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THE LINEAR PROFILE DECOMPOSITION FOR THE AIRY EQUATION
AND THE EXISTENCE OF MAXIMIZERS FOR
THE AIRY STRICHARTZ INEQUALITY

SHUANGLIN SHAO

We establish the linear profile decomposition for the Airy equation with complex or real initial data in
L?. As an application, we obtain a dichotomy result on the existence of maximizers for the symmetric
Airy Strichartz inequality.

1. Introduction

In this paper, we consider the problem of the linear profile decomposition for the Airy equation with the
L? initial data

6lu+6;’u=0,te[R,xelR, 0

u(0, x) = uop(x) € L?,

where u : R x R — R or C. Roughly speaking, the profile decomposition is to investigate the general
structure of a sequence of solutions to the Airy equation with bounded initial data in L?. We expect
that it can be expressed, up to a subsequence, as a sum of a superposition of concentrating waves —
profiles —and a reminder term. The profiles are “almost orthogonal” in the Strichartz space and in L?
while the remainder term is small in the same Strichartz norm and can be negligible in practice. The
profile decomposition is also referred to as the bubble decomposition in the literature; see [Killip and
Visan 2008b, p.35] for an interesting historical discussion.

The same problem in the context of the wave or Schrédinger equations has been intensively studied
recently. For the wave equations, Bahouri and Gérard [1999] established a linear profile decomposition
for the energy critical wave equation in R? (their argument can be generalized to higher dimensions).
Following [Bahouri and Gérard 1999], Keraani [2001] obtained a linear profile decomposition for en-
ergy critical Schrodinger equations; see also [Shao 2009]. For the mass critical Schrédinger equations,
when d = 2, Merle and Vega [1998] established a linear profile decomposition, similar in spirit to that
in [Bourgain 1998]; Carles and Keraani [2007] treated the d = 1 case, while the higher-dimensional
analogue was obtained by Bégout and Vargas [2007]. In general, a nonlinear profile decomposition
can be achieved from the linear case via a perturbation argument. The first ingredient of the proof of
linear profile decompositions is to start with some refined inequality: the refined Sobolev embedding
or the refined Strichartz inequality. Usually establishing such refinements needs some nontrivial work.
For instance, in the Schrodinger case, the two-dimensional improvement is due to Moyua et al. [1999]
involving the X} spaces; the one-dimensional improvement due to Carles and Keraani [2007] using the
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Hausdorff—Young inequality and the weighted Fefferman—Phong inequality [Fefferman 1983], which
Kenig et al. [2000] first introduced to prove their refined Strichartz inequality (5) for the Airy equation;
the higher-dimensional refinement is due to Bégout and Vargas [2007] based on a new bilinear restriction
estimate for paraboloids by Tao [2003]. Another important ingredient of the arguments is the idea of
the concentration-compactness principle which aims to compensate for the defect of compactness of the
Strichartz inequality, and was exploited in [Bahouri and Gérard 1999; Merle and Vega 1998; Carles and
Keraani 2007; Bégout and Vargas 2007]; also see [Schindler and Tintarev 2001] for an abstract version
of this principle in the Hilbert space. The profile decompositions turn out to be quite useful in nonlinear
dispersive equations. For instance, they can be used to analyze the mass concentration phenomena near
the blow up time for the mass critical Schrodinger equation; see [Merle and Vega 1998; Carles and
Keraani 2007; Bégout and Vargas 2007]. They were also used to show the existence of minimal mass
or energy blow-up solutions for the Schrodinger or wave equations at critical regularity, which is an
important step in establishing the global well-posedness and scattering results for such equations; see
[Kenig and Merle 2006; 2007; Killip et al. 2007; Tao et al. 2007; Killip and Visan 2008a. Shao [2009]
used it to establish the existence of maximizers for the nonendpoint Strichartz and Sobolev—Strichartz
inequalities for the Schrodinger equation.

The discussion above motivates the question of profile decompositions for the Airy equation, which
is the free form of the mass critical generalized Korteweg—de Vries (gKdV) equation

[ 6,u+6§u:|:u46xu=0,t€[R§,xeR, 2

u(0, x) = up(x).

This is one of the (generalized) KdV equations [Tao 2006b] and is the natural analogy to the mass critical
nonlinear Schrédinger equation in one spatial dimension. The KdV equations arise from describing the
waves on shallow water surfaces, and turn out to have connections to many other physical problems.
As is well known, the class of solutions to (1) enjoys a number of symmetries that preserve the mass
i |u|>dx. We will employ the notations from [Killip et al. 2007] and first discuss the symmetries at the
initial time ¢ = 0.

Definition 1.1 (Mass-preserving symmetry group). For any phase 8 € R/2x Z, position xo € R and
scaling parameter 4 > 0, we define the unitary transform gy, 4, : L> — L? by the formula

X — X0
o )

1 .
[86,x0,0 S 106) 1= 7€ f
hO

We let G be the collection of such transformations. It is easy to see that G is a group.

Unlike the free Schrodinger equation

3

iou—Au=0,teR, x e R,
M(O, X):MO(X),

two important symmetries are missing for (1), namely, the Galilean symmetry

u(t, x) — eixi(’“tlf‘)lzu(t, x +2t&),
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and the pseudo-conformal symmetry
u(t, x) > |t|"V2e D (1 /e, x /1),

This lack of symmetries causes difficulties if we try to mimic the existing argument of profile decompo-
sitions for the Schrodinger equations. In this paper, we will show how to compensate for the lack of the
Galilean symmetry when developing the analogous version of linear profile decompositions for the Airy
Equation (1).

Like Schrodinger equations, an important family of inequalities, the Airy Strichartz inequality [Kenig
et al. 1991, Theorem 2.1], is associated with the Airy equation (1). It is invariant under the symmetry
group and asserts that

| D%~ % ugllpop, < loll 2, @)

if and only if —a+3/g+1/r=1/2and —1/2 <a < 1/q, where ¢™'%uy and D* are defined in Section
2. When g =r =6 and o = 1/6, we also have the following refined Strichartz estimate due to Kenig—
Ponce—Vega, which is the key to establishing the profile decomposition results for the Airy equation in
this paper.

Lemma 1.2 (KPV’s refined Strichartz [Kenig et al. 2000]). Let p > 1. Then
183 11 1 2
| D™ % ug|| 5 < C(suplel> P lld0llLre)* luolls, )
5X T

where Tt denotes an interval of the real line with length |t |.

In Section 3, we will present a new proof suggested by Terence Tao by using the Whitney decomposition.

As in the Schrodinger case, the Airy Strichartz inequality (4) cannot guarantee the solution map from
the L? space to the Strichartz space to be compact, namely, every L?-bounded sequence will produce a
convergent subsequence of solutions in the Strichartz space. The particular Strichartz space we are inter-
ested in is equipped with the norm || D'/u|| 5. The failure of compactness can be seen explicitly from
creating counter-examples by considering the symmetries in L2 such as the space and time translations,
or scaling symmetry or frequency modulation. Indeed, given xo € R, 7y € R and &g € (0, 00), we denote
by 7y,, Sk, and Ry, the operators defined by

Ty (X) =P (x —x0), Spep(x) := #qﬁ(%), Ry (x) = e_t"aigb(x).

Let (x,)n>1, (z2)n>1 be sequences both going to infinity, and (%,),>1 be a sequence going to zero as n
goes to infinity. Then for any nontrivial ¢ € &, (7y,@)n>1, (S, #)n>1 and (R;,¢),>1 weakly converge to
zero in L2. However, their Strichartz norms are all equal to || D/6e~'% || 16 > which is nonzero. Hence
these sequences are not relatively compact in the Strichartz spaces. Moreover, the frequency modulation
also exhibits the defect of compactness: for { € R, we define Mg, via

M, (x) i= ™0 (x).

Choosing (&,),>1 to be a sequence going to infinity as n goes to infinity, we see that (Mg, ¢),> converges

3 g )
weakly to zero. However, from Remark 1.7, || D!/6¢=1% (e’(')€"¢)||Lla converges to 3_1/6||e_”‘7x¢||LF B
which is not zero. This shows that the modulation operator M, is not compact either.
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It will be clear from the statements of Theorem 1.5 and Theorem 1.6 that these four symmetries
in L2 above are the only obstructions to the compactness of the solution map. Hence the parameter
(ho, o, x0, tp) plays a special role in characterizing this defect of compactness; moreover, a sequence of
such parameters needs to satisfy some orthogonality constraint (the term is used in the sense of Lemma
5.2).

