LECTURE NOTES I: ON LOCAL AND GLOBAL THEORY FOR
NONLINEAR SCHRODINGER EQUATION

NATASA PAVLOVIC AND NIKOLAOS TZIRAKIS

ABSTRACT. The notes serve as an introduction to the analysis of dispersive
partial differential equations. They are organized as follows:
e Part I focuses on basic theory for local and global analysis of the semi-
linear Schrédinger equation.
e Part II concentrates on basic local and global theory for the Korteveg de
Vries equation.
e Part III gives a review of some recents results on a derivation of nonlinear
dispersive equations from quantum many body systems.

DisLAIMER. The notes are prepared as a study tool for participants of the
MSRI summer school “Dispersive Partial Differential Equations”, June 16-27,
2014. We tried to include many of the relevant references. However it is
inevitable that we had to make sacrifices in the choice of the material that is
included in the notes. As a consequence, there are many important works that
we could not present in the notes.

1. WHAT IS A DISPERSIVE PDE

Informally speaking, a partial differential equation (PDE) is characterized as
dispersive if, when no boundary conditions are imposed, its wave solutions spread
out in space as they evolve in time. As an example consider the linear homogeneous
Schrodinger equation on the real line

g + Uze = 0, (1.1)

for a complex valued function v = u(x,t) with € R and ¢t € R. If we try to find a
solution in the form of a simple wave

u(x,t) _ Aei(k;v—wt)7
we see that it satisfies the equation if and only if
w = k> (1.2)

The relation (1.2) is called the dispersive relation corresponding to the equation
(1.1). Tt shows that the frequency is a real valued function of the wave number.
If we denote the phase velocity by v = ¢, we can write the solution as u(z,t) =
Aetk(@=v(k)t) and notice that the wave travels with velocity k. Thus the wave
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propagates in such a way that large wave numbers travel faster than smaller ones?.
If we add nonlinear effects and study for example

iUy + Ugg + [ulP " u =0,

we will see that even the existence of solutions over small times requires delicate
techniques.

Going back to the linear homogenous equation (1.1), let us now consider

ug(z) = / to (k) et dk.
R
For each fixed k the wave solution becomes
u(@, t) = g (k)e™ @ ) = o (k)ehee k",

Summing over k (integrating) we obtain the solution to our problem

u(z,t) = / ao(k)ere =kt g,
R

Since |t(k,t)| = |tuo(k)| we have that ||u(t)| L2 = ||uol/rz. Thus the conservation
of the L? norm (mass conservation or total probability) and the fact that high
frequencies travel faster, leads to the conclusion that not only the solution will
disperse into separate waves but that its amplitude will decay over time. This is
not anymore the case for solutions over compact domains. The dispersion is limited
and for the nonlinear dispersive problems we notice a migration from low to high
frequencies. This fact is captured by zooming more closely in the Sobolev norm

e = (/ (k) *(1 + |k|)zsdk>1/2

and observing that it actually grows over time.

Another characterization of dispersive equations comes from the observation that
the space-time Fourier transform (we usually denote by (£, 7) the dual variables of
(x,t)) of their solutions are supported on hyper-surfaces that have non vanishing
Gaussian curvature. For example taking the Fourier transform of the solution of
the linear homogeneous Schrodinger equation

tug + Au =0,
for x € R™ and t > 0, we obtain that u(¢, ) is supported? on 7 = |¢|2.

In dispersive equations there is usually a competition between dispersion that
over time smooths out the initial data (in terms of extra regularity and/or in terms
of extra integrability) and the nonlinearity that can cause concentration, blow-up or
even ill-posedness in the Hadamard sense. We focus our attention on the following
two dispersive equations:

1Trying a wave solution of the same form to the heat equation ut — ugzz = 0, we obtain that
the w is complex valued and the wave solution decays exponential in time. On the other hand the
transport equation ut — uz = 0 and the one dimensional wave equation uit = ugz have traveling
waves with constant velocity.

2In this light the linear wave equation in dimension higher than two is dispersive as the solution
is supported on the cone 7 = [¢|.
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e Nonlinear Schrodinger (NLS) equation given by
iug + Au+ f(u) =0,

where v : R" x R — C.

e The Korteweg-de Vries equation (KdV) given by
Ut + Uz + Uty = 0,

where u: M x R — R with M € {R, T}

as two prime examples. However the methods that are reviewed in these notes apply
equally well to other dispersive PDE. The competition mentioned above comes to
light in a variety of ways. On one hand, we have the case of the NLS (4.2) of
defocusing type with a polynomial nonlinearity of high enough power. In this case
the global energy solution that we will obtain satisfy additional decay estimates that
over time weaken the nonlinear effects. It is then possible to compare the dynamics
of the NLS with the linear problem and show that as ¢ — oo the nonlinearity
“disappears” and the solution approaches the free solution. On the other hand, we
have the case of the KdV equation. There the dispersion and the nonlinearity are
balanced in such away that solitary waves (global traveling wave solutions) exist
for all times. These traveling waves are smooth solutions that prevent the equation
from scattering even on the real line. Many different phenomena intertwine with
dispersion but in these notes we can develop and partially answer only the most
basic of questions. For more details the reader can consult [2, 4, 32, 44, 46].

To analyze further the properties of dispersive PDE and outline some recent
developments we start with a concrete example.

2. THE SEMI-LINEAR SCHRODINGER EQUATION.

Consider the semi-linear Schrédinger equation (NLS) in arbitrary dimensions

{iut+Au+)\|u|p_1u=O, zeR™ teR, A+1, (2.1)
u(z,0) = up(x) € H*(R™). ’
for any 1 < p < oo. Here H*(R"™) denotes the s Sobolev space, which is a Banach
space that contains all functions that along with their distributional s-derivatives
belong to L*(R™). This norm is equivalent (through the basic properties of the
Fourier transform) to

1l ey = ( [ a+ |§|>2S|f<f>2ds)2 < o0,

R"L
When A = —1 the equation is called defocusing and when A = 1 it is called focusing.
NLS is a basic dispersive model that appears in nonlinear optics and water wave

theory, and it can be derived from quantum many body systems as we shall see in
Part III of the notes.

Before we outline basic properties and questions of interest concerning solutions
to (2.1), we review symmetries of the equation.
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2.1. Symmetries of the equation. One of the questions that we shall consider
is the following: for what values of s € R one can expect reasonable solutions? The
symmetries of the equation (2.1) can be very helpful in addressing this question.

(1) A symmetry that we shall often mention is the scaling symmetry, that
can be formulated as follows. Let A > 0. If u is a solution to (2.1) then

T

t T
Xa F)a

__2
uy = N Tug(S

uMa, t) = A7 T )

is a solution to the same equation. If we compute ||u| ;. we see that

g 1z« = A*~*luoll 7«

where s, = % — ;;%1' It is then clear that as A\ — oo:
(a) If s > s, (sub-critical case) the norm of the initial data can be made
small while at the same time the time interval is made longer. This
is the best possible scenario for local well-posedness. Notice that u*

lives on [0, A\2T].

(b) If s = s, (critical case) the norm of the initial data is invariant while
the time interval gets longer. There is still hope in this case, but it
turns out that to provide globally defined solutions one has to work
very hard.

(c) If s < s. (super-critical case) the norms grow as the time interval is
made longer. Scaling works against us in this case; we cannot expect
even locally defined strong solutions, at least in deterministic sense.

(2) Then we have the Galilean Invariance: If u is a solution to (2.1) then

e”‘“e‘”l"’ﬁu(x — 2ut, t)
is a solution to the same equation with data e
(3) Other symmetries:

(a) There is also time reversal symmetry. We can thus consider solu-
tions in [0, 7] instead of [T, T].

(b) Spatial rotation symmetry which leads to the property that if we
start with radial initial data then we obtain a radially symmetric so-
lution.

(¢) Time translation invariance that leads for smooth solutions to the
conservation of energy

uo(z).

_ 1 2 A p+1 —
E(u)(t) = 2/\Vu(t)| dx p+1/\u(t)| dx = E(uy). (2.2)
(d) Phase rotation symmetry e?’u that leads to mass conservation

[u(®)llz> = lluollz>- (2.3)

(e) Space translation invariance that leads to the conservation of the
momentum

i) =9 / _aVudz = §(0). (2.4)
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(4) Inthe case that p = 1+%, we also have the pseudo-conformal symmetry
where if v is a solution to (2.1) then for ¢ # 0

1 z 1, i=?
CERTAZA

is also a solution. This leads to the pseudo-conformal conservation law

82\
[ i = o
RTL

K@) = 26tV )ul|?, —
(t) = [[(z + 2itV)u||7- bt 1

2.2. Questions of interest and relevant notation. We will study NLS and
related equations via considering questions

e of local-in-time nature (local existence of solutions, uniqueness, regularity),
e of global-in-time nature (existence of solutions for large times, finite time
blow-up, scattering).

The standard treatment of the subject is presented in the books of Cazenave [4]
and Tao [46], among others. We will refer to these books, especially the first one,
throughout the notes.

We start by listing some questions of interest:

1. Consider X a Banach space. Starting with initial data ug € H*(R™), we say
that the solution exists locally-in-time, if there exists T > 0 and a subset X of
CYH:([0,T] x R™) such that there exists a unique solution to (1). Note that if
u(x,t) is a solution to (1) then —u(—=x,t) is also a solution. Thus we can extend
any solution in CYH([0,T] x R™) to a solution in CYHS([-T,T] x R"™). We also
demand that there is continuity with respect to the initial data in the appropriate
topology.

2. If T can be taken to be arbitrarily large then we say that we have a global
solution.

3. Assume uy € H*(R™) and consider a local solution. If there is a T™* such
that

i Ju(t) - = o,

we say that the solution blows up in finite time. At this point, we can mention
a statement of the so called “blow-up alternative” which is usually proved along
with the local theory. More precisely, the blow-up alternative is a statement that
characterizes the finite time of blow-up, which for example can be done along the
following lines: if (0,7™) is the maximum interval of existence, then if T* < oo, we
w(t)|| ;= = co. Analogous statements can be made for (—=7*,0).

have hmt*)T*

4. As a Corollary to the blow-up alternative one obtains globally defined solu-
tions if there is an a priori bound of the H® norms for all times. Such an a priori
bound is of the form:

sup [[u(t) ]| s < o0,
teR
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and it usually comes from the conservation laws of the equation. For (2.1) this
is usually the case for s = 0, 1. An important comment is in order. Our notion
of global solutions in the point 2. described above does not require that ||u(t)|| e
remains uniformly bounded in time. As we said unless s = 0, 1, it is not a triviality
to obtain such a uniform bound. In case that we have quantum scattering, these
uniform bounds are byproducts of the control we obtain on our solutions at infinity.

