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Abstract

In this paper, we continue our investigation of the high-frequency and subsonic limits of the Klein—-Gordon—Zakharov system.
Formally, the limit system is the nonlinear Schrodinger equation. However, for some special case of the parameters going to the
limits, some new models arise. The main object of this paper is the derivation of those new models, together with convergence of
the solutions along the limits.
© 2010 Elsevier Masson SAS. All rights reserved.

Résumé

Dans cet article, on continue I’investigation des limites haute fréquence et subsonique du systeme de Klein—-Gordon—Zakharov.
Formellement, le systéme limite est le systeme de Schrodinger nonlinéaire. Cependant, pour un cas particulier des parametres,
on trouve un nouveau modele qui contient un terme singulier. L’ objet de ce papier est de donner une dérivation rigoureuse de ce
modele et de montrer la convergence dans 1’espace d’énergie.
© 2010 Elsevier Masson SAS. All rights reserved.

1. Introduction

In this paper we continue the investigation of the Klein—Gordon—Zakharov system started in [11-13].
The Klein—Gordon—Zakharov system in nondimensional variables reads
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¢ “E—AE+c¢c°E=—-nE, (1.1)
a”%i— An=A|EJ?,

where E : R!"3 — R3 is the electric field” and n : R'*3 — R, is the density fluctuation of ions, ¢ is the plasma
frequency and « the ion sound speed. This system describes the interaction between Langmuir waves [1,3,22] and ion
sound waves in a plasma (see Dendy [7] and Bellan [2]). It can be derived from the two-fluid Euler—Maxwell system
(see Sulem and Sulem [17], Colin and Colin [5] and Texier [6,18,19] for some rigorous derivations). We also refer to
[12, Introduction] for the rescaling with physical constants.

The system (1.1) has the following conserved energy

| a1
/c2|E|2+|VE|2+c*2|E|2+5}|avr‘n|2+§|n|2+n|E|2dx. (1.2)

Notice that this energy is at least O (c?) due to the first term when ¢ goes to infinity, so it is not useful by itself to get
uniform bounds when ¢ goes to infinity and does not give a conserved quantity for the limit system.

To explain the main contribution of this paper, we start by some formal considerations. Taking F = ¢ E , Sys-
tem (1.1) becomes

¢ 2F 4+2iF — AF = —nF, (13)
.. _ 2 .
o n—An=A|F|".
Its formal limit as ¢, « — oo is given by the nonlinear Schrodinger equation:
2iF — AF=|F|*F, n=—|F (1.4)
If we take the limit ¢ — oo first, we get the usual Zakharov system:
2iF — AF = —nF,
{ l 2 ! 2 (1.5)
o “in—An=A|F|".
If we take the limit « — oo first in (1.1), we get the nonlinear Klein—-Gordon system:
¢ 2E— AE +*E=—|E’E. (1.6)

It is classically known that the limit when « goes to infinity in the Zakharov system (1.5) leads to the cubic
nonlinear Schrodinger equation (1.4) and that the limit when ¢ goes to infinity in the cubic nonlinear Klein—Gordon
system (1.6) also leads to the cubic nonlinear Schrodinger equation.

However a more precise analysis involving the two different modes of oscillations of (1.1), namely writing E =
Ele’i"z’ + IE_zei"z’ shows that these two limits do not commute. Indeed, the non-relativistic limit of the nonlinear
Klein—Gordon was studied in [9,10]. In [10] we proved that the limit system is a coupled nonlinear Schrédinger
system

2iE) — AE; — (IE1* +2[E2))E; =0,
2K, — AE; — (|Ea|? + 2IE1[*)E, =0

(1.7)

which differs from the one we can derive from the Zakharov system or the one derived in [12] where we took a
simultaneous limit requiring that ¢ < ¢ where the limit system was

{MEI — AE; — (B> + |E2*)E; =0,

) (1.8)
2il; — A — (|E2l? + |E1*)E2 = 0.

In this paper, we will study the case where ya = 2¢? for some fixed constant y. At the limit we will get a singular
Schrodinger system (1.13). Formally, we see that when y goes to infinity we recover the nonlinear Schrédinger
system (1.8) derived in [12], and when y goes to zero we recover the nonlinear Schrodinger system (1.7) derived
in [10]. The rigorous justification of these two limits is given in the forthcoming paper [14].

In this paper, y will be called the resonant frequency and we will need extra work to bound n around the fre-
quency y. Indeed, the general definition of resonance comes from the theory of ODEs. Resonant terms are those that

2 In our results the range of E may be RY or C¢ with arbitrary d.
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cannot be eliminated by a Poincaré—Dulac normal forms. For dispersive equations, this notion is less precise. One can
reduce to the theory of ODEs by considering plane wave solutions of the linear equation. In our case, this means that
the frequencies (, & — n, &) are resonant if

j:c\/cz+|n|2:|:c\/cz+I‘g‘—nlzzalgl. (1.9)

This equation has many solutions. For instance (1, —n, 0) for any n. These resonances will not be important due to
the presence of the A in front of the | E|? term and that A vanishes at the frequency & = 0. Eq. (1.9) has also solutions
which grow with ¢, namely if || < || ~ ¢, then the equation reduces to

2
czic,/c2+|§|2=2°7|s|. (1.10)

Hence, (1.9) has some solutions with |£| ~ ¢. These resonances do not affect the solution so much, since they involve
high frequencies, where the interaction is smaller due to the regularity of the solutions, and so can be handled in a
relatively simple way. The main resonance will be the one where 7 = 0 and || = Y, y. solving ¢*>4¢\/c2 + vZ=aye.
Hence, y. goes to y when ¢ goes to infinity. There is no factor which cancels this resonant interaction, and in fact
the limit equation becomes singular at this frequency due to the resonance, which can be formally observed by partial
integration in time, as we will do in Section 2. This justifies the importance of the frequency y .

To write our limit system, we need some notations. We define the following operators as functions of |V| = v/—A
(by using the Fourier transform)

V] ( V| ) .

A =— 1 —py —iyxs(IV| —y),
TRy vy ) irmevi=y)
V]
PNy

1 B V|2 iym
A, = (AT + A =PV ———— | — Z=5(|V| —»),
ri=g T A) (|V|2—y2> 7 (V1Y)
L= (1+V/c]?)"", (1.11)

where PV denotes the principal value. The dot product a - b will always denote the Euclidian dot product, namely
a-b= Z?:l a;b;. In particular, we have |E; |2 =1, - E;. Our main result is as follows.