Definition 1.3 (Orthogonality). For j # k, two sequences
= (W&ol iD=t and - D= (g &8 ()1

in (0, 0o) x R? are orthogonal if one of the following holds:

hy |
. limn_wo(hk +—+hf|§n é,ﬁ‘l) =

o (h, &) =k, 5,’,‘) and
(|r,f—r,{|+3|(r,’;—r,{)é,{|+|x,{—x,§+3(z,{—r,f)(f,{)2|)_
(h)? (h)? hy -

lim

n—oo
Remark 1.4. For any Il = (h,];, 5,{ , x,{ , t,{ )n>1, it is clear that, up to a subsequence, lim,_, |h£f,{ | is
either finite or infinite. For the former, we can reduce to f,{ = 0 for all n by changing profiles; see
Remark 3.6. For the latter, the corresponding profiles exhibit a Schrodinger behavior in some sense; see
Remark 1.7. In view of this, we will group the decompositions accordingly in the statements of our main
theorems below.

Now we are able to state the main theorems. When the initial data to Equation (1) is complex, the
following theorem on the linear Airy profile decomposition is proven in Section 5.

Theorem 1.5 (Complex version). Let (u,),>1 be a sequence of complex-valued functions satisfying
lunllz2 < 1. Then up to a subsequence, there exists a sequence of L? functions (¢j)j>1 :R—> Canda

family of pair-wise orthogonal sequences T = (), &, xi, 1)) € (0, 00) x R? such that, for any 1 > 1,
there exists an L? function wfl : R — C satisfying

= > UGN g 1wl 6)

1<j<l,&=0
or |hj, fn |—>o00
where g; = 8.1 1) € G and
lim lim HD1/6 wﬁl ”L? =0. (7)
X

[—00n—00

Moreover, for everyl > 1,

nlggo(mum (Z 167132 + 11w Ile)) =0. ®)

When the initial sequence is of real-value, we analogously obtain the following real-version profile
decomposition. Note that we can restrict the frequency parameter &; to be nonnegative.
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Theorem 1.6 (Real version). Let (u,),>1 be a sequence of real-valued functions satisfying |un|| ;2 < 1.
Then up to a subsequence there exists a sequence of L* functions, (¢7) j=1: R— C, and a family of
orthogonal sequences T = (h,];, é,{ , x,{ , t,{ ) € (0, 00) x [0, 00) x R? such that, for any | > 1, there exists
an L? function wfl: R — R satisfying

js3 YT
U, = Z o0 g/ [Re(e’( Yhnéid ¢1)] + wij )
1=j=1,51=0
or |h}&) |—o00
where g,i =800 € G and

lim lim | D% w},(x) o =0. (10)

[—o00on—>0
Moreover, for everyl > 1,

. (YIE N2
nlggo(nunniz - ( Z [Re(e! i gy |} + ||w,i||§2)) =0. (11
1=j<l,&=0

or |hj&]|—o00

When lim,,_, |h‘,£§,{ | = oo for some 1 < j <[, the profile will exhibit asymptotic “Schrodinger” behavior.
For simplicity, we just look at the complex case.

Remark 1.7 (Asymptotic Schrodinger behavior). Without loss of generality, we assume ¢/ € & with the
compact Fourier support [—1, 1]. Then

—(t—tHad i YN N AN T OREPY ) : -~ : :
D1/6€ (t ”)*g,ﬁ[el()h”g”gb"](x)=/e’(x xXi)EFi(t—1)¢ |é|1/6(h{l)1/2¢](h£(é_é{))dé

= (hd)~1/21E | /6 )G+ (=) G’

i[’?(x—xf,l+3(fj*fi{)(€'r{)2)+’73(fj*’3i{)+3’72(’;’£)<'{] n |Ve~
% e hy, (hp) (h) 14+ —— ¢] (7]) d’?
ij
nsn

L ox—xh 3 —HEDE 3 -
= andt::—.

Set x -
hy, (h)?

. Then the dominated convergence theorem yields

3

)
. .0 1t —
/e“‘ T

—1/6) ,—it'd? 4 j
—no00 37 0T Y N
X

C(+—4INA3 i i(Np el _
”D1/6e (t f)a\.gé[el()hné-n¢]]||Lt6!x=3 1/6

1/6

1 ¢idn

1+ hi&]

6
Lr’ x/

where ¢~/% denotes the Schrédinger evolution operator defined via

e—itagf(x) ::/eix§+it|é‘|2f(é) dé
R

Indeed,
1/6

T | Gidyp— e "%pi () ae.,

1+ ——
hai

2 l‘l"i’73
e —
/ezx n+it'n e anlel
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and by using [Stein 1993, Corollary, p. 334] or integration by parts,
|/eix/,7+it’,12€ '5hnCn |1 4+ 1/6¢jd}7 < C¢jB(t X )
ni
for n large enough but still uniform in n. Here

(AT <[+ e+ 1]
B(t s X ) = 1 -1/2
I+ XDt =C[a+ XD +1))]

—1/4
" for x| < 6|7,

for |x'| > 6]7'].
It is easy to observe that B € Lf’/ o

In the next three paragraphs, we outline the proof of Theorem 1.5 in three steps; Theorem 1.6 follows
similarly. Given an L?-bounded sequence (u,,),>1, at the first step, we use the refined Strichartz inequality
(5) and an iteration argument to obtain a preliminary decomposition for (u,),>: up to a subsequence

il +qY,

||Mz

where f;] is supported on an interval (&] — pil, & 4 pi) and | £/ | < C(p])~"/2, and e %" is small in
the Strichartz norm. Then we impose the orthogonality condition on (p;, &) ): for j #k,

_ k

n— 00 J

Pn pn P

to regroup the decomposition.

At the second step, for each j € [1, N], we will perform a further decomposition to fnj to extract
the space and time parameters. For simplicity, we suppress all the superscripts j and rescale (f),>1 to
obtain P = (P,),>1 by setting

PuC) = pL 2 0 (pu 401 'E))

from which we can infer that each P, is bounded and supported on a finite interval centered at the origin.
We apply the concentration-compactness argument to (P,),> to extract (y;, sy ): for any A > 1, up to
a subsequence,

Py(x) = Ze o O[T OP g ()] (x — y) + PA). (12)
More precisely, we will investigate the set of weak limits,

W(P) = {w-lime™"*» G g [ iOpy'np, ()]G +yn) in L2 : (yu, 50) € R?),

n—oo

where the notion w-lim,_, » f,, denotes, up to a subsequence, the weak limit of (f;,),> in L?. Note that
due to the lack of Galilean transform and the additional multiplier weight in the current Strichartz norm,



THE LINEAR PROFILE DECOMPOSITION FOR THE AIRY EQUATION 89

it is a slight but necessary modification to the Schrodinger case [Carles and Keraani 2007], where W' (P)
is the set

{u)-lime’.s"ax2 Py(x + y,) in L% : (yn, s) € R?).

n—oo

In (12), we impose the orthogonality condition on (y<, s5): for a # S,

3 B_ 2 3 B
lim ( y,f —yr 4 (s Snz(fn) ‘ (50 = S )< + ‘sf —s,‘ﬂ) = 00. (13)
n—00 (pn) "
The error term P4 := (P2),> is small in the weak sense that
lim u(P%):= lim sup{||¢|l;2: ¢ € W(P?)}=0. (14)
A—00 A—00
Since f,,(x) = /pne™* P,(ppx),
A
an3 (oL -
Fi0) =D /B S [0 4 ()] (pux — ¥2) + /Pme 5 P (pa).
a=1

Lete? := ./ e PA(p,x). Now the major task is to upgrading this weak convergence in (14) to

. . 93
lim lim |DY®e "% e, 6 =0.
A—00 n—>00 X

To achieve this, we will interpolate L?’x between L,q,x and L7 for some 4 < g < 6. The Ltq,x norm
is controlled by some localized restriction estimates and the L7 norm is expected to be controlled
by u(P#*). Unlike the Schrodinger case, we will distinguish the case lim,_ o |p, '&| = +oo from
lim, oo [p, '&| < 400 due to the additional multiplier weight in the current Strichartz norm.

The final decomposition is obtained by setting
(hd, & xl ) = (o)™, &L (oD ™y, (o) 7s)),
and showing two orthogonality results for the profiles.

