By with @ € O, obeys the same
scaling invariance, which is addressed in

Lemma 2.5.11. If% + % <1, then

> 1Bo(F, O SN IDNE oo G o 1 - (2.58)
QEeON
Proof. In view of (2.56)
Z | B(F,G)| g Aaman) Z HFHL?’(J:,L;/Lf/) ||GHL§'(1;L;’L€') :
Q€eO0 QEeON, Q=JxI
An application of Lemma 2.5.12 below concludes the proof. O

Lemma 2.5.12. Suppose % —1—% > 1. Then

Z ”fHLﬁ(J) ||gHLP(I) < HfHLf»(R) ||g||LP(R) .
QEON, Q=JxI
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Proof. The lemma follows directly from the inequality

p

> lasbil < [ D las P PNLITE
i i i

=

which holds in the range £ + 1 > 1, and the fact that for each dyadic interval I there are at
most two dyadic squares in O, with side I. O

Consider now the bilinear operator A : Lg/ LT L7 x Lg/L;l LP — 1, (for a definition of (%
see below), defined by the formula

AF,G) ={babrerz =§ D |Ba(F.G)

QEON Ae2z

This definition is well-made whenever (q,r,p) and (g, 7, p) satisfy the assumptions of Lemma
2.7.4, and if s = —(q,7,q,7). The boundedness of A : LY L7 L7 x LY L L' — I* implies the
boundedness of B : LY L7 LF' x LY L [P — C. Thus, in view of Lemma 2.5.2, the estimate

1{ox I S ||F||L§,L2,L§, HG”Lf/L;/LSI ., VFeLlL'LF, VG e LILTLP,

implies the boundedness of W (t) : Lg/LiLS/ — LILILP . We summarize this argument in

Lemma 2.5.13. The boundedness of the bilinear operator A : LflLZ/Lf}_’, X Lf/L;,Lg/ — [t
implies the inhomogeneous Strichartz estimate
WO Fllpag,pp S IFll g+ VF € LT LY LY.

To highlight the importance of Lemma 2.5.13, we mention that it presents the furthest
reduction of the problem of proving the inhomogeneous Strichartz estimates for the operator
W (t). This lemma shall also be used in the proof of the homogeneous endpoint estimates (2.38).

In the remaining part of this paragraph we collect several facts from Real Interpolation that
shall be used throughout this work. By LP = LP(X;B) and LP? = LP9(X;B) we denote the
Lebesgue space and the Lorentz space, respectively, of vector-valued functions that map a fixed
measure space (X, du) to a fixed Banach space B.

Lemma 2.5.14 (see [3, p. 113]). Suppose that 0 < po, p1, go, 1 < 00, 0< 0 < 1, and py # p1-
Then
(LP01q07 Lphlh)&q — Lpﬂ’

where 1/p=(1—0)/po+0/p:1.
Suppose that By and By are two Banach spaces that are compatible for interpolation.

Lemma 2.5.15 (see the Appendix of [15]). For every 1 < pg,p1 < 00, 0 < 8 < 1, 1/p =
(1—-6)/po+0/p1 and p < q we have

LP(X5 (Bo, Bi)a,g) — (L7 (X;Bo), L (X; B1))o.q-

Denote by [? the space of number sequences with a norm

p= (2% ")" . 1<p <o,

{a}jez

{a}jezllj =sup2’a;|,  p=occ.
s JEL
Lemma 2.5.16 (See Theorem 5.6.1 in [3]). We have the identity

(I2.02), 4 =1,

Sp0?"S1
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where 9,81 € R, sg # 51 and s = (1 — 0)sg + Os;.

Lemma 2.5.17 (See pp. 76-77 in [3]). Suppose that (Ao, A1), (Bo,B1), (Co,C1) are interpo-
lation couples and that the bilinear operator T acts as a bounded transformation as indicated
below:

T:A()XBO—?C(),
T:AoXBchl,
T:.Al XBQ—>C1.

If 6p,601 € (0,1) and p,q,r € [1,00] such that 1/p+ 1/q > 1, then T also acts as a bounded
transformation in the following way:

T: (A()yAl)Oo,pr X (BO;BI)Gl,qT - (60761)90+91,T'

2.6 Strichartz estimates for the Cauchy problem

In this paragraph we prove the claim of Theorem 2.3.1 in the direction of its sufficiency condition.
The proof of the claim in the part of its necessity shall be proved in Section 2.9 by means of
counterexamples. Let us first consider the case of non-endpoint exponent triplets. We recall
that a simple condition for an exponent triplet (g,r,p) to be non-endpoint is ¢ > a, where
a =HM(p,r).

The main characteristic of the present setting is the fact that the homogeneous and the
inhomogeneous estimate

10 Nsgrraz Sy, 1<a< o0, (2.242)
IW O Fllgy1n SIF gy e (2.240)

are equivalent in view of the TT*-principle and Lemma 2.5.1. Here, we have assumed that
(¢,7,p) and (g, 7, p) are two non-endpoint KT-admissible exponent triplets subject to the scaling
condition a = HM(p,r) = HM(p', 7). A further reductions will be to consider only the estimate

U Flpsngny SIFIL2
since, in view of the power invariance (2.9), we can generalize it to any transport norm.

Proof. In view of the decay estimate

1
(CHONPIFFRS PES Ifllpypr s 2<7 <00,

where 3(r) = n(1 — 2/r), cf. Corollary 2.4.3, we obtain the following estimate for TT*F

x * F (),
1T Pl S [ 0= 9Py ds < [ L

———as
—o |t — s

We take the L?%-norm in ¢ and in view of the Hardy-Littlewood-Sobolev (HLS) theorem of
fractional integration, see [2, pp. 228-229], [41], we obtain

||TT*FHL;7LILLJ 5 ||F||L3/L£/L$ )
whenever 0 < (B(r) < 1, 14+ 1/q = 1/¢' + B(r). The latter conditions are equivalent to

2 <r <r*2),1/g+n/r = n/2. The left endpoint r = 2 follows trivially from the transport
estimate (2.8). O

The right endpoint r = r*(2) remains unresolved in the context of the KT equation, unlike
that of the wave and the Schrodinger equations, where it has been resolved (in the positive) by
Keel and Tao [30] (1997).
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The equivalent inhomogeneous estimate (2.24b) to the homogeneous endpoint (2.24a) with
(q,7,p) = (2,7*(2),7*(2)") has both triplets (¢, r,p) and (§,7, p) equal to (2,7*(2),r*(2)"). How-
ever, the case when (g, r,p) is non-endpoint and (g,7,p) is endpoint corresponds to a valid
inhomogeneous estimate that is considered in the proof of Theorem 2.3.2 in Section 2.8.

2.7 Local inhomogeneous estimates

Following Foschi [20], we want to find the range of local estimates for W (t) that are invariant
to the scaling

W O DT F ) pogrrize ey S AT 0755 |R) VA > 0, (2.59)

L&' (AJ;LF LE)

where I and J are two unit intervals separated by a unit distance and x); is the characteristic
of the rescaled interval \J.
The bilinear formulation of (2.59) is

|Bo(F,G)| s MraD |IF| Gl (2.60)

Li (5L L¥ L (L' Ly

where @ is the square I x J.

Lemma 2.7.1. Estimate (2.59) holds for any two (non-endpoint) K T-admissible triplets (q,r, p)
and (q,7,p) with a = a’'.

Proof. The proof follows trivially from Theorem 2.3.1 due to the fact that 3(q,r, ¢,7) = 0 under
the hypothesis of the lemma. O

Lemma 2.7.2. Estimate (2.59) holds with (q,r,p) = (c0,r,p) and (§,7,p) = (co,p’,r"), where
1<p<r<oo.

Proof. Due to the decay estimate (2.41) we have that

F(r Pror
/ IE ()l e Ly 0

sup ||W(t)[X>\JF]||L;L’5 < sup (1-1)
teAl A

teX]

< \B(o0.7,00,") HFHLl(,\J;LgL;) )

O

Lemma 2.7.3. Whenever (q,r,p) and (4,7,p) are exponent triplets for which estimate (2.59)
holds, we have that (2.59) also holds with (Q,r,p) and (Q,7,p), where 1 < Q <¢q, 1 <Q <q.

Proof. A trivial application of Holder’s inequality

1 _1
WO DT Fll ey S A2 WD FIl Laarser e

< A@ran) || F| v < AB@QrQ) 11 par

L& (AJ;LT' LBy ~> "OAJLE LT Y D

Let us define the range of validity of the local estimates (2.59) as the set £ in R®. Each point
in £ corresponds to the vector (1/¢,1/7,1/p,1/G,1/7,1/p) in RS. Below we find the convex hull
E* (E* C &) of the points in RY that correspond to the estimates in the three lemmas above.
We shall call any point or collection of points in £ acceptable.

Lemma 2.7.4 (Local inhomogeneous estimates). Estimate (2.59) holds whenever the exponent
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triplets (q,r,p), (q,7,D) satisfy the following conditions

11 1111
0<-—,=<1, 0<=,=,~,=<1, (2.61)
q q pprr
1 1 1 1 o
- < -, =<-=, HM(p,r)=HM(p, ), (2.62)
r p r p
1 1 1 2 1 1 1 1 2
- —z——+-<—, ————=-+=-<—, (2.63)
r p v p ng T p T p 4
—1 -1
n <Q, n~ <E, (2.64)
P T P r

or if the point (1/q,1/r,1/p,1/4,1/7,1/p) lies inside one of the cubes in R® below

(K,O,/_},J/,l—/j,,l), OSfﬁM’VSL

2.65
(K/,l_ﬂ,l,V,O,M), OSH,M,VS:[. ( )

Proof. We apply the Riesz-Thorin convexity theorem to interpolate between the already proven
local estimates. In essence, we find the convex hull of the locally acceptable sets associated with
Lemmas 2.7.1 and 2.7.2 and then expand that set by the rule given in Lemma 2.7.3.

The set of acceptability S; of the local estimates in Lemma 2.7.1 is given by the system

11 1111
0<=,=2<1, 0<=,2,2,=<1, (2.66)
r’ T ¢ pp
1 11 1 11
S (e =Ly - (2.67)
qg 2\p r g 2\p T
1 1 1 1
44+ ==2, (2.68)
rop T P
—1 1 1 1
n ntl nol_ntl (2.69)
P r p T

orif (1/¢,1/r,1/p,1/¢,1/7,1/p) € {B = (0,0,0,0,1,1),C = (0,1,1,0,0,0)}.

Note that S; is a convex polyhedron in RS and the two points B and C lie on its boundary.
The set of acceptability So of the local estimates in Lemma 2.7.2 is the convex hull (in fact a
triangle) of the three points

A=(0,0,1,0,0,1), B=(0,0,0,0,1,1), C=(0,1,1,0,0,0). (2.70)

Vertices B and C' are already included in 57, thus it would suffice to take only the vertex A.
Hence, we obtain the following set

160 1 0 1 4.0
Q ¢ R ¢ P p’
1.0 L 0L 508 g<e<n,
Q q R T P p

where (1/Q,1/R,1/P,1/Q,1/R,1/P) are the coordinates of the new set Sz written in terms of
(1/¢,1/r,1/p,1/q,1/7,1/p) and 6. Of course, to S5 we must also add the line segments [A, B]
and [A, C]. We shall treat this case separately at the end.

Finally, we apply the rule given in Lemma 2.7.3 and thus we replace the equations for @
and Q above with the following inequalities

1
1>=>
“0°

QD
Qi =
v
ESTRIS Y
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plus the restrictions

(2.71)

which were implicitly assumed in (2.67).
1. We first eliminate ¢ and ¢ from the system for S; to obtain

Lonf0 0N L 1L nfp 1 1
Q~2\p 1)’ Q2 P R)’
-~ P R nQ
Similarly,
9§i+l~+i, l,i§1
P R nQ Q

3. Reworking condition (2.69), we obtain

n+11+1 n+11 1
n—1R P

0 <

4. Condition (2.71) is replaced by

Lol _, 1.1,
PR~ P R

5. Finally, conditions (2.66) are transformed into

iill< 111111
P,ap/aR7R_7 _Q’Q,P’P

0<7 p— 7T — ~ 9 —_ 7’ —— Tj].. 2~73
7R+P’+ Q R+P’+nQ n—1R P/ n—1R+P/ ( )
1 1 1 1 1 1 1 1 1 1
0<777’777’77T_’ +*+T+T: . 274
TQ Q P PRR P R R P 274
7. We discard the redundant conditions like
7i7i7l7l~<97
P prR R

which are all weaker than the other two in (2.72).

There exists 6 solving all inequalities in (2.72), (2.73), if and only if every quantity in (2.72)
is bounded from above by any quantity in (2.73). Thus we form all possible combinations
between the quantities in the two types of (reduced) inequalities to obtain the following set of
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conditions

R'PR P hg RIPSRTP T
l i n—|—1l 1 n—1<ﬁ
R P "n—-1R pr P’ R’
1 i n—l—ll 1 - n—1<ﬁ
R P n-1R P’ PR
1 1 1 1
7<77 T§~7
R P

describing the region Ss.

8. We apply the rule given in Lemma 2.7.3 to the two line segments [A, B] and [A, C] to
obtain the following two cubes in RS

(1,0,k,,1 — K, 1), 0<p,vk <1, (2.75)
(w1 =k, 1,v,0,K), 0<p,v,k <1. '
Hence, the computation of the set £* is finished. O

2.8 Proof of the global inhomogeneous Strichartz esti-
mates

2.8.1 Global inhomogeneous non-endpoint estimates

In this paragraph we prove the inhomogeneous Strichartz estimate

||W(t)F||L;’L:L€ 5 ||F||L§/L2/L?,/ ’ VE € L:‘I L; Lg )

in the range ¢ > ¢’. Thanks to Lemma 2.5.13, we have reduced this problem to showing the
estimate

103 i S IFll g o 1G] gy VF € LT LT EE, G € LY L LY
For convenience we recall that

{bk},\ezz = Z |BQ(F7 G)|

QEOA Ae2z

We shall next specify the range of validity of the above estimates in terms of the vector

(1/¢,1/r,1/p,1/q,1/7,1/p)
that we assume to be fixed. Let us first for simplicity denote by A the triangle
(x,1/r,1/p,y,1/7, 1/p)N{x >0,y >0,z +y < 1}
in RS. We denote by P(x,y) any point in A with running coordinates x and y. Suppose that
qg+1/G=n(1—-1/r—1/F), (2.76)
and that P(1/q,1/¢) € A N E* such that there exist a small enough open neighborhood
U(1/q,1/§) of points P(z,y) € ANE* around P(1/q,1/§). Therefore, in view of Corollary

2.5.11, we have the estimate

|bA| 5 )\ﬁ(q,r,d,f) ||F||L‘3/L§'/L?z/ HG”LZ/L?;/LS/ ’
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or equivalently that {by} € I° with s = —f3(q,r,q,7). Let us set
1/q0:1/q+€7 1/&0:1/(i+€, 1/Q1:1/q73€, 1/61:1/673@
for some small enough ¢ > 0, such that the corresponding exponent vectors do not leave
U(l/Qa 1/@) Then we have that /B(q07 T, 607 F) = 72@ and B(QM T, 607 7:) = /B(QO7 T, 615 f) = 2e.
The following bilinear maps
AL [P s IO L g,
ALOLT IV s DAL LY — e,
AL s Lo oY e,
are bounded. In virtue of Lemma 2.5.17, we have that the map
A (L LY L LR LY LY )y > (UL L LR LY L 10y = (1520550120

is also bounded. Finally, in view of Lemma 2.5.16 and the embeddings of the Lorentz spaces,
we obtain

A LILT LY < L9072 — 1t

All assumption made in this paragraph are explicitly stated in Theorem 2.3.2, part (i). We
remark that condition (2.63), together with (2.76), is equivalent to (¢, r,p) and (¢, 7,p) being
KT-acceptable. Let us also note that the two locally acceptable “cubic” sets in (2.75) give rise
to the two globally acceptable “cubic cross-section” sets ¥; and Yo in Definition 2.2.4.

2.8.2 Global inhomogeneous endpoint estimates with ¢ = oo

In this paragraph we prove the inhomogeneous Strichartz estimates with P(1/¢, 1/§) lying on
either of the two catheti of A. Since by duality both type of estimates are equivalent, it is
enough to consider only the case § = co. We exclude the two endpoints (0,0) and (1,0) from
our considerations. We suppose that P(1/¢,0) € {0 < 1/q < 1} N E*, such that there exist a
small enough open neighborhood U(1/¢,0) of points P(x,0) € {0 < 1/¢ <1} Nn&* N {1/G =0}
around P(1/q,0). We also assume the scaling condition (2.76) from the previous paragraph.
Then we have

AL LP x Loopr v >,
AL LP LD v
where

;=4

1 1 1 1
€ q q €

The real method with parameters (6, q) = (1/2,1) gives that
ALV LY x L9 LT v — 1
Equivalently, in view of the TT™*-principle,

||W(t)FHL?’°°L;Lf, S HF”L}/LZ’L{? ) (277)

for all F € LIL7 LP' . The explicit restrictions on the Lebesgue exponents (g, r,p) and (oo, 7, p)
are stated in Theorem 2.3.2, part (ii). Analogously, the dual case is stated as part (iii) of that
theorem.

There are two remaining issues that we would like to address a) the corresponding homo-
geneous estimates to (2.77) via the Equivalence theorem 2.3.5 in its stronger form for Lorentz

33



spaces and b) the sharpening of (2.77) to the Lebesgue norm L.