5. If up € H*(R™) and we have a well defined local solution, then for each (0,T")
we have that u(t) € HZ(R™). Persistence of regularity refers to the fact that if
we consider ug € H* (R") with s; > s, then u € X C CYHZ([0,71] x R"™), with
Ty = T. Notice that any H®! solution is in particular an H*® solution and thus
(0,T71) C (0,T). Persistence of regularity affirms that 7y = T and thus u cannot
blow-up in H*! before it blows-up in H® both backward and forward in time.

6. Scattering is usually the most difficult problem of the ones mentioned above.
Assume that we have a globally defined solution (which is true for arbitrary large
data in the defocusing case). The problem then is divided into an easier (existence
of the wave operator) and a harder (asymptotic completeness) problem. We will see
shortly that the L? norms of linear solutions decay in time. This time decay is sug-
gestive that for large values of p the nonlinearity can become negligible as ¢t — +oo.
Thus we expect that u can be approximated by the solution of the linear equa-
tion. We have to add here that this theory is highly nontrivial for large data. For
small data we can have global solutions and scattering even in the focusing problem.

7. A solution that will satisfy (at least locally) most of these properties will be
called a strong solution. We will give a more precise definition later in the notes.
This is a distinction that is useful as one can usually derive through compactness ar-
guments weak solutions that are not unique. The equipment of the derived (strong)
solutions with the aforementioned properties is of importance. For example the fact
that local H' solutions satisfy the energy conservation law is a byproduct not only
of the local-in-time existence but also of the regularity and the continuity with re-
spect to the initial data properties.

8. To make the exposition easier we mainly consider H® solutions where s is an in-
teger. From a mathematical point of view one can investigate solutions that evolve
from rougher and rougher initial data (and thus belong to larger classes of spaces).

3. LocAL WELL-POSEDNESS

When trying to establish existence of local (in time) solutions, an important
step consists of constructing the aforementioned Banach space X. This process
is delicate (the exception being the construction of smooth solutions that is done
classically) and is built upon certain estimates that the linear solution satisfies.
First we recall those estimates.

3.1. Fundamental solution, Dispersive and Strichartz estimates. Recall
(from an undergraduate or graduate PDE course) that we can obtain the solution
to the linear problem by utilizing the Fourier transform. Then for smooth initial
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data (say in the Schwartz class S(R™)) the solution of the linear homogeneous
equation is given as the convolution of the data with the tempered distribution

1 jilel?

K = n 1t .
) = Gring©
Thus we can write the solution as:
. 1 c|z—y 2
u(z, t) = U(tyuo(x) = ¢ ug(x) = Kpxup(a) = / ¢ T ug(y)dy. (3.1)
(4mit)z Jgn

Another fact from our undergraduate (or graduate) machinery is Duhamel’s prin-
ciple:

Let I be any time interval and suppose that u € C}S(I x R") and that F €
CYS(I x R™). Then u solves

tug + Au = F, reR™ teR, (3.2)
u(z,to) = u(to) € S(R™) ‘
if and only if
t
w(z, £) = =Dy (1) — i / =2 () ds. (3.3)
0
Definition 3.1. Let I be a time interval which contains zero, uy := u(x,0) €
H*(R™) and
F € C(H*(R"); H* %(R")).
We say that

u € C(I; HS(R™) N CH(I; H**(R™))
is a strong solution of (3.2) on I, if it satisfies the equation for all t € I in the
sense of H*~2 (thus as a distribution for low values of s) and u(0) = ug.

Remark 3.2. By a little semigroup theory this definition of a strong solution is
equivalent to saying that for allt € I, u satisfies (3.3).

Now we state the basic dispersive estimate for solutions to the homogeneous
equation (3.2), with F' = 0. From the formula (3.1) we see that:

1
< —
Pl = iy

In addition the solution satisfies that @(¢,t) = e=47 i€ 4o (¢), which together with
Plancherel’s theorem implies that

UQHLI.

lu(®)llzz = [luollz-
Riesz-Thorin interpolation Lemma then implies that for any p > 2 and ¢ # 0 we
have that

lu(®)llry < T llwoll Lo (3-4)

(4tlm)"= -
where p’ is the dual exponent of p satisfying % + 1% =1.

Fortunately, the basic dispersive estimates (3.4) can be extended by duality
(using a TT* argument) to obtain very useful Strichartz estimates, [4, 16, 27, 41].
In order to state Strichartz estimates, first, we recall the definition of an admissible
pair of exponents.
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Definition 3.3. Let n > 1. We call a pair (q,r) of exponents admissible if

2<q,r <o
are such that 5
n n
o= 3.5
q r 2 ( )

and (q,r,n) # (2,00, 2).

Now we can state the Strichartz estimates:

Theorem 3.4. Let n > 1. Then for any admissible exponents (q,7) and (q,7) we
have the following estimates:

e The homogeneous estimate:

HeitAUOHLfL (RxR™) < luoll 2, (3.6)

o The dual estimate:

I e Pt dtliaey < 1Pl gy (37)

e The non-homogeneous estimate:
t A
||/0 e'(t=) F(-,s) dSHLZL;(]RXR") S ”F”Lf/L;’(Ran)’ (3.8)

1,1 _
whereE—F?—l and

<=

+ & =1

Remark 3.5. Actually the proof of Strichartz estimates implies more. In partic-
ular, the operator e*®ug(x) belongs to C(R,L2) and fg U(t — s)F(s)ds belongs to
C(I,L2) where t € I is any interval of R.

In the lectures and during TA sessions, we will discuss the non-endpoint case.
The end-point case was proved in [27].

3.2. Notion of local well-posedness. We are now ready to give a precise defi-
nition of what we mean by local well-posedness of the initial value problem (IVP)
(2.1).

Definition 3.6. We say that the IVP (2.1) is locally well-posed (lwp) and admits
a strong solution in H*(R™) if for any ball B in the space H*(R™), there exists a
finite time T and a Banach space X C LYPHE([0,T] x R™) such that for any initial
data ug € B there exists a unique solution v € X C CPH:([0,T] x R™) to the
integral equation

u(z,t) = U(t)ug + i/\/o Ut — s)|ulP~ u(s)ds.

Furthermore the map ug — u(t) is continuous as a map from H*(R™) into CY H2([0,T] x
R™). If uniqueness holds in the whole space CY HS([0,T] x R™) then we say that the
lwp is unconditional.
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In what follows we assume that p — 1 = 2k. This implies that the nonlinearity
is sufficiently smooth to perform all the calculations in a straightforward way.

3.3. Well-posedness for smooth solutions. We start with the H* well-posedness
theory, with an integer s > %. For more general statements see [25].

Theorem 3.7. Let s > & be an integer. For everyug € H*(R™) there exists T* > 0
and a unique mazimal solution u € C((0,T*); H*(R™)) that satisfies (2.1) and in
addition satisfies the following properties:

i) If T* < oo then ||u(t)||gs — 00 ast — co. Moreover limsup,_,« ||u(t)||pe = oo.
ii) u depends continuously on the initial data in the following sense. If u, 0 — uo
in H® and if uy is the corresponding mazimal solution with initial data u, o, then
Up — w in L®((0,T); H*(R™)) for every interval [0,T] C [0,T%).

i11) In addition, the solution u satisfies conservation of energy (2.2) and conserva-
tion of mass (2.3).

Remark 3.8. A comment about uniqueness. Suppose that one proves existence
and uniqueness in C([—T,T|; Xar) where Xpr, M = M(||luollx), T = T(M), is a
fized ball in the space X. One can then easily extend the uniqueness to the whole
space X by shrinking time by a fivzed amount. Indeed, shrinking time to T' we get
eristence and uniqueness in a larger ball Xp;. Now assume that there are two
different solutions one staying in the ball Xp; and one separating after hitting the
boundary at some time |t| < T'. This is already a contradiction by the uniqueness
mn XM/.

3.3.1. Preliminaries. To prove Theorem 3.7 we need the following two lemmata:

Lemma 3.9. Gronwall’s inequality: Let T >0, k € L*(0,T) with k > 0 a.e. and
two constants C1,Cy > 0. If ¢ > 0, a.e in L'(0,T), such that ki € L'(0,T)
satisfies

¢
P(t) <Cr + Cg/ k(s)(s)ds
0
for a.e. t € (0,T) then,

P(t) < Crexp (CQ/O k(s)ds).