1.8. The second part of this paper is devoted to applying the linear profile decomposition result to the
problem of the existence of maximizers for the Airy Strichartz inequality. As a corollary of Theorems
1.5 and 1.6, we will establish a dichotomy result. Denote
A3
Sgry = sup{HDl/6e % HL’GX luoll g2 = 1}, (15)
when ug is complex-valued; similarly we define SEW for real-valued initial data. We are interested in
determining whether there exists a maximizing function ug with ||ug||;2 = 1 for which

1/6 ,—td]
||D / e’ Xl/tollLtﬁ’X = Sairy“”O”Lz’

where Sy represents either S;Diry or Sﬁry. The analogous question to the Schrodinger Strichartz inequal-

ities was studied by Kunze [2003], Foschi [2007], Hundertmark and Zharnitsky [2006], Carneiro [2008],



90 SHUANGLIN SHAO

Bennett et al. [2008] and Shao [2009]. We set

it

S;L;hr = SUP{He_ AMOHL,G,X(RXRQ') Hluoll L2ey = 1}' (16)

The fact S;Ehr < 00 is due to Strichartz [1977] which in turn had precursors in [Tomas 1975]. For the
problem of existence of such optimal S;Ehr and explicitly characterizing the maximizers, Kunze [2003]
treated the d = 1 case and showed that maximizers exist by an elaborate concentration-compactness
method. Foschi [2007] explicitly determined the best constants when d = 1, 2, and showed that the
only maximizers are Gaussians up to the natural symmetries associated to the Strichartz inequality by
using the sharp Cauchy—Schwarz inequality and the space-time Fourier transform. Hundertmark and
Zharnitsky [2006] independently obtained this result by an interesting representation formula of the
Strichartz inequalities in lower dimensions. Recently, Carneiro [2008] proved a sharp Strichartz-type
inequality by following the arguments in [Hundertmark and Zharnitsky 2006] and found its maximizers,
which derives the same results in [Hundertmark and Zharnitsky 2006] as a corollary when d =1, 2. Very
recently, Bennett et al. [2008] offered a new proof to determine the best constants by using the method
of heat-flow. Shao [2009] showed that a maximizer exists for all nonendpoint Strichartz inequalities
and in all dimensions by relying on the recent linear profile decomposition results for the Schrodinger
equations. We will continue this approach for (15). Additionally, we will use a simple but beautiful idea
of asymptotic embedding of a NLS solution to an approximate gKdV solution, which was previously
exploited in [Christ et al. 2003; Tao 2007]. This gives that in the complex case, SC, < 3'/6SC while

schr — airy
. C 1/221/6 ¢R
in the real case, Sechr = 243 Sairy.

Theorem 1.9. We have the following dichotomy on the existence of maximizers for (15) with the complex-
or real-valued initial data, respectively:

o In the complex case, either a maximizer is attained for (15), or there exists ¢ of complex value
satisfying

schr —

C —itd?
Iglle =1 and  SS =lle " plls .

and a sequence (a,),>1 satisfying lim,_, « |a,| = oo such that

_ gC §C _31/64C

airy? schr airy*

lim || D'/Se~"% [ Ong]|

6
n— oo 1,x

o In the real case, a similar statement holds; more precisely, either a maximizer is attained for (15),
or there exists ¢ of complex value satisfying

a2
o Ne @
sehr Il
and a positive sequence (a,),>1 satisfying lim,_, o a, = 00 and lim,_, || Re(e! ()an D)2 =1 such
that
. 1/6 —103 i (-)ap _ R C _ ~l/221/6 ¢R
nli)n;oHD / e % Re(el()a ¢) ||L,6’X - Sairy’ Sschr =2 / 3 / Sairy‘
Remark 1.10. Note that when S;CChr =3V 6S§ryor S;CChr =2l/23Y 6S§ry, the explicit ¢ had been uniquely

determined by Foschi [2007] and Hundertmark and Zharnitsky [2006] independently: they are Gaussians
up to the natural symmetries enjoyed by the Strichartz inequality for the Schrédinger equation.
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This paper is organized as follows: in Section 2 we establish some notation. In Section 3, we make
a preliminary decomposition for an L2-bounded sequence (u,),>1 of complex value. In Section 4, we
obtain similar results for a real sequence. In Section 5, we prove Theorems 1.5 and 1.6. In Section 6,
we prove Theorem 1.9.

2. Notation

Weuse X <Y,Y 2 X,or X = O(Y) to denote the estimate |X| < CY for some constant 0 < C < oo,

which might depend on the dimension but not on the functions. If X <Y and ¥ < X we will write

X ~ Y. If the constant C depends on a special parameter, we shall denote it explicitly by subscripts.
We define the space-time norm L{L” of f on R x R by

I Ls 1 mxry = (/R(/R |f(fax)|rdX>q/rdt)1/q,

with the usual modifications when ¢ or r are equal to infinity, or when the domain R x R is replaced by
a small space-time region. When ¢ = r, we abbreviate it by L?, .- Unless specified, all the space-time
integrations are taken over R x R, and all the spatial integrations over R.

We fix the notation that lim,_, o, should be understood as lim sup,,_, ., throughout this paper.

The spatial Fourier transform is defined via

(&) = / g (x) dx;
R

the space-time Fourier transform is defined analogously.

. . 3. .
The Airy evolution operator e ~*% is defined via

() = [ R de,
The spatial derivative ajg, for k a positive integer, is defined via the Fourier transform
K@) = &),
The fractional differentiation operator D%, a € R, is defined via
D fs)i= [ i T e
The inner product (-, -); > in the Hilbert space L is defined via
o= [ FWEdx,
where g denotes the usual complex conjugate of g in the complex plane C.

3. Preliminary decomposition: complex version

To begin proving Theorems 1.5 and 1.6, we present a new proof of the refined Strichartz inequality (5)
based on the Whitney decomposition. The following notation is taken from [Killip and Visan 2008b].
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Definition 3.1. Given j € Z, we denote by % ; the set of all dyadic intervals in R of length 2/
D= {2k, k+1):k €Z).

We also write 9 := U;cz%;. Given I € %, we define f; by ﬁ = fl ; where 1; denotes the indicator
function of /.

Then the Whitney decomposition we need is as follows: Given two distinct &, &” € R, there is a unique
maximal pair of dyadic intervals I € % and I’ € % such that

[1] = |1'|,dist(1, I') > 4|1, (17)

where dist(/, I’) denotes the distance between I and I’, and |/| denotes the length of the dyadic interval
I. Let & denote all such pairs as & # &’ varies over R x R. Then we have

> LOE) =1, forae. & &) eRxR. (18)

(1,1"eF

Since I and I’ are maximal, dist(Z, ") < 10|7|. This shows that for a given I € 9%, there exists a bounded
number of I’ so that (I, I') € %, that is,

#HI': (1, 1"YeF} <1 forall I €9D. (19)

Proof of Lemma 1.2. Given p > 1, we normalize sup, g |r|1/2_1/P||]/‘\||Lp(T) = 1. Then for all dyadic
intervals I € 9,

/Ifl”df < |1|'7P/2 (20)
I

We square the left side of (5) and reduce to proving

H / / (HEHIE ) 2116 72y T dé dy

~4/3
SIAI. (1)
L3

x

We change variables a := & — 7 and b := &3 — 5® and use the Hausdorff—Young inequality in both ¢ and
x, we need to show

L4172 F()13/2 ~
[ s

By symmetries of this expression, it is sufficient to work in the region {(&, ) : £ > 0, # > 0}. In this
case, |En7)1/* <& + #7]'/2; so we reduce to proving

HEROKS / 2
5 dddn < | |fIPd<. (23)
/ g2
In view of (23), we assume fz 0 from now on. Then we apply the Whitney decomposition to obtain
FOFm= > A& fr@), fora e & neRxR, (24)
(I,1'eF
and

forall (&, ) €I x1'with (I,1I') € F,|E—n|~|I]. (25)
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If we choose a slightly larger dyadic interval containing both I and I’ but still of length comparable to
1, still denoted by I, we reduce to proving

[ 7
Z( |I|1/2 /fzdf (26)

[eD

To prove (26) we will make a further decomposition to f; => ez Jn,1: for any n € Z, define f, ; via

Jot= Fligompmins e ssngey

By the Cauchy—Schwarz inequality, for any ¢ > 0,

(] 77ae) = (= / Foi )’ > 2 (f 7o) @)

Now (26) is an easy consequence of the following claim:

(f fn,\l3/2

N ) 52_“’5/]?251@“, for some & > 0. (28)

1€%

By the Cauchy—Schwarz inequality,

— 2 — —
(] 7orae) < [ Fotac [ Foaac. 29)

On the one hand, when n > 0, by the Chebyshev’s inequality and (20),

/fn 1dE STV E e I F (&) =217

12 JiJ 4s i frd¢

_—
R T

< 2'1(1—17)|]|—1/2|]|P/2|]|1—P/2

— 2—|n|(17—1)|1|1/2,

for any p > 1. On the other hand, when n < 0,

/ﬁ?dfszﬂu1/2|I|=2'"'|1|1/2.

Combining these estimates, there exists an ¢ > 0 such that

o 2
(/ 7rag)
Z 11]1/2 S27 Inla /fnl dg. (30)
1e%

1€9
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Interchanging the summation order, we have

S [Frae=3 3 [ Flecpornde= / > Fracs[Frae o
1€%

JEZ 1€%; f ~n—j/2
Then the claim (28) follows from (30) and (31). Hence the proof of Lemma 1.2 is complete. O

By using this refined Airy Strichartz inequality (5), we extract the scaling and frequency parameters p,{
and &/ following the approach in [Carles and Keraani 2007].