Theorem 1.1. Let (E€, n°) be a sequence of solutions for (1.1) such that ¢ — oo with y = 2¢?/a > 0 fixed, and initial
data satisfying

(E€(0), c*I.E(0)) — (¢, %) inH',

(n(0), |aV|~'i4(0))  bounded in L*. (1.12)

Let T¢ be its maximal existence time. Let E* := (E{°, E3°) be the solution of the following nonlinear Schrodinger
type system

2E — AE = [E’E + A, (E; - E»)E™,
1 _
E(O)=§(¢—iw,¢—iw), (1.13)

where B+ = (Ep, ). Let T™ be the maximal existence time for E*°. Then in the limit ¢ — oo with yo = 2¢2, we
have iminf T¢ > T°°, and for any T < T°,

EC— ('E® 4+ ¢ IEF) > 0 in C([0,T]; H'). (1.14)

We have asymptotic formula also for E€, n° and n¢, which we will give in a more precise and general version
of the above theorem (see Theorem 3.1). Here we just remark that the singular part in the equation for E* actually
comes from the singular behavior of n¢ and n¢.
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Remark that in the limit system (1.13), the L? norm of the solution decreases in ¢ by the nonlinear interaction of
E; - E; at the frequency of size y, because of the dissipative part of A;r, i.e. SA;,F =—yné(|V|—y):

2
at||E°°(;)||i%=—ﬁ / '/(E?°~Eg°)(t,$)e_ix§dx dé. (1.15)
lgl=y R3

This property is used in a forthcoming paper [14] to study the limit when y goes to infinity in (1.13). A similar
phenomenon is known in the context of stability of nonlinear bound states, to cause the radiation damping [16] in
the nonlinear Klein—Gordon equation (the linear ground state decays by the nonlinear resonance), and the relaxation
of excited states [21] in the nonlinear Schrodinger equation (the excited states decay by the nonlinear resonance). In
those cases, the operator A;,“ involving a potential gives decay in the ODE governing the amplitude of the bound states.
But as far as the authors know, the above theorem seems the first observation with a rigorous proof for a nonlinear
resonance leading to the decrease of the energy for the limit wave functions.

The rest of the paper is organized as follows: First, in the end of this introduction, we give some notations which
are necessary to the statement of the main result in Section 3. In the next section, we will rewrite our equation into a
first order system such that we can formally derive the limit system. Then we restate our main result in Section 3 in the
new variables, allowing more general initial data, which can introduce some additional singular terms into the limit
system. After preparing some notations and tools in Section 4, we prove first a set of uniform estimates in Section 5,
and then prove the convergence in Section 6.

We conclude the introduction with some notations used throughout the paper. More notations will be given in
Section 4.

(@):=(1+1al®)"?,  (a,b):=Nab),
(f18)s :=/(f(x>,g(x)>dx, (| V) 4 :=f<u(t) |v(@)), dt, (1.16)
R3 R

where a, b, f, g, u and v may be scalar or vector valued. We denote by F,; the d-dimensional Fourier transform. In
particular, the space and the space—time Fourier transform are denoted by

Fz0 =¢(&) =/<p(x)e—fx5 dx, Fau=10(t,€) = / u(t, x)e T dr dx (1.17)
R3 RI+3
and their inverse are given by

1
@2m)3

1
- o)t

Flg=0pk) = (F9)(—x),  Fili=u,x) (Fait)(—t, —x). (1.18)

For any function ¢, we define the Fourier multiplier (V) := F5 1@(5)]-'3. We will use the following multipliers
repeatedly:

L:=(V/e)™,  Ac=—20(V), ) :=c({/c)—1). (1.19)

Finally we recall the definition of norms for intersection and sum of two compatible Banach spaces X and Y (see
e.g. [4,20])

1A lxay = Lfllx + 1A Ny Ifllx+y = inf Jifillx + /20y (1.20)
f=h+h

=J1
2. Reduction of equations

In this section we rewrite the Klein—-Gordon—Zakharov system (1.1) into first order equations in time and also
decompose n into different time oscillations, from which one can easily obtain the limit system. The reduced systems
will be suited also to get uniform estimates as well as the convergence.
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First we define (we will remove the ¢ dependence from E€ and n¢)
1 R 1 - 5, .=

E, :=§{E—zc I.&E},  E_ :=§{E—zc I.E},
E:=e “"(E,,E.), N:i=n—ilaV| i

We also define E+ = (E,, E{) and E* := e2ick IEJ_ for any E = (E{, E,). The original functions are given by
E ZeicztE] _'_e—iczt]l?z’ E ZiCZIc—l(eicztEl _e—icztE)’
n="N, fz:—;‘s(|aV|N),

where i and J represent the real and imaginary parts. Hence, the system (1.1) is reduced to

2iE — AE=—In(E+E"),

) 2.1)
iN +|aV|N =—|aV|(E,E+E*).

From now on, we will concentrate on system (2.1). Further we rewrite it into integral form as
E = e "A2E©0) — Spln(E+EY), (2.2)
N =¢"VIN©) — S, |aV|(E, E + E*), (2.3)

where the space—time operators Sg and S, are defined by

2i i
0 0

t t
Sgf = i_/e—"AcU—Wf(s)ds, Suf ::l/ei'“V'<I—S>f(s)ds. (2.4)

Next we decompose N into components with different time phases

N=N/ N+ NT 4N,

N7 = eVIN(0),

N®:=—S,laVIIEP,

NT = =8, |aV|(E; - Ea),

N™ = =8,e"“""|aV|(E -Ea), 2.5)
where the oscillation ayt = 2¢?t is coming from E* in the equation for N. Integrating on the phase ¢/®(VI£Y)(=s)
n s, we get

N = —|E[*(r) + €"*VIE[2(0) +iS,8, [E|%,

Nt ==V AL By - Eo) (1) + ¢V AT (B - Ea)(0) + i A S,e7 0, (E - Ea),

N~ = —e A E - E)(0) + VI AD [ - E2)(0) +i A, Spe 78, (E - Ed). (2.6)
The second and the third terms on each line will go to zero in the limit due to dispersion of ¢//*VI (the decay for the

singular operator e"|"‘v“¢4;r is given in Lemma 4.3). Hence plugging each first term into the nonlinearity for E, we
get the leading terms

1 _
n(E+E*) = —|E[’E - E[A;(El ) + A (B -E)|EL + osc. + o(1), (2.7)

where osc. represents those terms with rapid oscillation e*®¥? or ¢=2®¥* and hence goes to zero weakly in time.
Thus we arrive at the limit system (1.13).
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3. Main result

Now we restate our main result in terms of the new variables (IE, N) introduced in Section 2, slightly extending
the initial data space for N. For that purpose, we introduce the Banach space W*? on R? for p > 2 and k € Z by the
norm

lllyer = sup|eVlg|| i, (3.1)
>0

Theorem 3.1. Let (E€, N¢) be a sequence of solutions to (2.1), such that ¢ — oo with y = 2C2/Ol > 0 fixed,
and ||E°(0)|| g1 + IN°(O)|l 24 yyk.p bounded for some p >3 and k > 1. Let T be the maximal existence time
of (E¢, N€). Then there is T > 0, depending only on the size of the above initial norm, such that T > T and
IEC@l g1 + IN @O 24 kp s uniformly bounded on [0, T for large c.

Moreover, assume that the initial data satisfies for 0 =0, +

E°(0) > &> inH',

et leVIENE(0) — u®  in D'((0, 00) x R?), (3.2)
as ¢ — 00, for some @*° and some u°°. Let E* be the solution of the following limit system

2i® — AE® = [[E®|* = RuOCE™ + [A4, (E° - ES) — pu /2] EL,

E®(0) = . (3.3)

Let T > 0 be the maximal existence time of E*. Then we have a lower bound iminf T¢ > T, and for all T < T*°
we have uniform convergence

E°—~E®—0 inC([0,T]; H'), (3.4)
and also, by decomposing N¢ = N/¢ + N% + N*¢ + N=¢ according to (2.6),

N 4+ [E®)> =N 0 inC(10,T]; L),

N~ + 7" A (EF-EP) = N> 0 inC([0,T]; L?),

NFC 4 e VA (B -ES) = NP> 0 in C([0, T]; L> + WhP), (3.5)
for all p >3, where

NFe = ¢ilavit e, NOTe — eilaV|t|(poo 2

Nte= VAl (@ 05°),  NTTo=e VI A (03 &F°). (3.6)
Moreover, we have

‘YEIEOHE"S'V' (NC = NT) @) [ L24wkr =0 G.7)

uniformly for t € [0, T] and for large c.