Proof. For a proof, see e.g. Evans [15]. O

Lemma 3.10. Let g(u) = +|u|?*u and consider and s,1 > 0, integers with | < s
and s > 5. Then

lg(u) |z S IlullFi, (3.9)
lg(w) = g()llz2 < (lullFfs + 0lIF) llu = vl| 22, (3.10)
l9” (w) = gV @)l < (lullF + ol F") lu = vl (3.11)
lg(w) = g+ < (IlullFFs + ollF) 1w = vllz-- (3.12)

n

Proof. To prove (3.9) we use the algebra property of H® for s > % and the fact
that ||u||gs = ||| g
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To prove (3.10) and (3.11) note that since g is smooth we have that
lg(u) = g(0)| S ([ul** + o) [u -],
199 () = gV @) S ([ul* " + [ Ju = ol.
Then
lg(w) = g()llze < (lullZ + llvlz) lu = vllze < (lullF + lvlE:)

g (w)—g® )| < (ull 7 I 7 ) lu=vlle S (lullF ol lu—ol| L2,
where we used the fact that H® embeds in L.

|lu — ]|z,

To prove (3.12) notice that the L? part of the left hand side follows from (3.10).
For the derivative part consider a multi-index « with |a\ = 5. Then D%u is the
sum (over k € {1,2,...,s}) of terms of the form g*) (u )H DﬂJu where 16| > 1

and |a| = 81| + ... + |Bk|. Now let p; = \ﬁ'\ such that % 1. We have by
J
Holder’s inequality

k k
lg® () [T D% ullze < 19 ()l TT 1D ullrs
Jj=1 Jj=1

le

By complex interpolation (or Gagliardo-Nirenberg inequality) we obtain

1D% ul| 7

ul| oo

~

and thus
k

lg® () TT DPullze < g™ () o<l
j=1

ullft Sl

where in the last inequality we used (3.11). Thus we obtain
IDull 2 < [lullz (3.13)

Again notice that the term D%*(g(u) — g(v)) is the sum of terms of the form
k k k k
g (u) H DBiy— g (v) H DBiy = [g(k) (u),g(k) (U)] H DPiy+g®) (v) H Dﬂfwj
j=1 j=1 j=1 j=1
where w;’s are equal to u or v except one that is equal to u —v. The second of the
left hand side is estimated as in the proof of (3.13). For the first the same trick
applies but now to estimate ||g(*) (u) — g¥)(v)|| L~ we use (3.12). O

3.3.2. A proof of Theorem 3.7. Now we present a proof of Theorem 3.7.

FEzistence and Uniqueness. We construct solutions by a fixed point argument.

Given M, T > 0 to be chosen later, we set I = (0,7 and consider the space
E={ue L™ H*(R")) : lullpe ;) < M},
equipped with the distance
d(u,v) = [lu — vl Lo (r,L2).-

We note that (E,d) is a complete metric space.
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Now based on the equation (2.1), with A = —1, in the integral form, we introduce
the mapping ® as follows:

t
(u)(t) = et ug — z/ e B 2Ry (r) dr =: ePug + H(u)(t).
0

By Lemma 3.10, Minkowski’s inequality and the fact that e’*®

H?® we have that

is an isometry in

@) (Ol s S lluollms + Tllg(wll Lo 19y < lJuoll s + TCM)M,

where we used the notation g(u) = 4|u|?*u as in Lemma 3.10. Furthermore using
Lemma 3.10 again we have

[@(w)(t) = 2(v)(t)[[L2 S TC(M)||u— vl Lo (1522)- (3.14)

Therefore we see that if M = 2|ug| g+ and TC(M) < %, then ® is a contraction
of (E,d) and thus has a unique fixed point. Uniqueness in the full space follows by
the remark above or alternatively by the remark and Gronwall’s Lemma.

Blow-up alternative. Let ug € H® and define

T* =sup{T > 0 : there exists a solution on [0,T]}. (3.15)

Now let T < oo and assume that there exists a sequence t; — T™ such that
lut;)|lgs < M. In particular for k such that ¢ is close to T we have that
|lu(te)|| s < M. Now we solve our problem with initial data u(t;) and we extend
our solution to the interval [ty, t; + T(M)]. But if we pick k such that

th+T(M)>T*

we then contradict the definition of T*. Thus lim;_,7+

w(t)||gs = o0 if T* < 0.

We now show that if 7% < oo then limsup,_,p ||u(t)||L~ = co. Indeed suppose
that lim sup,_,p« ||u(t)|| L < co. Since u € C([0,T*); H®) we have that

M= sup |u(t)][L < oo
0<t<T™*
where we used the fact that H® embeds in L*>°. By Duhamel’s formula and Lemma
3.10 we have that

e < ol + € [ ur) e .

By Gronwall’s lemma we have that ||u(t)|| s < |Juo||zse’ €M) for all 0 < t < T*.
But this contradicts the blow-up of ||u(t)|| g- at T*.

Continuous dependence. Let ug € H® and consider ug ,, C H? such that u, o — uo
in H® as n — oo. Since for n sufficiently large we have that ||ug | gs < 2||uol m-
by the local theory there exists T' = T'(||uo|| =) such that u and u,, are defined on
[0,T] for n > N and

||u||L°°((0,T);HS) + sup ||unHL°°((O,T);HS) < 6[|uol| s -
n>N
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Now note that uy, (t) —u(t) = e (u, 0 —uo)+H (uy,)(t) — H(u)(t). If we use Lemma
3.10 we see that for all ¢t € (0,T) and n sufficiently large, there exists C' such that

[un(t) = (@)l s < llun,o — uollms + C/ [un(7) — w(T)l s dr.
0

By Gronwall’s lemma we see that u, — w in H® as n — oco. Iterating this property
to cover any compact subset of (0,7*) we finish the proof.

As a final note we remark that if we solve the equation, starting from uy and
u(t1) over the intervals [0,¢;] and [t1, t2] respectively, by continuous dependence, to
prove that C ([0, T]; H*(R™)), it is enough to consider the difference u(t;) — uo in
the H® norm. Since

tq )
u(ty) —up = ("2 — 1)up — z/ e g(u)(r) dr,
0
using again Lemma 3.10 and the fact that e"*®ug(z) € C(R; H®) we have

AAWAN k
lu(ta) = wollare S 1€ = Dol + [l 20 are)

which finishes the proof.

Conservation laws: Since we develop the H'! theory below we implicitly have s > 2.
We have at hand a solution that satisfies the equation in the classical sense for high
enough s (in general in the H*~2 sense with s > 2 and thus in particular u satisfies
the equation at least in the L? sense. All integrations below then can be justified
in the Hilbert space L?). To obtain the conservation of mass we can multiply the
equation by iu, integrate and then take the real part. To obtain the conservation
of energy we multiply the equation by u;, take the real part and then integrate.

3.4. Local well-posedness in the H! sub-critical case. For more details we
refer to [4, 25, 26].

Theorem 3.11. Let 1 <p <1+ =5, ifn>3 and1 <p<oo, ifn=12. For
every ug € HY(R™) there exists a unique strong H' solution of (2.1) defined on the
mazimal interval (0, T*). Moreover

ue L]

loc

((0,7%); WyP(R™))
for every admissible pair (v, p). In addition

i [Ju(t) 1 = oo

if T* < 00, and u depends continuously on ug in the following sense: There exists
T > 0 depending on ||ug|| g1 such that if ug, — ug in H' and u,(t) is the cor-
responding solution of (2.1), then uy(t) is defined on [0,T] for n sufficiently large
and

U, (t) — u(t) in C([0,T); HY) (3.16)

for every compact interval [0, T) of (0,T*). Finally we have that

/|Vu )|?dx — il/|u(t)|p+1dac:E(uo)

M (u)(t) = [[u(t)l|L2 = lluollLz = M (uo).

and
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We note that W1 is the Sobolev space of L? functions with weak derivatives in
L? of order one.

Proof. First we establish:
Ezistence and Uniqueness. In order to define the space on which we shall apply the
fixed point argument, we pick r to be r :=p+ 1. Fix M,T > 0 to be chosen later
and let ¢ be such that the pair (¢,7) is admissible.> Consider the set
E={ue L¥HL0,T] x R")N LI((0,T); W""(R™)) : (3.17)
Hu||L§°((O7T);H1) < M and ||u“ngiT < M} (318)

equipped with the distance
d(u,v) = |lu—vl[Laqo,r);Lr@n)) + U = vllLe(0,7);2 n))-
It can be shown that (E,d) is a complete metric space.

We write the solution map via Duhamel’s formula as follows:

t
®(u)(t) = et ug — z/ e By [P~y (1) dr. (3.19)
0

Now we provide a few estimates that we shall use in order to justify that the
mapping ® is a contraction on (E,d). Notice that for » = p + 1 we have

Hul? = ull gy < ullf,
and thus by Hoélder
_ -1
NP oy S Nullfer, lulloors - (3.20)
However by Sobolev embedding we have that
lullzy < [l
which together with (3.20) implies that:
- -1
elP = ull e S Tl el s (3.21)
Similarly, since the nonlinearity is smooth,
_ -1
IV(ulP )l gy S Nl g IVull gy - (3.22)
Now we combine (3.21) and (3.22) to obtain for u € E:
[l

—1
P o P (3.23)

Furthermore, applying Holder’s inequality in time, followed by an application of
(3.23) gives:

— (1—(1/ —
Nl ll g S T [l l] g,
!
STl el vy (3.24)

n

3Since the admissibility condition reads % + 2 Ap+1)

n(p—1)"

= %’ and r = p + 1, we have that ¢ =
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Now we are ready to show that ® is a contraction on (E,d). Using Duhamel’s
formula (3.19) and Strichartz estimates we obtain:

1)@l g+ S He“AuoHLW P ull g1

S luollar + 177 HUIILooHl lull pawzrs (3.25)

where to obtain (3.25) we used (3.24). Also by Duhamel’s formula (3.19), Strichartz
estimates and (3.24) we have:

19 () ()| 522 S ol + T ||u||LocH1||u||LgW;w (3.26)
Hence (3.25) and (3.26) imply:

a—q
12(w) () oz + 12Ol gy < Clluollz + CT o MP™ | payyrr. (3.27)
Now we set M = 2C'||ug|| g2 and then choose T small enough such that

cr'F < L

We note that such choice of T is indeed possible thanks to the fact that for p <
1+ —4- we have that ¢ > 2 and thus ¢ > ¢'. For such T ~ T'(||ug|| 1) we have that
|®(u)(t)||z < M whenever u € E and thus ® : E — E. In a similar way, one can
obtain the following estimate on the difference:

[@(u)(t) = @) ()] pawzr + [|P(w)(t) = @(0)(H)]| Lgo L2

provides a unique solution v € E. Notice that by the above estimates and the
Strichartz estimates we have that u € Cy((0,T); H*(R")).

To extend uniqueness in the full space we assume that we have another solution v
and consider an interval [0, 0] with § < T. Then as before

lu(t) =) payrr + () =o)L mr < C8(ulla s + 1017 s )l =0l Lagya.r
But if we set
K = max(lulzzems + ol ) < 00
then for § small enough we obtain
1
[u(®)=oOll Lo Hllu(t) —v@) |z mz < 5 (lu(t) =0 @)l payr +lut) =o)Lz m1)
which forces u = v on [0, d]. To cover the Whole [0, T] we iterate the previous argu-
ment % times.
Membership in the Strichartz space. The fact that
we L) ((0,T*); WhHP(R™))

loc
for every admissible pair (v, p), follows from the Strichartz estimates on any com-
pact interval inside (0,7).