Lemma 2.8.1. The estimate

Oy P T (2.78)
holds for all f € LY LS, whenever
1 n n def nce
-+—-—=-, HM = HM(b,c) = —_—
q+r p (r,p) (b,c) = a, r< o

p<b§a§c<r, 1<q<0051§p7ﬁa747f<00'

Proof. The range of validity of estimate (2.78) is the determined in the following way. We first
take the restrictions on the Lebesgue exponents that define the range of the validity of the local
inhomogeneous estimates of Lemma 2.7.4, i.e. the set £*. However, any nonstrict inequalities
where q appears should be taken as strict inequalities to ensure the existence of the small open
neighborhood U(1/¢,0) around P(1/q,0). To that we add the restrictions 0 < 1/¢ < 1 and the
scaling condition (2.76). Thus, we have that 1/¢ = n (1 —1/r —1/7), and

11 1111
0<—, =<1, 0<~ -~ =<1,
q G pprT
1 1 1 1
-<-, <<=, HM(pr)=HM®@,7),
TP r p
<n<>a OS (")’
q p T p r
n—1 n n—-1 n
< =, = )
I

or that the point (1/¢,1/r,1/p,0,1/7,1/p) belongs to the set
(£,0,1,0,1 —p, 1), 0<r,p<1, K=np.

The latter set of exponents does not give as anything new as it essentially expresses a special
case of the decay estimate

WOl pe o S 1Lz -
Let us use the more natural notation for the exponents b = 7' and ¢ = p’. Thus we have the

conditions

1 n n
-+ —-=—-, HM =HM(p',
S =G HM) = HMG )

ne
r<——, p<b<ec<r,
n—1
l<g<oo, 1<p,p,r,r<oo. O
Corollary 2.8.2. The estimate

U g < 1l b#e (2.79)

holds for all f € L% LS whenever

v

1 n n n
-+ == p<b<a<c<r, r<

g r b
HM(r,p) = HM(b, ¢) def a, 1<gqbc,pr<oo, q>c

¢
n—1"

The Li-norm in (2.79) can be replaced by the L}“-norm. In such case the assumption q > ¢
can be removed.
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Proof. Each estimate in the statement of this corollary can be proved by interpolating two
estimates (2.78) with the real method. Indeed, let us perturb slightly the exponents ¢, b, and ¢,
keeping r and p fixed, in such a way that they remain in the range of validity of the estimates
(2.78). For example, the perturbed exponents can be taken as follows

/g =1/q+n/e, 1/by=1/b+1/e, 1/c1 =1/c—n]e,
1/ga=1/qg—nje, 1/by=1/b—1/e, 1/ca=1/c+n/e.

We then interpolate by the real method with (0,q) = (1/2,¢), and make use of Proposition
2.5.15. O

Lemma 2.8.3. Suppose that (q,7,p) and (co,7,p) are two jointly KT-acceptable exponent
triplets such that r < 257 (r < oo forn = 1), ¢ > p', and 1 < q,b,¢c,p,7 < oo. Then
the estimate

IWOF I cgizce S 1y

holds for all F € LtlLfo,Lg. Similarly, if (co,r,p) and (q,7,p) are two jointly KT-acceptable
exponent triplets such that ¥ < -“5r' (F < oo forn=1), ¢ <p, and 1 < q,b,c,p,r < 00, then
the estimate

HW(t)FHLtOOL;LE /S ||F||L?/LZ’L5,

holds for all F € LY LT LV .

Proof. The lemma follows directly from Lemma 2.8.1, Corollary 2.8.2, and the Equivalence
theorem 2.3.5. The range of validity of these estimates is identical to that of the generalized
homogeneous estimates except for the usual change of notation. O

2.8.3 Global inhomogeneous endpoint estimates with ¢ = ¢

In this paragraph we assume that the LP-norms are given over a bounded velocity space V' C R"”
and prove the inhomogeneous estimates (2.28).

We suppose now that P(1/¢q,1/q) lies on the hypotenuse of A, see fig. 2.1. Denote by
V(1/r,1/p,1/7,1/p) a small open neighborhood of P(1/¢,1/§) in the 4-dimensional affine sub-
space of R® that is orthogonal to the plane of A and contains the point P(1/q,1/q). We assume
that P(1/q,1/q) satisfies the scaling condition (2.76) and that it belongs to £* together with
a small open neighborhood V(1/r,1/p,1/7,1/p). As we did before, we perturb slightly the
exponents of P(1/q,1/q)

1 1 1 1 1 1 1
- = —+e¢, — =< +te¢, - = — —€, — =< —€
70 r T0 r Po Po p
1 1 1 1 1 1 1 1
- :*—36, T:j—3€7 - :*+3€7 T:j+3€.
ry r 1 r by P Y41 p

We have that 8(q,70,q,70) = 2ne and S(q,r1,4,70) = B(q,70,4,71) = —2ne. Hence the
maps

A LTLIOLE « L3 LR 1,
A LI LPLE x LY LIS — 12,
ALILD IS « LY LIOLE 0,
are bounded. In virtue of Lemma 2.5.17 and the well-known interpolation identity

(LP(R; Ag), LP(R; A1))o.p = LP(R; (Ao, A1)ep), 1<p< oo, (2.80)
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see [3], the map
A (LT LR LR L LI LB ) g 0%
(L L L L L L) jag = (321%0)1 /2.
is also bounded. In view of the fact that V' is bounded we have that L (V) — LPo(V)
and LP(V) < LP1(V) whenever 1 < P < min(po,p1). Analogously, L¥' (V) — L?o(V) and
LP' (V) — LP1(V) whenever 1 < P < min(po, p1). Thus we also have that the map
A: (Lf/LZé’Lf/,Lf/Lﬁ L?)l/zx,d’ X
(L LELY L L L Yy = (520%501 20
is bounded. Finally, in view of the interpolation identity (2.80), it follows that
AL LD s pd L a L
By the TT*-principle, this implies the estimate

T e (281)
for any P, P, such that 1 < P < pand 1 < P < p, and any two jointly KT-acceptable exponent
triplets (g, r,p) and (g, 7, p) whose exponents further satisfy the following conditions

~/

1<qg<oo, gq=q, q<r, ¢<TrT

n—1 n n—1 n
<—, < =
r

P’ P’
2.9 Counterexamples

In this section we present counterexamples to the validity of the Strichartz estimates for the
KT equation. Thus we give necessary conditions for the range of validity of these estimates.

2.9.1 Geometric representation

Consider the velocity averages of the kinetic transport propagator U (t)

o0
{Af}(t, x) :/ f(z = tv,v)dv
—o0
in one spatial dimension (n = 1). In fact, we are dealing with the line integral

Af (1)dl

Vv 1 +t2 Y, t

along the straight line 7, ; in the x-v-plane, defined by the point X = (x,0), and the gradient
—1/t. Let xq be the characteristic function of some measurable set @) in the 2-v-plane. Thus,

we have
1

Ut N =7esssu/ D
|| ( )XQHLT L} m 3:6% Yt XQ( )

The geometrical interpretation of the latter identity is that [|U(t)xqll - 1 is equal to the

(essential) supremum of the line measure of the intersections of () with straight lines of gradient
—1/t, up to a fixed factor in ¢t. As t traverses R, this procedure will be repeated in all possible
directions. Let us recall the celebrated

Lemma 2.9.1 (Besicovitch (1919), see [4]). There exists a sequence of polygons {Q;}32, on
the z-v-plane that are uniformly bounded and whose area monotonically converges to zero, with
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the property that each Q); contains a unit line segment in all directions.

The existence of Besicovitch sets immediately implies the failure of the endpoint estimate.
WU fllzpeery SIS llzz -

Indeed, for f = xq, the left handside in the line above remains bigger than a fixed positive
constant, while the right handside tends to zero, as j tends to infinity. This argument recovers
the result of [25], but we can say more.

Lemma 2.9.2. The Strichartz estimate for the kinetic transport equation on R™
OO fllpapeerr S N llzy e (2.82)

fails on characteristic functions of (Cartesian products of ) Besicovitch sets on the plane for all
0<gq,p,b,c<o0, c# 0.

Proof. The proof is essentially the same as the argument above. Let us consider the case when
n = 1 in detail. Suppose that the area of the Besicovitch set @) is equal to €. Then, provided
that ¢ < 00, [|x@ll s e S XL po = €/, Thus the right handside in (2.82) will tend to zero

as the area of ) does so. Note that we can always assume that p = 1 in (2.82) due to the power
invariance (2.9). Thus as before, the left handside will remain bigger than some fixed positive
constant.

For higher dimensions n > 1 we repeat the same argument with the product set Q" =

QxQx...Q. O
Corollary 2.9.3. All Strichartz estimates for the kinetic transport equation on R™ of the form
HU(t)f”LngoLﬁg||f||L3L%7 0<Qap7b70§00a

fail, except for the trivial identity
10O rorse < 1 lnse, -

Proof. In view of Lemma 2.9.2, we need to consider only the case when ¢ = co. Due to the
scaling properties of U(t) given in Lemma 2.4.5, we have that p = b. However, in such case the
triplet (g, 00, p) cannot be KT-acceptable, unless if ¢ = r = p = b = ¢ = oco. The necessity of
the latter is proved below in this paragraph, see Lemma 2.9.4. O

We next propose a generalization to other Strichartz norms of the geometric representation
for the L°Ll-norm given above. The only application of it that we make here is to proving
Lemma 2.9.4, which shall be reproved on an easier counterexample in what follows. Therefore
the remaining of this paragraph is only informative and can be skipped.

Let us define the quantity

N (0,Q) = [|1R(7/2 = O)xall s 11 »

where by R(7/2 — ) we have denoted rotation around the origin by the angle 7/2 — 6, and
cot § = —t. By a simple geometric reasoning it is not hard to see that we have the identity

/_o; (/7“ XQ(”dl)Tda? = \/1+7t2/]R (/R R(w/2 — G)XQ(l,m)dlydm,

where dl and dm lie on orthogonal axes. (Make a diagram!) Thus, we obtain the representation

1 1/r’
||U(t)XQ||LgL;L71J = H (\/W) N, (0,Q)

= [sin oy N6, 0)

La(R)

La(0,x)
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By considering the Cartesian product Q" = QxQx...Q € R?", we obtain the representation
of the Strichartz norms in n spatial dimensions

n/r’
1
10 Exerllpsp,ps = H( ;) e
SR AR Lo(g)
Lemma 2.9.4. The following conditions
1 1 1
r>p, —<n{-—-=], org=o00,1<p=r <oo, (2.83)
q p r

are necessary for the validity of the the generalized homogeneous Strichartz estimates (2.13).

Proof. For example, let @ be the unit disk on the zq-vi-plane. Then obviously N,(0,Q) =
const for all § € [0,7]. Hence, the norm above is only finite if » > 1, gn/r’ > 1, or if ¢ = 00
and r = 1. In view of the power invariance (2.9), we generalize this example to any exponent
triplet (q,r,p), and obtain the restrictions (2.83) to the range of validity of the generalized
homogeneous Strichartz estimates (2.13). O

2.9.2 Failure of the L* norm in the inhomogeneous estimates

The idea to use characteristic functions of Besicovitch sets on the plane in order to show the
failure of the homogeneous Strichartz estimates (2.82) cannot be applied in a straightforward
way in the inhomogeneous setting. Instead, we shall apply an argument similar to that in the
first counterexample of Guo and Peng [25].

Lemma 2.9.5. All Strichartz estimates in R™ of the form

HW(t)F”L‘t?LgOLﬁ 5 HFH 1<q,p,q,7,p < 00, (2'84)

LY Ly s

fail in the range n/(n — 1) <7 < oo (1 <# <mn) for some F € Lg/LiLg/,

Proof. We shall find a function F explicitly for which (2.86) fails. Suppose that
F(t,2,0) = $(0)Y(2)€(v) 20, ¢ € LT(R), ¥ € L"(R"), v € LV (R").

We choose ¢(t), ¥(x), and £(v) as follows

o(t) =x(0<t<1),

1
V) = el < 12),
£(v) = ! x(2] < 1/2).

o (~ Ina]) Ve

We take also the function g € L¥' (R™),

1

R

g9(v) x(|z] < 1/2).

Note also that due to the scaling invariances in Lemma 2.4.5, we have 1/p’ + 1/7 +1/p/ = 1.
We have the following simple inequality

W(t)Fg(v)dv

WOl > | [

Ly

The latter integral can be rewritten as

W (t)Fg(v)dv = /O - P(s)ib(x — (t = s)v)§(v)g(v)duds.

Rn
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The function

h(t,z) = s P(s)p(z — tw)§(v)g(v)dv
is continuous in z, for ¢t > 0. Indeed, consider the inequality
|h(t,z1) = h(t, z2)| < |[(z1 — tv) = P(z2 — o) L2 €9l 7 -

Since 7 < oo, we have that the first norm in the line above tends to zero as |xs — 21| — 0.
Hence,

t
W ()F| oo pr > / h(t — s,0)ds. (2.85)
x v 0
For 0 < ¢t < 1/2, we have that
1 1 1 1
h(t,0) > — — dv 2 — .
0= g7 /|v|St " (— I o) 13~ G (g3

Hence, the norm in (2.85) is infinite whenever n/7" > 1. O
Lemma 2.9.6. All Strichartz estimates in R™ of the form

W Fllgp 0 S I1F g 1< 4,p,7,3,5 < o0, (2.86)

=1
P
Lir? o

fail in. the range n/(n —1) < r < oo for some F € LY LT L7 |
Proof. Follows by Lemma 2.9.5, in view of the Equivalence theorem 2.3.5. O

In particular, the double endpoint in R
WO ey S 1F g2 1

fails.

2.9.3 Homogeneous estimates

By scaling, that is Lemma 2.4.5, estimate
10O S Wflle, . YF € L, (2.12)

holds only if

=2, a=HM(p,r).
a

Let us next find the upper bound r < 7*(a). It is enough to consider only the special case
a = 2. We shall prove the equivalent condition ¢ > 2. (In general r < r*(a) and ¢ > a are
equivalent.) The claim follows directly by the translation invariance in ¢ of the TT*-operator.
Indeed, first recall that estimate (2.12) with a = 2 is equivalent to
VEe LI LTLT .

’
L Lr? T v
x v

ITTFll gy 1y < IFll

Then, in view of the famous Hormander’s lemma 2.9.7, we have that ¢ > ¢/, or equivalently
q=>2.

We remark in passing that by translation invariance in x we also have r > 1/, or equivalently
r > 2. The latter two inequalities have already been proved in Lemma 2.9.4, and in particular
are equivalent to the first inequality in (2.83).

As usual, the general case (for 0 < a < co) follows by the power invariance (2.9).
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Lemma 2.9.7 (Hérmander [27]). Whenever a (non-trivial) linear and bounded operator maps
a vector-valued LP-space to another vector-valued L1-space, 1 < p,q < 0o, and additionally this
operator is translation invariant, then we must have that p < q.

2.9.4 Generalized homogeneous estimates

Let us consider the homogeneous Strichartz estimate

WO fparrry S W llpre, VF€ Ly LS, (2.13)

for data outside the transport class. Most of the arguments from the preceding paragraph apply
to this case as well. By scaling, we have that the conditions

HM(p,r) = HM(b, ¢) < a, (2.87)

n

b )

are necessary. The conditions p < a < r and a < r have already been proved in Lemma 2.9.4.
Let us now verify that b < ¢. To that end see that estimate (2.13) is equivalent to

ITT*Fllpsppn SWFllpypope VF € LiLgLs.
By duality, the latter is equivalent to

< ||F| VFe Ll L LP.

T2 Pl i S 1Pl g
The exponent pair must be KT-acceptable (proved in the next paragraph), which directly gives
the required claim. In fact, conditions (2.83) and (2.87)) imply that either p < b<a<c<r
(p<b),ora=b=c=p=rand q = 0.

We do not have a suitable counterexample showing the necessity of the upper bound r*(c)
in Theorem 2.3.7 for the validity of the generalized homogeneous estimates (in the case when
b#c¢,n>1).

2.9.5 Global inhomogeneous estimates

Let us consider now the inhomogeneous Strichartz estimate

||W(t)FHL‘ZL;L€ 5 ||F||L‘?L§/L€, : (214)
By scaling, see Lemma 2.4.5, we obtain that the restrictions
1 1 1 1 e
- + —=n (1 - - - ~> ) HM(paT) = HM(ﬁ/af/) d:f a,
qg q roT
are necessary.
Consider F(t,z,v) = x (0 <t <1,|z| <1,|v] <1). When ¢ > 1 we have that
« x 1 1
(TT*FY(t) = W(t)F ~ x ‘v—?‘ <l S1) mxdun gty
Hence,
W@ F | prpe ~tr 7, t> 1
It follows that ”W(t)FHLfLTLf, < oo only if
(n—n>q<—1, orif ¢ =o00,r =p. (2.88)
r p

By the duality Lemma 2.5.3, the dual exponents (¢, 7, p) must also satisfy (2.88). Thus we have
that the conditions p < r and p < 7 are necessary for the validity of estimate (2.14). The same
conclusion applies for the TT*-operator.
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‘We now show that conditions

S|
< =

+=-<1 + =<1,

3

Q| =
Q| =

are necessary for the validity of estimate (2.14). Indeed, the claim follows from the translation
invariance of W(t) in t and = and Hormander’s lemma 2.9.7. Let us check this fact for t.
Consider F;(t) = F(t — 1) and W (¢t)F,. We have

/t Ult — s)F(s — 7)ds = /” Ult — 7 — 0)F(c)do,

— 00 — 00

or in other words W (t)F, = W(t — 7)F. Thus we have verified the necessity of the condition
that (¢,r,p) and (q,7,p) must be two jointly KT-acceptable exponent triplets, apart from the
additional restrictions in Definition 2.2.4.