Remark 3.2. The uniform bound of N¢(0) implies that the convergence to ©° in (3.2) actually holds *-weakly in
L>®(0, 00; L? + WXP), so that we can make sense of the products with 127> in the limit system.

Remark 3.3. (3.7) implies that the singular parts ©?° are preserved for later time, namely
e—iaayteia(t—to)lv\NC(ZO) N MUOO. (3.8)

In other words, the singular initial layer N f’ ¢ does not affect these terms (neither do the regular ones N°/¢ and N~1¢).
This follows from the decay property of '’ |V‘A;,", see Lemma 4.3.
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In particular, if we start with initial data N¢(0) bounded in H? for some o € R, then we will never encounter p*>°,
because for any x € Cgo (R3) we have

|x /R VENO) | 20 S VRI|NO)] 0 (3.9)

see [12, Lemma 8.1].
Hence nontrivial ©*°° can be created only from singular (in the Fourier space) initial data. For example, if ,u8 and
u(‘; are bounded complex-valued measures on [0, b) and (a, b) x s2 respectively, then

b b
Ne©) = F; ! / E1726(1€ ] — t/a) (D) dr + f S(1E1 — v — t/a)ud (. £/1€]) d
0 a

= Fy lale| g (lgl) + 75 land (18] - v). £/18) (3.10)
is bounded in W for any k € N, and the limit profiles are given by
b
uO* (1) = @m)~ / ' uy(r)dr = (2m) P F; (o),
0
b
wrem = Fy'5(1g1 - y)fe"”ug(r,ma)dr = Fy '8(1&1 = v)ug (.5/11). (3.11)

a

Note that /,LOOO and T do not see each other because of the rapid oscillation e~ If we choose N¢(0) = N(0)
independent of ¢, then the convergence (3.2) implies that %% is a constant, and ©>° is time-independent with
Fourier support on {|£| = y}. We remark that 0 = —1 in (3.2) would give always 0 in the limit because of the
oscillation ¢’*(IVI+Y) "which is uniformly rapid for all frequency £.

Remark 3.4. For the uniform bounds, we can sharpen the YW*? norm by replacing L? with the Lorentz space L>°.

Remark 3.5. Theorem 1.1 easily follows from the above theorem by transforming the variables back to the origi-
nal (E, n), in the case N°(0) is bounded in L? and hence % = 111> = 0. However the singular part W* 7 is needed
even for the proof in this case. Indeed, to prove the above result, we will work on some small time interval (0, 77) on
which we can prove some uniform estimates, then we will pass to the limit. Then, to extend the convergence to the
maximal existence interval (0, T7°°), we need to iterate the same argument on some interval (77, 75). We notice that
at the time T7, N T¢(T}) contains the singular part

NFT) — = A (E(Th) - ES*(T)), (3.12)

which is bounded in WX? 4 L? for all p > 3 and k € N by Lemma 4.3, but does not belong to L? in general.

Our first order system (2.1) is not exactly invariant for time shift, because of the oscillation factors Tt but for
the modulated translation

(B, N) > (e““E(t + 10), N(t + 10)), (3.13)
for any 79 € R. Correspondingly, we have an immediate
Corollary 3.6. In the above theorem, assume instead of (3.2)

e ICOES(0) > ¢ in H',

e ) leVIENC(0) — 17 in D'((0, 00) x R?), (3.14)

for some ty € R. Then we have the convergence
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)
e—lc t()EC _ EOO - O, NOC + ‘IEOO|2 _ NOIC N O,
—c iay (t4+19) g— (700 . g0 _ ny—Ic
N+e A (E®-E®) = N~'¢ =0,
NFE 4 eI A (B E) — NTC - 0, (3.15)

in the same topologies and with the same E* and N*!¢ as above.

Proof. Assume by contradiction that one of the convergences fails. Extracting a subsequence of ¢, we may assume in

addition that /" — ¢/? for some 6 € R. Then we can apply the above theorem replacing @ with ¢! ®>° and p°>°
with 2919 1 Since the limit system is invariant with respect to the “Gauge transform”

(]EOO,ILO)I—) (eiGEOO’eZJiGMU)’ (316)

the theorem gives all the desired convergences for this subsequence, a contradiction. O

Strictly speaking, we will be using the above logic implicitly in the proof of the above theorem when extending
the convergence from the first time step 7 to the maximal existence time 7°°. Namely, we should apply the above
argument to the modulated translation (eiczT'IE(t + T1), N(t + T1)) to get the convergence in the next time step
(cf. (3.8) for the persistence of (3.14)). We will not repeat this in the proof given below.
4. Preliminaries and notations

Before starting the proof, we prepare basic settings and estimates together with some notations.

4.1. Frequency decomposition

Let x € CSO(R3) satisfy 0 < x <1, x(§) =1 for |£] <4/3 and x(§) =0 for |£] > 5/3. For any a > 0 and any
function ¢, we denote

J<a— f<app (a>1),
= \% s >a =] — s = 4.1
J<a X(| /a|)f Ssa f = f<a Ja {fgl @<, 4.1)
Hence we have the inhomogeneous Littlewood—Paley decomposition
f:ij, D:={1,2,2%,2%2% .. }. (4.2)
jeb

In addition, we denote the nonresonant frequency part by

Nx:=N—N,. 4.3)

We note that the singularity of .A)f is only around |£| = y in the Fourier space, and so it is regular in the physical
space.
For bilinear interactions, we denote frequency trichotomy by

fe = (fr+ (fOuL+ (fQHH

=Y fignt Y fagi+ Y. figs (4.4)

I<h/4 h>41 4izj>if4

where i, j, k, [, h run over the dyadic numbers I, and LH, HL and HH respectively indicate low-high, high-low and
high-high frequency interactions.

If no ambiguity can occur, we often abbreviate such as (fg)y; := ((fg)y): and (fg)y+z := (fg)y + (fg)z where
Y, Z=HH,HLor LH and ! =a, > a, < a. For example, (EF)grx = (EF)uL)x, (EF)ar>0 = (EF)HH)>q, etc.
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4.2. Strichartz norms

We briefly recall the Strichartz estimate for e~*2</2 and ¢!/1*V! on R3 (see [8,9]). We note that all the linear
estimates can be reduced to the case ¢ = 1 and o = 1 by rescaling.
For the Klein—Gordon equation, we have the L1 decay estimate

”eﬂmc/z 1|~ G0/

ol 502 g0 @3 S ol g20- s, (4.5)

for 6 € [0, 1], where BS = Bs denotes the inhomogeneous Besov space (cf. [4]). The case 6§ = 0 corresponds to
the wave equation, and 0=1 (w1thout 1.) is for the Schrodinger equation (we will not use the intermediate case
0 < 6 < 1). From the decay estimate, the standard argument derives the Strichartz estimate

H e_”A"/zﬁl) H I7HLP(R; Bg (R3)) S lel H (4.6)

for the exponents 0 < 6 < 1,2 < p, g < oo satistying (p, q) # (2, 00),

2 1 1 2 50 /1 1
——(2+9)<———), 0:1—(1—9)(1——), M=—<___>. 4.7)
P q q 2\2 ¢

Moreover, for the wave equation, we have

itlaV
(L] Iy g ey S el (4.8)
where B; = B;,z denotes the homogeneous Besov space, provided that
1 1 1 2
2 < p<oo, -4 —=—, o=——. 4.9)
p q 2 p
For the Duhamel terms we have similarly
ISe fllstey SIS sTceys I1Sn fllsTvys S WF st avyss (4.10)

where for each ST (E); (resp. ST(N);) we could choose any space in (4.6) (resp. in (4.8)), but for the sake of
concreteness we choose the following specific exponents:

ST(E) = L¥H' n1;.°°L*Blg,sn 17 L3 B,
ST(E)* L H1_|_125/36L12/7Bl/ +Il/2L10/7Bllo/7, “4.11)

where we chose 6 = 1 for the second, the fifth, and the sixth spaces, and 6 = 0 for the third one, in view of (4.7).
Here the sum and the intersection imply in practice that we can choose any member of the intersections to estimate
the solution and any member of the sum for the nonlinearity. The power of I, indicates loss or gain of regularity for
higher frequencies |£| > ¢ (3> 1), which will be often exchanged with power of ¢ (e.g. ¢ =171 < (V)% on LP(R?)
forany 1 < p < oo and 0 < 6 < 1). For the wave component we define similarly

ST(N); =L®L*na"'3L3B. P,
2/3 1/3
ST(N); = L'L? + &' AL B3 + /L8 By)3. (4.12)
In applying the Strichartz estimates, we will write these exponents explicitly.

4.3. Fourier restriction norms

For any s € R and any interval / C R, we define

xShi={e 2 2u(t) |u e HN(1; HY)),
yoli= Vi) |u e H(1; H)), (4.13)
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with the norms

lall s1 )y = Hemct/zu(t) I H}(I;HS) vllys:®) = He_ilwlt”(t)” H(I;HS) (4.14)
Those norms on the whole line ¢ € R can be represented by the Fourier transform
lellxone = e =0 @)&) a2 o Ivllyag = [z — kg€ d] 2 - (4.15)

The distance from the characteristic surface, such as |t — w(£)| for X*!, plays an essential role in using those norms.
So, we consider an explicit extension from (0, 7') to R. We define an extension operator pr for any 7 € (0, 1) by

pru(t) = x Ou(pr (@), (4.16)
where 7 (¢) := max(min(z, 2T —t),0) and x € C5°(R) satisfies x (t) =1 for [¢t] <2 and x(t) =0 for |¢] > 3. Itis
clear that pru(t) = u(t) fort € (0, T), and pr is bounded on Ht1 O,T; H) —> H,lHS (R13) uniformly for s € R and
0<T<1.

For the bilinear estimates using those norms, we introduce decomposition with respect to the distance from char-
acteristic surface. For any 8 : R3 — Rand § > 1 and any function u (¢, x) on R x R3 , we define

Ple_py<su = F;  x((r — B&))/8) Fau,

Pr—p@)=su =1 — Pr—p@e)<sit- (4.17)
Estimating in the Fourier space, we easily obtain

| Pre—woieymsu oy S8 Nullxer, (4.18)

| Pre—atgii=su | ;2 s S8 lluellysr (4.19)

We can derive similar estimates in L{® setting without using X 5.0 spaces:

Lemma 4.1. We have

Smin(87" T) [ £ll oo . x) (4.20)
L (R; X)

t
pr / (Plepos f)(s) ds
0

uniformly for any § > 1, any T > 0 and any Banach space X.

We note that P;|~s is a Fourier multiplier in the time variable which cuts the low frequencies, and hence there is
nothing to do with the x variable in the above lemma. We also note that the proof is simpler than that of Lemma 2.3
of [12] due to the different order of the integration and the extension pr.

Proof. The left-hand side is bounded by

S Pr=sfllLro.7:x)
LX(0,T:X)

STIf = F (0 @/8)) % f | oy S I e, (4.21)

t
/(Pm>5f)(s)ds
0

where we used the triangle inequality for the Bochner integral in X, and that 7~ Ly /8) € S(R) c L'(R). Similarly
we have

<60 ol ez S8 Il :x)- (4.22)
LX(0,T;X)

t
/(P|r\>3f)(s)ds
0

where we denoted ¥ (1) := F~lt71(1 — x(r)) e L'(R). O
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4.4. Singular decay estimate

Here we derive some estimates on the singular operator A;' together with the wave propagator. First, we have a
pointwise decay estimate:

Lemma 4.2. For any ¢ € S(R>) with symmetry ¢(x) = ¢(|x|), we have

)N —1x)7" (xl <o),

4.23)
(x)~! (Ix] > 1),

o] < |
uniformly for t > 0 and x € R>.

Proof. By the Laplace transform, we have

o
eil|v‘A;—(p(x) — _ieil|v| Eli)nio/ |V|eis(‘v|—)/+i8)(pds

0
00

=—i¢'" lim V[l V=7 +Hiea+) g g (4.24)
e—>+

0

Let |x| = r. By the Fourier transform, the expression before the limit is equal to
o X0 .
. . sin(pr
@02 [ [ o000 Frp0) D 2 gy s (4.25)
pr
00

Define f () by F1 f(p) = ,02.7-'3<p(,0) for p > 0, and F7 f (p) = 0 for p < 0. By the inverse Fourier transform, we have

o0
JUAr+s) = fU=r+s) —aytoets 4

4.25) =
( ) 2mwir

0

1 oo

1 ,

— f / f/(t 4 0r +5)e” Y TOUT) gs dg. (4.26)
-10

Since F f € W2 and F| f' =ipFi f € W1, we have

lfolso™ |fo] <o (4.27)

Hence we have forr < ¢,

o
|(4.25)| g<r)*1/<z—r+s)*2ds§<r>*1<r—r>*1, (4.28)
0
and for any r > 0,
|(4.25)] < ()" sup /(r+9r+s>—2ds§<r>—1, (4.29)
o<1
R

both uniformly in ¢ > 0. Thus we get the desired bound by ¢ — +0. O

Applied to the Littlewood—Paley decomposition, the above estimate immediately implies the following L? decay.
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Lemmad43.Ifg>1, p<oo, 1/g—1/p>=2/3and (p,q) # (3, 1), (00, 3/2), then we have

”eztIV\A+(py Hm(R? =3(1/q—1/p— 2/3)||¢y||Lq(R3)_ (4.30)
In addition, we have
| AT 0 | roeusy S Novli@y. 1€ A @y ooy S oy 32 @), (4.31)

where LP1 denotes the Lorentz space.

Proof. Let ¢ € S(R?) be radially symmetric and F3v/ (&) = 1 for || < y + 1 including supp F3¢y, so that we have
eith\A;(py =g, * e”'V'A;,rw. 4.32)
Hence by the Young inequality for the Lorentz space, we have for the first case,
le"™ AL oy, |0 S eyl e ATV, o (4.33)
where 1/r =1/p —1/q + 1 €0, 1/3], and applying the above lemma to v,

itV + 3 t|\v —+
”ell ‘Ayw’L’C’ON Hlxl /7el"VIA I/IHLOO
< sup )T = 1xl) T 4 sup e (x) !
O<|x|<t [x|>t
< 3=t = =30/a=1/p=3/2), (4.34)

where we used that |x|~3/" € L".
The second case is just the critical case for the Young inequality. O

We will mainly use the above'Ll’ decay with ¢ = 1. From (4.26), it is clear that the pointwise estimate for » > ¢
cannot be improved, and hence '’ ‘V|A;f(p does not belong to L (R?) in general.

5. Uniform estimates

In this section and the next one, we prove the main Theorem 3.1. The main part of the proof consists in estimating
the following norms uniformly in ¢ (and «) and for small T € (0, 1).