Blow-up alternative. The proof is the same as in the smooth case.

Continuous dependence can be obtained via establishing estimates on

[un(t) = w(@)l pawpr + [[un(t) = w(@)l oo my-
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We skip details and refer the interested reader to [4].

Conservation laws. The proof of the conservation of mass is similar to the smooth
case but now we use the pairing (us,u)g1_g-1. A proof of conservation of en-
ergy is more involved since we need more derivatives to make sense of the energy
functional. Details can be found in e.g. [4]. O

Remark 3.12. We pause to give a couple of comments:

(1) Notice that when A = —1 (defocusing case), the mass and energy conserva-
tion provide a global a priori bound

sup [[u()[l 1 < Crr(ug),B(uo)-
teR

By the blow-up alternative we then have that T* = oo and the problem is
globally well-posed (gwp).

(2) Let I =1[0,T]. An inspection of the proof reveals that we can run the lwp
argument in the space S*(I x R™) with the norm

[ullstrxrny = [|ullso(rxrny + [Vullsorxrn)
where

||U||SO(1an) = sup ([l o

Lr-
(q,r)—admissible terTe

3.5. Well-posedness for the L? sub-critical problem. We now state the lwp
and gwp theory for the L? sub-critical problem. The reader can consult e.g. [49)
for details.

Theorem 3.13. Consider 1 <p <1+ %, n > 1 and an admissible pair (q,r) with
p+1<q. Then for every ug € L?>(R™) there exists a unique strong solution of
iug + Au + AMuP~lu = 0,
u(z,0) = up(x)
defined on the mazximal interval (0,T*) such that

ue CP((0,T%); L*(R™) N LY, ((0,T*); L" (R™)).

loc

(3.28)

Moreover
we L)

loc

((0,77); LP(R™))
for every admissible pair (v, p). In addition

li =
Jim fu(t)]zz = oo

if T* < 0o and u depends continuously on ug in the following sense: There exists
T > 0 depending on |lug||p2 such that if uo, — ug in L? and u,(t) is the corre-
sponding solution of (3.28), then u,(t) is defined on [0,T] for n sufficiently large
and

un () = u(t) in L]

loc

([0, TT]; LP(R™)) (3.29)

for every admissible pair (7, p) and every compact interval [0,T] of (0,T*). Finally
we have that

M(u)(#) = ||lu(t)||zz = |uollzz = M(up) and thus T* = oco. (3.30)
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Remark 3.14. We give a couple of comments:

(1) Notice that global well-posedness follows immediately.
(2) The equation makes sense in H 2.

Finally we state the L2-critical lwp theory when p = 1 + %, [5]. We should
mention that a similar theory holds for the H' critical problem (p = 1+ -%5), [5].
For dimensions n = 1,2 the problem is always energy sub-critical.

Theorem 3.15. Consider p = 1 + %, n > 1. Then for every ug € L*(R™) there
exists a unique strong solution of

iy 4+ Au + Mu|7u =0,
U(l‘70) = ’UJO(I)

defined on the maximal interval (0,T*) such that

u € CY((0,T7); LA(R™) N Ly, ((0,77); LM (R™)).

loc

(3.31)

Moreover

u € L}, ((0,T7); L7(R™))
for every admissible pair (v, p). In addition if T* < co
tim[u(t)]

loc

, ((0,7); L7 (Rn)) = O0

for every admissible pair (q,r) with r > p+ 1. u also depends continuously on ug
in the following sense: If ugn — ug in L? and u,(t) is the corresponding solution
of (3.31), then u,(t) is defined on [0,T] for n sufficiently large and

un(t) = u(t) in LI([0,T)); L"(R™)) (3.32)

for every admissible pair (q,r) and every compact interval [0,T] of (0,T*). Finally
we have that

M)(t) = [u(®)|rz = luollze = M(uo) for all t € (0,T%). (3.33)

Remark 3.16. Again, we give a few comments:

(1) Notice that the blow-up alternative in this case is not in terms of the L?
norm, which is the conserved quantity of the problem. This is because the
problem is critical and the time of local well-posedness depends not only on
the norm but also on the profile of the initial data. On the other hand if
we have a global Strichartz bound on the solution global well-posedness is
guaranteed by the Theorem. We will see later that this global Strichartz
bound is sufficient for proving scattering also.

(2) It is easy to see that if |luo|lrz < p, for p small enough, then by the
Strichartz estimates

||eitAu0||Lf+1L§+l(R><R") <Cp<n.

Thus for sufficiently small initial data T* = oo and after only one iteration
we have global well-posedness for the focusing or defocusing problem. In
addition we have that u € LI(R; Ll (R™)) for every admissible pair (q,r)
and thus we also have scattering for small data. But this is not true for
large data as the following example shows.
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Consider A > 0. We know that there exists nontrivial solutions of the
form
u(z,t) = e“o(x)

where ¢ is a smooth nonzero solution of

—A¢+wo = |g|F 1o
with w > 0. But
ol Lr@ny < M
for every r > 2 and thus v ¢ LI(R; L (R™)) for any ¢ < oo.

Although some recent results have appeared for super-critical equations, the the-
ory has been completed only for the defocusing critical problem and those devel-
opments are recent. More precisely, global energy solutions for the 3d defocusing
energy-critical problem with radially symmetric initial data was obtained in [3].
The radially symmetric assumption was removed in [10]. For n > 4 the problem
was solved in [42, 50]. The defocusing mass-critical problem is now solved in all
dimensions in a series of papers, [11, 12, 13].

To obtain global-in-time solutions for the focusing problems, as we have seen,
one needs to assume a bound on the norm of the data. For the energy-critical
focusing problem one can consult the work [28], where a powerful program that
helped settle many critical problems, has been introduced; for higher dimensions
see e.g. [29]. Results concerning the mass-critical focusing problem are obtained in
[14] in all dimensions.

4. MORAWETZ TYPE INEQUALITIES

To study in more details the local or global solutions of the above problems
we have to revisit the symmetries of the equation. We first write down the local
conservation laws or the conservation laws in differentiable form. The differential
form of the conservation law is more flexible and powerful as it can be localized to
any given region of space-time by integrating against a suitable cut-off function or
contracting against a suitable vector fields. One then does not obtain a conserved
quantity but rather a monotone quantity. Thus from a single conservation law one
can generate a variety of useful estimates. We can also use these formulas to study
the blow-up and concentration problems for the focusing NLS and the scattering
problem for the defocusing NLS.

The question of scattering or in general the question of dispersion of the nonlinear
solution is tied to weather there is some sort of decay in a certain norm, such as
the LP norm for p > 2. In particular knowing the exact rate of decay of various L?
norms for the linear solutions, it would be ideal to obtain estimates that establish
similar rates of decay for the nonlinear problem. The decay of the linear solutions
can immediately establish weak quantum scattering in the energy space but to esti-
mate the linear and the nonlinear dynamics in the energy norm we usually looking
for the LP norm of the nonlinear solution to go to zero as t — oo.

Strichartz type estimates assure us that certain LP norms going to zero but only
for the linear part of the solution. For the nonlinear part we need to obtain gen-
eral decay estimates on solutions of defocusing equations. The mass and energy
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conservation laws establish the boundedness of the L? and the H! norms but are
insufficient to provide a decay for higher powers of Lebesgue norms. In these notes
we provide a summary of recent results that demonstrate a straightforward method
to obtain such estimates by taking advantage of the momentum conservation law

%/ uVudr = %/ 1o Vupda. (4.1)

Thus we want to establish a priori estimates for the solutions to the power type
nonlinear Schrédinger equation

{ iug + Au = Mul[P~ 1y, zcR” tcR,

u(z,0) = ug(x) € H*(R") (4.2)

for any p > 1 and A € R. Equation (4.2) is the Euler-Lagrange equation for the
Lagrangian density
1 p—1
L(u) = —=A(|ul?) + \— |u|PT.
() = ~5A(u) + Mg
Space translation invariance leads to momentum conservation

pt) = C\”r/ uVudz, (4.3)

a quantity that has no definite sign. It turns out that one can also use this conser-
vation law in the defocusing case and prove monotonicity formulas that are very
useful in studying the global-in-time properties of the solutions at t = co. For most
of these classical results the reader can consult [4], [46].

The study of the problem at infinity is an attempt to describe and classify the
asymptotic behavior-in-time for the global solutions. To handle this issue, one tries
to compare the given nonlinear dynamics with suitably chosen simpler asymptotic
dynamics. For the semilinear problem (4.2), the first obvious candidate for the
simplified asymptotic behavior is the free dynamics generated by the group S(t) =
e~ "4 The comparison between the two dynamics gives rise to the questions of the
existence of wave operators and of the asymptotic completeness of the solutions.
More precisely, we have:

i) Let v (t) = S(t)us be the solution of the free equation. Does there exist a
solution u of equation (4.2) which behaves asymptotically as vy as t — oo, typically
in the sense that ||u(t) —vy||gr — 0, ast — oo. If this is true, then one can define
the map Q4 : uy — u(0). The map is called the wave operator and the problem
of existence of u for given w, is referred to as the problem of the existence of the
wave operator. The analogous problem arises as t — —oo.

i1) Conversely, given a solution u of (4.2), does there exist an asymptotic state u
such that vy (t) = S(t)us behaves asymptotically as u(t), in the above sense. If
that is the case for any w with initial data in X for some u; € X, one says that
asymptotic completeness holds in X.

In effect the existence of wave operators asks for the construction of global so-
lutions that behave asymptotically as the solution of the free Schrodinger equation
while the asymptotic completeness requires all solutions to behave asymptotically
in this manner. It is thus not accidental that asymptotic completeness is a much
harder problem than the existence of the wave operators (except in the case of small
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data theory which follows from the iterative methods of the local well-posedness
theory).