Lemma 3.2 (Complex version: extraction of p,{ and f,{ ). Let (un)n>1 be a sequence of complex valued
functions with |lu,|| > < 1. Then up to a subsequence, for any 6 > 0, there exists N := N(9), a family
(pnsEN1<j<n € (0, 00) x R and a family (f;])1<j<n of L*-bounded sequences such that, if j # k,

n>1 n>1
k
lim(pn—i———i—'f" 5') 0, (32)
=

forevery 1 < j < N, there exists a compact K in R such that

Pl i (piE+ED| < Cs1k (&), (33)
and
N
Z +q, (34)
which satisfies
| Dse g, o <0, (35)
and
N .
lim (nunuiz - (1A + g ||iz)) =0. (36)
j=1

Proof. For y,, = (pn, &) € (0, 00) x R, we define G, : L?—> L? by setting

Gn(f)E) = v/puf (pn€ + &)

103

s . 1 . . .
We will induct on the Strichartz norm. If | Dse™"%u, || 15, < 0, then there is nothing to prove. Otherwise,

up to a subsequence, we have
1 3
L 16
|D¢e Xun”Lté’x > 0.

On the one hand, applying Lemma 1.2 with p = 4/3, we see that there exists a family of intervals
I} :=[&l —pl, &L+ pl] such that

~ 1
/1 1@ 40de = Ciot o)
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where C; only depends on C, the constant in Lemma 1.2; note that we used |u,||;2 < 1 here. On the
other hand, for any A > 0,

~ _2 .~ _2
/ ity |*deE < A5 ||ity |17, < A5,
I'N{juy |> A}

Let Cs := (C1/2)73/267%. Then from the two considerations above, we have

_ C,
/ |un|4/3df > —54(p’i)1/3'
IIN{lin ] <Cs(pH =12} D)

From the Holder inequality, we have

4 . 2/3
/ milae <o RS R TR
LIN{lin | <Cs(p})~1/%) LNl |<Cs(ph)=1/%)

This yields
/ in2dE = €',
LIN{lin | <Cs(pl)~1/%)
where C” > 0 is some constant depending only on C; and C,. Define 0,1 and ynl by
Oy =l ol <Cotph2 Tn = (Pas &)-

Then [|v} |2 > (C")!/26%. Also by the definition of G, we have

G D] =1(p) P04 (paé +ENI < Coli11(©).
Moreover, since the supports are disjoint on the Fourier side, we have
litall 72 = llew = vy 172+ 0y 172
We repeat the same argument with u, — v, in place of u,. At each step, the L?-norm decreases by at
least (C")!/26%. Hence after N := N (J) steps, we obtain (vé)lSjSN and (y,{)lSJ-SN, SO

N

N

2 j N 2 2 12 N2
Uy = Dé +qn s ”Mn”LZ = ”v}Jl”[ﬂ + ”qn ||L2’

j=I

Jj=1
where the latter equality is due to the disjoint Fourier supports. We have the error term estimate
+ —td} N
||D6€ ! an ||Lt6,x S 53

which gives (35). The properties we obtain now are almost the case except for the first point of this
lemma (32). To obtain it, we will reorganize the decomposition. We impose the following condition on
7= (py, &Nyl and y ¥ are orthogonal if

k
lim (pn 4P + & — —&, I)
RNl i

Then we define f! to be a sum of those v,, whose y,, are not orthogonal to y,!. Then takmg the least
jo € [2, N1 such that y,° is orthogonal to y,!, we can define f? to be a sum of those v, whose 7,/ are
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orthogonal to ynl but not to ynjo. Repeating this argument a finite number of times, we obtain (34). This
decomposition automatically gives (32). Since the supports of the functions are disjoint on the Fourier
side, we also have (36). Finally we want to make sure that, up to a subsequence, (33) holds.
By construction, those v,{ kept in the definition of fn1 are such that the y,,j are not orthogonal to y !,
that is, for those j, we have
pn pn . |€Cn 4: |

lim —+— <00, lim < 00. 37
n—>oo po pn n—o00 ,0;4

o~

To show (33), it is sufficient to show that, up to a subsequence, G,ll (v,{) is bounded by a compactly
supported and bounded function, which will imply (33) with j = 1. On the one hand, by construction,

|G’(U | < Csli—1,11-

On the other hand, we observe that
P NP Py S P j py (ph, &l-él
G, () = G,(G;)” G (vn), G, (G)7' f(©) = =\ t+—);
pn

i pi

which yields the desired estimate for G! (v,{) by (37). Inductively we obtain (32). Hence the proof of
Lemma 3.2 is complete. U

The following lemma is useful in upgrading the weak convergence of error terms to the strong con-
vergence in the Strichartz norm in Lemma 3.5.

Lemma 3.3. We have the following two localized restriction estimates: for 9/2 < q < 6 and G e
L*(B(0, R)) for some R > 0,

| DY %G| = CyrlIGl L. (38)
For the same G,4 < q < 6 and |&| > 10R,
183/ i()E — ~
[ (0G| 1y, = Corlé0l G L. (39)

Proof. Let us start with the proof of (38). Let g = 2r with 9/4 < r < 3. After squaring, we are reduced
to proving

=2
< Cq,rIG 180, RY)-
Lf,

[ e )06 ) G e dé déy
B(O,R) J B(O,R)

Lets; :=¢ — & and s := 513 — 523 and denote the resulting image of B(0, R) x B(0, R) by Q under this
change of variables. Then by using the Hausdorff—Young inequality since r > 2, we see that the left side
of the inequality above is bounded by

C(/‘KIHMG(@)G(@)‘ dsds )
Q |61
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Then if we change variables back, we obtain

C( / Ger |6(51)6(@)V’d51d52)
BO.R)xBO.R) 1&1 + &7 E — &7

As in the proof of Lemma 1.2, we may assume that &;, & > 0. So we have |&; le% < | + &, which
leads to (¢18)/0 < (&1 +¢&)"/3 and thus

r'/6
e
IS1+ &l A -Gl & —&137 2 |16+ &1372

Then since |é|_%’”r2 is locally integrable when 3/2 < r’ < 9/5 and G € L™, we obtain (38).
The proof of (39) is similar. Setting ¢ = 2r with 2 <r < 3 and following the same procedure as above,
we have

[ (VDG 2, = e (! O0G)e?

— H/eiX(f—n)+it[(f+§o)3—('7+§o)3]@(5) 5(77) dédy

GO IGI )‘/’/
< déd
”( E—arE+n+ 281

GG )””
< déd
”( e g TG 14e

e —14+1/r A2 -2 ~n2
< Cyrl&ITYTNG 3 < €y RIGITIG 2,

,
Lt

where we have used |& + 5+ 28| ~ |&o| since &, n € B(0, R) and |&| > 10R. O

In Lemma 3.2, we have determined the scaling and frequency parameters. Recall that from Section 1,
we are left with extracting the space and time translation parameters. For this purpose, we will apply
the concentration—compactness argument. For simplicity, we present the following lemma of this kind
adapted to Airy evolution but not involving the frequency and scaling parameters. The general case is
similar and will be done in the next lemma.

Lemma 3.4 (Concentration—compactness). Suppose P := (P,)n>1 with ||Py|l;2 < 1. Then up to a sub-
sequence, there exists a sequence (¢*)y>1 € L* and a family e, st € R? such that they satisfy the
following constraints: for a % f3,

Tim Iy = 1+ Isy = sf1) = o0, (40)

and for A > 1, there exists PnA € L? so that

A
Pu(x) =D %% (x — y&) + PA(x), 1)
a=1
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and
lim u(P*) =0,
A—00

where 1 (P4) is defined in the argument below; moreover we have the following almost orthogonality
identity: for any A > 1,

Jim (|P 72— (Z ||¢“||L2+||PA||L2)) =0. (42)

Proof. Let W (P) be the set of weak limits of subsequences of P in L? after the space and time transla-
tions:
W(P) := {w-lime*s”ag P (x + yn) in L% : (yn, s0) € R?)}.
n—od

We set u(P) :=sup{||@|l;2: ¢ € W(P)}. Clearly we have
p#(P) < lim || Pyllz2.
n—oo

If u(P) =0, then there is nothing to prove. Otherwise u(P) > 0, then up to a subsequence, there exists
a ¢! € L? and a sequence (y,, s!),=1 € R? such that

¢'(x) = w-lime ™% P,(x +y)) in L2, (43)
n—oo
and ||¢'||;2 > %,u(P). We set P! := P, — es'163¢1 (x — yl). Then since e~'% is an unitary operator on
L?, we have
1P 17 = (P), P))p2
sl 3
= (P, — "% (x = y)), Py — " (x = )2
_slgd (153 _lg3 (153
= (7% (Py — "%l (x — y)), €% (Py — e ¢l (x — y1))) 12
_ a3 _ 193
= (NP = (x =), e Py = ¢l (x = y)) 2
— (e~ p 1y _ 41 ~5,0; p 1y _ 41
= (e n(x+y,) —¢ (x),e n (X +y,) — ¢ (X)) 2
S ) —‘163
= (Pu, Pu) 2+ (' @12 — (€% Pu(x +3,), ¢1) 12 — (@, €% P+ yy)) 2.
Taking n — oo and using (43), we see that

Tim (IPally2 = (16" 152 + 1P 172)) =0, e %P (x +y;) — 0, weakly in L

We replace P, with P! and repeat the same process: if u(P'!) > 0, we obtain ¢? and (y2, 52),>1 so that
142112 = 31(P") and
H(x) = w—lime s aJ(P (x —I—yn) in L.