NEN = 1Ellgqr o, 7) + I1EIx©,7)

INTE== 1IN U gyen 0,7y 22 0.1 By )INY(0.T)+L(0.T: Wk .1y
for arbitrarily fixed k > 1 and p > 3, where the spaces Strf | Str”, X and ) are defined by

suf = {ue L*(H") |ucc € L} (Bly)s). usc € ™AL} (B”)).

s = LX(LY) NP3 (B ),

X = 5/6X0 1 Y= 15_1/6011’0’1, (5.2)
and the norm for Strf is given by

VEllsue = I1El vty + NE<el sty o)+ 1E>ell oy s (53)

We recall that the existence of solutions was already proved in [15]. Note that in the Strf norm, the frequencies lower
than ¢ are estimated in the second space in (4.11) and the higher part in the third space. The norm for N consists

of three different components; we will use Str” for the part similar to a free solution, L°°(le/ 020) for the part which

is smoother but far from free solutions in the space—time frequency, and WX for the singular part at the resonant
frequency |£| =

The uniform estimate will be done in this section, while Section 6 will be devoted to the convergence proof. Let
us outline the proof for the uniform bounds. First in Section 5.1, we derive the estimates in the space—time Fourier
spaces X and ) by simple product estimates, from the Strichartz and energy bounds.
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To estimate the Strichartz norm of E, we decompose

E=e ' 2R(0) - Sg . [nyF + (nx Feonmsin + Y _(nx(<pk/e) Fk):|

k>c

- Sg Ic|: Z(”X(>)7k/c) Frarag + (nx F)HLi| (5.4)
k>c
where F = E 4+ E* and y = y /e with ¢ > 0 given in Lemma 5.4. The terms appearing on the first line of (5.4) will
be treated in Proposition 5.2 using only Strichartz bounds. The terms on the second line of (5.4) require the use of the
nonresonant property and are treated in Proposition 5.5.

To estimate Ny in Str” + LOOBZ/ o We write
N=eVIN©) = SuleVIy D (B E+EY), —S)laVI) D (B E+E),. (5.5)
k j<yk/c k j>yk/c

For the part where j < yk/c, we cannot use the nonresonant property but we can gain powers of ¢ because j is
much smaller than k. This part can be treated only by Strichartz in Proposition 5.3. The part j > yk/c, is treated in
Proposition 5.6 using the nonresonant property of the interaction.

Finally, the estimate on N,, € L>®(WFKP) is done in Section 5.4 by integrating by parts in time.

We emphasize that in the following estimates, the implicit constants are always independ of the parameters c, «, y
orT.

5.1. X x Y bounds from Strichartz bounds

Now we start the actual proof of Theorem 1.1, or the general version 3.1. Here we derive the X and ) type estimate
from the Strichartz type bounds. We have the following proposition.

Proposition 5.1. For any T < (0, 1), any p > 3, and any functions n, E and F on (0, T) x R3, we have

ISeLenEllxo.1r) S TYClnll pooo. 7 24w 1E syt 0.1
|SuleVICE, F) 30,7 S TN Ellsict 0.7y I Fll st 0.1y (5.6)

Proof. We decompose n = n| + nj such that ny € L®L? and ny € L¥YW-P. We use by Sobolev that WP ¢ L>®
and

suf c 1;'PL3(B) c L3(BYP) + ¢ 'PL3(BY?) c L3L™® + 7P LPLS, (5.7)
where for the second embedding we separated the frequencies into || < ¢ and |£| > ¢. By Holder and Sobolev, we
have also that L'8 x L? (products of functions) C L%3 ¢ H~1/®, where the exponents satisfy

1 1 5 1 1/6

-4+ —==—==-4 —. 5.8

2 + 18 9 2 + 3 (5-8)
Thus we obtain

||”lE||L3L2+c—l/3L3H—1/6 f, ||n1||LooL2||E||StrE’

In2E |l poor2 S linallLoere | Ell poor2 S lInall poowip 1 El poop2- (5.9)

~1/6

Summing these two, and using that ¢ =!/3H~1/6 ¢ ¢=1/6 g=1/6 ¢ [7/° L2, we obtain the first estimate:

ISELenElxo.r) S [0+ E| 2162, S TV Inl gz | Ellgge (5.10)
We get the second estimate exactly in the same way

IV(E, F)|,s,2 SIVEI 2 Fllger + IV F oo 2 Ellgyet (5.11)

+L—]/3L3H 1/6 ~>
by putting the low frequency in the Strichartz space. O
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5.2. Strichartz estimate for regular interactions

To derive H' x L? and Strichartz bounds for E and Ny, we decompose the bilinear terms into frequencies as
in (4.4). Those interactions where the less regular function has lower or similar frequency are relatively more regular.
In [12], these term were treated only by the Strichartz estimate. Here, due to the low regularity, we have to treat some
of those terms using their nonresonant property. We have the following estimates, which will be used with E =E
or E*,

Proposition 5.2. For any T € (0, 1), any p > 3 and any functions E and n defined on (0, T) x R3, we have
|| SEIC(nE<C)HH+LHHStrE(O,T) S T1/4”n”L°°(0,T;L2)”E”StrE(O,T)’

|SE1eE) | g 0.7y S Tl r:wim | Ell oo, 7 1)

‘ Sele Y (n<juseEx) I (T + Tl/zc_l/z)||”||suﬂ(o,T)+L°°(0,T;Bz”z)”E”StrE' (5.12)
toc st (0,7) 00
Proof. For the first estimate, we use the Strichartz estimate, hence it is bounded by
ot ol <[ S X S|
1eD k<c j<k L1278y,
< 1/k|n @ ||L2 | Ex(®) ”3}8/5 “L,]2/7Z12£}‘k(j§l~k<c)
STY 0|l o2 ||E<CIIL33|18/5 STYHIn poop2 | Ellgy » (5.13)
where we used Holder in R3 and R for x and 7, and Young in Z forl e D = N (cf. [12, Lemma 2.6]).
The second estimate easily follows from the fact that
InEll oot S il oo o 1 Ell oo g1 (5.14)
For the third estimate, we decompose n = w + u such that w € Str’* and u € LOOBZI/ ozo For the part in Str”, we have
Y lewepreED | S|/ TR wll g2 | Exll sk o
k>c H! 6 ? ke
S IE=ll (5.15)
~ a71/336*2/3 >c 0—1/6332/3' .
Integrating in time, we get
‘ Sele Z(wgfk/cEk) G < T1/2c*1/2||u)||a71/3L3BG—2/3 ||E>C||C,1/6LGB§/3. (5.16)
k>c

. sopl/2
For the partin L Bz’ 00> We have

Zlc(ug;;k/cEk)

Se/ougise] ol Exla |2 S llull g2 1E N g1 (5.17)
P Hl k>c 2,00

Integrating in time, we get

For the estimate of S,«|V|(E, F)y in St" + L°°le’/020 where E, F = E,E*, we have to use the nonresonant
property for almost all the interactions. However, there is a resonant case where we can only use the Strichartz
estimate. The resonance we have here is actually less severe than the one at the frequency y. This is the case when
¢j ~k~1land E =FE and F = E*. For this case, we use the following proposition.