We do not have a suitable counterexample showing the necessity of condition

n—1
pl

n n—1 n
§T7 )
T T

7 < n>1. (2.21)

However, we can show that the similar condition

n lyn on_lyn (2.21a)
p q T p q T

is sharp. Indeed, (2.21a) is a direct consequence of the two conditions (2.18), (2.19). Condition
(2.21a) implies (2.21) whenever p’ < ¢ and p’ < ¢. Thus, if there are some other global
inhomogeneous estimates for W (t) not included in Theorem 2.3.2, they must belong to the
range § < p’ or g < p'.

2.9.6 Local inhomogeneous estimates

In this paragraph we show the fact that in the context of the KT equation the local inhomo-
geneous estimates do not exist in a “full neighborhood” around a given local inhomogeneous
Strichartz estimate. This presents an obstruction for the application of the perturbative tech-
niques of Keel and Tao [30], and their improvement by Foschi [20]. Since no other method have
been found to treat the endpoint estimates (of the type that lie on the hypothenuse AB in fig.
2.1), these estimates remain unresolved.

For example, consider the estimate

O P L (2.89)

Take F(t,z,v) = x (t € [0,1], (z,v) € Qr), where by Qr we denote the cube of side length
2R centered at the origin of R*". If we denote ||z[|,, = sup;<;<, |z, for z = (z1,..,2,), we
can write the latter as

Qr={(z,v): ||z < R, [l < R}.

Hence,
L4n
1Bl g o gy ~ BT
We now set 7 =t — s, and consider the set Qr(7) given by
[z = (t = s)ollo <R, [lv]l < R.
Then, for t € [2,3], s € [0, 1], equivalently for 7 € [1, 3], we have the inclusions

Qr/1 C Qr(T) C Qur.
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Hence, |
IWOF Lo 3008 ~ B2

We conclude that condition L1 )

B 1
T p_F’ P

is necessary for the validity of the local estimates (2.89).
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Chapter 3

Application to Kinetic
Chemotaxis

3.1 Introduction and main results

Chemotaxis is a process in which bacteria, or, more generally, cells, change their state of
movement, reacting to the presence of chemical substance called chemoattractant, approaching
chemically favorably environments and avoiding unfavorable ones. Generally, the movement
of bacteria is composed of two different phases, a “run” phase and a “tumble” phase. The
run phase consists of a directed movement in a straight line, while the “tumble” phase is the
reorientation to a new direction.

We denote the chemoattractant S(¢,z) at time ¢t € [0,00) and position z € R™. The cell
density in phase space is denoted by u(t, z,v) and its integral over all possible velocities, which
is assumed to be the bounded set V' C R", is the cell density

p(t,x) = / u(t, z,v)dv
veV

in physical space.
The kinetic model of chemotaxis proposed by Othmer-Dunbar-Alt, see e.g. [14], reads

Owu(t, z,v) +v - Vyu(t,z,v) = / T[S)(t, z,v,v" Yu(t, z,v")dv’, (3.1)
v’ eV

- / T[S)(t, x, v, v)u(t, z,v)dv’, t>0,x e R veV
v'ev

— A S(t,z) + S(t,x) = p(t,x) = / u(t, z, v)dv, (3.2)
veV

u(0, z,v) = f(z,v) > 0. (3.3)

Here, the free transport operator dwu(t,z,v) + v - V,u(t,x,v) describes the free runs of the
bacteria which have velocity v € V. The right hand side of (3.1) denotes a scattering operator
whose first term describes turning into direction v, and the second term turning away from v.
More specifically, in this model the tumble (the reorientation) is a Poisson process with rate

)\[S]:/ TIS](t, 2,0, v)d,

1%

and T'[S](t, x,v’,v)/A[S] is the probability density for a change in velocity from v to v’, given
that a reorientation occurs for a cell at position x, velocity v, and time .

The Cauchy problem (3.1)-(3.3) was first studied in [14] (2004) where global existence was
proved in dimension n = 3 for nonnegative initial data f € L' N L under the assumption that
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the turning kernel satisfies the structural condition
0 < T[S](t,z,v,0") < C(1+ S(t,z+v)+ S(t,x —")).

The meaning of the term S(¢, z — v’) is that the cells measure the concentration of the chemical
S at position z — v’ before changing their direction at position x, because of an internal memory
effect. The meaning of the term S(¢, x+v) is that the cells are able to measure the concentration
at location x + v thanks to censorial protrusions.

However, based on experimental data, it is believed that the reorientation of the bacteria
depends on the changes in concentration of the chemoattractant. Thus, in a more realistic
model the turning kernel should depend not only on S, but also on its gradient V.S (the z
variables). Let us consider the most general condition on T’

0 < T[S](t,z,v,v") < C1 + CoS(t,x +v)+ C3S(t,x —v')+ (3.4)
Cy|VS(t,z +v)| + C5|VS(t,x —v)]. ’

The method of [14] was adapted in [28] to include turning kernels satisfying
0 < T[S](t,z,v,0") < C(1+ S(t,z +v) + |[VS(t,z +v)|),

or

0 <T[S](t,z,v,v") <C(A+S(t,z —v")+|VS(t,x—")|),

under the same assumptions for the initial data.
The first successful attempt to consider the most general kernel in 3d, i.e. (3.4), was made
in [8]. The authors replace condition (3.4) (with C; = 0) with the more general

ITESY(Es - Mg o pee Svipeps 1S oy #1VSE )Ly (3.5)

whenever r > py, pa, see [8, Theorem 3]. They establish the existence of a global weak solution
for small enough initial data f € L' N L%, where a € [3/2,2]. However, the authors do not prove
uniqueness of the solution and work in data classes that are not preserved by the evolution of
the system. The new feature of their approach is the use of Strichartz estimates for the kinetic
transport equation derived in [11]. We shall adapt their method but based on the larger set
of inhomogeneous Strichartz estimates that we derive in the present work. Our proof shall use
more delicate spacetime estimates on the chemoattractant S, unlike the proof in [8] that uses
estimates on S only for fixed time, and use a double bootstrap argument. Because our aim
is to show global well-posedness of the solution we need to consider differences T'[S1] — T'[S2],
together with structural condition (3.5) we impose the natural condition

||T[Sl](ta R ) - T[SQ](t7 R ')HL;Lﬁl L5,2 §|V\,P11p2
151(t,-) = Sa(t,-)]

Lr + ||VSl(t, ) - VSQ(tv )|

Lr > (3'6)

whenever r > py, ps.
Our result is presented in

Theorem 3.1.1. The Cauchy problem (3.1)-(3.3), (3.5), (3.6), is globally well-posed for small
data f > 0 in the class f € LY(R™ x V)N L*(R™ x V) for 3n/4 < a < 3 and n = 2,3. More
specifically, for every 3n/4 < a < 3 there exist a fived positive constant M, depending only
on the space dimension n, the constants in the structural conditions (3.5), (3.6), and on the
Lebesgue exponent a, such that whenever ||f||Lg <M the considered problem admits a unique

nonnegative solution

u(t) € C([0,00); L*(R™ x V) N LYR"™ x V))

for which
||p||L§L§m/<3nfa> <00, [[Sllgsree +1VSllpspee < oo
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3.2 Maximum principle for the kinetic transport equation

In this paragraph we present the maximum principle for the Cauchy problem for the inhomo-
geneous kinetic transport equation

Opu(t, z,v) +v - Vyu(t,z,v)+g(t, x,v)u(t, z,v) =
3.7
/ h(t,z, v, v )u(t, z,v")dv' + F(t,z,v), (37)
v
u(0,z,v) = f(x,v). (3-8)

The results are standard, see for example the references cited in [40, pp. 226, 227]. However,
we have adapted their presentation to the current context, and in order to make the exposition
self-contained, we shall give proofs.

Let us assume that (¢t,z,v) € Rx R"* x V, V C R", and that the kernel h(¢,z,v,v") in (3.7)
is nonnegative.

Lemma 3.2.1 (Maximum principle for the kinetic transport equation). Suppose that u(t)
satisfies (3.7), (3.8) with F(t,x,v) > 0 and f(x,v) > 0, which are smooth enough to guarantee
the construction of solution to (3.7), (3.8) by means of an iteration scheme. Then u(t,x,v)
remains nonnegative for all time.

Proof. We shall use the notation
Qt,z,v) = / h(t,z,v,v" )u(t,z,v")dv" + F(t,z,v).
v

The claim follows directly from the representation of (3.7), (3.8) as an integral equation

u(t,@,v) = f(z = tv,v) exp (— /Ot gls,@=(t =)o, ”)ds> i (3.9)

R T e G A e T I

The solution to (3.9) can be constructed by an iteration scheme whenever f, g, h and F' are
regular enough. It is easy to see that on each step we obtain nonnegative solutions. O

Corollary 3.2.2 (Comparison principle for the kinetic transport equation). Suppose that uq (t)
solves
Opu (t, z,v) +v - Vaur(t, z,v) = Fi(t,z,v), u(0)= fi(z,v),

and that us(t) solves
8tu2(t7 33,1}) +uv- VIUQ(t,J?, U) = Fg(t,l‘, U)a U’(O) = f2(xa U)v
where Fi(t,z,v) < Fa(t,z,v) and fi(z,v) < fa(x,v). Then ui(t) < us(t) for all time.

Proof. Consider the difference of the above two equations and apply the maximum principle of
Lemma 3.2.1. O

We shall call the following kinetic transport equation

Opu(t, z,v) + v - Vyu(t,z,v) =

3.10
K(v, v )u(t,z,v") — K, v)u(t,z,v)dv (3.10)
Rn

the scattering kinetic equation, and the function K(v,v’) > 0 — a scattering kernel. For
simplicity we have suppressed any other arguments in K, but it may also depend on u, ¢, and
z. In particular, for the kernel K we can choose the operator T'[S] in equation (3.1).
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Corollary 3.2.3. The solution u(t) to the Cauchy problem (3.1) - (3.3) satisfies the following
bound

0 <ult,z,v) <ui(t,z,v) + us(t, z,v), (3.11)

where
Opus (t, z,v) +v - Vyur(t,z,v) =0, u1(0) = f,

and

Opus(t,z,v) + v - Vyus(t,z,v) = / T[S](t,z,v, 0" )u(t, z,v")dv', uz(0) =0.
v’ eV

Proof. The first inequality in (3.11) follows from the maximum principle of Lemma 3.2.1. In-
deed, set g(t, z,v) = fV K(v,v")dv', and h(t,z,v,v") = K(v',v). The second one follows from
the comparison principle of Corollary 3.2.2. L]

3.3 Proof of Theorem 3.1.1

In view of Corollary 3.2.3 the estimate

lollgezse S Wl +| [ IS0 (312

a! 57
a' r# P
L LT Ly

holds whenever the exponent triplets (¢,r,p) and (G, 7,p) are KT-admissible. Here we have
used the abbreviation u’ = u(t, z,v"). Let us now apply Holder’s inequality to the integral term
above to get

/ T[S)(t, , v, 0" Ju(t, z,v")dv" < || T[S](t, z,v, )| o lJult,z, ) e -
v v v

We next take the L? -norm in v, and then — the L™ -norm in z, and use Holder’s inequality
with & =1+ L to get

T r

/ T[STu(t, z,v")dv'
v

- < HT[S](t’ ER) .)”LzuLg,LP; Hu(t’ ) ')HL;LE? :
LT Ly * v -

We impose w > p', p’ so that we can use the structural condition (3.5) on the turning kernel
T. We have

ISt M g 1 S NG ol + IVC %l

Here, S = G * p, and by G we have denoted the Bessel potential

o0 €T 2 —n
G(z) :/ o 5 08
0

S

We now recall that G € L°(R™), for 1 <b < -2 and that VG(z) € L¢(R"), for 1 < ¢ < -2,
see [28]. Hence, applying Young’s inequality, we obtain the following two estimates on the
chemoattractant

1G * p) e S NGl e P L s
IVG * p()]| L S IVG| e [lp(D)]

LT

where ) ) 1 1
1--—<-=1-—-—-—==1+
w T

2
n c r

1
==
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We next use the fact that ||pl| . Sjvy [[u(t, )|, 2, and choose ¢ = g/2, to obtain

/V T[S dv’

Hence, we obtain the following a-priori estimate

2 2
< It M o] o S NelEasg e
t

LiLrL?

2
lallzangne S W log , + lulerg 0 - (3.13)

whenever the following system

admits a solution. By direct inspection we see that
111y /11 11 n 1
g r’'p) \3a 3na 3n
111\ /211
d”f”ﬁ’ - 3’]7’7" )
for 3n/4 < a < 3 and n = 2,3 is a solution. By a standard bootstrap argument on estimate

(3.13), there exist some fixed positive constant M, depending on the space dimension n and
the constant in estimate (3.5), such that whenever ||f| ;. <M

||u||L%Lina/(3n—a)L13}na/(3n+a) < Q.
This estimate trivially implies that
ol g gsmason-w < 00, [Slsp0 + 198l g1 < 0. (3.14)

Hence, considering again equation (3.1), and using the estimate on S above, we obtain the
following Gronwall’s inequality

T
3 3/2 3/2
sup (O, So 171+ [ ()32, ds
te[0,T] ’ ’ 0 ’

for all 0 < T < co. Hence,

sup ||u(t)| . <oo, VT € (0,00). (3.15)
t€[0,T) o

We next sketch the proof of the local well-posedness of the system. Coupled with the global
estimate (3.15), the full claim will then follow easily. Let us write equations (3.1) - (3.3) in the
equivalent integral form

t

u(t) =U(t)f +/0 U(t — s)F(u(s))ds, (3.16)
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where F'(u) is the right hand side of (3.1). Define the right hand side of (3.16) as the operator

K L2([0,T), L*(R*™)) —L>([0,T], L*(R*")),

Ku)=U@)f+ /o U(t — s)F(u(s))ds.

This nonlinear operator is bounded on the cited spaces as it can be easily seen from the estimate

t
sup [K(u()] S 1Ly, + [ 1S e (0], ds.
t<T - 0 -

Hence, for 3n/4 < a <3, a < M, and any 0 < T < co the operator K is bounded.
Let uy(t), ua(t) € L*°([0,T], L*(R?")). Similarly, we have the estimate

sup || K (uy(t) —uz(t))ll 0 <q sup |lua(t) —ua(t)lpa
te[0,T)] o te[0,7T)] o

for some 0 < ¢ < 1, whenever T' > 0 is small enough. The theorem follows by standard
arguments henceforth.

Remark 3.3.1. In the proof above we have constructed the solution and proved uniqueness to
the reduced chemotaxis system where equation (3.1) is replaced by

Opu(t, z,v) +v - Vyu(t,z,v) = / T[S](t, x,v,v")u(t, z,v")dv
v'ev

and all other equations and conditions remain the same. We showed that the associated integral
operator to that system is a contraction map and thus the solution can be constructed via an
iteration scheme which is convergent. Recall formula (3.9) giving the solution to the scattering
kinetic equation (3.1). In terms of the notation there we have

g@%@:/TW@%%MW'

and that the exponential terms in (3.9) are positive, away from zero, and less than one. Indeed,
this follows from the fact that

sup

ST o e
0<t<T z, v v

/Otg(s,z — (t— 8)v,v)ds

which is bounded in view of the key a-priori estimate (3.14) on the chemoattractant S and the
structural assumption (3.5) on 7. Thus the solutions to the two problems are comparable on
every finite time interval and therefore the theorem follows from the proof above.
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Chapter 4

Strichartz Estimates with
Spherical Symmetry

Strichartz estimates with spherical symmetry have attracted a lot of interest recently. The gain
of regularity of these estimates over the standard Strichartz estimates varies with the equation
but, for example, in the context of the wave equation this gain is significant. Most attention
has been dedicated to the homogeneous setting, see Sterbenz [43], Fang and Wang [19], Hidano
and Kurokawa [26], Machihara et al [33], Tao [48], and Vilela [49], with only a few special
inhomogeneous estimates being proved. Below, we produce a range of inhomogeneous Strichartz
estimates with spherical symmetry analogous to the inhomogeneous Strichartz estimates in the
standard setting. To this end we restrict the standard spaces of functions to their subspaces of
spherically symmetric functions and proceed with the TT*-argument.

4.1 Inhomogeneous Strichartz estimates with
spherical symmetry

In order to present the proof of the Strichartz estimates with spherical symmetry in the abstract
setting we need to introduce an appropriate framework.