Moreover, (yn, sn)n>1 and (yn, n)n>1 satisfy (40). Otherwise, up to a subsequence, we may assume that

lim s2 —s1 =50, hm yn — yn = y0,
n—oo
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where (5o, yo) € R?. Then for any ¢ € ¥,

lim [[e=C % (x + (y2 — yp)) — e "% p(x + y0) | 1. = 0.

n—o0
[hat is to say, -
(e (sy S,l)ax¢(x + (y,% yr%)))nzl

converges strongly in L. On the other hand, we rewrite,

g (s2—s1\a3 , —s13
e P (x4 ) = e T (e P (x + y) (x + (v — ).

Now the strong convergence and weak convergence together yield ¢> = 0, hence u(P') = 0, a contra-
diction. Hence (40) holds.
Iterating this argument, a diagonal process produces a family of pairwise orthogonal sequences

(y,?, S;,X)azl and (¢a)azl

satisfying (41) and (42). From (42), >, [l¢* %
gives

7> is convergent and hence lim,— [[¢* ;2 = 0. This

lim u(P*) =0,
A—o00
since u(P4) < 2|/¢*|l2 by construction. O

We are ready to extract the space and time parameters of the profiles.

Lemma 3.5 (Complex version: extraction of x,{’a and s,{’a). Suppose an L2-bounded sequence (fy)n>1
satisfies

Pl Fu(pa € + (pa) ' EN] < F(©),

with F € L*°(K) for some compact set K in R independent of n. Then up to a subsequence, there exists
a family (y?, s%) € R x R and a sequence (¢*)q>1 of L? functions such that, if a # B,

. 3(sh —s2)(E)? la(sfi —5)E )
lim By = sE—s, 0, (44)
n—>oo( In Yn (pn)2 Pn ‘ |
and for every A > 1, there exists eg‘ e L2,
fn (x) — Z / n€ n )r l(-)pn_lfnqsa ()](pnx — yg) _|_ e;? (x)’ (45)
and
lim lim |Dée" *e,?IIL;wX =0, (46)

A—ocon—

and for any A > 1,

A
Jim (ufnan (> ||¢“||§2+||e,:‘||iz)) =0. (47)
a=1
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Proof. Setting P := (Py)=1 With P,(&) := \/Bu fu(pu(€ + (o) ~'&)). Then
ﬁ; € L (K).
Let W' (P) be the set of weak limits in L? defined by
W(P) = {Zfl);ho%’l e I5Pn ' g sn 0] [ei(')/’;li” Pn(-)](x +y,)in L2 : (yp, 8,) € Rz},

and u(P) as in the previous lemma. Then a similar concentration-compactness argument shows that, up

to a subsequence, there exists a family (y7, %) o>1 and (¢%*)g>1 € L? such that (44) holds, and
n>1

o

A
P, (X) — Z efixpnflg‘nesn a3 [ei(')p;15'1¢a ()](x i y’(:) + PnA (x)
a=1

As weak limits, each 55.5 has the same support as P,., so does 1/3,17‘. Furthermore, we may assume that
$%, PA € L®(K). Setting P4 := (P*),>1. Then the sequence (P*) 5 satisfies

lim x(P*)=0. (48)
A—00

For any A > 1, we also have

A
Jim (n&niz - (g + ||P,:‘||iz)) =0.
a=1
Since f,(x) = ./pne""fn P, (pnx), the decomposition (45) of f,, follows after setting

ep (x) := /pne o P (pux).

What remains to show is that

lim fim | Dée™ %[ /pne™ P (puy)]| 15 =0,

A— 00 n—00

which will follow from (48) and the restriction estimates in Lemma 3.3 by an interpolation argument.
Indeed, by scaling, it is equivalent to showing that
lim lim | D'/0e~"% [0 pAY| , =0, (49)
A—00n—>00 1,x

where a,, := (pn)_lfn. Up to a subsequence, we split into two cases according to whether lim,,_, o |a,| =
00 or not.

Case 1. lim,_  |a,| = co. By using the Hormander—Mikhlin multiplier theorem [Tao 2006a,
Theorem 4.4], for sufficiently large n, we have

HDl/ﬁe—taf. [ei(~)an PHA]” ” < |an|1/6He—;ag [ei(.)an PnA]

6 -
Lux

We will show that, after taking limits in n, the right hand side is bounded by Cj, u(P4)1=4/6 for some
4 < g < 6. Then limy_, o ,u(PA) = 0 yields the result. We choose a cut-off y,(t, x) := yn,1(t) yn.2(x)
satisfying

ixa,

an2(x) = pa(x)e™ ", e,
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where 3 is compactly supported and ¥>(¢) := 1 on the common support K of P,, and

a1 (E+a)’) =70, e,

where 71(&3) := 1 on Supp 7>. Let % denote space-time convolution; then
s % [T (0% PAY = 713 (o pAy. (50)

Indeed, the space-time Fourier transform of y, is equal to
7l = [ 1) dr dx = FalE — )7 0

On the support of the space-time Fourier transform of e1% (e'O)an P1), we see that

I, &) =1.

This gives (50). Then by the Holder inequality and the restriction estimate (39) in Lemma 3.3, for
sufficiently large n,

e g, =l le™ @O
] e G [ P GO ) [P
S lan TVONF N 2 [ @O P 2,
for some 4 < g < 6. There exists (f,, y,)n>1 such that

—t03/ il —183, i(
||Xn % [e tax (e’()an PnA)]” L;Xi ~ )Xﬂ * [e tax (el()an PnA)]([n’ yn) X

We expand the right side out,

‘/ / K1 (=) gna(—x)e " E [e 7% (FO% PAY (. y,)](x) dx dt

Setting p,(x) = e~ind: (€' PA)Y(x + y,), then it equals

' / / 2T e dn e p, (x) dx

= ‘/Xz(—X)e_ix“”pn(X)dx

Taking n — oo, and using the definition of W (P4) followed by the Cauchy—Schwarz inequality, we
obtain

. —163, i(-
dim [ %7 (@O PO 1 S llp2ll2 (P S pou(PY).

Hence the claim (49) follows.
Case 2. lim,_, » |a,| < co. From the Holder inequality, we have the L?,x norm in (49) is bounded by

HD1/6e—ta§ [¢!an Pf]H%i HDl/ée—zai [¢l Oan Prf‘]”ng%
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for some 4 < g < 6. On the one hand, since lim,,_,  |a;| is finite and ﬁn?‘ € L*°(K), there exists a large
R > 0 so that
Supp F[e' ' PA)  B(0, R),

where %( f) denotes the spatial Fourier transform of f. Then from (38) in Lemma 3.3, we see that
| DYVee~ % [ Om PAY| L < Cyrl Fllz,
which is independent of n. On the other hand, from the Bernstein inequality, we have

H D1/6e_[a§ [ei(-)an P’?] ||L;X; < Cq,R ||€_t6§ [ei(-)lln PnA] || Lto,i’ .

Then a similar argument as in Case 1 shows that ||e_’53 [/ ) Pn"‘] e is bounded by u (P4)¢ for some
¢ > 0. Hence (49) follows and the proof of Lemma 3.5 is complete. ]

Remark 3.6. In view of the previous lemma, we will make a very useful reduction when lim,,_, o p,; g, =
a is finite: we will take &, = 0. Indeed, we first replace e! )P lf"gzﬁ"‘ with ¢/)4¢* by putting the difference
into the error term; then we can reduce it further by regarding ¢'()¢¢* as a new ¢*.

Next we will show that the profiles obtained in (45) are strongly decoupled under the orthogonality
condition (44); more general version is in Lemma 5.2. Abusing notation, we define

~ an3 (yn—L
L) (x) 1= /pre™ [ P g () (pux — ¥,
where &, = 0 when lim,, .« p,; 1 is finite.