Asymptotic completeness for large data not only require a repulsive nonlinearity
but also some decay for the nonlinear solutions. A key example of these ideas is
contained in the following generalized virial inequality, [31]:

/ (—AAa(@))ulz, £)[2dedt + A / (Aa(@))|u(z, )P dzdt < C (4.4)
R7 xR R7 xR

where a(z) is a convex function, u is a solution to (4.2), and C' a constant that
depends only on the energy and mass bounds.

An inequality of this form, which we will call a one-particle inequality, was first
derived in the context of the Klein-Gordon equation by Morawetz in [34], and then
extended to the NLS equation in [31]. Most of these estimates are referred in the
literature as Morawetz type estimates. The inequality was applied to prove as-
ymptotic completeness first for the nonlinear Klein-Gordon and then for the NLS
equation in [41], and then in [31] for slightly more regular solutions in space di-
mension n > 3. The case of general finite energy solutions for n > 3 was treated
in [18] for the NLS and in [17] for the Hartree equation. The treatment was then
improved to the more difficult case of low dimensions in [35, 36].

The bilinear a priori estimates that we outline here give stronger bounds on the
solutions and in addition simplify the proofs of the results in the papers cited above.
For a detailed summary of the method see [19]. In the original paper by Morawetz,
the weight function that was used was a(x) = |z|. This choice has the advantage
that the distribution fAA(‘?ll) is positive for n > 3. More precisely it is easy to

compute that Aa(z) = %=1 and that

||

8md(x), if n=3
~AAa(z) = DD i n >4,
In particular, the computation in (4.4) gives the following estimate for n = 3 and
A positive
+1
/|u(t, 0)|2dt+/ dedtgc. (4.5)
R R3 xR ||
Similar estimates are true in higher dimensions. The second, nonlinear term, or
certain local versions of it, have played central role in the scattering theory for
the nonlinear Schrédinger equation, [3], [18], [22], [31]. The fact that in 3d, the
bi-harmonic operator acting on the weight a(z) produces the j—measure can be
exploited further. In [9], a quadratic Morawetz inequality was proved by correlating
two nonlinear densities p1(z) = |u(z)|? and p2(y) = |u(y)|* and define as a(x,y)
the distance between x and y in 3d. The authors obtained an a priori estimate
of the form [, o |u(x,t)|*dz < C for solutions that stay in the energy space. A
frequency localized version of this estimate has been successfully implemented to
remove the radial assumption of Bourgain, [3], and prove global well-posedness and
scattering for the energy-critical (quintic) equation in 3d, [10]. For n > 4 new
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quadratic Morawetz estimates were given in [47]. Finally in [6] and in [40] these
estimates were extended to all dimensions.

We should mention that taking as the weight function the distance between two
points in R™ is not the only approach, see [7] for a recent example. Nowadays
it is well understood that the bilinear Morawetz inequalities provide a unified ap-
proach for proving energy scattering for energy sub-critical solutions of the NLS
when p > 1 + % (L? super-critical nonlinearities). This last statement has been
rigorously formalized only recently due to the work of the aforementioned authors,
and a general exposition has been published in [19]. Sub-energy solution scattering
in the same range of powers has been initiated in [9]. For the L?-critical problem,
scattering is a very hard problem, but the problem has now been resolved in a series
of new papers by B. Dodson, [11, 12, 13]. For mass sub-critical solutions, scattering
even in the energy space is a very hard problem, and is probably false. Nevertheless,
two particle Morawetz estimates have been used for the problem of the existence
(but not uniqueness) of the wave operator for mass subcritical problems, [24]. We
have already mentioned their implementation to the hard problem of energy crit-
ical solutions in [3], [22], and [10]. Recent preprints have used these inequalities
for the mass critical problem, [11], and the energy super-critical problem, [30]. For
a frequency localized one particle Morawetz inequality and its application to the
scattering problem for the mass-critical equation with radial data see [48].

We start with the equation
iug + Au = MulP~u (4.6)

with p > 1 and A € R. We use Einstein’s summation convention throughout. Ac-
cording to this convention, when an index variable appears twice in a single term,
once in an upper (superscript) and once in a lower (subscript) position, it implies
that we are summing over all of its possible values. We will also write V;u for

8‘97“]_. For a function a(z,y) defined on R™ x R™ we define V, ; a(x,y) = %2”) and

similarly for V, 1 a(z,y).

We define the mass density p and the momentum vector p, by the relations
p=ul?, pr = S(aViu).

It is well known, [4], that smooth solutions to the semilinear Schrédinger equation
satisfy mass and momentum conservation. The local conservation of mass reads

Op + 2divp = Opp + 2V ;p’ =0 (4.7)
and the local momentum conservation is
k 1
dp’ +V (5%( 5B AT ) + a;) =0 (4.8)

where the symmetric tensor o, is given by
Ojk = 23?(Vjuvkﬂ).

Notice that the term )\%Mp“ is the only nonlinear term that appears in the
expression. Omne can express the local conservation laws purely in terms of the
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mass density p and the momentum p'if we write
— 1 pt+1 1
Ayt = NP
p+1 p+1
and ) .
ok = 2R(V;uViu) = ;(QPjpk +5VipVip),

but we will not use this formulation in these notes.

4.1. One particle Morawetz inequalities. We are ready to state the main the-
orem of this section:

Theorem 4.1. [6, 9, 40, 47] Consider u € C¢(R; C§°(R™)) a smooth and compactly
supported solution to (4.6) with u(x,0) = u(z) € C(R™). Then for n > 2 we have
that

_n-s -1 [uly, t)?u(z, t)[P*
C| D~ (Juf?)|12 +n—1Ap—// dwdydt
L e A

< |luol[Z- sup | M, (1)],
teR

where

M, (t) = /R Y () Vule) ) da,

n |z —yl
D% is defined on the Fourier side as D/\O‘f(f) = |¢]*u(§) for any a« € R and C is a
positive constant that depends only on n, [45]. For n =1 the estimate is

p +3
182 ([ul*)1Z: 2 H || HQPHLM < 2Huolle sup||a ul|zz.

Remarks on Theorem 4.1.

1. By the Cauchy-Schwarz inequality it follows that for any n > 2,
sup [My (t)| < l[uol|z2 sup [[Vu(?)]| 2.
0,t teR

A variant of Hardy’s inequality gives

sup [ M, (t)] < sup [[u()lf% , ,
0,t teR

For details, see [19].

2. Concerning our main theorem, we note that both the integrated functions in
the second term on the left hand side of the inequalities are positive. Thus when
A > 0, which corresponds to the defocusing case, and for H'! data say, we obtain
for n > 2:

1 3 1
1D~ () 2222 S Juoll - SupHVU( IZ2 < M(uo)? E(uo)?,

~

and for n =1

3 1 3
102 (Jul*) 172 2 < lluoll 7 Sup 10zu(t)]| 22 S M (uo)2 E(uo)? .

M\»—l
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These are easy consequences of the conservation laws of mass (2.3) and energy (2.2).
They provide the global a priori estimates that are used in quantum scattering in
the energy space, [19].

3. Analogous estimates hold for the case of the Hartree equation iu; + Au =
A(Jz] ™7 % |ul?)u when 0 < v < n, n > 2. For the details, see [24]. We should point
out that for 0 < v < 1 scattering fails for the Hartree equation, [23], and thus the
estimates given in [24] for n > 2 cover all the interesting cases.

4. Take A > 0. The expression

n—3
2

ID=7= (Ju*) |22

for n = 3, provides an estimate for the L} L% norm of the solution. For n = 2 by
Sobolev embedding one has that

1
lullZsps = MulPllzzrs S IDZ (lul*)llzr2 < Cruo),Biuo)-

For n > 4 the power of the D operator is negative but some harmonic analysis and
interpolation with the trivial inequality
1
Lo«
[D2ulpeerz S ||U||L?0Hé

provides an estimate in a Strichartz norm. For the details see [47].

5. In the defocusing case all the estimates above give a priori information for the
Hi-critical Strichartz norm. We remind the reader that the H*-critical Strichartz
n

norm is [|ul[ gz, where the pair (g, 7) satisfies % +2 = & —s. In principle the corre-

lation of k particles will provide a priori information for the H 3k critical Strichartz
norm. In 1d an estimate that provides a bound on the H § critical Strichartz norm
has been given in [8].

6. To make our presentation easier we considered smooth solutions of the NLS
equation. To obtain the estimates in Theorem 4.1 for arbitrary H' functions we
have to regularize the solutions and then take a limit. The process is described in
[19].

7. A more general bilinear estimate can be proved if one correlates two different
solutions (thus considering different density functions p; and p3). Unfortunately,
one can obtain useful estimates only for n > 3. The proof is based on the fact that
—A?|z| is a positive distribution only for n > 3. For details the reader can check
[9]. Our proof shows that the diagonal case when p; = pa = |u|? provides useful
monotonicity formulas in all dimensions.

Proof. We define the Morawetz action centered at zero by
My(t) = / Va(z) - plx) dz, (4.9)
R

where the weight function a(x) : R™ — R is for the moment arbitrary. The minimal
requirements on a(z) call for the matrix of the second partial derivatives 0;0,a(x)
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to be positive definite. Throughout our paper we will take a(z) = |z|, but many
estimates can be given with different weight functions, see for example [7] and [29].
If we differentiate the Morawetz action with respect to time we obtain:

0 My(t) = /n Va(x) - Op(zx) doz = /n Va(x)0p’ (v) dx

_ / (V,V*a(@)) 5} (~ 5 b A ) a2 / (V, V" a(2)) R(V/0V ) de,
n Rn
where we use equation (4.8). We rewrite and name the equation as follows

O Mo(t) = Aa(z)(— 1A +)\p |u|p+1)dx+2/ (Vjvka(x))%(vjﬂvku)dx.
Rn

o 2
(4.10)
Notice that for a(x) = |z| the matrix V;Va(x) is positive definite and the same
is true if we translate the weight function by any point y € R™ and consider
Va,;V**a(x — y) for example. That is for any vector function on R, {v;(x)}7_,,
with values on R or C we have that

/n (V;VFa(2))v? (z)vy(z)dz > 0.