Consider a Hilbert space H and an unitary operator R on H, that is for all f,g € H, we
have the identity

(Rf,g)u = (/R '9)n. (4.1)

Consider now the subspace H of H consisting of all elements in H that are invariant to R,
that is f = Rf. We shall further assume that H is closed and thus a Hilbert space itself,
with the same scalar product as H. The nature of the operator R is immaterial but we shall
have the following model as an example. Take H = L?(R"), let f € L?(R"), and let R be a
spatial rotation on R™. We define the unitary operator R : L?(R") — L?(R") by Rf = f(Rx).
The invariant functions are spherically symmetric. From now on, even in the abstract context,
we shall call the operator R rotation, and all elements that are invariant with respect to R,
spherically symmetric.
Suppose that we are given a family of Strichartz estimates

10Ol < 1F 1 (4.2)

that hold for all spherically symmetric f € H, where By are a family of Banach spaces. An
exponent pair (g,6) for which estimate (4.2) holds under the assumptions we have made shall
be called radially-admissible, and the full range of radially-admissible pairs shall be denoted by
the set A C [1,00] x [0, 1]. We assume that in the family of estimates (4.2) there is the energy
inequality

U@ g 1 fly VEeICR,
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which shall be used to define the adjoint operator U*(¢) to the evolution group U(t) through
the identity

U908 =, U()g)u, VfgeH, Vel (4.3)
We assume also the group property
Ut)U*(s)=U(t —s)
and that U(f) commutes with spatial rotations,
U@)[Rf]=R[U(t)f], Vtel. (4.4)

As an easy consequence of (4.4), (4.3), and (4.1), we obtain that the dual U*(t) also commutes
with R.

And finally, let us assume that the intersection By N H is non-empty and is a dense subspace
to By, for all § € [0,1]. Thus, R extends by density to a bounded linear operator R : By — By,
with ||[Rf[|g, = [ fllg,, for all & € [0,1]. Similarly, we shall also assume that the intersection
between Byp* and H is nonempty and is dense in Byp* for all § € [0,1]. As a consequence, the
operator R is also defined on the dual spaces By* and satisfies the identity

(Rf.9)=(f,R"'g), Vf€ By, Yg€ By (4.5)

Denote by By the Banach subspace of By consisting of all spherically symmetric elements of
By, for all § € [0,1].

It is immaterial to us what extra properties of U(t) are assumed, apart from the energy and
the decay (dispersive) estimates, to derive the family of estimates (4.2) under the assumption
of spherical symmetry on the data f. In the situation we have in mind (4.2) are not direct
consequences of the energy and the decay estimates for U(¢) and thus there is a need to address
the question of what family of inhomogeneous Strichartz estimates are implied by (4.2).

The main difficulty is that T : H — L%(I; By), where Tf = U(t)f, is in general unbounded
on the given spaces when (g, ) is radially admissible. The first natural step shall be to restrict
the domain of T" to the subspace H, and the space By to By. Thus, we have that the operator

T:H— LYIL;Bp), Tf=UQR)/,

is bounded. The formal adjoint 7% : LY (R; Bp*) — H is defined through the identity

[ wwsrw= [ 0@ Fe)was = (5. [

—00 —

U*(s)F(s)ds> . (46)

oo oo
o0 —00 H

or explicitly

TF = /oo U™ (s)F(s)ds.
This computation proves also the following
Lemma 4.1.1. The boundedness of
T H - LR By), Tf =U()f
1s equivalent to the boundedness of

T* : LY (R; By*) — H, T*F:/ U*(s)F(s)ds.

Our final concern is whether By™ can be replaced (or identified) with the Banach subspace
of By* consisting of the spherically symmetric functions in Bg*, for all § € [0, 1], in the domain
of T*. A useful criterion for that is the following one. Suppose that By and its dual By™ satisfy
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1flls, = sup{ |(f, )| : ¥ is spherically symmetric with [|¢] 5, < 1}, (4.7
9l 5, = sup{ [(#, 9)| : g is spherically symmetric with |g|/5, < 1}, (4.8)
whenever f and ¢ are spherically symmetric functions. Then, obviously, the desired property

holds. As an example of such spaces we have

Lemma 4.1.2. LP(R™) and L? (R™) are associate spaces satisfying (4.7), (4.8), for 1 <p < oo
and n > 2.

Proof. Whenever 1 < p < 0o, the supremum in (4.7) is reached on
o =sgn(H) 11/ IFIG"

Apparently, 1 € L¥' (R"), [#1l,,» =1, and 1 is spherically symmetric if f is.

In the case when p = oo the supremum generally is not reached on a concrete function in
LY(R™) but on a sequence of functions that approximate the identity. They can be taken to be
spherically symmetric. O

We conclude this section by

Theorem 4.1.3 (Inhomogeneous Strichartz estimates with spherical symmetry). Suppose that
the homogeneous Strichartz estimate (4.2) holds for all spherically symmetric f € H whenever
(¢,7) € A and the spaces By satisfy conditions (4.7), (4.8), for all § € [0,1]. Then we have that
the following inhomogeneous Strichartz estimate

holds for all spherically symmetric F(t) € L9 (I; B;"), whenever (q,0), (4, 0) e A, and q > §'.

/t Ut —s)F(s)ds
0

S Il sy (19)
L{(I;Be)

Proof. As usual, we consider the TT*-operator

TT* : L9 (R; By*) — LY(R; By), TT*F =U(t) / U*(s)F(s)ds,

where (¢,8), (§,0) € A. Obviously, TT* commutes with spatial rotations and is bounded on the
cited spaces due to the preceding lemmas. Whenever ¢ > ¢’ we can apply the Christ-Kiselev
Lemma 7.1.5 and conclude the proof. O
4.2 Strichartz estimates for the wave equation

Define the operators

Us(®)f = =D f(g),
Ut)f = (U+(t) = U-(8))/2iD,

W(t)F:/O U(t— s)F(s)ds,

where the fractional derivative D has Fourier symbol |¢|. Note that D commutes with rotations
and thus preserves spherical symmetry. Then the solution to the IVP for the wave equation

Ou(t,z) = F(t,z), t€[0,00) xR", (4.10)
u(0) = f, Owu(0) =g. (4.11)

is given by the formula
u(t) =0Ut)f +U(t)g + W(t)F.
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For simplicity we shall make the following short-hand notation for the wave propagator

UM[f, 9] =0:U(t)f + Ult)g.

Definition 4.2.1. We say that the exponent pair (g, ) is radially wave-admissible if

1 n—-1 n-1
- < , > 1, 4.12
q + r 2 " ( )
where 2 < ¢,r < 00, (¢,7) # (00, 0), or if (g, r) coincides with (o0, 2).

Theorem 4.2.2 ([44], [19]). The following estimate
WO gllpory S 1Al gs + gl e s (4.13)

holds for all spherically symmetric f € HS(R"), g € Hs_l(R"), whenever the exponent pair
(g,7) is radially wave-admissible and the Sobolev exponent s satisfies the scaling condition

1+n n
-4+ —-=—=—s.
q T 2

Often, we consider the wave equation in the inhomogeneous Sobolev norms. In such case
we can use the following corollary to Theorem 4.2.2

Corollary 4.2.3. The following local estimate

OO W zaoryizry STl las + 1glls-1 (4.14)

holds for all spherically symmetric f € H*(R"™), g € H*~*(R"), whenever the exponent pair
(¢,7) is radially wave-admissible and the Sobolev exponent s satisfies the scaling condition

1 n n
q T 2

Proof. Tt is enough to consider only the case when f = 0. We separate the low and high
frequencies in g by writing

9(8) = x{lgl < 139(8) + x{I¢] > 139(8) = g1(€) + g2(E)-

Then, Uy (t)g; is infinitely smooth in z and continuous in ¢, and therefore is in the class
LE([0,T]; L%), for any 0 < T' < co. Furthermore, from the inequality

sint |¢] <

g =

we obtain the estimate
U+ @)g1ll g o,r107) S 11911l 2 -

For the high frequencies the homogeneous Sobolev and the inhomogeneous Sobolev norm
coincide. Thus, estimate (4.14) follows. O

Theorem 4.2.4. Let u(t) be the solution to the IVP for the wave equation (4.10), (4.11), where
f, g, and F(t) are spherically symmetric. Then the following estimate

||Dalu(t)||L‘t‘L; + HDUl_latu(t)HLgL; 5

, (4.15)
1ALz + gl zoms + 1D Fll g,

holds for all f € H‘S(R"), g e Hs_l(R"), and D72F(t) € L?Lil whenever (q,r), (§,7) are two
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radially wave-admissible pairs and satisfy the following scaling condition

1 n n 1 n
5—#;—0’1:5—8:?4‘?—2_02’ (416)

except in the case when (n > 3) q=q¢ =2, r # 7, and either r or ¥ is equal to oo, which is
open.

Proof. The homogeneous Strichartz estimates of Theorem 4.2.2 hold for each of the operators
U< separately. For simplicity let us consider U_ (t) first. In view of Theorem 4.2.2, the operators
Ty : H¥(R") — LILT, Tof = D'U_(t)f, and Ty : H*(R") — LILT, Tof = D*=PU_(t)f are
bounded on spherically symmetric data f € H*(R™), where

and (q,7), (¢,7) are two radially wave-admissible pairs and g > ¢’. Note that the dual operator
Ty* : LT (R; L) — H* is given by

oo
T, F = / D*=P=25U (1) F(7)dr.
— 00
Hence, in view of Theorem 4.1.3, we obtain the estimate

Repeating the same argument for U, (t), we obtain the estimate

S IE

t
o1+s—B—2s
/ U (t—1)D" F(r)dr e
0 LILT @

D7 Wo(t)F + D7 0, Wo () F| L, < HDSW*lFHLf'Li’ '

Setting 0o = s + 3 — 1 gives condition (4.16).

The case when (q,7), (¢,7) are two radially wave-admissible pairs with ¢ =§=2 and r =7
follows directly by symmetry, see Theorem 1.3.2.

And finally, the case when (q,7), (¢, 7) are two radially wave-admissible pairs with ¢ = § = 2
and r # 7 is reduced to the previous one by Sobolev embedding. O

Corollary 4.2.5. If the initial data in Theorem 4.2.4 is given in the inhomogeneous Sobolev
norms, then we have the following local analogue to estimate (4.15)

1D u(®)| Lo o, 11y + ||Dglilatu(t)HL?([O,T];LE) st

- (4.17)
||fHH“ + HgHHS*1 + ||D F”L?,([O,T];Lf) )

under the same other assumptions in the theorem.

Proof. We repeat the same argument as in the proof of Theorem 4.2.4 but instead of using
the homogeneous estimate (4.13), we use the local analogue (4.14) for inhomogeneous Sobolev
norms. O
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Chapter 5

Applications to the
Dirac-Klein-Gordon System

5.1 Introduction

The central topic of this chapter is the question of the global well-posedness of the DKG system
in two spatial dimensions. This is a relativistic field model for the interactions of subatomic
particles and plays an important role in the relativistic quantum electrodynamics, see [5]. The
system generates a significant mathematical interest too. This is a system for two unknown
quantities, a spinor field v and a real scalar field ¢, but there is no positive definite energy and
only one a priori bound that states the conservation of L?-norm of the spinor. At the same time
there is a special null-form structure in both nonlinearities allowing the system to be studied at
very low regularities, see [23], [16] [42], [39], [32], [17]. This delicate balance makes the system
very interesting mathematically.

The new and more powerful estimates that we have developed in the preceding chapter
require spherical symmetry. However, it is well-known that the Dirac operator does not preserve
spherical symmetry in the standard sense. Therefore, the main challenge here shall be to define
spherical symmetry for spinors in a natural way that shall allow us to exploit our Strichartz
estimates in the spherically symmetric setting.

The basic local existence result of the DKG system is the following

Theorem 5.1.1 (D’Ancona, Foschi, Selberg [16]). Consider the IVP for the DKG system
(5.1), (5.2) for initial data in the class 1}p—o = 1o € L2, Pli—0 = ¢o € H" and 0;p|i—0 = ¢1 €
H™ 1, where 1/4 < r < 3/4. Then there exist a time T > 0, depending continuously on the
L2 x H" x H '-norm of the data, and a solution

¢ e C(0,T|; L%, ¢eC([0,T);H")NC([0,T); H ),
of the DKG system (5.1), (5.2) on (0,T) x R2, satisfying the initial condition above. Moreover,

the solution is unique in this class, and depends continuously on the data.

5.2 Global well-posedness of spherically symmetric solu-
tions in 2-D

The two-dimensional DKG system reads

(Or + 0105 + 020y +iMo3)(t, x,y) = igosyy, (t,z,y) € [0,00) X R x R, (5.1)
(07 = A +m?)p(t, z,y) = (o3, ), (5.2)
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where

e B ) M (5 M

are the Pauli spin matrices and M and m are nonnegative constants. The unknown quantities
are a two-spinor ¥(t, z,y) : [0,00) x R? — C2, and a real scalar field ¢ (¢, z,y) : [0,00) x R? — R.

Let us recall that the system (5.1), (5.2) is form covariant with respect to Lorentzian trans-
formations and in particular to space rotations. Suppose that the coordinate system Ozy is
changed into Oz'y’ by a space rotation R(p) of an angle ¢

'\ fcosg —sing) [z
y' ) \sing cosyp y)-
Then we want to find a rule ¢p — ¢’ as Ozy — Oz’y’ of the form ¢'(t, 2') = S(p)¥(t, z), where

S(p) is a 2 x 2 matrix and z denotes (z,y), that leaves (5.1), (5.2) form invariant. Of course,
for the scalar field ¢ we have ¢'(t,z") = ¢(t, z). Substituting in (5.1), (5.2)

7/’(t7 Z) = Sil((p)qpl(t? R(@)Z)v
o(t, z) = ¢'(t, R(p)2),

we obtain
(00 + 0100 + b0y + MR (1, ) = iboh,
(07 = A +m®)g'(t,2") = (059", ¢"),
where
ot = S(¢) (01 cosp — ogsin ) S™H(p) (5.6)
ot = 5(p) (01 sinp + 0 cos p) S ()
oy = S(p)asS™ ().

Thus the matrix S() must be such that o’ = 0y, for j = 1,2,3. One can check that if we set

s@=(% 1)

all of the above conditions are satisfied. Note that the Klein-Gordon part of the system is
form invariant as (o4v’,¢’) = (031,%) due to the fact that S(y) is unitary and the well-known
invariance of the Laplacian A with respect to rotations. Thus we come with the following

Definition 5.2.1. We say that the two-spinor 1y(z) : R? — C? is spherically symmetric if it
satisfies

Yo(R(p)z) = S(@)ho(2). (5.9)
Lemma 5.2.2. A function 1y(z) : R? — C? satisfies (5.9) if and only if it has the form

Yo(z) = S(e)x(Iz]),

where ¢ is the argument of the complex number x + iy and x(p) : [0,00) — C2.
Proof. Trivial. O

Remark 5.2.3. From the explicit representation above and the fact that e = —(z + iy)/ |2|
€ C™(R?\ O), we see that the smoothness of ¢y depends on the smoothness of x and the
behavior of x around the origin.
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Lemma 5.2.4. Suppose that IVP for (5.1), (5.2) has a unique classical solution for some class
C of initial data. Then for a spherically symmetric data from C the solution to (5.1), (5.2)
remains spherically symmetric for all time of existence.

Proof. Consider the change of coordinates z = (x,y) — 2’ = (a/,y’) by a spatial rotation R(¢p)
around the origin of an angle ¢ and the induced transformation on spin space

P(t,2') = S(e)(t, 2). (5.10)

In view of the fact that DKG is invariant under rotations (of the form (5.10) for the spinor) then
Y'(t,2") is also a solution. The uniqueness of the solution for the considered class C of initial
data and the identity (5.10) have the following implication. Take any initial data 1g(z) € C
and consider its image

ho(2) = S(e)ho(2)

under R(p). Let us suppose that ¢ (z’) also belongs to the class C or otherwise that the system
has a unique solution corresponding to ¥{(z’). Then the same relation remains valid for the
whole lifespan of the two solutions, that is we have identity (5.10). Note that generally 1)y and
1, are different functions. They coincide only if v is spherically symmetric, i.e. if

Yo(2') = S(p)ho(2)

for all ¢ and z. In such case ¢{(z') € C and ¢/(t,-) = ¢(¢,-) for the whole of their lifespan.
Replacing the latter in (5.10), we obtain the desired identity

d}(tv Z/) = S(@)d)(tv Z)

for all time of existence.
By the same token we also show that

¢(ta Z/) = ¢(t7 Z)
for all time of existence. O

We would next like to extend the result of Lemma 5.2.4 to distributional solutions. To that
end, we shall consider the pair (¢(t), #(t)) to be a solution the DKG system (5.1), (5.2) if it
solves in a sense of distributions the associated system of integral equations

B(t) = Uty + / Ut — s)ig(s)ot(s)ds, (5.11)
o(t) = BV (£)go + V(1) bn + /O V(t — s)du(s)ds. (5.12)

Here, we have suppressed the dependence on z and have used the notation

U<t)’l/)0 = 6_(0181+0'28y+’iM03)td)0,
0,V ()do = cos(tv/m? — Ao, V(£)dr — W%
Db = (a3, ).

The operators U(t), V(t), and 9;V (t) are of course rigorously defined on Fourier space. For
example, for U(t) we have

U(typo =F ! (e—i(01§ + o2n + MU3)t_7_-w0) .