Corollary 3.7. Under (44), for any a. £ 5, we have

lim [(g5(6"). g (¢7),2] = 0 (51
and forany 1 <o < A,
Jim [{g7(@™), €;1), | = 0. (52)

Proof. Without loss of generality, we assume that ¢* and ¢” are Schwartz functions with compact Fourier
support. We first prove (51). By changing variables, we have

‘(ég ((ﬁa), g’f((ﬁﬁ))y‘ — ‘(mesﬁﬁ? [ei(')p;15n¢a ()](an _ yzt), pnesé‘aﬁ [ei(')p,jlfn('bﬁ(.)](pnx _ y’f)>L2

B_a\A3 i - L
= |(e= DR[O g ()] (e 9 — ), € P (o)

B0y 2 By
- <‘ /eig“(x+yf—y;‘+3“" p’f)¢'1)+i¢3(sf—s:)+3i§2 (o =51 )
n

L2
’ |¢ﬂ‘>L2'

Hence if (44) holds, by using [Stein 1993, Corollary, p. 334] or integration by parts combined with the
dominated convergence theorem, we conclude that this expression goes to zero as n goes to infinity.
To prove (52), we write

e ga(E) dé

B _
ed= > g@")+ef,

B=A+1
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for any B > A. Recall
sy =1z
ef — /—pn(el()ﬂn g"PnB)(an)-

Then
B ~
~ ~ ivp—lE _gan3 iy —lg
(@@ el el = D (@™, gl @) 2| + [[g7, e e R @O P 4 y)
p=A+1

When n goes to infinity, the first term goes to zero because of (51). The second term is less than
4%l 2. (PB) by the definitions of W (P?) and u(P?), and the Cauchy—Schwarz inequality; so it can
be made arbitrarily small if taking B large enough. Hence (52) is obtained by taking B — oo. U

4. Preliminary decomposition: real version

To prove Theorem 1.6, we need the corresponding real version of lemmas in the previous section, es-
pecially of Lemmas 3.2 and 3.5. To develop the real analogue of Lemma 3.2, we recall the following
lemma due to Kenig et al. [2000].

Lemma 4.1. Let ug € L? be a real-valued function with ||\ug||;2 = 1. Then for any 6 > 0, there exists a
positive integer N = N (), real-valued functions f', ..., fN and eV, intervals 1y, . .., Ty, and a positive
constant Cg such that

=<

. — - 73 —1/2
FI@ =1i(=&), Supp fi Cr;U(=1)).ltjl=p;. |fI1=Cop; "2,
and N
ug = Z fl+eY,

j=1

with N 3
luollfe =D 1152 +1eMl72 [PV % eN] o <o,
j=1

The proof of this lemma is similar to that of the previous Lemma 3.2 with the help that, for real function

f, f = f(—g”). For our purpose, we will do a little more on the decomposition above. Indeed, from the
proof in [Kenig et al. 2000] we know that /(&) = 1, 1/2}@(5) and 7; C (0, 00). We

. ferjU(=1;)): liol<Csp;
can decompose f/ further by setting

fl=frr4 i,
’T,\_'_ L ~
FPT= Nen,: iai=Capy 10>
i = iy
f : 1{ 1720

fe—t;: lig)<Csp;

Since uy is real, we have i1o(&) = iig(—¢), which yields
Fit@)=fr (=), and fi7=[i+,

Hence
fi=2Re f".
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Now we return to prove Theorem 1.6. We repeat the process above for each real-valued u,, to obtain
1

Dy vees ,iv and real-valued ef]v such that
N
un =Y 2Re]) +ep, (53)
j=1
with
pn |vn (pgf + ff)| <Cslg(¢), with é,{ > 0, for some compact K, 54
and
al 12 2
lunllz: = D 4|Re@D [ 12+ flen 2. (55)
j=1

Still we define the real version of the orthogonality condition on the sequence (p,{~ , cf,{ Yu=1 € (0, +00)2
as before: for j #k,
J k

nhnéo( By Lo +|5” ]é ') 0. (56)

T Pn pn Pn
Based on (53) and (54), the basic idea of obtaining the real version is to apply the procedure in the
previous section to v;, and then take the real part. The only issue here is to show that the error term
is still small in the Strichartz norm, and the almost orthogonality in L? norm still holds. We omit the
details.

Lemma 4.2 (Real version: extraction of p,{ and 5,{ ). Let (u,),>1 be a sequence of real-valued functions
with |lu,|l 2 < 1. Then up to a subsequence, for any o > 0, there exists N = N (9), an orthogonal family
(pn ,ED I=j=n € (0, 00)? satisfying (56) and a sequence (fn ) t=j=n € L? such that, for every 1 < j < N,

there is a compact set K in R such that

I (0IE+ED < Colk (©), (57)

and for any N > 1, there exists a real-valued g € L? such that

N
un =2 Re(f)+ql, (58)
Jj=1
with
IDse " %gN 0 <, (59)
and for any N > 1,
lim ( lunll7> — (Z4||Re(f )+ g ||Lz)) =0. (60)

Then we focus on decomposing fnj further as in Lemma 3.5. Taking real parts automatically produces a
decomposition for Re(f;}). We will be sketchy on how to resolve issues of the convergence of the error
term and the almost L? orthogonality.
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Lemma 4.3 (Real version: extraction of x;"* and s7"). Let (f)n=1 € L? be a sequence of real-valued
functions satisfying || full;2 <1 and

VP | Fa(pnE + () 1E))| < F(©),

with F € L*°(K) for some compact set K and &, > 0. Then up to a subsequence, there exists a family
2, s7) € R x R and a sequence of complex-valued functions (¢%)y>1 € L? such that, if a. # f3,

. 3(sh — &N |30k — 5D
nll)ngo( (pn)2 ’ * ‘ Pn

and for each A > 1, there exists efl‘ el? of complex-value such that

yE—ye+

+|sf—s,‘f|) = 00, 61)

A
Fo¥) =D g4(¢")(x) +Re(ef) (x), (62)

a=1

where
(M) () = /pue® % [Re(e! P 414 (pux — ¥,

with &, =0 when p,; L&, converges to some finite limit, and

lim lim | D6e™"% Re(e)] 0 =0, (63)

A— 00 n—00

and for any A > 1,

A
lim. (nfnuiz — (X [Ree O ey |7, + HRe<e::)Hiz)) =o. (64)
a=1

Moreover, for any o # J,

Tim (@ (6%), gh )12 | =0, (69)
and forany 1 <o < A,
lim [(g7(4"). Re(e;)) 12| = 0. (66)

Proof. We briefly describe how to obtain these identities. Equations (61), (62) follow along similar lines
as in Lemma 3.5. Equation (63) follows from (46) and the pointwise inequality

|D%e_tax3 Re(e,f)(x)| = ‘Re(Dée_’agef)(x)‘ < |D%e_’a~‘3‘e,?(x)}.

Equation (64) follows from (65) and (66), which are proven similarly as in Corollary 3.7. O

5. Final decomposition: proof of Theorems 1.5 and 1.6

In this section, we will only prove the complex version Theorem 1.5 by following the approach in [Ker-
aani 2001]; the real version Theorem 1.6 can be obtained similarly. We go back to the decompositions
(34), (45) and set

(ol 1) = (D™ &L DT, (o) 750,
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Then we use Remark 3.6 and put all the error terms together,

U, = Z zetn jot l()/’l Cn¢ja] + U) ..... AN, (67)

1<j<N, &=0 *=1
or W&l |- o0

»
where gy"" =g ja s € G and

N
wy A =" e M g, (68)
j=1
We enumerate the pairs (j, @) by w satisfying
w(j,a) <ok, p)if j+a<k+porj+a=k+fand j <k. (69)

After relabeling, Equation (67) can be further rewritten as

3 soNpd 2]
=3 tna‘grjl[ez()hnfn(ﬁ]]jLw}lw (70)
1<j<l, &=0
orlhié |00

where w!, = w, "4 with [ = Z?’Zl Aj;. To establish Theorem 1.5, we are thus left with three points

to investigate.

(i) The family F,{ = (hf; R t,, , x,,) is pairwise orthogonal, that is, it satisfies Definition 1.3. In fact,
we have two possibilities:

(a) The two pairs are in the form I’} = (hi, &Lt xbeyand TK = (hm, &m, P Py with i # m.
In this case, the orthogonality follows from

hi o hm
lim (h + 2 Al — f’"l)—

n— 00 hl

which is (32) in Lemma 3.2.
(b) The two pairs are in form '}, = (hﬁl ,i, t,’l“, e ) and Fk (h {‘,’,, t,, , xnﬁ) with a # f. In
this case, the orthogonality follows from
)=

b = x4 30" — 1) (&)
h,

P — a3 e

Ii . .
ni”@o( Wy Ty

which is (44) in Lemma 3.5.
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(i) The almost orthogonality identity (8) is satisfied. In fact, combining (36) and (47), we obtain that
for any N > 1,

N 4
. ',A.
7z = Z(Z 167172 + llen f||iz) + g 172 + 0a(1)

j=1 Ya=1
/
= Z(Z Il ||iz) F AN 0, (1) = D Mg 172+ llw) 172 + 0a(1),
= =1 j=1

where lim,_, o 0,(1) = 0. Note that we have used the fact that
al i, A
N,Ai,..,A JAj 2 N2
lwh 1172 = llwp A4 )7, = E lew 1172+ llg, 172

which is due to the disjoint supports on the Fourier side.