To see this, observe that for n > 2 we have V a = Ix"‘ and V;Via = % (51% ﬁfzk)

Summing over j = k we obtain Aa(x) = |—| Then
, 1 zxk 1 x - U(x)\ 2
Avi J = (§k 1 )y = —(|15(2)]? = (==22)7) >
Vi Ve a@p (@)en(e) = o (05 = L) @) = o (1) ( o) )=0

by the Cauchy-Schwarz inequality. Notice that it does not matter if the vector
function is real or complex valued for this inequality to be true. In dimension one
(4.10) simplifies to

0 My(t) :/Ram( )(—fA —&-)\ |u\p+1+2|u$| )dx (4.11)

In this case for a(x) = |z|, we have that a,,(x) = 26(x). Since the identity (4.10)
does not change if we translate the weight function by y € R™ we can define the
Morawetz action with center at y € R™ by

My(t) = [ V(e —y)-pl) d.

We can then obtain like before

1 p—1
M, (t) = Agalz —y)(— =Ap + \—|ulPTH)d 4.12
i M,y (1) - a(z —y)( g Bp+ pHIUI )da (4.12)

+2/ (Vi VoFa(z — ) R(V™IUV, pu) da. (4.13)
Recall that

GtMO:/nAa(a:) <A(p+1) ulPt — ;Ap> dz+/n((9j3ka(9:))aidx
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for a general weight function a(z).
If we pick a(z) = |z|?, then Aa(z) = 2n and 8;0ka(x) = 26);. Therefore

2nA(p—1
oM = M/ |u\p+1dx+2/ |Vu|>dx
n R"n,

p+1
1 , A " 2 / »
—8(= S 2 -1 P
8(2/n Valde+ = [ ) - = —n =) [ s
2
=8E(u(t)) — IﬁAl 4—n(p-1)) /" |ulP T da. (4.14)

Thus if we define the quantity

with a(x) = |z|?, we have that

oV (t) = / a(x)Op(z)dx = —2/ a(z) V- pdx =2M(t) (4.15)
using integration by parts. Thus
2V (t) = 16E(u(t)) — % (4—n(p— 1))/ uPt da. (4.16)
P n

Another useful calculation is the following. Set

K(t) = ||(z + 2itV)ul|2, + 8t2’\/ |ul[P T dx
N EUp+1 Jn '

Then we have:

8t2\
K(t) = ||lzul32 + 4¢3 Vul|72 — 4t/ x-pdr+ / Ju|P T da
Rn P+ 1 n

= /n a(x)p(x)dx 4+ St* E(u(t)) — 2t . Va-pdx

= / a(x)p(x)dx + 8t°E(ug) — 2t [ Va-p dz, (4.17)
n Rn

with a(x) = |z|?. However
O /" a(x)p(x)dr = - Va-pdx
and thus
O K (1) = —2t . 9ja(x)0p’ dx + 16tE (ug) = —2t0, M (t) + 16t E(up).
If we use (4.14) we have that
0K (1) = p4TM1 (4 —n(p—1)) / [P+ dz.

Notice that for p = 1 + %, the quantity K (¢) is conserved.
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4.2. Two particle Morawetz inequalities. We now define the two-particle Morawetz
action

M) = [ Juls) P, (0) dy

and differentiate with respect to time. Using the identity above and the local
conservation of mass law we obtain four terms

oM(0) = [ uwPoM,®) dy+ | apw)M, () dy

Ry

1
- / lu(y)*Aa(z —y) (- sAp + A IUI”“)dfcdy

R xRn? 2
+2/ [u(y)* (Vi Vo a(z — y))R(VEI TV, pu) dady

R”? xRn?
—2/ V¥ p;(y)Vara(z — y)p"(x)dzdy
R? xR”?

=I+1I+1I1+ 2/ pi(y) V¥V, ra(z — y)p*(x)dzdy
Ry xRy

by integration by parts with respect to the y—variable. Since
VYV, wa(r —y) = —V5IV, pa(r — y)

we obtain that

OMt)=T1+11+1III— 2/ VIV, wa(z — y)p; (y)p*(z)dzdy  (4.18)
n xR

=I+I1T+1IT+1V

where

1
= [ )P Buate )~ 3An)dady,
R xR7
—1
I :/ U 2A$a xr — )\L up+1 dxdy7
[ ) PAale - ) (A )
= 2/ ()] (Va,; Vo ale — ) R(VTIUV, pu) dedy,
R xR

IV = 72/ vm’jvma(z — Y)p; (y)pk(x)dzdy.
R7? xR

ﬁ we have that

Claim: 1] + IV > 0. Assume the claim. Since Aza(r —y) =

o ="+ [ O _ Ap)drdy+(n-1)AE=L J.— B dndy.

nxgr [T =y P+ 1 Jryxry [z -yl
But recall that on one hand we have that —A = D? and on the other that the
distributional Fourier transform of ﬁ for any n > 2 is KI% where c is a positive
constant depending only on n. Thus we can define

D_(”_l)f(x)ZC/R 1@ 4,

n |z =yl




26 N. PAVLOVIC AND N. TZIRAKIS

and express the first term as

n

-1 2 -1
r / [u(y)| (—Ap)dzdy = ik 5 < D= Y2, D?|u)? >= C|| D~
R

-3
= |uf?Zs
2 n xR |z —y| Le

by the usual properties of the Fourier transform for positive and real functions.
Integrating from 0 to ¢ we obtain the theorem in the case that n > 2.

Proof of the claim: Notice that

III4+IV =2 /R . Vw7jvz’ka(x—y)(|u(y)|2%(Vx’jﬂ(x)vx7ku(x))—pj (y)pk(x))dxdy
., p(y) il AN ,

= Z/R;XR: Va2V ka(x—y)(m%(u(x)(v u(x))u(a;)(Vzku(m)))—p’(y)pk(x))dxdy

Since

Vi Vara(z —y) =V, ;Vyraly — x)

by exchanging the roles of z and y we obtain the same inequality and thus

III+1V = /]Rngg de’vx,ka(x*y) (ZE;Z;%(u(x)(vm,ﬂu(gg))u(l’)(VLku(z))) —p? (y)pr(z)
+'IZEZ§§R(u(y)(Vy’ju(y))u(y)(un(y))) - pj(I)pk(y))dIdy.

Now set 21 = U(x)V pu(z) and 29 = u(z)V*Ju(z) and apply the identity
%(2122) = %(21)%(22) + (5(21)%(22)
to obtain
+S(T(2) Vo pu(2)) S (U(z) VoI u(z)) =
and similarly

R () (V9(3) Vi) (7 0(0))) = 3 Vo0 ) V5 ply) + o) ().

Ve kp(@)V p(a) + (@) (2)

Thus

1 .
1T+ 1V = 7/ V. ;VZFa(z — y)z(z)vx,kp(x)vxdp(a:)dxdy

R xR% ( )

1 r _
+- / Vi V¥ a(x — y)fp( )Vy,kp(y)vy’”p(y)dxdy
4 R7 xR Py

[ ale—) (B o 0+ A ) () ) () )y
R7 xR7 p(z) p(y)
Since the matrix V, ;V**a(z —y) = V, ; V¥ a(x — y) is positive definite, the first
two integrals are positive. Thus,
Ir+1v >

[, T T e (B8 )+ 2 ) ()=o) ()=} () ) .
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Now if we define the two point vector
[p(y) [ p(x)
Je(x,y) = | —=pr(z) — 4| —/—=pr(y
k(2. y) p(x)Pk( ) p(y)Pk( )

IIT+1v > / V. ;VPFa(x — y)J (x,y) Iy (x, y)dedy > 0
Ry XR2

we obtain that

and we are done.

The proof when n = 1 is easier. First, an easy computation shows that if
a(z,y) = |z — y| then Oza(z,y) = 26(x — y). In this case from (4.18) we obtain

oM@ = [ P25 =)~ goue)dady +2 [ a0t o

—|—4/ |u(a:)|2|uw\2da:—4/p2(m)dx.
R R

But

/RyXRI lu(y)|*26(z —y) (- %pm)dzdy - / (6x\u(x)|2)2dx.

R

In addition a simple calculation shows that

2 2 1 2
ju(@) Pl = (R )+ (S@u))” = 7 (0lul?)” +p%(@).
Thus
20 |2 2 2)?
(@) a2 = 4p%(2) = (9, ]ul?)
and the identity becomes
2 -1
Oy M (t =2/ B, |ul? dw—|—2/ w(z)|? )\L
M (1) =2 | (0lul?) )P
which finishes the proof of the theorem. |

lu(z)[PT) da (4.19)

5. APPLICATIONS.

In this section we present a few applications of the decay estimates that were
established in Section 4.

5.1. Blow-up for the energy sub-critical and mass (super)-critical prob-
lem . We show a criterion for blow-up for the energy subcritical and mass critical
or super-critical

4 4

1+ —<p<1l+ ——

n n—2
focusing (A = 1) problem which is due to Zakharov and Glassey. In our presentation
we follow [21]. In addition we assume that our data have some decay (which will
be specified below).
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From the lwp theory we have a well-defined solution in (0,7*) of the following
initial value problem:

iug + Au+ |ulP~tu = 0, reR" teR,
u(r,0) = uo(z) € HY(R™) N LA(R", |z|*dz),
forany1+%§p<l+$whenn23, andfor1+%§p<oowhenn:1,2.

(5.1)

Recall from Section 4 that for the variance, which was introduced as follows:

Ve = [ laPlute P
Rﬂ.
we calculated that (see (4.15) and (4.16) and expressions leading to them):
OV (t) = 2M (1), (5.2)
where
M(t) :/ f‘ﬁde/ Z-S(aVu) dr,

and

n

02V (t) = 16E(u(t)) + ]% (4= n(p—1)) / [P+ da. (5.3)

Hence (5.3) together with conservation of energy and the fact that p > 1 + %,
implies:
B2V (t) < 16E(ug),
which we can integrate twice to obtain:
V(t) < 8t*E(ug) + tV'(0) + V(0)
= 8t2E(ug) + 2tM(0) + V(0)

n

— 812E(up) + 4t / 7 S(@Vuo) do + |wuo|Za. (5.4)
Since
up € ¥ = H'(R™) N L*(R", |z|*dz),
the coeflicients of the second degree polynomial in ¢ on the right hand side of (5.4)
are finite. Now if the initial data have negative energy, that is if

E(UO) <0,

the coefficient of 2 is negative. On the other hand, for all times
V() :/ 2|z, )2z > 0.