Sele Y (<prseEr)

k>c

STl g 1Ell o O (5.18)
Strf 2,00
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Proposition 5.3. For any T € (0, 1) and any functions E, F on (0, T) x R3, we have

Proof. Here we use that they are HH interactions. Hence,

Su Y&l VI(FEQ) <p/e
kZc

STV V2 Fllgue o 11 E sy 0.1y (5.19)
St (0,7)

[ S VICF D s S @i 1 CFLED ] 411332522

<@ RED, | g

< @23 53 1/6— 1213

J HEL 2 1Bl g6 g6 213

S/ 2 1Escll oo g2 (5-20)

1/6L6B3

which can be summed in Zfﬁ}cﬁl] (¢j <k ~ 1), using the Young inequality for convolution in Z, and yields a fac-
torc™1/2. O

5.3. Bilinear estimate for nonresonant interactions

The remaining terms cannot be estimated simply by using the Strichartz estimates. We need to take into account
the nonresonance property and use the X*” norms. Here nonresonance means the following simple trichotomy: one
of three interacting functions (including the output) must be away from the characteristic surface in the space—
time Fourier space. The X*? spaces give a gain for functions away from the characteristics as in (4.18), (4.19)
and (4.20).

Now we make the above statement into precise estimates. We estimate interactions of the form (N(N)E | F), ,
for N € Y(R) and E, F € X(R), splitting each function with respect to the distance from the characteristic surfaces.
Using (4.17), we define

C C C
N™ =P gp<sN.  E"=Prowg<E.  E™ =Pri,eraoE"
N =Peqg=sN,  E'=Prwe=sE.  E* = PoiyeasE (21
where § > 0 will be determined according to Lemma 5.4. We denote nf =RWNT), n€ = RNC). Notice also that

F*C — RC* = ¢=2ic’t (IE_ZC, ]E). Then the nonresonance property is expressed in the following way.

Lemma 5.4. Let ay = 2¢? for some fixed y > 0. There exists ¢ > 0 (one can take ¢ = 1/80), such that we have the
following (i) and (ii) for large ¢ (say ¢ > 2(y + 1)). Let j, k,l € D be dyadic numbers.

() Ifé
(i) If s

eaj and j > 1, then we have (n/CEkC | Flc>, . =0.

; : ; C p*C | pC
eaj and min(k, ) < 8%], then we have (anE,’ck | Fy )t’x =0.

NN

Proof. By the Plancherel identity in space—time, we have
(S EC|FS), = m/nfEkCF,C(t,x)dtdx

—on [ B @ @ s s dn d dr. (5.22)
(t0,60)+(71,61)=(7,§)
For the proof of the first point, we want to show that the set
A = Supp(n§ (0, §0) Ef (v1, 6D FF (7,8)) N {(v0, §0) + (11, 1) = (1, §)} = 0.

We denote the distance from each characteristic surface in the integrand on the right-hand side by
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do = |10 F a|ol|. dy = |t —wE), d=|t— o)

where we recall that w(£) = ¢?((|&]/c) — 1) as defined in (1.19). Assume that A # @, and let (o, &, 71, &1, T, £) € A.
By the constraint (tp, &) + (71, &1) = (7, §), we have

, (5.23)

68 > do +di +d > algo| — [0 (§) — 0(&)]
1
2 aléol — cléol = Ealéol, (5.24)

since o = 202/)/ >> ¢ when c is large. Hence, by choosing ¢ small enough, we have 65 > dy+d; +d > %a|§o| > %aj
since j > 1, and we get a contradiction. Hence, A = {J and (i) is proved.

For the proof of the second point, we argue in a similar manner. We use that the characteristic surface for E* is
T+ 2 ((& /¢y + 1) =0, so the distance from the characteristic is given by

di = |1+ ((E1/c) +1)]. (5.25)
Hence we have
do+di +d > |aléo] —2¢* — 0(&) — ()] (5.26)
Since |&y| = ¥, we have
|arlol — 262 | ~ alol +2¢* Z o, (5.27)

where we used the fact that if j =1 > |&p| then y > 1 (otherwise F3ny is supported away from |£| < 1), and hence
2¢> = ay > a = «j. The condition on k and [ implies that

w(&) + o) <c(|&1] +1§]) < c(2min(|& ], 1§]) + €ol) < (sa +20) . (5.28)

Hence we get a contradiction if ¢ is small enough and «, ¢ are large. This ends the proof of (ii). O
Now we proceed to bilinear estimates. We start by looking at Sg 1. (nlE).

Proposition 5.5. For any functions N and E on (0, T) x R3, we have

1/6 —1/2
|Seletnx EYar|| g 0.7y S (TVO +¢7V2)INX N 11200, 1y090.1) 1B st 0. 1yn 00,7 (5.29)
‘ SEIC|:Z("X(>)7k/c)Ek)LH+HHi|
k>c st (0,7)
1/5 —-1/2
ST + ) INx N L 120,190y 0.1 1Bl 0.1y 0.7 (5.30)

where n := RN and E =E or E*.

Proof. In order to apply Lemma 5.4, we first extend those functions to R by using (4.16):

E/ (1) := e "2/ prel'Ae2E(p), N'(t) =1V pre=1eVIEN (1), (5.31)
which does not effect them nor the output on (0, 7'), and we have

IE' | v SIEIx 0 IV y@ S INIyo.m,

”E/”LmHI(R) S IEN 0,711 ”N/”LOOLZ(R) S N1l Lo 0,7;12)- (5.32)

In the following, we do not distinguish (E/, N) and (E, N).

We decompose each function into dyadic pieces as (n; Ey);, and let § := eaj as in Lemma 5.4. Either by HL or
by j > yk/c, the condition of the lemma holds for both cases with E = IE or E = [E*, for sufficiently large c. Hence
applying to n E the same decomposition as for E, we have

F CpF C pC\F
(njEx) = (n} Ex), + (n§ E; ), + (n§ Ex), - (5.33)

Here, we have used Lemma 5.4 and the fact that the truncations P are self-adjoint.
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Each term is estimated as follows, where we regard ¢ just as a constant.
First we prove (5.29), hence k < j ~ [. Using the Sobolev embedding Bllg/5 + c’l/SBé/3 C 101/33546, we have
F —1|(, F
| Sele(nj Ex)[lsur S /007 (nj E), |l 1
S/t | a2 N Ek g2

_ . (24 _
S (l/e) 11(]/0)1/6a—j||Nj||yT1/6<k/C>l/3k YONE gk 0.7

~

S /ey PTVORT OING I E N gyt (5.34)
where we have used (4.19) in the third line to estimate ||n;.F Il;272. Hence, this term can be summed in E%E}ﬁ,ﬁ
(k < j ~1) and gives

|Se1e(n" E) STYOINIYIElg,e- (5.35)

/2

HL”StrE
Similarly, by using L? C 30_03 we have
ISELe(nS EL), g < /) HINE| 22k (/€)™ 0 ey ™ Bl

SA/e) Mk /)0 /) 2T VAN 22 B | e (5.36)

l HStrE

This can be summed in Z}E}Zi (k < j ~1) and gives

|51 (1CET) g, e S VTV IN I o 20,7 Il - (5.37)

Now, using Lemma 4.1 and the Sobolev embedding, we have

[se1:(5 EE)/ . S e8P INT ] oo ok 2 B

HLOOHl

—170013/2
S ey PREIN oo 2 Il o 1 (5.38)
which can be summed in E}Ei (k < j ~1). We then use the fact that C_ILO"B;/OQo c ¢~ 128t®, deducing
F _
ISEL(nCEC); |gur S ¢ V2 INI Lo 2 1Bl oo g1 (5.39)

Next we concentrate on (5.30), hence we have yk/c < j and k > ¢. We will use the notation a A b = min(a, b) and
a vV b =max(a, b). By Strichartz we have

|SE1e(nf Ex), | gue S /)" (n} Ex),

ST 2A N 0T 2 2 Bk oo s

1/2
1LY 1(0.T)

p— . . a
ST AN DG/ ZINIYIE g (5.40)

which can be bounded in le E}E}( (j VI~k>c),and yields a factor /3,
In the same way as (5.36), we have