(iii) The remainder e'% w," Aty A converges to zero in the Strichartz norm. In view of the adapted

enumeration, we have to prove that

n— oo

lim | D¢ "% @N-AtAV| 0, as inf (N, j+A;} = oo. (71)
= 1<j<N

Let 0 > 0 be an arbitrarily small number. Take Ny such that, for every N > Ny,

lim | DY%e %N s < /3. (72)

n—oo 1,x

For every N > Ny, there exists By such that, whenever A; > By,

133 JA;

lim || D"/6¢™1%%¢;" s, =9/3N. (73)

n—oo

. N,Ay,...,AN : .
The remainder w,, can be rewritten in the form
j A iVBN
NAl, A qn + E J +S,11V’A1’ ,AN,

I<j=<N

where A; Vv By :=max{A;, By} and

N,Ai,...,A JoAj i,B
St =S (g —w ),
I<j<N
Aj<BN

S,IZV’AI’ , z Z ”l ja[ l()/’l Cn¢ja]

I1<j<N Aj<a<By
Aj<BN

that is,

with & = 0 when lim,_, o |h.&/ | < 00. From (72) and (73), it follows that

lim || D"/0e™1% - AtAv | 1, S20/3+ lim | D'/6¢ 108 gN- Ao s, (74)

n—oo
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Now we need the following almost-orthogonality result:

Lemma 5.1. Let F,{ = (hf;, é’n , xn , tn) be a family of orthogonal sequences. Then for everyl > 1,

. 1/6 ,— (1~ t,,)a3 j z()hr;;n J ‘
,};H;O(UZD .

. 2”01/6 (=)0 g [ OE T ‘

) =0, (75)

with & = 0 when lim,,_, o [hiE] | < 00.

Suppose this lemma were proven, we show how to conclude the proof of (71). From Lemma 5.1, it
follows that

nll>ngO||Dl/6 716;51\7 Ai,..., Ay ||L6 — Z Z lim HD1/6 —(t— l‘ )6§g’!l (X[ei(-)hf,lfr{qu,a]”igx. (76)

n—oo
1§]§N Aj<aSBN
Aj <BN

The Strichartz inequality gives

Z Z ||Dl/6e—(t tjaoxg]a[et()h é‘,,¢ja Z Z ||¢ja”6

I<j<N Aj<a=<By 1<j<N Aj<a<By
A_/<BN A_/<BN
j,a 6
N 2 | (77)
j,a

On the other hand, > j.a [l ||%2 is convergent; hence the right side of (77) is finite. This shows that

( 3 “ D6 1=} gt OMAG] yoa]
J,a

a>Aj

6 \1/6
L?‘\‘) <9/3 (78)

provided that infi<;<y{N, j + A} is large enough. Combining (74), (76) and (78), we obtain

3
llm ||D1/6 t&xw’/l\/,Ab...,AN
n—oo

los, =0 (79)

provided that infi<;<y{N, j + A} is large enough. Hence the proof of (71) is complete.

Proof of Lemma 5.1. By using the Holder inequality, we need to show that for j # k, as n goes to infinity,

HD1/6 —(t— z,,)a3 [ i), f,,¢J]D1/6 —(— tk)63g [ez()hﬁf,’quk]HLS' 0. (80)

By the pigeonhole principle, we can assume that é,{ and &* are of the same sign if they are not zero;
moreover by a density argument, we also assume that ¢/ and ¢* are Schwartz functions with compact
Fourier supports. Evidence in favor of (80) is that, if lim,_, o |h,&,| = 0o, DV/6e==1)3; gn[ei(')h"f'l(,z&]
is somehow a Schrodinger wave in the sense of Remark 1.7. For the pairwise orthogonal Schrodinger
waves, however, the analogous result to (80) is true; see [Merle and Vega 1998; Carles and Keraani 2007;
Bégout and Vargas 2007].
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To prove (80) we will have two possibilities. First, the two pairs are in the form T = (hi, &L, 1%, xi-@)
and Tk = (b, &m ¢F 7Py with i £ m. In this case, the orthogonality is given by

nhrgo(}}ll_’%l—i_}}ll_? + 18, —f,',"l) = o0.

So we have two subcases. We begin with the case where lim,,_, 5 hﬁl |f,§ —¢)'| = 00; moreover, we may
assume that 4/ = A" for all n (when both limits are infinity, the reasoning is similar, using the argument
below). By changing variables, we see that the left side of (80) equals

m,o l’ﬂ

i,o m,f
P In _—In . H —
H DVeem123 (ofméh giaa) pi/eg () (et gt (x4 T

M (81)

L?

tx

The integrand above equals

X [(ERLED+ RGN EHRLED + (R Erm)? i zi1/6 i zm1/6
// X E)+(+hy N+ +h,) + (4,67 &4+ R / 4 hiEm| /
5 @ PHRLE Cei=xi Py [ i G e = /(i) B0 (E) B () dé .

Applying the change of variables a := (& + hi &) + (7 + hiEM) and b := (& + hiED3 + (5 + hiEm)3,
followed by the Hausdorff—Young inequality, we see that (81) is bounded by

C(// &+ R Gl In -+ & e o) 2 d{:dn)“
o A R A N R A RSO e '

We consider two subcases according to the limits of |4 & | and [h™E™M|. Note that limy,— o0 bl |ED — EM| =
o0, then either both are infinity or only one is.

o In the former case, since ¢, and &) are of the same sign, we have

[ Rl R s R <
€+ n+hi & HEMIT2 g g2

Then (81) is further bounded by Cyi.a gn.s (hi|&E—¢Em)=1/3, which goes to zero as n goes to infinity.
« In the latter case, say lim,_ |h2§,’;| = 00, we will have " = 0. Then
1€+ Gl o+ i &
€+ R &+ eI

Then (81) is further bounded by Cyia gm.s |hi &l |~1/2, which goes to zero as n goes to infinity.

LA s

Under the first possibility, we still need to consider the case when

hi  hm
Iim { 2 +-2 ) =0cc.
n— 00 hZ1 hz

We may assume that lim,,_, o |h;§,§ — ht & < oo. It follows that lim,—, o |hf1§,l;| and lim,, o |A)'E) |
are finite or infinite simultaneously. We will consider the case where they are both infinite since the other
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follows similarly. Under this consideration, we deduce that
'
huGn

for sufficiently large n. To prove (80), we will use the idea of regarding the profile term as a Schrodinger
wave as in Remark 1.7. We recall that

~1

DV =)00 g [ o1 Ol 77 — (Bl y=1/2| 21 | 1/6i (i )+ (G) (1 =1)
1/6

- | graae,

hé

(hi)3 (hi)2

1+

io . _da _La Lo
e[ 2 3@ T it S s
X e hp Itp

Similarly for Dl/ﬁe_(t_’ﬁ)asgﬁ [e! 11 p*]. For any R > 0, we set

. 1 — 1 — x}e ot —10?
’R::{(t,x)e[RxR:‘%ﬁ (hi;2 4|2 hfn +3(f,i)2h_i" SR},
n n n
B m,p m,p
t—t,'f1 X —Xp =1y
A% = 1(t eRxR: 357 3"y ———| < Rji.
" !(,x) X ‘f,, 2 + o +3() i '_ }

By the Holder inequality, the Strichartz inequality and Remark 1.7, we only need to show, for a large
R >0,

lim HDl/ﬁe—(t—tf,)a;?gi [ei(-)hﬁlé,’;(ﬁj]Dl/6e—(t—z,’1”)afglri [ei(.)hi,"f,i"¢k] ‘ (82)

n—oo

L} (AnAR)

Indeed, R?\ (Alk NA%) C R\ A"R) U (R?\ A'R); here we only consider the integration over the region
R2\ A’IR since the other case is similar. By the Holder inequality and the Strichartz inequality,

1/6 ,—(t—t1)a3 L jr i (VhiEE i y1/6 ,—(—tmad Jkr i(Yhmem (k
| DV gle!OMeng 1DV (D% gLt OB G| o i

< ||D1/6e—(t—t,’;)6gg’{ [ei(.)h;;g;qu]” L6 |D1/6e—(z—z;f)a‘§g£[e;(.)hyg"gék] ”LE’,X

@ |
k 1/6 ,—(t—t)od jr i(Hhiél 4 j
S| DYEe™ T gl ST o o i

Let

X = 3ED2 0 — )

x': and ¢ = —35’2 (t = 1,%)

h, T (hy)?