Although we have no immediate use of the following fact, for the sake of completeness we give
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the explicit form of the symbol of U(t). We have

e—i(cné + oo+ Mos)t _
< cos(&t) —isin(ft)) <cos(17t) —sin(nt)> (e“‘“ 0 )

—isin(&t)  cos(&t) sin(nt)  cos(nt) 0 etMt

Let us show that the propagators U(t), V(t), and 9;V (t) commute with spherical rotations
in the sense introduced above. We shall first show the following identity

U(t)vop, = S™H@)U )0 (). (5.13)

Notice that for ¢ = 0 the above expresses the law of change of coordinates on spin space induced
by spherical rotations R(¢), and by an argument similar to that of Lemma 5.2.4 if the solution
is smooth enough to satisfy equations (5.1), (5.2) in the classical sense, then the same relation
remains true for all time ¢ > 0. This time, however, we want to show (5.13) directly and without
any assumptions of smoothness. We have

U(t)yo = U()S™ ()t (R(p)2) =

s e”(@)'“MJB)ts—l(go)fwo(R(so)o -

R(p) (”l) -R<¢><+Mag)t .
STH ) Feo(R(9)C) | =

Sil (SO)U(t)'IzZJEHR(@)z

Here we have used the abbreviation ¢ = (£, 1) and the identities (5.6)—(5.8) for the Pauli
matrices o1, 02, and o3. In more detail, we have used the following identity

g2

S(@)e—z‘ (R(g@) (”1) -R(p)¢ + Mag) tS_l(Lp) )

S(gp)e_i ((o1 cosp — aasinp) &' + (o sin + oz cos )’ + Mos) t5=1(p) =

S(np)e_i (o1 cos @ — oasin ) f’tS—l(gp)S(@)e—i (o1 sin + oy cosp)n't

5_1(<p)5(<p)e_i (Mos) tS_l(sg) . (o1& + oan’ + Mos) t

In the last computation we have used the notation

(§)-0 ().

V(t)¢1|z = V(t)(b/uR(@)z» (5-14)

Similarly, for V() we have

and for 9,V (t) we have
OV (t)bo|, = 0V (£) D0 r(p)»- (5.15)
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Let us check for example (5.14). We have

V(t)¢1|z =

Here we have used the abbreviation

<C>m = m? + |C|2

Analogously for (5.15).

Lemma 5.2.5. Suppose that IVP for (5.1), (5.2) has a unique distributional solution for some
class C of initial data. Then for a spherically symmetric data from C the solution to (5.1), (5.2)
remains spherically symmetric for all time of existence.

Proof. Suppose now that the pair (¢(t, 2), ¢(t, z)) solves the system of integral equations (5.11),
(5.12) with initial data o(z) = ¥(0,2), ¢o(z) = ¢(0,z2), and ¢1(z) = 0:¢$(0,z). Suppose
that R(y) is a rotation of the coordinate system and denote z’ = R(p)z. Then the pair
(¢'(t,2"), ¢'(t, 2")) solves the system of integral equations (5.11), (5.12) with initial data {(z') =
¥'(0,2"), ¢p(2") = ¢'(0,2'), and ¢ (z") = 0:¢'(0,2"). This follows immediately from (5.13),
(5.14), and (5.15). The details are left to the interested reader. We only remark that in this
computation one may use the fact that the matrices o3 and S(¢) commute as they both are
diagonal. If the initial data is spherically symmetric then ¥{(z) = ¥o(z), ¢((2) = ¢o(z), and
@1 (2) = ¢1(2). By uniqueness we have that the same relation holds for the whole lifespan of
the two solutions. We conclude the argument in the same way as in Lemma 5.2.4. O

Lemma 5.2.6. Suppose that u(t) is the solution to the IVP for the wave equation (4.10),
(4.11) in space dimension n = 2. Suppose that the data f and g and the forcing term F(t) are
spherically symmetric with f € H*(R?), g € H*"Y(R?), and F(t) € L°LL(R?). Then we have
the estimate

1D*u®l e o,ryaz) + 10" el e o 2y S

(5.16)
||f||H5(R2) + |‘gHH5*1(R2) + ||FHL?/([O,T];L,}C) )

fors€10,1/2) and 1/q = s.

Proof. We apply Corollary 4.2.5 with (¢,7) = (00,2), (¢,7) = (¢,0), ¢ > 2, 01 = s, and
O = 0. O

Theorem 5.2.7. Consider the IVP for the DKG system (5.1), (5.2), with m = 0, for initial
data in the class Y=g = o € L2, Pli—0 = oo € H® and Oypy—g = ¢1 € H*~Y, where
1/4 < s < 1/2 and o, ¢o, and ¢1 are spherically symmetric. Then there exist a spherically
symmetric solution

P € C((0,00); L), ¢ € C((0,00); H*) N C*((0,00); H*1),

of the DKG system (5.1), (5.2) on (0,00) x R?, satisfying the initial condition above. Moreover,
the solution is unique in this class, and depends continuously on the data.

Proof. The fundamental conserved property of the system is the charge estimate

1@ L2 = lIYoll Lz -

In view of Lemma 5.2.6, this gives the bound

sup @)l 7= + [10:¢ (@)l o1 < C(T)

t€[0,T]

o8



for each T > 0, s € [0,1/2). Using this, the proof follows by standard arguments from Theorem
5.1.1. O
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Chapter 6

Strichartz Estimates for Some
Particular Dispersive Equations

In this chapter we present the Strichartz estimates for concrete equations. The intent is to have
this chapter as an exhaustive reference for Strichartz estimates in a form ready for applications.
Since there is a significant overlap between the proof of the theorems for each equation we
shall give a detailed proof only in the most abstract context in the next chapter. Then, the
explicit form of the estimate for each concrete equation can be derived from the general case.
We deliberately call this process a “derivation” as once one becomes familiar with the main
ideas and key results of the subject, which are formulated in the abstract setting, the process
of translating them to each context is entirely mechanical. However, to aid the reader along
that path we have sketched some points and principles in Section 7.4.

6.1 The Schrodinger equation
In this section we present the Strichartz estimates for the Schrodinger equation

i+ Au = F(t,z), (t,x) € [0,00) x R",
u(0,z) = f(x).

—~
S o
[N

Let us recall that the Schrédinger evolution group has the form [ﬁ?) f= eitlel f in Fourier
space, and

o0
U0)S = gy | S Wy (63
in physical space. These two representations immediately yield the next two fundamental
estimates
(i) the energy estimate:
U0l = 1l ViES, (6.4)
(ii) the dispersive estimate:

1

Ul S MT/Q [PAIF Vf €S, (6.5)

where by S we denote the Schwartz class on R™. Another fundamental property of U(t) that
shall play a role in our arguments is

(iii) the group property:
U*(t) =U(-t), U@)U*(s)=U(t—s). (6.6)

We next proceed with the various definitions that shall describe the range of validity of the
known Strichartz estimates for (6.1), (6.2).
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Definition 6.1.1. Set

i <
g oo ifosl (6.7)
o o> 1,

Definition 6.1.2 (Keel and Tao [30]). We say that the exponent pair (q,r) is o-admissible,
whenever

1
7+7:73 QSQSOOa QSTST*a (68)
q T 2
apart from the case 0 =1, (¢,1) = (2, 00).
The next two definitions pertain to the inhomogeneous estimates.

Definition 6.1.3 (Foschi [20]). We say that the exponent pair (q,r) is o-acceptable, whenever
—+—<o0, 1<qg<oo, 2<r<oo, (6.9)

or if (g,r) = (00,2).
We introduce the following definition.

Definition 6.1.4. We say that the two o-acceptable exponent pairs (g, ) and (g, 7) are jointly
o-acceptable, whenever

1 1 1 1 1 1
-+=z-=0(l--—-=], —-+=-<1, (6.10)
a 4 ror qa q

and if further satisfy the following restrictions
(i) if ¢ > 1: then r, 7 < oo,
(ii) whenever ¢ > ¢, 1 < q,¢ < oo: then

(c =1)r <oF, (oc—1)7F<or,

otherwise
(c—1)r<or, (c—1)F<or.

Note that for ¢ < 1 condition (ii) is void. We also have the two consequences that (i) if
q = oo, then r < 7, and (ii) if § = oo, then 7 < r. They follow directly from (6.9) and (6.10).

Definition 6.1.5. In the case when o = n/2 we shall call an exponent pair that is o-admissible,
o-acceptable, ...etc, Schrodinger-admissible, Schrodinger-acceptable, respectively, . . . etc.

We are now ready to formulate the Strichartz estimates for the Schrodinger equation.

Theorem 6.1.6 (Strichartz estimates for admissible exponents [30]). Let u be the solution to
the IVP for (6.1), (6.2). Then the estimate

lellzgng S 1Flzz +1F ] g (6.11)

holds for all f € L?*(R"), F € Lf/LZl, if and only if (¢,7) and (G,7) are two Schridinger-
admissible exponent pairs.

Proposition 6.1.7 (Generalized homogeneous estimates). Suppose that (q,7) is an exponent
pair satisfying

2
L L (6.12)
qg 1T P
for some p € (1,2]. Then the estimate
OO Aparry S llze (6.13)

holds for every f € LP(R™) whenever the exponents r and p are in the range
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e ifn=1 1<p<2 p<r<oo,
e ifn=21<p<2 p<r<oo,
o ifn>3 1<p<2 p <r<25p,
orif (g,r,p) = (00,2,2).
Remark 6.1.8. Note that for ¢ > p estimate (6.13) implies the estimate

1Ol S I1llsz - (6.14)

This condition always holds for n < 2.

Theorem 6.1.9 (Global inhomogeneous estimates). The estimate

WO Fl a1y S 1Fllp . (6.15)

holds for all F € Lg/LW if and only if (q,7) and (¢,7) are two jointly Schridinger-admissible

x
exponent pairs for n = 1,2. Suppose that n > 3 and that (¢,7) and (q,7) are two jointly
Schrédinger-admissible pairs with exponents in the range

(i) 1< q,§ <oo, q>¢: then estimate (6.15) holds for all F € Lf/ (R; L7,

(i) 1< q,§ < oo, q=q : then estimate

WO Fllpagre S 1F gz (6.16)
holds for all F € LY(R; LT)
(i1i) ¢ =00, 1 < g < oo: then estimate
IW@Fl g, S 1Pl g (617)
holds for every F € L}(R; L),
(iv) g =00, 1 < § < oo: then estimate
||W(t)F||Lch; S ||FHL;7’WL;«' (6.18)

holds for every F € Lg”T(R; LY.

Note that whenever 7 < ¢ < r, then estimate (6.16) implies (6.15), whenever g > 7 estimate
(6.17) implies estimate (6.15) and similarly, whenever ¢’ < r estimate (6.18) implies estimate
(6.15).

6.2 Generalized Schrodinger-type equations

In this section we shall generalize the results of the preceding section to linear operators U (t)
with the following properties

(i) U(t) obeys the dispersive estimate:
1
00z S g Wy V€S, e (6.19)

for any o > 0.

(ii) U(t) obeys the energy estimate:

U@ 2 SUfllzs VfeS teR (6.20)
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(iii) U(t) enjoys the group property:
U (t) =U(-t), U@)U*(s)=U(t—s). (6.21)

The next statements are a direct consequence of this definition.
Theorem 6.2.1 (Strichartz estimates for admissible exponents, [30]). The estimate
Y PP T e T e T (6.22)
holds for all f € L*(R"), F € Lf/Li, whenever (q,r) and (q,7) are two o-admissible exponent
pairs.
Proposition 6.2.2 (Generalized homogeneous estimates). Suppose that (q,r) is an exponent

pair satisfying
1 o o

1ie_2 6.23
e (6.23)

for some p € (1,2]. Then the estimate

OO parry S llze s (6.24)
holds for every f € LP(R™) whenever the exponents r and p are in the range
e ifo<l, 1<p<2 p<r<oo,
e ifc=1, 1<p<2 p <r<oo,
e ifo>1, 1<p<2, p<r<Zp,
or if (q,m,p) = (00,2,2).
Remark 6.2.3. Note that for ¢ > p estimate (6.24) implies the estimate

U@ Alggre S IFle - (6.25)
This condition always holds for o < 1.

Theorem 6.2.4 (Global inhomogeneous estimates). Suppose that (q,r) and (4,7) are two
jointly o-admissible exponent pairs and that o < 1. Then the estimate

IW(OFl s, S I1Fllp 0 (6.26)

holds for all F' € L?/L;’/.For o > 1, we consider the following cases
(i) 1< q,§ <oo, q>¢: then estimate (6.26) holds for all F € Lf/ (R; L7,

(i) 1< q,q§ < oo, q=q: then the estimate

W@ Fllrrze S 1l o (6.27)
holds for all F € LY(R; L)
(iii) § = 00, 1 < g < oo: then the estimate
IW@Fl g, S 1Pl g (6.25)
holds for every F € L}(R; LT),
(iv) ¢ =00, 1 < q < oo: then the estimate
”W(t)F”LfOLT < ||FHL3'/»TL;/ (6.29)

holds for every F' € L?“T(R; LZ')-
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Note that whenever # < ¢ < r, estimate (6.27) implies (6.26), whenever ¢ > 7/, estimate
(6.28) implies estimate (6.26) and similarly, whenever ¢’ < r, estimate (6.29) implies estimate
(6.26).

Remark 6.2.5. Parts (i) and (ii) are originally proven by Foschi [20] and independently in the
context of the Schrédinger equation by Vilela [50]. There is an earlier result by Kato [29] in
the context of the Schrodinger equation that contains estimates similar to parts (i) - (iv) but,
however, in more restricted range and based on a less sophisticated method.

6.3 The wave equation

The IVP for the wave equation reads

Ou(t, z) = F(t, x), (t,x) € [0,00) x R", (6.30)
u(0) = f, Ow(0) =g. (6.31)
Then the solution to the homogeneous wave equation is given by the formula

U(t) + U(~t)
2

Ut) - U(=t)

[+ 9,

where D is the operator of fractional differentiation with symbol |¢]|.
The inhomogeneous operator W (t) is defined in the usual way, see (1.3), and thus the
solution w(t) to the inhomogeneous wave equation with zero initial conditions is given by

provided that supp F C [0,00) x R™.
Typically, the dispersive estimate for the wave equation is given by

1
Wl S T [fllgss o= (n=1)/2 (6.32)

where f is a frequency localized initial data away from the origin, e.g. supp f C {1 < |¢] < 2}.
Let {¢x}”", be a homogeneous Littlewood-Paley dyadic decomposition on R"™. By standard
scaling arguments, see [41], estimate (6.32) can be sharpened to

2(n o)k

for all k € Z and any f € L'(R"). We further rework the dispersive estimate by multiplying
(6.33) by 27("=9)k/2 and take the [2-norm to obtain the Besov norm formulation of dispersive
estimate

U@ * fllpee S —7e— o * flly (6.33)

W fllsze, S 7 111, » (6.34)

\tl

where B =(n+1)/4, 0 =(n—1)/2,and f € B

It is not hard to see that U(t) obeys the energy estimate HU(t)fHLQ = Hf||L27 enjoys the
group property U*(t) = U(—t), U(t)U*(s) = U(t — s), and that U(t) commutes with fractional
differentiation, i.e. U(t)D*f = D*U(¢)f.

Definition 6.3.1. We say that the exponent pair (g,7) is nonsharply o-admissible whenever

+

=19

< 2 <r <oo, (6.35)

g
§a = = )

Q| =

apart from

e 0 <1, (q,r)=(2/c,00),
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e 0>1,(qr)=(2,00),
® (g,1) = (00, 00).

Remark 6.3.2. Note that definition 6.3.1 generally allows r = oo apart from the three endpoint
cases given above. The estimates with 7 = oo are proven by making use of an Gargliano-type
interpolation inequality that first appeared in [18], see Proposition 7.4.2.

Definition 6.3.3. We say that the two jointly o-acceptable exponent pairs (¢, r) and (g, 7) are
nonsharply jointly o-acceptable, whenever

1 1 1 1
qa q ror
Definition 6.3.4. We shall call an exponent pair that is o-admissible, o-acceptable, ... etc,

wave-admissible, wave-acceptable, respectively, ... etc, in the case when o0 = (n — 1) /2.

Theorem 6.3.5 (Strichartz estimates for wave-admissible exponents [30]). The estimate
lul oy S I las +M9llgs-s +IDPEl g o s

holds for all f € H*(R™), g € H*"Y(R") and D’F ¢ Lgle, if and only if (¢,r) and (4,7)
are two nonsharply wave-admissible exponent pairs and the Sobolev exponents s and p fulfill

condition
1 n n 1 n
Sh-=s-s==+

e =3 = —2-p. (6.37)

=
Proposition 6.3.6 (Generalized homogeneous estimates). Let u(t) be the solution to the IVP
for the wave equation (6.30), (6.31). The estimate

[u®llggrp, SID*Fllge + (1D g L (6.38)

holds for all f and g such that D°f € LP(R™), D*"'g € LP(R™) and n > 1, whenever the
Lebesgue exponent q, r and p are such that

1 n—1 n—1

q 2r 2p

)

and according to the dimension n, lie in the range
en=2 1<p<2, p<r<oo,
en=3 1<p<2, p<r<oo,
en>3 1l<p<2 p<r<i=ly

and the Sobolev exponent s satisfies

Theorem 6.3.7 (Global inhomogeneous estimates). Suppose that (q,r) and (§,7) are two
nonsharply jointly wave-acceptable exponent pairs with r,7 < oo, and n = 2,3 (i.e. o < 1).
Then the solution w(t) to the IVP for the wave equation (6.30), (6.31), with f = g =0, enjoys
the estimate

lo®)llzg e < ID°Flg

for all F' such that DPF € Lf/ (R; L7), whenever the Sobolev exponent p fulfills the dimensional

condition 1 1
n n

— —+=—-2—0. 6.39

i ¢+W P (6.39)
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The interpolation argument that allowed us to include r,7 = oo in the context of Theorem
6.3.5 cannot be reproduced for pairs that are not nonsharply admissible, hence the restriction
r, 7 < 00.