ISEL(nS EL), [ gure S @/e) ™ HA A PP NS | p2pa2 tk/e) ™0y~ Ikl 2
SU/A A PR TN 22 |1 E ) v, (5.41)

where we used that o ~ ¢2. The last coefficient is bounded by

{ /ey~ VORI e~ ), 5.42)
(1)e)\ 2167716 (o iy,
and hence we can bound (5.41) in K}Eiﬁ}. (j vI~k), getting a factor c2Tl2,
Finally, in the same way as (5.38), we have
F c _ . _
|Se1(S EE), ||t poo e S — /) BPAN JPPRNIN N oo 211 El ooy (5.43)

oj
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where the last coefficient is bounded by

{c—1<l/c>‘1j”211/2 (k ~1),
N TR ke~ ),

32 1284 E

and hence we can bound (5.43) in Z;"’E}(@; (j v I~ k). We then use that c_lLO"Bz’C>O

torc™1/2. O
Next we consider the nonresonant term in the equation for .

Proposition 5.6. For any functions E and F on (0, T) x R3, we have

‘ Sn Z Z “|V|<Ek’F+F*>Xj

k j>yk/c

U (0,7)+L>(0,T;B,/2)

S ”E”StrE(O,T)ﬂX(O,T) ”F”StrE(O,T)ﬂX(O,T)‘

(5.44)

, getting a fac-

(5.45)

Proof. We will denote E = E and F = or F*. Decomposing into dyadic pieces, we consider interactions of the

form (Ey, Fy); for N with j > yk/c. Hence,

(Ex. Fi)xj = <Elf’ Fl)Xj +(Ex, FlF)Xj - (Elf’ F1F>Xj +<Ekc’ Flc)ij

where we have used Lemma 5.4.
By using the Strichartz estimate, we have

[ SuleVIER . Fi) | gr S 0 [(EEFi) | gusopors

Saja O PEL] /) PIRIEN s g2

3
L3B;

aj . _ _
S =5GPk )T ) IR R 2 Pl g
This is summable in E}K}Ei for ] < j ~k and for j < k ~ [. The above term can be bounded also by

oj| (Ef Fr) SajTVONEL] s tt/e) PRI E s

Mo

L3Bg
oj _ _
5T”6;k”2<k/c> SN BB BN I Fll gyt

which is summable in Z}Z}Ei for k <1~ j, yielding a factor T'1/°.
For (Ey, FZF)]., we have just to switch the roles of k and /. For (E,f, FIF)]., we have a better bound

ISuaVEE. FF), e S i (EE FI)

j ”Str” ~
S (@) KDYk /)0 )T O Bl v 1Pk Nl e

j”LlL2

which is summable for all j, k, / and gives a factor c 12,

Finally, for the last term of (5.46), we have

F oj . -
[ SuleVIES, FE); oo pie S 55727 20D ™ N Eill oo | Fill oo

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

where s = min(j, k,1). This can be summed in £} ¢} for k <1~ j, 1 Sk~ jand k~ 12 j and gives a result

. oo pl/2
in L BZ,oo' O
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5.4. The resonant part of N

To estimate the resonant frequency part N, , we integrate by parts as in (2.6). Then the estimate on the boundary
terms follows from Lemma 4.3. The estimate on the integral terms use the following proposition.

Proposition 5.7. For any functions E and F, we have
IS0 @ )y | ooz S TIEN ooyt IFll ooy
| A, Su(E-F*) |2 S TUEN oo g1 IFll oo g1

| A S0 (- F*), | oopyir S TIE| oo g1 | F|l poo gyt - (5.51)

Proof. For the proof of the first two estimates, we have just to use that
|EBy [ 2 S | EE)y |

S D Bl 2 1Bl 2 S IFl g I E N g, (5.52)
k~1

and then apply the energy estimate. For the last term, we use the above L )lc bound together with (4.31) to deal with A7,
where we may replace L3> by WP (p > 3) thanks to the frequency restriction to y. O

In the final argument, we have then to use that

NEN oo -1 S NEN zoo gt 4 Nl oo gt IN | oo (22 4m010),

which follows from the equation of E and that ||A.¢|| -1 < |l¢ll 51 uniformly in c.
5.5. Concluding the estimates

Applying the propositions of the previous subsections, we can estimate all the terms appearing in (5.4) and (5.5).
Recall |E| and | N|| defined in (5.1).

Proposition 5.8. If (E, N) is a solution of (2.1) on (0, T), then we have the following a priori bound
IEN S JEO)| 1 + (T + 7 2) INIIEL
INIS [NO)| 2y + IEIP(1+TINT). (5.53)

Hence, it is clear that there exists a ¢y big enough and there exists a uniform time 7" such that the equation can be
solved for ¢ > ¢g on the time interval (0, T').

6. Passage to the limit

In this section, we prove the convergence towards the limit system. We denote

N0 — _}]Eoo 2
NT® =V AF(EP-E),  N™®=—e""" A (EF - E), (6.1)
E? := ¢ (A= 2)1/2 o0, N°®:=N°® + N°! foro =0, =+, (6.2)

where N°T = NoI¢ were defined in Theorem 3.1. We also denote
Noo — NOoo +N+oo +N—oo’
N =N/ + N L NH 4 NI,
N®=N® 4+ N =N% 4 Nt© 4 N7@ (6.3)
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Taking the real value, we define also n! =RN!,
n® = RN® = —[E*|* — R A, (EF - ES)], (6.4)

and n® = RN® =n> +n'.
We will argue in a similar way as in [12] with the difference that here we have to estimate the whole Strichartz
norm. For any Banach space Z for space—time functions on (0, 7) x R> or space functions on R, we will denote by

o(Z), 0(2), (6.5)

those sequence of functions which tends to 0 as ¢ — oo in the Z norm, and those sequence of functions bounded as
¢ — oo in the Z norm, respectively. We want to prove that

E —E” € o(Str),
E-E®eo(X)+O(I.x"),
N = N® e o(Su" + L% (B2 + Whr)),

(N —N), €0()), (6.6)

for any p > 3, under the assumption that E(0) = E*(0) + o(H') and N (0) € O(L? + Wk-p).
For the limit solution, we obtain E*® € L*H' N LZB61 in the same way as for the usual NLS, using the Strichartz
estimate together with the following nonlinear estimates

[LAY EF)y + 1 ]G oot SUEF [ oo + [ o1 J1 Gl oo
SUEN ot 1F N oot + [0 ooy JIG I oot
||AV<EF>XG||LZBGI/5 STYIEF | oopy Gl
STYE | g 1l oo gy 1G | oo 1
| Ay (EF)XG| 1y STVIEF |4 G gl

STNEN o 1Pl scaines 1G s pne)
<712 12 12 12 iy
NT ”E”LooHl |IF||L00H1||F||L2361 ”G“Lf’oHl”G”LzBél’ (67)

where in the last step we used the real interpolation (L6, Bél) 121 = B61/ 12 C L®°, and in all cases we used Lemma 4.3
to treat A;‘. Since ¢! (A=A is strongly convergent to 1 on H' uniformly for ¢ € [0, T'], we deduce that