Then a change of variables and similar computations as in Remark 1.7 show that

/ 6
(Va3 e (RS i1 ED)+i Cls'tgi ¢ Ve
|5 o 5 | [ | e a
1,x R hnin Lf/,x/(‘t/|+|x/|ZR)
— [leT At s qererzr) = 05

as n — oo followed by R — oco. Returning to (82), using L°°-bounds for the integrands, we see that it
is bounded by
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1/6 ,—(t—t! Jr iCRLED 1/6 z'"a‘k hmEM |k . i 11/3 1/3
C | DMV = gl M| | DV T% g1l T G| min| A", 1471

< Crogi gt ()72 18 & YO min{ ()2 10173, [ 1Em~113)
1/6 pm

hl 2/3 hm m 2/3 hl 14
s%wwmﬁGﬁ O ]
hn hnfn hl’l h}’l é:n
Hence (80) holds when lim,,_wo(hfq/hz1 + A /hi) =
Secondly, the two pairs are in form T = (h, & 5% xi:#) and T = (hl t,, ,xnﬁ ), with a # .

n>'n I’l

In this case, the orthogonality is given by

i (1 =3 =G b e 4307 — @)Y
oo\ () (h;)? i

We assume lim,,_, oo |hﬁl§,’;| = oo since the other case is similar. We expand the left-hand side of (80) out,
which is equal to

. /3 m,p
l’ — b
(hi)~3|DVoe” o el l()h’é’qya](#) DV6, ™ x[ KO g ﬂ](#)
h CIA S
i3 G 3D | P | 3R 1/6
|é: ‘ /e’[ HE Ty T e ] '77 . 2 () dn
hl hl é—’;l
BB i 2 if i.f 1/6
[ segheld | Loy | e _
x / LT e rory
h, <&, L3,
. 3(t — 1P x—xbP 3@ =Py
Through the change of variables ¢’ = (—"2)5”, x'= - (. ) ) , this reduces to
(h},) hy,
ip ip_ l(l iLp ia iLf ia .
el e g ol )
e ln ~ n ln
n |6 — , .
. L4 +'t/ l 7 .
T ¢z,a(n)d’7/etxf7 N, %h & T ¢”5(;7)d71
}’lgl’l nfn L?/ X

Using the Holder inequality followed by the principle of the stationary phase or integration by parts, we
see that (80) holds. [l

Similarly, we can obtain the following generalization of Corollary 3.7 about the orthogonality of profiles
in L? space. Its proof will be omitted.

Lemma 5.2. Assume F,g = (h,];, f,{ , t,, , ) and Fk (h &Ktk xX) are pairwise orthogonal. Then

l’l’ n> n

. k )
lim ( o Xg [ i(hiE ¢j etkaxg [el()hnffigék])LZ =0, (83)

n—oo
andfor1 <j<lI,
) I N T
nlggo(eznox glle (i 1, w;)LZ =0, (84)

with & = 0 when lim,_ oo |hE] | < 00
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6. The existence of maximizers for the symmetric Airy Strichartz inequality

This section is devoted to establishing Theorem 1.9, a dichotomy result on the existence of maximizers
for the symmetric Airy Strichartz inequality. First, we will exploit the idea of asymptotically embedding
a Schrodinger solution into an approximate Airy solution. We will show that the best constant for the
Airy Schrodinger Strichartz bounds that for the symmetric Schrodinger Strichartz inequality up to a
constant. We will follow the approach in [Tao 2007], in which Tao shows that any qualitative scattering
result on the mass critical gKdV equation 8,u + &2u =+ |u|*6,u = 0 automatically implies an analogous
scattering result for the mass critical nonlinear Schrddinger equation i, u + 63u + ul*u = 0.

Lemma 6.1 (Asymptotic embedding of Schrodinger into Airy). Corresponding to Theorems 1.5 and 1.6,
we have, respectively,

Seenr < 3"°85» (85)
S < 212310538 . (86)

Proof. We first prove (86). Let u( to a maximizer to (16). Since d=1, from the work in [Foschi 2007], we
can assume that u is a standard Gaussian; hence it is even and its Fourier transform is another Gaussian.

Denote
1 ixN X
(0= WRe(e ”°(¢3—))'

Let un (2, x) solve the Airy Equation (1) with initial data ux (0, x). From the Airy Strichartz inequality,

[ DY unll s, = Siey e @, )] (87)

On the one hand, a computation shows that
1 iN3/2
v O 01 = 5 [ 1o +Re(e ¥ i ) i, (38)

From the Riemann-Lebesgue lemma, we know the second term above rapidly goes to zero as N — oo.
On the other hand,

(3N)1/4

in(0,¢) = (i (V3N(E — N)) + (V3N (& + N))),

which yields
DYoup (1, x) = / (IS 216 (0, &) d

BN

. /eix5+izf3|5|1/6(z?o(~/W(f—N))+b70(m(é‘+N))) d¢

:2131/4NI/IZeixN+itN3/ei[17((3N)‘]/2x+«/§N3/21)+t772+t(3N)‘3/2773]

n
N«3N

1/6
x[1+ | (@0 + @ (n + 2NV3N)) .
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Changing variables x’ = (3N)~"/2x + +/3N3/%¢ and ¢’ = 1, we obtain

DY une. )

s 2 1/6
:2—13—1/6 /el[x n+t ;72+t (BN)~ 3/2 %] ‘1+ n IZE)( )+IZE)( +2N /3N) d (89)
ANl it Jdn 5
Comparing (87), (88), (89) and letting N — oo, as in Remark 1.7, we obtain,
_ _ " LV
25| [ it an] |, <2728 ol (90)
By the choice of ug, we have
2713710sE, <2712
that is, S;CChr < 21/231/6S§ry. Hence (86) follows. To show (85), we choose
P () = e g ()
T GN)IA BN/
Then
A2
ol = luollzs |e™ x| s @) = Ssenelluollz2.
Also an easy computation shows that
[0V ]y — 37V o] . a5 N — oo.
From the Airy Strichartz inequality,
A3
[ DV % pn | 0 < Sqylien il = Sgylluol o,
we conclude that (85) follows. U

Now we are ready to prove Theorem 1.9.

Proof of Theorem 1.9. We only prove the complex version by using Theorem 1.5. For the real version,
we use Theorem 1.6 instead but its proof is similar.

We choose a maximizing sequence (u,),>1 With ||u,||;2 = 1, and decompose it into the linear profiles
as in Theorem 1.5 to obtain

Jo3 i s
U, = Z etnaxgrjl [¢! Vi 1+ wi 1)
1<j<l, &=0

or |hh&l =00

Then from the asymptotically vanishing Strichartz norm (7) and the triangle inequality, we obtain that,
up to a subsequence, for any given ¢ > 0, there exists ng, for all / > ng and n > ny,

SC

airy

L6_

l
HZD1/6 —(—1)3? j '[ z()hngnqy]
j=1
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with 5,{ = (0 when lim,,_, 5 |h,{§,{ | < 0o. On the other hand, Lemma 5.1 yields,

HZ D6~ (=102 g [ o1 Ok Fo,(1).  (92)

6
Lt,x

I
SZ”D1/6 ~=)3 g [ 10N i ¥
j=1

Then up to a subsequence, there exists n; such that, for large n > n; and [ > ny,

l

C(r_4IN\A3
ZHDI/6e (=) g i Ok @M e _( Saiy)® — 22 (93)
j=1

Choosing jo such that
D/ go[ ol OBE oy

has the biggest Strichartz norm among 1 < j </, we see that, by Strichartz and the almost orthogonal
identity (8),

)0 —2¢ < “Dl/f’ =010} o [T G

" ZHDI/(S =t gi e z()h’fnqﬁ]]‘

( airy

L6
JOy A3 . . Jo =Jo . 4 !
“D1/6 —(t—1;,")0? jO[el(')hn & ¢J0] Lo Z( a1ry||¢ ||L2)
_ Joy~3 Jo =Jo
< (s H D'/6= (=112 glo[(i O’ ¢]o]
This yields,
16, =102 o jo [ i WGP 4o 6 4 e
HD n xgn [ n Sn ¢ ] (( alry) [( alry) —28]) > Szury E. (94)

Moreover, (8) implies that there exists J > 0 such that
¢/ |l;2 <1/100 forall j > J.
This, together with (94) and the Strichartz inequality

“ D1/6p—t—1)3 gi[e i(~)h£°¢,{°¢jo]

c .
6 < Salry”¢J0 ”Lz’
t,x

shows that, for ¢ small enough, jj is between 1 and J; otherwise Sgry /2 < alry /100, a contradiction.
Hence jy does not depend on /, n and . So we can freely take ¢ to zero w1thout changing jo. Now we
consider two cases:

Case I. When h°&° — £io ¢ R, we can take &° = 0. Then

Jo
H D/6= =13 go (¢10)

_ HD1/6 —16} ? o

6 °
Ly«
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Then we take ¢ — 0 in (94) to obtain

. A3
I e =1, Sy = | DY/

This shows that ¢j0 is a maximizer for (15).

Case II. When |h°&°| — 0o, we take n — oo in (94) and use Remark 1.7,

SC —¢ < 11m ||Dl/6 (l‘ tn ) ' [ei(.)hloér’{0¢Jo]||L6

airy n— 00

= Jim Do OHL g

n—oo

=370 P s < 37MOSG IR

C .
< Salry ||¢]0 ”L2

Taking & — O forces all the inequality signs to be equal. Hence we obtain

gl 2 =1, S5, =3710SE

airy schr

and
S5 = Jim | Do B [LORL g 50

ary T Lo

This shows that SSchr = ||e*”62¢fO || 6 : hence ¢/ is a maximizer for (16). Set a, := h’oé Then the
proof of Theorem 1.9 is complete. ]
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