The inhomogeneous Strichartz estimates for the wave equation of Theorem 6.3.7 are formu-
lated only in the small dimensions n = 2,3, where they can be stated especially simply. For
the corresponding estimates in higher dimensions see section 6.6.

6.4 The Klein-Gordon equation
The IVP for the Klein-Gordon (KG) equation reads

Ou(t, z) + u(t, ) = F(t, x), (t,x) € [0,00) x R™, (6.40)
u(0) = f, 9u(0) =g. (6.41)

Equation (6.40) deserves a special attention since it has a stronger decay than the wave equation.
However, this does not necessarily mean that the Strichartz estimates for the Klein-Gordon
equation are better than those for the wave equation in a sense of a bigger gain of regularity.
The reason for that lies in the fact that the gain in decay rate is payed for a greater regularity
assumptions on the initial data. This might not be always desirable, especially if one is interested
in solutions of low regularity. However, the dispersive estimate for the KG equation offers a
flexibility to trade between the rate of decay at large times and the initial regularity of the
data. We shall base the Strichartz estimates for the KG equation on that ground and obtain
a whole family of estimates for a given space dimension. Originally, this fact was exploited
by Machihara et al [34] to circumvent the lack of an L?-type estimate in R® (when o = 1
for the wave equation) that had obstructed the study of a nonlinear Dirac equation at almost
critical regularity. The estimates of this section extend the estimates of [34] to non-admissible
exponents. R

We define the Klein-Gordon evolution group U by U (t)f = (&) f and by A% we denote the
inhomogeneous operator of fractional differentiation with symbol (£)®, where (z) = (1+|z|*)/2.
It is not hard to see that U(t) has the group property U*(t) = U(—t), U(t)U*(s) = U(t — s),
and that U(t) commutes with fractional differentiation, i.e. U(t)A*f = A*U(t)f.

We now recall the following dispersive estimate

22B(9)k
1U(t) ¢ * f||L;o S W [k * f”L}T ) (6.42)

for the Klein-Gordon equation from [34] and the references therein, where

n+1+6

<6<1
4 ) 07 —_

B(0) =
and {¢y}, is an inhomogeneous Littlewood-Paley dyadic decomposition on R". As in the
case with the wave equation we multiply both sides by 277 and take the {?>-norm to get the
dispersive estimate in terms of Besov norms

1
0Oz S s 1 (6.43)

Thus we can vary the rate of dispersion

n—1+9_

o(0) = 5

e (6.44)
in (6.43) with 6 € [0, 1]. Note that in the dispersive estimate (6.43) the difference between the
decay rate o9 = 23(0) — 1 and the regularity of the initial data equal to 23(6), if measured in
terms of generalized derivatives in the Besov space 3?72, remains constant with 6. However,
observe also that as the forbidden L?-type estimate occurs for oy = 1 it is not anymore fixed
to the spatial dimension n = 3.
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Theorem 6.4.1 (Strichartz estimates for admissible exponents). Let u(t) be the solution to
the IVP for the Klein-Gordon equation (6.40), (6.41). The estimate

ol ezy S 1AL+ sz + IAPF ) g

holds for all f € H*(R™), g € H*"Y(R") and A’F € Lf,LZ/, whenever (q,r) and (§,7) are two

nonsharply og-admissible exponent pairs (o9 > 0) and the Sobolev exponents s and p fulfill the
dimensional condition

—+ ——2—p. (6.45)

Proposition 6.4.2 (Generalized homogeneous estimates). Let u(t) be the solution to the IVP
for the KG equation (6.40), (6.41). The estimate

1O gy SUA L + Al (6.46)

holds for all f and g such that A®f € LP(R™), A*~'g € LP(R™), whenever the Lebesque exponent
q, v and p are such that

and according to og > 0, lie in the range
eop<l, 1<p<2 p<r<oo,

eop=1, 1<p<2 p<r<oo,

eop>1, 1<p<2 p<r<=29p,

gp—1

and the Sobolev exponent s satisfies

Theorem 6.4.3 (Global inhomogeneous estimates). Suppose that (q,r) and (4,7) are two
nonsharply jointly og-acceptable exponent pairs with r,7 < oo, and 0 < gg9 < 1. Then the
solution w(t) to the IVP for the Klein-Gordon equation (6.40), (6.41), with f = g = 0, enjoys
the estimate

[ la; S IAFl g0
for all F' such that APF € Lf/ (R; LZ,), whenever the Sobolev exponent p fulfills the dimensional

condition 1 0 1 0 P
,+ﬁfif?+ﬁf +——2—p. (6.47)

q r opq q

Remark 6.4.4. The examiners have asked for a better and a more detailed comparison between
the results in this paragraph and the result of Machihara [34]. In that regard, the basic idea
that we take from [34] is the use of the generalized dispersive estimate in Besov norms (6.43),
(6.44). From this point on, the two works diverge both in scope and in philosophy. While the
main goal of [34] is the well-posedness of a nonlinear (Dirac) system, and therefore they only
need to prove some new inhomogeneous Strichartz estimates that are sufficient to that end, our
thesis is structured to contain a systematic and exhaustive derivation of all Strichartz estimates
for a given equation. Also, there are differences in presentation, style, and scope. There is a
big overlap (in essence) between the estimates of Theorem 6.4.1 and in the results of [34]. The
other two statements of this paragraph are new.
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6.5 The Dirac equation

The Dirac equation is a first-order wave equation with matrix-valued coefficients. We shall
distinguish the following two cases

- massless Dirac

0 +ia - Ve = 0, (6.48)

- massive Dirac

i0p + iac - Vip + Bip = 0. (6.49)

In both equations the spinor field 1 (¢, ) : R**" — C» maps R'*" to a column vector ¥ (t, z) =
(1 (t,z), ..., ¥n(t,x))t in CV, where N = 21"3*). We use the abbreviations

a-V=a101+ ... + an0y, 6]‘ :6/8acj.

The matrices a;j € My(C), j = 1...n and § € My(C) are the well-known Dirac matrices.
If we multiply the Dirac equations (6.48), (6.49) by 3 we obtain a new set of coefficients v*,
p=0...n, where 1’ = B and 4/ = Ba;, j = 1...n. The commutation properties of the gamma
matrices give the identities

(v*0,)? =0In, (*0u+In)*> = (O+1)Iy. (6.50)

where Iy is the identity in My (C) and Einstein’s summation convention is used. One can use
the identities (6.50) to define the gamma matrices and through them « and § but there are
more than one (equivalent) sets of matrix representations that satisfy (6.50).

The unknown (¢, ) is a spinor, which loosely speaking means that ¢ changes under change
of coordinates by a specific rule. For more details about the nature of that rule see Bjorken and
Drell [5] or chapter 5. In a fixed coordinate system, however, and with a fixed representation
of the Dirac matrices ¥ can be regarded as an ordinary vector-valued function.

Due to the identities (6.50) a free wave to (6.48) satisfies the homogeneous wave equation
componentwise and a free wave to (6.49) satisfies the homogeneous Klein-Gordon equation
componentwise. Therefore, the Strichartz estimates to the wave and the Klein-Gordon equation
from the previous subsections also apply to the Dirac equation after some minor adjustment.

Let us for the sake of concreteness consider the IVP for the massive Dirac equation

10 +ia- Vo + By = F(t, x), (t,x) € [0,00) x R™, (6.51)
¥(0) = 0. (6.52)
Note that the rate of dispersion oy of the massive Dirac equation is given by (6.44).

Theorem 6.5.1 (Strichartz estimates for admissible exponents). Let ¢ (t) be the solution to
the IVP for the massive Dirac equation (6.51), (6.52). The estimate

160325 S oll e + IA°Fll g 1

holds for all vo € H*(R™) and APF € Lf,LF/ whenever (q,r) and (§,7) are two nonsharply

xT ?
og-admissible exponent pairs (oo > 0) and the Sobolev exponents s and p fulfill condition

1 9 1 9 9
T A LR S + 21—y (6.53)
q T 09q 2 qg T

Proposition 6.5.2 (Generalized homogeneous estimates). Let ¥ (t) be the solution to the IVP
for the massive Dirac equation (6.51), (6.52). The estimate

[P Loy S 1A ol e » (6.54)

holds for all ¥y such that Ay € LP(R™), whenever the Lebesque exponent q, r and p are such
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that

and according to g9 > 0, lie in the range
eop<l, 1<p<2 p<r<oo,
eop=1, 1<p<2 p<r<oo,

eop>1, 1<p<2, p<r<=29p,

og—1

and the Sobolev exponent s satisfies

Theorem 6.5.3 (Global inhomogeneous estimates). Suppose that (q,r) and (§,7) are two
nonsharply jointly cg-acceptable exponent pairs with r,7 < oo, and 0 < g9 < 1. Then the
solution x(t) to the IVP for the massive Dirac equation (6.51), (6.52), with 1o = 0, enjoys the
estimate

IOlsoz; < IAFl Ly
for all F such that APF € LT L7 | whenever the Sobolev exponent p fulfills condition

1 0 1 0 0
,+ﬁ_7_i_|_ﬁ_ —|-——1—p, (6.55)

q 1 o9q q 7 oy

6.6 (Generalized wave-type equations

In this section we shall generalize the results of the preceding sections to abstract linear oper-
ators U(t) with the following properties

(i) U(t) obeys the dispersive estimate

1
”U(t)fHBC;{?2 5 W HfHBfa ) (6~56)

where 0 >0, 0 < 8 < g, and f € S, the Schwartz class of rapidly decaying functions on
R™.

(ii) U(t) obeys the energy estimate
U@ Fl: Sl VFES teR (6.57)
(iii) U(t) enjoys the group property
Uty =U(-t), U@QU*(s)=U(t—s). (6.58)
(iv) U(t) commutes with fractional differentiation
U(t)A™ = A°U(¢). (6.59)
Again, for the sake of concreteness we formulate the estimates in terms of inhomogeneous

Besov norms. The case of homogeneous norms is completely analogous and can be treated by
replacing everywhere the inhomogeneous Besov norms with homogeneous ones.

Theorem 6.6.1 (Strichartz estimates for admissible exponents). The estimate

10O Naqwsnsy + IWOF | gy S 112 + 1F o g, (6.60)
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holds for all f € L?, F € L‘j/Bf,’z, whenever (q,7) and (§,7) are two o-admissible exponent
pairs and the smoothness exponents p(r) and p(7) fulfill condition

1 1
=28(=-—-1. 6.61
i) =26 (5~ 1) (6.61)
Corollary 6.6.2. The estimate
IO llarg + IWOF gy < 1F e + 1A Fll e o

holds for all f € H®, A°F € LY L™ | whenever (¢,r) and (§,7) are two nonsharply o-admissible
exponent pairs and the Sobolev exponents o and s fulfill condition

-2
n-28 n_mn___
oq r 2

-2 -2
n—26 n n-25

/

(6.62)

oq r o

Proposition 6.6.3 (Generalized homogeneous estimates). The estimate
10l e S 1Ay

holds for all f such that A°f € LP(R™), whenever the Lebesque exponent q, r and p are such
that

and according to o > 0, lie in the range
eo<l, 1<p<2 p<r<oo,
eo=1, 1<p<2, p<r<oo,
eo>1, 1 <p<2, p<r<Zyp,

and the Sobolev exponent s satisfies

n n n-—208
r

§=——
p oq

Remark 6.6.4. In particular, for o < 1 we have that

10Ol zazy < IA s
since then the inequality p < ¢ always holds.

Theorem 6.6.5 (Global inhomogeneous estimates). Suppose that (q,r)
jointly o-acceptable exponent pairs and the smoothness exponents p = p(r)
condition (6.61). Then the operator W (t) obeys the estimate

HW(t)F”Lq(R;B;S’) S HF”L‘?’(]R;B;?,,Z)’ (6~63)

and (¢,7) are two
and p =

p(F) fulfil

for all F € L7 (R; Bf;’,l), whenever o < 1. If 0 > 1 we consider different cases

(i) The point (1/q,1/q) lies inside AOAB in fig. 2.1, that is 1 < ¢,q < oo and ¢ > q': then
W (t) satisfies (6.63) for all F € L7 (R; By ,).

(i) The point (1/q,1/q) lies on the hypotenuse AB, that is 1 < q,§ < o0 and ¢ = §': then
W (t) satisfies (6.63) if ¢ < 2, or otherwise

IWEF gy S 1F o, )

for all F € LY(R; BY, ,).

70



(11i) The point (1/q,1/§) lies on the side OA, that is 1 < g < 0o, ¢ = co: then W (t) satisfies
HW(t)F”Lq,F/(R;B;Q’) 5 ”FHD(R?B,Q,Z)

for all F € LT (R; B, ,).

(iv) The point (1/q,1/q) lies on the side OB, that is 1 < § < 00, q = 0o, then W (t) satisfies
< _, 5
HW(t)F”Loo(]R;B;S) SF e " (R;B, ,)

for all F € L7 (R; B, ,).

Corollary 6.6.6. By the usual embeddings between the Besov and Sobolev spaces, estimate
(6.63) implies estimate
||W(t)FHLqH;P S ”FHLEI’Hg, ) (6~64)

whenever 2 < r, 7 < 00.

6.7 Abstract vector-valued equations

In this section we shall present the Strichartz estimates in the abstract setting. Let us first fix
the abstract framework in which we shall be working.

Let us consider two Banach spaces By and By that are compatible for interpolation such that
By N By is dense in By and By. For more details on interpolation spaces the reader may consult
the standard references [3, 2]. Informally, we may think that the two spaces have a common
underlying topology, i.e. that they embed into a larger topological space. We shall also assume
that the space B; is a Hilbert space. We remark here that the reason we are not using the
typical notation H for Hilbert space is because we shall consider in the sequel the interpolation
spaces By = (Bo, B1)g, 0 € (0,1), obtained by complex interpolation. Occasionally, we shall
also use the real method of interpolation and the interpolation spaces obtained by it will be
denoted by By , which stands for (By, B1)s,q, for 8 € (0,1), 1 < ¢ < 0.

We shall also consider the space Bp* which is the topological dual space to By or more
generally the space By’ C By*, where the embedding is continuous and isometric. A typical
example is the space B = L°(R"). The space By’ = L*(R™) is a proper subspace of (L°°(R™))*
that embeds isometrically into the latter. The claim follows from the fact that the space
L>(R™)" consists of all elements ¢ for which the norm

6 ey = sup { @ 9)] : llgll o = 1}

is finite, while the space L'(R™) consists only of those ¢ for which there exist a proper function
f :R™ — C such that

(6,9) = - fgdx, Vge L= R").

Let us recall the following result.

Lemma 6.7.1 (Duality lemma for the complex method, see p. 98 of [3]). Assume that (B, B1)
18 a compatible Banach couple and that By N By is dense in By and By. Suppose also that By is
reflexive or a fortiori a Hilbert space. Then

(B(),Bl)@* = (60*781*)9, 0<0< 1, (665)
with equal norms.

Thus under our assumptions the dual space By* to By will always be the space defined in
the right hand side of (6.65). The analogous result for the real method is the following one.
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Lemma 6.7.2 (Duality lemma for the real method, see p. 54 of [3]). Assume that (By,B1) is a
compatible Banach couple and that BoNBy is dense in By and By. Suppose also that 1 < ¢ < 00,
0<6<1, and that 1/q+1/q¢' = 1. Then

(Bo, B1)o,g" = (Bo™, B1" )., (6.66)
with equal norms.
Clearly, we have the continuous isometric embeddings

(Bo',B1)g C Bp*, 0<60<1, (6.67)
(Bo/,[ﬁ)gﬂ C Be,q*, 0<f<l1, 1<qg<oo. (6.68)

Under the above conventions the dispersive estimate has the form
1
HU(t)fHBO SWH]C”BO/, U>O, VtER

Furthermore, its validity may only be proven for all f € S, where S C By’ is dense. In order to
be able to interpret the operator U(t) in an unique way on the space By™ we require that S is
also dense in Byp* or alternatively, if that is difficult to show, at least to be dense in the spaces
By*, 0 < 6 < 1. The abstract energy estimate for U(¢) has the form

0 flls, <Nflls, > VteR.

By complex interpolation between the two estimates and (6.67), (6.68) we obtain the family of

estimates 1

U@ fllg, S W [fllg,> 1<0<1.

Analogously, be real interpolation we obtain the family of estimates

1
||U(t)f||5912 S W ||f||89,2* , 1<f<1.

Below we summarize all the requirements on U(t) that will be used in the derivation of the
Strichartz estimates.

a) U(t) obeys the dispersive estimate
1
U@ fllz, < T 1fllgy s o> 0. (6.69)

b) U(t) obeys the energy estimate
W) ls, S llflls, > VEER. (6.70)
¢) U(t) enjoys the group property
U (t)=U(-t), URU*(s)=U(t—s). (6.71)
d) U(t) enjoys the following regularity property
U(t)f € C(R; By™), (6.72)

forall0< @ <1, fes.

The Strichartz estimates for U(¢) have the form

U@ s @isey S N5, > (6.73)
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and more generally
U@ A s @ipey < 1 1s,- - (6.74)

For comparison estimate (6.73) correspond to estimate (6.14) with p = 2 and estimate (6.74)
corresponds to estimate (6.14) with 1 < p < 2 in the context of the Schrédinger equation. The
inhomogeneous estimates have the form

WO F s @ipy) S N1l Lo @,+) - (6.75)
The global in time estimates (6.74), (6.75) have local counterparts

OO fllLeo,r1:80) S 1 Ns, » (6.76)
W@ F s o.11:80) S 1E | Lar o, 1758,+) » (6.77)

for any 0 < T' < co. This follows immediately if we consider the localized operator U(t)x(o, 1},
where xo,77 is the characteristic function of the interval [0,77], and see that it as well as U(t)
satisfies conditions (6.69) - (6.72).