E* =E® +o(Strf), E’eo(x"'), N'eo(L®W:F4+Y%1). (6.8)
Denote [E] :=E + E* and E* = (E,, E{). We decompose
E-E°=E'+E*>+ E>+ E*+ E°, (6.9)
where each E/ is defined by the following
E' =T IA2(E(0) — E®(0)),
E? = SpL{[JB®[" — 9O B + [A, (BF - BF) — uto /2]
— Spe (SRR - 0B 1 [, (B - BF) - /2],
E3 = —SEICn[IE — IE‘”] — SEIC(n — n‘”)[E“’]
E*:=—Spl(n' [E®] = RuOFE® — pt@E“L)2),
ES:=Splee V' [EX Bt — %SEICe"“V’Ay (B - E°)E®

1

58k Lee™ V! A, (ES° - EX)EL. (6.10)

1 . -
— 5 Selce vt A, (ES° - ES)E®
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We treat each E/ one by one. We denote the small factor by
k=TS, 6.11)
First we have immediately from the initial convergence,
[E | 11 = o). 6.12)

Next using the estimates (6.7) together with the Strichartz estimate as well as the strong convergence of ¢/ (A~2) we
get

” E? ”StrEﬂX =o(l), ”E5 ||StrEﬂI[,X1~l =0(D). (6.13)
Using Propositions 5.2 and 5.5, we get

||E3||StrE SK“]E_EQ)”SHE +KHN - N¢

” Strn+L® (WP 4-B)/2

,OC)
| (N =N?) [y + o). (6.14)
and using Proposition 5.1,
”E3 ||X < K”E -E” ”S[rE + KHN - N¢ ||L°°(W1=P+L2)‘ (6.15)

For E* and E°, we use their rapid oscillation in time. For the higher frequency N£2y 41> We integrate by parts

after cutting the high frequency of . For any & > 0, there exists K > 1 such that [|[E? ; |lg,£ny < € and so by
Propositions 5.1, 5.2 and 5.5, as well as (6.7), we have

ISe 1o (0 [E2 ] ~ MuO¥EL — B2k /2) gy S .16
Hence we may replace E® by IE‘% § in E*. Integrating by parts on ¢/!*VI" we get
ZSEIcNizyHE(%K = [eiAC(s_t)/zlv{(W‘Vr]Ni2y+1)E2K}]€)
—2iSpl{(laV|7'NLy, ) UEL 4 }
+SeAcL{(laVIT N, )EL ¢ ) (6.17)

Since |aV|’]Ni2y+1 is bounded in « 'L®(H' + W2P), the first two lines are bounded in I.X"!. For the last

term, we need to integrate once more, which yields similar terms but with one more |«V|~! and A.. Since Aglc <

O («*?|V|) and A% < O(x|V|*) on H®, and |on|_2N£2yJrl is bounded in @ "2L*°(H? 4+ W3P), those terms after

the second integration are bounded in ¢~ 'Strf N~ 1 X,

The other terms including N 1>2y 41 Or ]E“S’*K are treated in the same way, integrating on the phase e

¢/ *@IVI=¥) The denominators are never singular thanks to the frequency restriction > 2y + 1. Actually it is not
needed for the term NE*. Also, the same argument applies to £ without any low frequency cut-off, just by integrating
on the phase e*®¥* or ¢! Thus we obtain

+ila V|t or

| E? || gy = o(1). (6.18)

It remains to estimate the part in E* with N é2 Y41 and JE‘% x» Which we further cut-off in the physical space.

Fix x € C8°(R3) satisfying x(x) = 1 for |x|] < 1 and x(x) = 0 for |x| > 2. There exists R > 1 such that
(1 — X(x/R))IE“g’KHLOOHl < ¢ and so

”n1<2y+1[(1 - X(X/R))Eag)K]HLOOHl + ”“*00(1 - X(X/R))Eugﬂf( HLOOH] Se (6.19)

Hence its contribution to E# is O(g) in I. X1,

Thus we may replace E¢k further by x (x/R)E. For the singular part, we may replace N I'by N/ because
(N! — Nf)<2y+1 — 0in LWk by LP decay for ¢'!Vl and Lemma 4.3. Then the Fourier and physical cut-offs
together with the time integration provide compactness for the convergence in (3.2) such that
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” SEIc-X(x/R)(”1<2y+1 o ml“‘ooo)EHLoom —0,
|SELex (/R (e NLyy, o = W) EH] ey = O, (6.20)

which implies also the decay in Str® by interpolation. These terms might not go to 0 in X', but are bounded in 7. X 1.
Thus we conclude that

E* e o(StrF) N[o(X) + O(L.x"1)]. (6.21)
Gathering the above estimates, we obtain
”E ~E° - E*—E° ”X S "H]E - Ew”StrE + "HN - Nw||L°°(L2+W1 P +o(D),

|E—E®|ge Sk|E—E®|g.e +x||N—N 2 (N =Ny [ly + o). (6.22)

HStrE H Str HStr"+L°<>(W1 P+B,

Next, we estimate N — N®. We will only concentrate on N* — N1 since the other terms are easier. Integrating
by parts for the lower frequency part

EE) = ED o3 - E2) i, (6.23)
as in (2.6), we get
Nt =Nt = —8,|aV|'“V'[E; - E; — (EE); ]| — " AF[(BE); — Ef° - ES°]
+ VI AT [(BE); (0) — Ef® - ES°(0)] + i A} Sue'®?" 8, (EE)
= N'+ N2+ N3+ N*. (6.24)
For the ) norm, first we have

<a”

s

INXly S o BB — B - BS| o S

INYy SelB iy e Sk |B—E?| gpe +o(D), (6.25)

Strf ~
by using Proposition 5.1 in the second line. For the time derivative term, we use

IEllL2 S clEll g +clnEll g1 S e (6.26)
and also Strf ¢ L3 (L™ + ¢~ 1/3L18) to deduce

|8 BE)|| 2,2 S kI Ellgue Bl oo 2 S ek (6.27)

By the same product estimate, we have

IEE 251 S clENG, - (6.28)
Using these bounds, we get

[NZly S o« (@00 + 1eVINE] 2p2 S 00) + & |E =B g,

IN% ]y Se o BB 2y S (6.29)
Thus by adding them up,

[V = N*), |y S [E ~ B2 e + 00D, (630)
For the Strichartz-type norms, by using Propositions 5.3 and 5.6, we have

”N Hs[r'urLooB SIE. s Isee? e

S|E—E?|ge + |E—E® — E* — E3|| , +o(D), (6.31)

where E®, E* and E? are negligible for the higher frequency > ¢!/3. Decomposing into the resonant frequency and
the rest, we have
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2 3 0 o0
”N + N ” L®OWkp+ H1/2) s H (EE)H - El ! ]E2 HLoo(LlnHl/Z)
S B =B gpr + 0D, (6.32)
where W+ P and L' were used for N;{ ,and H'/? for N )]( Using the o gain in the wave Strichartz, we have

[Nl sun S 19 BB s S PP T [0 @B oy

SPTIE ol oo g1 B ll oot S ¢ Pk (6.33)
Also, by Lemma 4.3 with 1 /g =2/3 + 1/p, we have
i 1/3+2 2/3-2

| A o, |yn S oy 11572 Pl 1757727 (6.34)

Hence combining it with the same Strichartz estimate as above, we get

193 ooy < 18 B 2

< Ta™1B3CB=2/P) — (1), (6.35)
Gathering the above estimates, we get

IV* Nl imomirs ) S BBl + [E—E® — B — B[ 001, 636)

o0

Using the estimates (6.22), (6.30) and (6.36), as well as their counterparts for N 0and N—, we deduce that (6.6)
holds. This ends the proof of convergence. (3.7) is a direct consequence of Lemma 4.3 and (3.6).
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