Therefore V (t) starts with a positive value V(0) and at some finite time the second
order polynomial V'(t) will cross the horizontal axis. Thus T* is finite. By the
blow-up alternative of the lwp theory this gives that

li =
i Ju(t) [ = oo,

if in addition to ug € H', we have that ||zug||z2 < co and E(ug) < 0.
Remark 5.1. We make a few comments:
(1) Note that the assumption E(ug) < 0 is a sufficient condition for finite-time

blow-up, but it is not necessary. One can actually prove that for any Eq > 0
there exists ug with E(ug) = Ey and T* < co. For details consult [4].
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(2) One can reasonably ask whether she can prove the same result for H* data?
The authors in [38] prove such a result with the additional assumption of
radial symmetry for any n > 2. For the L?>—critical case (p = 1 + %) the
radial assumption is not needed. See the papers [39, 20, 37] for details.

(3) Many results have been devoted to the rate of the blow-up for the focusing
problem. A wvariant of the local well-posedness theory provides the following
result:

If ug € H' and T* < oo, then there exists a § > 0 such that for all
0 <t <T* we have that
)

(T*— 7T

Note that the above gives a lower estimate but not an upper estimate. The

authors in [33] have provided an upper estimate for the L?-critical case that

1s very close to the one above.

IVu(®)llze =

5.2. Global Well-Posedness for the L?-critical problem. We have seen that
in the mass-critical case when p =1+ % the local existence time depends not only
on the norm of the initial data but also on the profile. This prevents the use of
the conservation of mass law in order to extend the solutions globally, even in the
defocusing case (A = —1).

5.2.1. Defocusing problem under the finite variance assumption. In the case when
A < 0, the conjecture was (for a long time) that T* = co. Although the conjecture
is proven to be true in [11, 12, 13], in these notes we present a positive answer to
an easier problem where we consider the corresponding problem for H' data (that
can be large), but in addition we assume finiteness of the variance. This scenario
can be analyzed using methods of Section 4 and as such it fits well into the flow of
our presentation.

Recall that

8t2
K(t) = o+ 20tV)ulffs + -2 / P+ da

is a conserved quantity for p =1+ %. Thus

8t2 p+1 2
i) [ulPT da = ||zug |7 -

We approximate the data with an H' sequence such that wug, — ug in L? and
have finite variance. The corresponding solutions satisfy u, € C(R, H!(R")) and
zu, € C(R, L2(R™)). The conservation law for K (t) implies that

8t2
1 / lu, [P de < C
p R™

4 c
/n ‘un|2+"dx < 2
for all t € (0,7*). By continuous dependence this implies that

C
[ utwoptias < 5

K(t) = ||(z + 2itV)ul|3, +

and thus
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for a.a. t € (0,7*). Thus if T* < co one can integrate the above quantity from any
t <T* to T* and obtain that

/ /\u(x,t)|2+%dxdt<c.
t n

Since on the other hand we have that
244 2+4
we Ly 7 ((0,t); Ly ™)

we conclude .,
m

4 a
L7 ((0,T); L) < oo
But this contradicts the blow-up alternative for this problem and thus 7" = cc.

4
Actually since the L? Strichartz norm Lf T Lf+ ™ is bounded we also have scattering
(more on that later).

5.2.2. Focusing problem. Now let us derive a global well-posedness condition for
the focusing equation

iug + Au + |u|%u =0. (5.5)
We have already seen that for small enough L? data the problem, focusing or
defocusing, has global solutions. We have also mentioned the result in [14] that
gives a sharp criterion for global existence for the focusing problem. Here we
reproduce the result in [51] which states that if one assumes small L? data (but not
arbitrarily small), which are, in addition, in H!, global well-posedness follows by
discovering the sharp constant of the Gagliardo-Nirenberg inequality.

More precisely since

244 4 4
I s < ClIVu@®|Zallu(®) 22 = ClIVu®)[72 uol 7,

L2t

one can easily see that the energy functional

P = %/Wu(t)‘% N 2i T /|U(t)|2+%dg;

is bounded from below as follows
4
B(u(t) = E(un) > [Vu(®)l (5 - Cluolf ) (5:6)

Thus for ||ugl|rz <1, n a fixed number, we have that
IVu()llz + ()22 < Ch(uo).Buo) < 00

By the blow-up alternative of the H' theory we see that Tinax = 0.

The question remains what is the optimal n. It was conjectured that, even with
L? data, the optimal 7 is the mass of the ground state Q, which is the solution to
the elliptic equation:

—Q+AQ=QI"Q.
that can be obtained by using the the ansatz u(z,t) = e Q(z) in (5.5). It is shown
that @ is unique, positive, spherically symmetric and very smooth (see [4] for exact
references). Also @) satisfies certain identities (Pohozaev’s identities) that can be
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obtained by multiplying the elliptic equation by @ and z - Vu and take the real part
respectively. In particular the identities imply that F(Q) = 0. In [51] Weinstein
discovered that the mass of the ground state is related to the best constant of the
Gagliardo-Nirenberg inequality. More precisely by minimizing the functional

J(u) = IVu®)lZ: [lull 22

Weinstein showed that the best constant of the Galgiardo-Nirenberg inequality

1 2+4 C 4
5+ 1 [u@ll .0s < 5IIW(t)H%zHU(t)||Zm
is
_4
=@l

Hence we can revisit (5.6) to obtain

1 o]l
E(uo) = 5| Vu(®)] (1 — L)
1Q1l 7

Therefore, if |Jup||r2 < ||@]|L2, we have a global solution.

Moreover the condition is sharp in the sense that for any n > ||@Q||r2, there ex-
ists ug € H' such that ||ug| 2 = 7, and u(¢) blows-up in finite time. To see that, set

Ui
Y= o1 >
QL2

and consider ug = vQ. Then |lug|/rz = n and

L,

94 e 2 Y2t — A2 5
E(uo) =7 E(Q) = ——5——IVQIL: = ———5——[VQl;. <0.

Since ug = vQ € ¥ and E(up) < 0, by the Zakharov-Glassey argument we have
blow-up in finite time.

Remark 5.2. As consequence of the pseudo-conformal transformation

_n _il=l® t x
u(z,t) = (1 —1t)" ze 4<1*t>u(1—_t7 I—_t),
we actually have blow-up even for n = ||Q||r2z. We cite [4] for the details. It is
interesting that the blow-up rate is % and thus at least in the L?-critical case the
lower estimate we gave is not optimal for all blow-up solutions.

5.3. Blow-up for the L2-critical problem. We now prove that for the focusing
L?-critical problem, the mass at the origin concentrates the mass of the ground
state. We assume radial H! data with n > 2. Both assumptions (radiality and
dimension) have been removed but the proof is more elaborate. For the detials of
the H' theory see [4] and the references therein.

Theorem 5.3. Consider (5.5) with ug € H'(R™) N {radial} in dimensions n >
2. Let p be any function (0,00) — (0,00) such that limg o p(s) = oo and that

limgyo s2p(s) = 0. If u is the mazimal solution of (5.5) and T* < oo then

1. . f t >
im in [w(®)]l2(0,) > 1Ql L2,
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where
O, = (x eR": |z| < |T* —t| p(T* — t)) .

To prove the theorem we note that a result of W. Strauss states that a radial
bounded sequence of functions in H' contains a subsequence that converges strongly
in LP for 2 < p < % Now set

1
M) = ——+—
)= Vol
so that
tl%% A(t) =0.

We claim that
lingin 1wl L2 (2| <r@)p(Ts—1)) = Q] L2

The result then follows since p is arbitrary and | Vau(t)|| 2 > —2—.

(T —1)3

We prove the claim by contradiction. Assume there exists t,, 1 T* such that

Jim Ju(®)]| 2 (jaj<aten) o —t0)) < QL2

Set
V(1) = Xt) 2 u(ty, Mtn)z)
Clearly
o, [z =1,
IVonllze =1, (5.7)

In particular

1 1 244
E(Un) = 5 - ﬂHU"“LWr%’
and
A, Blon) =0
Thus
. 244 2+ 2
nhﬂn;o HU"HL”% — 5 £ 0. (5.8)

Since v,, is a bounded H' sequence there exists a subsequence which we still denote
by v, that converges weakly to w in H! and strongly by Strauss’ result in L%,
By the properties of weak and strong limits and (5.8) we have that

Ew) <0, w#0.
By the sharp Gagliardo-Nirenberg inequality this means

[wllzz > [|Qf 2
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Now given M > 0 we have that

[wll 2 (jaj<ary = Hm fJon [ £2(jz1<ar)

Jim {u(tn) [ L2 (e <aa(t))
< limjinf [[u(tn)ll 2221 <)o 1),
since p(s) — oo as s | 0. But since M was arbitrary, we obtain
tim inf {|u(tn) || L2 (o) <A (e (1 —0)) = Iwllzz > Q] L2,

reaching the contradiction.

5.4. Quantum scattering in the energy space. Consider the defocusing L?-
super-critical problem
iug + Au— |[ulP~lu =0, xeR" teR,
u(a:,O) = U'O(x) € Hl(Rn)v
forany1+%<p<l+ﬁ.
We define the set of initial values ug which have a scattering state at +oco (by time
reversibility all the statements are equivalent at —o0):

Ry =(up€ H : T* =00, u, = tlim e Au(t) exists ). (5.10)

(5.9)

Now define the operator

U:R, — H.
This operator sends ug to the scattering state u. If this operator is injective then
we can define the wave operator

Qp =U":UR:) > Ry
which sends the scattering state w4 to ug. Thus the first problem of scattering is
the existence of wave operator:
e Ezistence of wave operators. For each u. there exists unique ug € H' such that
uy = limy_ oo e~ #Au(t).
If the wave operator is also surjective we say that we have asymptotic completeness
(thus in this case the wave operator is invertible):
o Asymptotic completeness. For every ug € H' there exists uy such that uy =
limg oo e "2 u(t).
Both statements make rigorous the idea that we have scattering if, as time goes to
infinity, the nonlinear solution of the NLS behaves like the solution of the linear
equation.
Using the decay estimates of section 4 we can solve the scattering problem for
every p > 1+ %. Well-defined wave operators for this range of p is easy and it is
almost a byproduct of the local theory. But asymptotic completeness is hard. In
dimensions n > 3 this was proved in [18] and for n = 1,2 in [35, 36]. The proofs are
complicated since they were achieved before the interaction Morawetz estimates.
Using the interaction Morawetz estimates we can prove the scattering properties
in two simple steps. To make the presentation clear we will only show the n = 3
case with the cubic nonlinearity. But keep in mind that the interaction Morawetz
estimates give global a priori control on quantities of the form

lullarr < Crrug),B(uo)
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for certain ¢ and r in all dimensions. It turns out that in the L2-supercritical case
this is enough to give scattering for any p > 1+ % and n. Finally for completeness
we also outline the wave operator question.