Let us make another introductory remark. In Keel and Tao [30] the energy estimate (6.70)
is given a slightly more general formulation

OO flls, S Wl V€S, tER, (6.78)

for some Hilbert space H and some Banach space B; with H # B; in general. This formulation,
i.e. the assumptions (6.69), (6.78), (6.71), and (6.72) lead to the same family of homogeneous
Strichartz estimates as the assumptions (6.69), (6.70), (6.71), (6.72).

However, this is not the case with regard to the inhomogeneous estimate. For example, we
have

WO Lo sy S N @ire) » (6.79)

together with the estimates
W@ Fl s ez, S I1Fl e mi8,+) - (6.80)

Then, if we interpolate between the two estimates we shall obtain another family of estimates
which is difficult to describe in simple terms. Therefore, to save ourselves from having to
deal with such technical difficulties we have adopted the more restricted version of the energy
inequality (6.70). In fact, from the viewpoint of applications formulation (6.70) reflects the
physics principle of energy conservation more closely than (6.78).

We continue with several definitions that are used to describe the range of validity of the
homogeneous and inhomogeneous Strichartz estimates (6.73), (6.74) and (6.75).

Remark 6.7.3 (Mnemonic rule). The abstract definitions below can be easily remembered from
the more familiar definitions for the Schrodinger equation if one replaces 2/r by 6.

Definition 6.7.4. Set

0 — 0 if o<1
{ : bo=a (6.81)

0 =(c—-1)/o, if o>1.
Definition 6.7.5 ([30]). We say that the exponent pair (¢,0) is o-admissible, whenever
=21-0), 2<q¢<oco, 0°<0<1, (6.82)

apart from the case 0 =1, (¢,0) = (2,0).

We shall call a pair (¢q,6) endpoint if ¢ > 1 and (gq,0) = (2,6*). Note that definition 6.7.5
forbids the endpoint o = 1, (¢, 0) = (2,0) but allows all higher-dimensional endpoints for o > 1.
The following definitions pertain to the inhomogeneous estimates.
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Definition 6.7.6 ([20]). We say that the exponent pair (g, 6) is o-acceptable, whenever

1
p <o(l-0), 1<q¢g<o0, 6#€]0,1), (6.83)
or if (gq,0) = (o0, 1).

We introduce the following definition.

Definition 6.7.7. We say that the two o-acceptable exponent pairs (g, ) and (g, ) are jointly
o-acceptable, whenever

é%:g(g_e_é), (6.84)

and if further satisfy the following restrictions
(i) if o > 1: then 0 < 6,6,
(ii) whenever ¢ > ¢', 1 < ¢,¢ < oo: then
(c—1)0<0c0, (6—1)0<o00,

otherwise ~ R
(c—1)0<0dl, (oc—1)0<ab.

Note that for o < 1 condition (ii) is void. We also have the two consequences: (i) if ¢ = oo,
then 6 < 6, and (ii) if § = oo, then 6 < 6. They follow directly from (6.83) and (6.84). We

shall call an inhomogeneous Strichartz estimate with exponent pairs (g, 0), (g,0) endpoint if (i)
q = ¢', which can only happen if ¢ > 1, (ii) if ¢ = oo, and (iii) if § = co. We next formulate
the Strichartz estimates in the abstract setting.

Theorem 6.7.8 (Estimates for admissible exponents). The estimate
IO s risoy + W OF sy S 1, + 1l Lo s, » (6.85)

holds for all f € By, F € LY (R; B;*), whenever (q,0) and (§,0) are two o-admissible exponent
pairs, and (q,0) is not an endpoint pair.

Proposition 6.7.9 (Generalized homogeneous estimates). Suppose that (q,0) is an exponent
pair satisfying

1 -

729(2—9—@,

q 2
for some 6 € (0,1]. Then the estimate

10Ol o @,y < 171, (6.86)

holds for every f € B’g whenever the exponents 0 and 0 are in the range

e o<1, 0<6<1, 0<6<86,
oo =1, 0<6<1, 0<6<8,
o0 >1, 0<6<1, =19 <9 <9,

or if (q,0,0) = (00, 1,1).

Theorem 6.7.10 (Global inhomogeneous estimates). Suppose that (q,6) and (g, 0~) are two
jointly o-acceptable exponent pairs. Then the operator W (t) obeys the estimate

WO F Larisy) S NF | Ler m8,7) (6.87)

for all F € L7 (R; B;") whenever o < 1. If o > 1 we consider different cases
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(i) the point (1/q,1/q) lies inside AOAB in fig. 2.1, thatis 1 < q,G < oo and q¢ > ¢': then
W (t) satisfies (6.87) for all F € LT (R; By").

(i) The point (1/q,1/q) lies on the hypotenuse AB, that is 1 < ¢,§ < o0 and ¢ = ¢': then
W(t) satisfies

IWOF oy S Nl Lo, -
for all F € LY(R; B; ;7).
(iii) The point (1/q,1/q) lies on the side OA, that is 1 < g < 0o, § = co: then W (t) satisfies
WOl gy S 1Pl e (6.58)
for all F € L'(R; By*).
(iv) The point (1/q,1/G) lies on the side OB, that is 1 < § < oo, ¢ = co: then W(t) satisfies
IWOF | ey S IF o gy, (6.89)
for all F € LTV (R; B;").

Remark 6.7.11. The appearance of Lorentz norms in some of the estimates above is not a
great obstacle to applications. Indeed, if we restrict to finite time intervals [0, T, we have the
continuous embeddings

L*7([0,T]) < LP([0,T]), q>p, 1 <q,p,7 < o0,
LP([0,T]) < L*"([0,T]), p>gq, 1 <q,p,7 < o0,

see [2, p. 217]. For example, let ¢, § and 0 be such that estimate (6.86) holds and let 1 < @ < g.
Then we have the local homogeneous estimate

||U(t)f||L§([o,T];139) St ||fHB§* :

Similarly, if for example ¢, 8 and 6 are such that estimate (6.89) holds and 1 < Q < g, then we
have the local inhomogeneous estimate

W@ E | ge o,7180) S 11 Ler 10,7135 -
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Chapter 7

Proofs

In this chapter we shall prove the estimates we presented in the sections of the preceding
chapter. We shall give complete and rigorous proofs only in the abstract formulation of the
estimates. The estimates for the concrete equations we considered so far shall be derived as
consequences of the abstract estimates.

We begin with a revision of the T'T™*-principle in the abstract setting.

7.1 The TT*-principle

Lemma 7.1.1. [22, p. 56], [41, p. 113] Let T be a linear operator, B be a Banach space, and
‘H be a Hilbert space. The following statements are equivalent:

(i) T :H — B is bounded,
(i1) T* : B* — H is bounded,
(iii) TT* : B* — B is bounded.
Furthermore, we have the following equality of operator norms ||T|* = || T*||* = || TT*||.

A few remarks are due. The second source [41] contains the proof of this lemma in the
important and technically uncomplicated setting of B = LP, for 1 < p < oo, H = L?. The
general case is presented in the first source [22] and the references therein. The general proof is
word for word the same as the LP-case if one replaces the LP-symbol with that of the Banach
space B. We notice, however, that in the context of the Lebesgue spaces the lemma holds with
B = L> but instead of the dual space to L™ we can use its associate L*.

We next present an important consequence of the T'T*-principle that shall play a role in the
proof of the inhomogeneous Strichartz estimates. Suppose that the bounded linear operator
T : By — L9(R; By) is of the form T'f = U(t)f. Then its formal adjoint T* : L7 (R; By*) — By
is a bounded linear operator of the form [, U*(t)F(t)dt. We shall call the exponent pair (g, 6)
admissible. Suppose that 7' is bounded for two admissible pairs (g,6) and (g, 5) Then the
composition of T : By — L%(R; By) with T* : L (R; B;") — By is the bounded operator

TT* : LY (R;B;*) — LYU(R; By), TT"F = / U(t — s)F(s)ds.
R
Notice the similarity between TT*F and
t
W(t)F = / Ut — s)F(s)ds.

The boundedness of the operator W (t) : L7 (R;B;") — L4(R;Bg) easily implies that of the
TT* : L7 (R;B;*) — L9(R;By) under some minor assumptions on U(t). The proof of that
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statement follows if we consider that

t o3}
L=/
R —o00 t
in the definition of the TT™-operator and then make a change of variables in the second integral
on the right to transform it to an integral like the first one on the right. The details are left as
an exercise and we now address the more important question of when the boundedness of the
TT*-operator implies that of W (t). In general this implication holds whenever ¢ > ¢’ and there
are known counterexamples to the limiting case ¢ = ¢’. This is due to the celebrated Lemma
7.1.5 of Christ-Kiselev. This combination of the TT*-principle with the Christ-Kiselev Lemma
is the standard way of obtaining Strichartz estimates for W (¢) from the estimates for U(¢). In
passing we remark that in the symmetric case (g,6) = (g, 0~) the opposite is also true which is
an easy consequence of Lemma 7.1.2.
The TT*-principle for Strichartz estimates can be recast in a bilinear formulation which is
more effective.

Lemma 7.1.2 (Keel and Tao [30]). Consider the bilinear form
B(F,G) = // (U*(s)F,U*(t)G)dsdt. (7.1)
s<t
(i) The boundedness of the operator T : H — L1(R;By) of the form Tf = U(t)f is equivalent
to the boundedness of the bilinear mapping B : LT (R; By*) x LT (R; By*) — C.

(ii) The boundedness of the operator W (t) : LT (R; B;*) — Li(R;Bg) is equivalent to that of
the bilinear mapping B : LY (R; By*) x LI (R; B;*) — C.

As with the KT equation we consider the decompositions

a={J U, BFEG =Y BoFaq),

A Qe A Qe0y
where
Bo(F,G) = / / (U (5)F(s), U* ()G (1)) dsdt.
Q
The advantage of the above decomposition is that whenever @ = J x I and @ € O, we have
A= |I]| = |J| ~ dist(Q,09) ~ dist(I, J). (7.2)

The very special property (7.2) of this decomposition allows us to obtain the following scaling
invariance .
[Bo(F, )| S N0 ||| o s

‘G”Lq’([;Be*) ) (7~3)

of each dyadic piece Bg in the bilinear form B. The latter shall be proved in section 7.3.1
and in particular Lemma 7.3.4 gives a certain range for the ordered 4-tuple of exponents (g, 6),

(g,0), where the local scaling (7.3) holds true. Another scaling invariant quantity is given by
Lemma 7.1.3. If% + % <1, then

Z |Bo(F,G)| £ AF(@0.2.0) ”FHLLY(]R;B@*) ||GHLq’(R;Bg*) :
QeON

Proof. In view of (7.3)

,0,,0
Y Bo(F,G) S A@HD N | e
QeO, QeO,,Q=JxI

Gl 2o (1.8 -

An application of Lemma 7.1.4 below completes the proof. O
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Lemma 7.1.4. Suppose % + % > 1. Then

Z Hf”Lﬁ(J) ||9||Lp(1) < Hf“Lﬁ(R) ”g”Lp(]R) :

QeON, Q=JxI

Proof. The lemma follows directly from the inequality

=
bS]

> lasbil < [ las P PNLITE
j J i

which holds in the range £ + 1 > 1, and the fact that for each dyadic interval I there are at
most two dyadic squares in Oy with side I. O

Consider the bilinear operator A : L7 (R; B;") x L9 (R; By*) — 12°, defined by the formula

A(F.G) = {brezr = § D Bo(F.G))

QEOA Ae2Z

Thus, in view of the bilinear formulation of the T7T™ in Lemma 2.5.2, the estimate

{oa i S 11l Lo e,

Gl sy VF € LT (R Bg"), VG € L (R; By"),
implies the boundedness of W (t) : L7 (R; B;*) — Li(R; Bg).
The next result shall be useful in the sequel.

Lemma 7.1.5 (Christ-Kiselev, see Lemma 3.1 of [48], or [47]). Suppose that the integral oper-
ator

5= [ T Kt s)F(s)ds (7.4)

is bounded from LP(R;By) to L1(R;Bs) for some Banach spaces By, B and 1 < p < q¢ < 0.
The operator-valued kernel K (t,s) : R?> — L(By,By) maps R? to the space of all bounded linear
operators from By to By. Assume also that the kernel K is regular enough to ensure that (7.4)
is well-defined as a Ba-valued Bochner integral for almost all t € R. Then the operator

t) = [ K(t,s)F(s)ds

s also bounded on the same spaces.

7.2 Estimates for admissible exponents
7.2.1 The basic case

Let us recall

Theorem 7.2.1. The estimate
1O Fl s ey + IV O F s sy S 15, + 1l Lo s, (7.5)

are two o-admissible

holds for all f € By, and all F € L‘?'(R;Bé*), whenever (q,6) and (g, 5)
= (2,6%), the norm of the

exponent pairs. However, in the double endpoint case (¢,0) = (g, 0)
space L?(R; Bg+) has to be replaced by that of the space L*(R; Bg*’ ).

Proof. By complex interpolation between the dispersive estimate (6.69) and the energy estimate
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(6.70), we obtain the following decay estimate
< 1
U0 fllg, S W I fllg,-> € €[0,1].

Using this, we obtain

* - = P (S)ls,-
17T Fls, < [ 10 =9F G, 55 [ TR (7.6)

We now take the L-norm in ¢ in both sides of the above inequality. To estimate the right
hand side (RHS), we apply the Hardy-Littlewood-Sobolev theorem of fractional integration, see
(2, pp. 228-229], [41]. Thus we obtain

ITT"Fll L wise) S Il Lo i, -

whenever 0 < o(1—-0) <1,1+1/g=1/¢ + o(1 — ). The latter conditions are equivalent to
0* <0 <1,2/q=0(1—0). Remember that the exponent o(1 — ¢) = a must be in (0, 1) in order
to apply the above argument. However, the left endpoint o = 0, equivalent to # = 1, coincides
with the energy estimate (6.70). In view of the TT*-principle, this implies the estimate

1T fll Laeisey S 1 fls, -

whenever (q,0) is o-admissible non-endpoint exponent pair.

The right endpoint a = 1, equivalent to § = 6*, (see (6.81) if necessary) is endpoint and it is
too delicate to be resolved by the same argument. The corresponding estimate is the endpoint
homogeneous Strichartz estimate

WU 2 @ipyey S Nflls, - VS € B (7.7)

Estimate (7.7) has been proved false for many concrete equations when ¢ = 1. In higher
dimensions, when o > 1, Keel and Tao showed that the modified estimate

U@ fll L2y ) S W lls, VS € B

always holds. Of course, in the special case when By are Lebesgue spaces L” with r > 2, this
estimate implies the original one.

In view of the TT*-principle and the Christ-Kiselev Lemma 7.1.5, the above implies the
inhomogeneous estimate

W) Nl o smoy SN e g7y o (7.8)

whenever (g, 0

)s (G é) are two o-admissible exponent pairs with ¢ > ¢’. The double endpoint
case (¢,0) = (¢,0) =
7.3.3

(2,6%) follows from Theorem 6.7.10, part (ii), whose proof can be found

in Subsection O
7.2.2 Generalized global homogeneous estimates
Proposition 7.2.2. Suppose that (q,0) is an exponent pair satisfying

1 .

L (2 9 9) :

qg 2
for some 0 € (0,1]. Then the estimate

U lpe@py S Mg, -0 1T<e<o0, (7.9)

holds for every f € B; c,/ whenever the exponents 0 and 0 are in the range
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e o<1, 0<6<1, 0<6<86,

o o=1, 0<6<1, 0<60<86,

oo >1, 0<6<1, 0 <0 <0,
or if(q,@,é):(oo,Ll).

Proof. Suppose at first that o # 1. We interpolate with the real method with parameters 7, ¢,
for 0 <n<1,1<c¢< o0, in the two inequalities below

10 o gy < 1y 0° <6<, (7.10)
10O zy S Wy 67 <0< 1, (7.11)

where 1/£(0) = o(1 — 0). In view of the reiteration theorem, see [2], we obtain the estimate

HU(t)f”LtQ,C(R;B[G]) S “f||8~7c,* s

6

where
1 1-n n
—=—+4+-, 0<n<l,
Q 3 q
0=0(1-n)+n.

Expressing € and ¢ in terms of  and eliminating 7 from these equations, we obtain the equivalent
conditions

1 o ~ -
= (20— P <.
0 2(2 0—-0), <0<l 0°<6<1

Relabeling Q by ¢ and reformulating the inequalities above as 8* < 6 < 1, 8* < § < 0, we finish
the proof in the case o # 1.

The case o = 1 is treated in exactly the same way but this time estimates (7.10), (7.11) are
valid only in the range 6* < 6 < 1. O

Note that instead of real interpolation we can use the complex method, which yields the
alternative estimate

U@ fll Lo wigey S I 1lg,- - (7.12)

The argument of this section is a generalization of an argument of Kato [29], originally
presented in the specific context of the Schrodinger equation. We shall further extend the
range of these estimates for ¢ > 1 in section 7.3.4.

7.3 Estimates for acceptable exponents

This section is dedicated to the proof of the global inhomogeneous Strichartz estimates of
Theorem 6.7.10 which is to be done considering several different case. We begin with the proof
of some local estimates that shall be crucial in the sequel.

7.3.1 Local inhomogeneous estimates

Following Foschi [20], we want to find the range of local estimates for W (t) that are invariant
to the scaling

W@ DA FIl Lo arsy) S A (@0.3.0) IF N Lo (agisysy s YA >0, (7.13)
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where I and J are two unit intervals separated by a unit distance and x); is the characteristic
of the rescaled interval AJ and

3(q.0,3,0) = - + 2-0-19). (7.14)

o
2

Q| =
ST

The bilinear formulation of (7.13) is

[Bo(F,G)| < A(@60.2.0) HFHL(}/(J;Bé*) ‘G”Lq’(I;BQ*) ) (7.15)

where @ is the square I x J.

Lemma 7.3.1. Estimate (7.13) holds for any two o-admissible pairs (q,0) and (q,6).

Proof. The proof follows trivially from Theorem 6.1.6 due to the fact that 5(q, 8, ¢,0) = 0 under
the hypothesis of the lemma. O

Lemma 7.3.2. Estimate (7.13) holds with (q,0) = (G, 0) = (c0,0).

Proof. By the dispersive estimate (6.69) we have that

< 1Py
sup W) [xasFlllg, Ssup | ———o—dr
teAl text g [t—T]

< \P(00,0,00,0) ||F||L1(M;50*) )

O

Lemma 7.3.3. Whenever (¢,0) and (§,0) are exponent pairs for which estimate (7.13) holds,
we have that (7.13) also holds with (Q,0) and (Q,6), where 1 < Q < ¢, 1 <Q < 4.

Proof. A trivial application of Holder’s inequality

1_1
||W(t)[X)\JF]||L?()\];BG) SAwTa ||W(t)[XAJFH|L§(,\1;B(,)

< \H@Qrar S M@ | |,

) ||F||Lé’(,\J;Bé*) ~ "(AJ5Bg) =

Let us define the range of validity of the local estimates (7.13) as the set £ in R*. Each
point in £ corresponds to a 4-tuple of exponents (1/q,6,1/4,0). Below we find the convex hull
E* (E* C &) of the points in R* that correspond to the estimates in the three lemmas above.
We shall call any point or collection of points in £ acceptable.

Lemma 7.3.4 (Local inhomogeneous estimates). Estimate (7.13), or equivalently (7.15), holds

whenever the exponent pairs (q, ), (g, 0~) € &* given explicitly by the following conditions
11 ~
0<=,=<1, 0<0,0<1, (7.16)
q q
-0y <t Zo-d) <> (7.17)
2 —_ q7 —_ qv? .
(c—1)0 <0, (0c—1)8<o0b. (7.18)

If o > 1 then also 0,60 > 0.
Remark 7.3.5. Condition (7.18) is void when ¢ < 1.

Proof. We apply the Riesz-Thorin convexity theorem to interpolate between the already proven
local estimates. In essence, we find the convex hull of the locally acceptable sets associated with
Lemmas 7.3.1 and 7.3.2 and then expand that set by the rule given in Lemma 7.3.3.
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When o # 1 the set of acceptability S; of the local estimates in Lemma 7.3.1 is given by
the system

2 (7.19)

1
S5 = Q (7.20)
)

; 0<n<l
We need to eliminate from the definition of S3 the following variables ¢,q, 6,0 and 7. By

expressing ¢ and § in terms of § and 6 respectively, see (7.19), we simplify the four inequalities
in (7.20) to

o<+l

_QQ—?

2 2 ~

<2 +0, n<-= +6.
7 oQ K @

The two equalities in (7.20) are simplified to
ng*<O<ny, n*<O<n 0<n<l

Let us now group all similar inequalities for 7

e 6
n < Ev @7 (722)
2 2 ~
<—40,—+06,1. 7.23
U 0 (7.23)

There is n € [0, 1] solving the inequalities in (7.21), (7.22), (7.23), if and only if any quantity
on the left is bounded by any quantity on the right in these inequalities. This gives the lemma,
i.e. that S3 = &*. O

7.3.2 Non-endpoint global inhomogeneous estimates

Our goal in this subsection shall be to show the boundedness of

A: LT (R; B;*) x LY (R; By*) — 1! (7.24)
whenever the ordered 4-tuple (g, ), (,6) is non-endpoint in a certain sense, recall the notation
introduced at the end of section 7.1.

Suppose that (1/q,1/G) € Ao, where Ag = {1/q >0,1/G > 0,1/q+1/G < 1}, and that the

4-tuple (q,6), (¢,0) € &, together with a neighborhood of small perturbations in (1/¢,1/4g).
Then in virtue of Corollary 7.1.3 we have the estimate

ba] < A\B(a:0,4,0) ||F||Lq,(R;Bé*)

Gl L 58, »
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or in other words {b)} € lgzqeqé')' Since Ag is an open set (triangle) on the (1/¢,1/4)-

coordinate plane, we can always find a small enough open neighborhood of points in Ag around
(1/¢,1/q). Let us set

/g =1/qg+¢, 1/Go=1/G+e, 1/q1=1/q—3¢, 1/G1 =1/G— 3e.

Suppose that € > 0 is small enough so that (1/qo,1/Go),(1/q1,1/G1) € AN E*. Suppose also

that, cf. (7.14), B(q,0,,0) = 0. Then we have that 3(qo,0,do,0) = 2¢, and B(q1,0, Go,0) =
B(qo,0,q1,0) = —2¢. Thus we obtain the maps

A L% (R; B5*) x L%(R; By*) — I52,

A LI0(R; By*) x LU (R; By*) — 1%,

A LT(R; By*) x L9(R; By*) — 1%,
are bounded. In virtue of Lemma 2.5.17 we have that the map

A (L9(R; By*), L% (R; By*))1 /a0 % (L9(R; Bo*), L9 (R; By )1 /4y —

(lgga lio2e)1/2,1

is also bounded. Finally, in view of the well-known interpolation identities of the Lorentz spaces
and that of Lemma 2.5.16, this implies (7.24)
Now let us recapitulate all conditions we have imposed so far on the exponents. We have the

conditions of the local estimates (set £*) plus the scaling condition (g, 8, ¢,0) = 0. Remember
that all inequalities in the definition of £* that contain ¢ or ¢ must be rewritten as strict
inequalities to allow perturbation in these quantities. Also note that conditions (7.17) together

with 8 = 0 are equivalent to (g,6) and (g, #) being KT-acceptable.

7.3.3 Endpoint global inhomogeneous estimates, case of ¢ = ¢

We now proceed with the proof of the endpoint estimates with exponents that lie on the
hypotenuse on AOAB, see figure 2.1. To that end we shall need the well-known interpolation
identities

(LP(R; Ag), LP(R; Ay ))gp = LP(R; (Ao, A1)ep), 1 <p< oo, (7.25)

see [3]. We fix an exponent 4-tuple (1/¢,6,1/4,6) € £* such that (g, 6,§,0) = 0. We perturb
the exponents in estimate (7.3) by finding two 4-tuples (1/q,600,1/4, 50), (1/q,61,1/4, 0,) € &
subject to

Op=0+e¢ 6Op=0+e¢ 6 = 1/q — 3e, 6, =6 — 3e.

Thus B(g, 09, G, 6o) = 20¢ and B(q, 01, G, 0o) = B(g, 00, d 61) = —20¢. Hence the maps
At LT (R; B, ") x LY (R; By, ™) — 152,
Az LT (R; B, ") x LY (R; By, ™) — 1%,
A LT (R; By ") x L7 (R: By, ") — 1%,
are bounded. In virtue of Lemma 2.5.17 we have that the map
At (L7 (R; By, "), L7 (R; By, *))1/aq0 % (L7 (R; Ba, ™), LY (R; By, ™)1/,
- (lgﬁ,li"ze)l/m
is also bounded. Finally, in view of the interpolation identity (7.25), the above simplifies to
A LT (R B °) x LY (R; By ") — I,

where by By , we denote the real interpolation space (By, B1)g,q for 6 € [0,1], 1 < ¢ < o0.
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The set of validity of these estimates is determined in the same way as in the previous
section. Except that now all inequalities in the definition of £* that contain 6 or # must be
rewritten as strict inequalities as we perturb with respect to these quantities.

7.3.4 Endpoint global inhomogeneous estimates, case of ¢ = oo

Suppose now that (1/¢,1/G) lies on either one of the two catheti of AOAB in figure 2.1, for the
sake of concreteness let us suppose that 1/¢ = 0. We also exclude the two endpoints O = (0, 0)
and A = (1,0) (if ¢ > 1, otherwise A = (0,0)), so that we can perturb with respect to ¢. We
also suppose that (g,6) belongs to £* together with a neighborhood of small perturbations in

q as well as the 4-tuple (q,0), (g, 6). Assuming that the scaling condition 3(g, 6, ¢,0) = 0 holds
we have that

A LMR; By*) x L9 (R; Bg*) — I,
A: LY(R; B;*) x L% (R; By*) — 1%

—er

where

The real method with parameters (0,q) = (1/2,1) gives that
A LMR; By*) x LT (R; By*) — 1.
By the TT*-principle, this means that

W@ F| L3 @ipyy S 1F Il L1 mim,+) (7.26)

for all F' € L'(R; B;*) whenever (¢, 6) and (oo, 0) satisfy the assumptions we have made so far.
In view of the Equivalence Theorem 1.3.2, we also have the following homogeneous estimate

U@ fll Lo wigey S I llg,- > (7.27)

for all f € B’g, in the same range as the inhomogeneous estimate (7.26).
To summarize, we have

Proposition 7.3.6. Suppose that (q,0) and (G,0) are two jointly-acceptable exponent pairs. If
G = oo then the estimate

W@ Fl s @;z,) S I1Fll L2 mimy+) » (7.28)
holds for every F € L*(R; By). If analogously ¢ = oo, then by duality the estimate
WO F L i80) S Il La 1 ms,+) » (7.29)

holds for every F € L1 -1(R; B;").
Proposition 7.3.7. Suppose that (q,0) is an exponent pair satisfying

13 -0-9)

for some 6 € (0,1]. Then the estimate
U@l Lo wigey S I llg,- > (7.30)

holds for every f € By, whenever the exponents 6 and 0 are in the range

o0 <1, 0<6<1, 0<6<4,
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oo =1, 0<6<1, 0<6
e o >1, 0<6<1,

or if (q,0,0) = (00, 1,1).

Q
L
S~}
N
>
A
Rl

7.4 Derivations of Strichartz estimates for concrete equa-
tions

The derivation of the Strichartz estimates from the abstract setting to each of the concrete
equations in Chapter 6 is completely straightforward. In a number of cases, though, we shall
need to make some extra computations. That is sketched in the context of the generalized
Schrodinger and wave equations and can be found in the two subsections that follow. The cases
of the Klein-Gordon and Dirac equations are completely analogous to that of the wave equation
and shall not be considered separately.

Note that in the careful exposition of Keel and Tao [30], one can find the derivation of the
estimates for admissible exponents in the context of the Schrédinger and the wave equation,
that is Theorem 6.1.6 and Theorem 6.3.5. The sharpness of these theorems is also given in [30].
Similarly, in Foschi [20] one can find a derivation of the inhomogeneous Strichartz estimates for
the Schrédinger equation, that is Theorem 6.1.9. Foschi [20] and Vilela [50] present a number of
counterexamples for the sharpness of Theorem 6.1.9. In Taggart [46] one can find a derivation
of the inhomogeneous Strichartz estimates for the wave equation that are similar to those given
in Theorem 6.3.7.

7.4.1 Generalized Schrodinger-type equations

The Strichartz estimates for the Schrodinger and the generalized Schrodinger-type equations
follow from the abstract Strichartz estimates by the identification

By=1L', 6="2, By=L", 0=
T

, p=7, (7.31)
for 6,6 € [0,1].

The only additional computation is that of the generalized homogeneous estimates of Propo-
sition 6.2.2 where one needs to upgrade an L{"**-norm to a L{"’-norm, where L? is the class of
the initial data. For that see next subsection where this matter is discussed in the context of
the wave equation.

7.4.2 Generalized wave-type equations

The Strichartz estimates for the generalized wave-type equations are contained as a special case
in that of the abstract Strichartz estimates by the identification

2

=
7

Be:B_p 0:77 B§:B7:,57 é:

r,29 r

p="7, (7.32)

for 6,6 € [0,1].

In this section we suppose that U(t) is a generalized wave evolution group satisfying condi-
tions (6.56)-(6.59).

Let us for example prove the generalized homogeneous estimates of Proposition 6.6.3. In
view of the abstract estimates of Proposition 6.7.9 and the identification above we have the
estimate

HU(t)fHLq,oo(R;B;g) S ||JCHB§,12 )
or equivalently

HD_p_ﬁU(t)fHLq,oc(R;BS,Q) 5 ||f||Bg/72 3
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in the same range for the exponents as in Proposition 6.7.9. In fact, this estimate implies
DU oo, S 15 s (7.33)

by the usual embeddings and the fact that » > 2 and p < 2. Now we use a standard argument
that shall be repeated in similar situations. We slightly perturb the exponents ¢ and p and
use real interpolation with (0, p). Basically, in this way we sharpen (7.33) inside its range of
validity to

|D= U0 ]| gy, < 161l (7.34)

The final result is summarized in Proposition 6.6.3.
In the next two propositions we assume (without loss of generality) that (6.56)-(6.59) are
given in terms of homogeneous Besov norms.

Proposition 7.4.1. Suppose that (q,r) is a nonsharply o-admissible exponent pair. Then we
have the estimate

||U(t)f“LgL£ SHf”Hoca oqOgO= - — — —

for all f € H*. Analogously, if (¢,7) and (§,7) are two nonsharply o-admissible exponent pairs,
then we have the estimate

IW(©)F oy, < IDF] (7.35)

i
for all DF € Lg/ (R; LT'), where o is subject to (7.37).

Proof. If the pair (g,r) is nonsharply o-admissible then we can always find an exponent R,
2 < R < r, such that the pair (¢, R) is o-admissible. If r < co we use the Sobolev embedding

WUl SUDEFU@F] Lo

so that we can apply the Strichartz estimates of Theorem 6.6.1 to the right hand side. In view

of 6.61, we obtain
1 1 1 1 1 n
=260l=—(=—— —— ) - —.
=2 (5-30)) - Gm)

If r = 0o we use Proposition 7.4.2.

By the TT*-principle, we have already proven that the inhomogeneous estimate (7.35)
applies to the TT*-operator. If ¢ > 2 we use the Christ-Kiselev Lemma 7.1.5. If ¢ = ¢ = 2 we
use Sobolev embedding and the Equivalence Theorem 1.3.2, part B. O

Proposition 7.4.2. The estimate

nin—Qb’

0@ grz S 1l 0= ="

holds for every f € H® whenever the exponent pair (g, 00) is nonsharply o-admissible.

Proof. Consider the formula

OO f e S 1D UL |IDUD | m: (7.36)

which is a special case of the interpolation inequality of Proposition 7.4.4, for some R < oo
fixed and big enough, and some 6, «, and -y, which we need to determine. To determine o we
consult formula (6.62) with r = oo which suggests

n n—20

a™_ o (ronz28 Y
T2 "o T2 7T\27 o8 T R)T
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Thus, v = —k+k/0 +n/r, k= (n—208)/oq, and v > n/r if we can choose § < 1. Substituting
in (7.40) p = a, A = 7, we obtain the identity

(1—0)k+ (1—0)(—k) =0,

so that we are free to choose any 6§ < 1. In particular, we choose 6 so that the pair (¢f, R) is o-
admissible. Thus we first apply Proposition 7.4.4 to the term ||U(t)f||L§Lgo to obtain (7.36). To
each term on the right hand side of (7.36) we then apply Proposition 7.4.1 with the admissible
pairs (00,2), (¢, R), respectively, to conclude the proof. Note that this argument only works
if ¢ is away from the two endpoints ¢ = 2/0 (¢ = 2 when o > 1), ¢ = .

As a final remark we note that since a > 0 we can always replace the homogeneous norm
H* with the inhomogeneous norm H® in case that our estimates are based on inhomogeneous
norms. O

We next give a corollary to Theorem 6.6.5 in the case when o < 1.

Corollary 7.4.3. Suppose that (q,r) and (g, T) are two nonsharply jointly o-acceptable exponent
pairs with o < 1. Then the operator W (t) obeys the estimate

IW(®)F oy, < IDF] < oo,

Li'Le
for oll F, DYF € Lg, (R; L;l), whenever the Sobolev exponent a fulfills condition

-2 -2 -2
n-28 n_n-2f n_n-2_ (7.37)
oq r oq’ 7 o

Proof. Consider two nonsharply jointly o-acceptable pairs (¢, ) and (¢, 7). We can always find
R and R such that 2 < R <r and 2 < R < 7 and (¢, R) and (g, R) are jointly o-acceptable.
Then as we did in the preceding propositions we use Sobolev embedding. The Sobolev exponent
a in (7.37) is computed from

a=p+p+y+7,

where

y=n/R—n/r, §=n/R—n/f.
O

Proposition 7.4.4 (Interpolation inequality, [35]). Let A\, u,p,q,r,0 satisfy \,u € R, 1 <
p,g<r<oo, 0<6<I1,

As2o (7.38)

p T
p< - (7.39)

q T
9()\—”+n)+(1—9)<u—n+n>:0. (7.40)

p r q r
Then there exists a constant C' > 0 such that
0 -0

1A llzy < C AR ||f||2; (7.41)

cy g
Jor all f € Hy N HY.
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