Theorem 5.4. For every uy € HY(R?) there exists unique ug € H'(R3) such that
the maximal solution u € C(R; HY(R?)) of iuy + Au = |u|?u, satisfies

it
Jim {le™ P u(t) — upf| gigs) = 0.

Proof: For uy € H' define the map
Aw)(t) = e*Puy +i / e =98 (Ju)?u) (s)ds.
t
What is the motivation behind this map? Recall that

¢
u(t) = ePuy — z/ e B (Ju?u) (s)ds,
0

e MHAY(t) = ug — 4 te_iSA wl?u)(s)ds. .
() = uo / (Juf?u)(s)d (5.11)

If the problem scatters we have that lim; o [le ™2 u(t) — uy | g2 = 0 and thus
(o)
Uy = Uy — z/ e 2 (|ul?u)(s)ds (5.12)
0

in H! sense. Now subtracting (5.12) from (5.11) we have that

u(t) = e uy + z/ e =8 (|u|?u) (s)ds.
t

By Strichartz estimates we have that
HeitAu"rHLnglﬂr S ||U+||H1 < Q.

By the monotone convergence theorem there exists T = T'(uy) large enough such

that for ¢ < co we have

Sy oy S

The trick here is to use the smallness assumption to iterate the map in the interval
(T, 00). But our local theory was performed in the norms

lullst(rxrry = llullsorxrn) + [|Vullsorxrn)
where

||U||80(1an) = sup ||l La

L-
(g,r)—admissible el

But this norms contain L§°. So momentarily we will go to the smaller space

10 Lm
X=LL2NL> W, ™.
For this norm we also have that for large T
itA
e’ u“'HX[T,oo) Se

Furthermore Strichartz estimates show that

A X070y S €+ Ul -
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The main step here is Sobolev embedding

1 lzees S A, 0
where the pair (5, ﬁ) is Strichartz adm1851ble The details are as follows: Notice
that the dual pair of (4, %) is (32, 12).
lullse S 1€ uslzgas +1 [~ e (luPuo)dslzuz
Sheunl o+ [ @02 (wPu)asl g
Se+ ||u3H 10 10+ [[(Vu)u?]| » 1w
7 L$7 Lt7 Lz7
Se+ ||u||L°L5||uH LB ||U||LOL5||VU|| LR

Ly Ly tL?
|

Se+ ||U||L§Lg [[u ‘L%
t

7% 5 € + ||IU’HX[T,OO)'

g

Similarly we derive

3 3
a‘

[Vull L S e+ [lullfs s I Vull LY S et llullig -
and

lull 10 10 SetllullZspsllull o a0 Set+lulk, .-

10
Lt3 L:r, tHax Lt L:r,

Thus for T large enough we have that

||u||X[T,oo) 5 €.

More precisely to obtain the last claim one has to estimate || Al x, || A(u) —A(v)| x
and prove that the map A is a contraction. Thanks to the ¢ we derive simultaneously
this property along with the estimate

||u||X[T,oo) Se

It remains to show that the solution is in C([T,00); H'(R3)). But by Strichartz
again and using any admissible pair we have

lollza, _ war S sl + ulBe ) S Nl

In particular ¢ = u(T) € H' and we have a strong H! solution of the equation
with initial data u(T) = 1. But we know that the solutions of this equation are
global and thus u(0) is well-defined. Finally

e MtAY(t) —ug = i/too e (|ulu)(s)ds,
V(e‘imu(t) - u+) = i/too e A (V(\u|2u)) (s)ds,

e R ut) —urllm SAVull sp splluliy op S lulik,.

(frooy e

But for T' large enough we have that |[ul|x. ., < € and thus
li —itA _ —0.
A (e P u(t) —uy g =0

Therefore u(0) = ug € H! satisfies the assumptions of the theorem. We end with
asymptotic completeness.
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Theorem 5.5. If ug € H'(R3) and if u € C(R; H*(R3)) where u is the solution of
iug + Au = |u|?u, then there exists u, such that
. —itA _ _
Tim e~ S u(t) —us | = 0.

The proof is based on a simple proposition assuming the interaction Morawetz
estimates. This was the hardest part in the earlier proofs of quantum scattering.

Proposition 5.6. Let u be a global H' solution of the cubic defocusing equation
on R3. Then

||u||51(RX]R3) S C

Proof: We know that |ullpsps < C for energy solutions. Thus we can pick €
small to be determined later and a finite number of intervals {Ij}x=12, . ar, with
M < oo such that

||U||L§€IkLg Se

for all k. If we apply the Strichartz estimates on each I, we obtain for some o < 1
lullsiry < Tl + 35 g lul%28), (5.13)
k

lull sty S Nw(O)la + € ullg(r
We can pick e so small such that
[ullst(r,) < K.

Since the number of intervals are finite and the conclusion can be made for all I} s
the proposition follows.

Remarks. 1. Where do we use the condition p > 1+ %? This is a delicate matter.
It is not hard to see that the interaction Morawetz estimates are global estimates
of Strichartz type but are not L? scale invariant. If one inspects the right hand side
of the interaction inequalities, a simple scaling argument shows that these are H i
invariant estimates. Thus only in the case that p > 1 + % we can take advantage
of an non L? estimate such as L{L%. This is the heart of the matter in proving
(5.13). In the case that p =1+ % we need to have a global L? Strichartz estimate

10 10
like L,® L;# in dimensions 3. Estimates of this sort can never come from Morawetz
estimates due to scaling.

2. Notice that the proposition gives a global decay estimate for the nonlinear solu-
tion.

Let’s finish the proof of asymptotic completeness. Note that

¢
e tAu(t) = ug — z/ e (|ul?u)(s)ds,
0

e A1) = ug — z/ e (|ul?u)(s)ds.
0
Thus

lle™"* A u(t) — e u(r)llgr = [lu(t) — e R u(r) g S lulls,,  <C
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again by Strichartz estimates. Thus as t,7 — oo we have that
||efimu(t) - eiiTAu(T)HHl — 0.

By completeness of H! there exists uy € H' such that e"®?u(t) — uy in H' as
t — oo. In particular in H' we have

Uy = ug — z/ e (|ul?u)(s)ds
0

and thus
e ) —uylln S el .

As t — oo the conclusion follows.

More remarks. What about energy scattering for p < 1 + %. The critical case
has been solved in [11, 12, 13]. For p < 1+ % the problem is completely open.
We have already mentioned that scattering makes rigorous the intuition that as
time increases, for a defocusing problem, the nonlinearity |u[’~!u becomes negligi-
ble. From this observation one expects that the bigger the power of p the better
chance the solution has to scatter. Thus the question: Is there any threshold pg
with 1 <py <1+ % such that energy scattering does fail? The answer is yes and
po = 1+ 2. This is in [43] for higher dimensions and in [1] for dimension one. More
precisely using the pseudo-conformal conservation law and decay estimates that we
discuss later in the notes, they showed that for any 1 < p < pg, U(—t)u(t) doesn’t
converge even in L?. Thus the wave operators cannot exist in any reasonable set.
The problem remains open for

2 4
1+—<p<1+4+ -
n n

and for general energy data. For partial results see [24] and the references therein.

5.5. Quantum scattering in the X space. If we are willing to abandon the
energy space can we improve scattering in the range 1 + % <p<l+ %? Recall
that

¥ = H'R") N LAR", |z|*dz).
We will not go into the details but a few comments can clarify the situation. Exactly
like the energy case it is enough to prove that

||u||Sl(R><R3) S O
How one can obtain this estimate for different values of p? First recall that for
K(t) = ||(z + 2itV)ul|3. + 8t2/ |ulP T da
p+1 Jgn
we have that

K(t) - K(0) = /O 0(s)ds,

where
4t
0t)=——@A—n(p—1 / ulPlda.
(=S5 @=n-1) [
Using this quantity and a simple analysis one can obtain the following proposition:
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Proposition 5.7. Consider the defocusing NLS
iug + Au = |ulP~lu
uw(z,0) = ug(z) € H' (R™).

forany 1 < p < 1—&—%, n>3((1<p< oo forn=12). Ifin addition
lzugllzz < co and

(5.14)

ue C)(R; H'(R™))
solves (5.14), then we have:
i)ffp>l+%thenforany2§r§%(Qgrgooifn:172gr<00ifn:2)

u(t)]| - < CJt|"E=+)
for all t € R™.
ii)]fp<1—|—%thenforanngrS% Q<r<ooifn=12<r<ocoi
n:2)

()1 < CJt|~ (= HA=0)

where

r—(p+1)][4—n(p—1 .
Sty T >p L

ewy—{o if2<r<p+1

Remarks. 1. Notice that for p > 1 + % the decay is as strong as the linear
equation. Recall here the basic L' — L estimate of the linear problem and its
interpolation with Plancherel’s theorem.

2. Using these estimates and the standard theory we have developed one can prove
that global solutions defined in the 3 space obey

lulls1(mxr3) < C,

for any

2—n++vVn2+12n+4 4
<p<l+4d—0.
2n n—2
The existence of wave operators and asymptotic completeness follows easily. Of

course
2—n+vVn?+12n+4 4
<1l+-—.
2n n

3. The existence of the wave operators can go below the above threshold in all
dimensions. Indeed one can cover the full range p > 1 + % The subject is rather
technical and we refer to [4] for more details.

1+

2
1+ 2 <1+
n
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