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GLOBAL DYNAMICS BELOW THE GROUND STATE ENERGY
FOR THE ZAKHAROV SYSTEM IN THE 3D RADIAL CASE

ZIHUA GUO, KENJI NAKANISHI, SHUXIA WANG

ABSTRACT. We consider the global dynamics below the ground state energy for
the Zakharov system in the 3D radial case. We obtain dichotomy between the
scattering and the growup.
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1. INTRODUCTION

In this paper, we continue our study [7] on the global Cauchy problem for the 3D
Zakharov system

{w—Au:nu, (1.1)

ii/a? — An = —Alul?,
with the initial data
u(0, ) = ug, n(0,z) = ng, n(0, ) = nq, (1.2)

where (u,n)(t,z) : R — C x R, and a > 0 denotes the ion sound speed. It
preserves ||u(t)||r2 and the energy

D—l' 2 2 2
E:/ Va2 + 12 /20‘ = IF s, (1.3)
RS

where D :=+1/—A, as well as the radial symmetry.
1
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This system (1.1) in d dimensions was introduced by Zakharov [23]| as a mathe-
matical model for the Langmuir turbulence in unmagnetized ionized plasma. It has
been extensively studied. Local wellposedness (without symmetry) is well known.
For example, the well-posedness in the energy space was proved in [4] for d = 2,3
and in [6] for d = 1, and in weighted Sobolev space in [13]. It has been improved to
the critical regularity in [6, 3] for d = 1,2, and to the full subcritical regularity in
6, 2] for d > 4,d = 3. The well-posedness for the system on the torus was studied
in [22, 14]. These results except for [13] follow from the iteration argument using
Bourgain space, where the estimates depend on «, while in [13] the well-posedness
is obtained uniformly for a. For more results on the subsonic limit to NLS (as
a — 00), see [20, 18, 15]. Concerning the long-time behavior, Merle [16] obtained
blow-up in finite or infinite time for negative energy (which we will call grow-up for
brevity), while the scattering theory was studied in [21, 5, 19], dealing with solutions
for given asymptotic free profiles. Recently, in [7] the authors obtained scattering
for radial initial data! with small energy in the 3D case, by using the normal form
reduction and radial-improved Strichartz estimates. The purpose of this paper is to
consider the global dynamics for larger data under the radial symmetry.

To simplify the presentation, we rewrite the system into the first order as usual.
Let N :=n —iD 'n/a. Then (1.1) can be rewritten as

(10, — A)u = (RN)u, (i0; + aD)N = aD|ul?, (1.4)
with initial data (ug, Ng) € H' x L% Tt has the conserved mass

Juf?

M(u) == /R -dr, (1.5)

and the Hamiltonian

Vul> N[> RN|uf?
Botu Ny = [ OB B G pg + I = P, )
s 2 4 2

where Fg(u) denotes the Hamiltonian for the cubic NLS (the limit @ — 00)

(i0; — A)u = |ul*u, (1.7)
namely
2 4
Es(u) := / Vul? de. (1.8)
s 2 4

Let @ be the ground state for NLS (1.7), that is the unique positive radial solution
for the following equation

—AQ+Q =@, (L9)
which minimizes the action

J(Q) = Es(Q) + M(Q) (1.10)

L After submitting this paper, the authors learned the more recent result by Hani, Pusateri and
Shatah [9] of small data scattering, imposing no symmetry, but instead fast decay as |z| — 0.
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among all nontrivial solutions of (1.9) (see, e.g., [10] for further properties of Q).
For A > 0, let

Qx(z) = AQ(\x), (1.11)
then we have

—AQN+NQ\=QF, M(Q\) =A"M(Q), Es(Qx)=XEs(Q). (1.12)

Thus the Zakharov system (1.4) has the following family of radial standing waves

(u, N) = (¢Qx, Q3), (1.13)

where A > 0 and 6 € R can be chosen arbitrarily.

The goal of this study is to determine global dynamics of all the radial solu-
tions “below” the above family of special solutions, in the spirit of Kenig-Merle
[12], namely the variational dichotomy into the scattering solutions and the blowup
solutions. Such a result has been obtained for the limit equation (1.7) by Holmer-
Roudenko [10] in the radial case, as well as in the nonradial case [11]. For the
dichotomy, we need to introduce another functional (for NLS), which is the scaling
derivative of the action J:

d 4
K(p) = 0x|xe1 J(A2p( A1) Z/RdIW\Q— |f| dz. (1.14)

We would like to get the same result as in [10] for NLS, but by the virial argument
as in [16] we can only prove grow-up, due to the poor control of the wave component
N. In fact, existence of any blowup in finite time is still an open question for the
3D Zakharov system. The main result of this paper is

Theorem 1.1. Assume that (ug, No) € H'(R?) x L*(R?) is radial and satisfies

Then we have

(a) if K(ug) > 0, then (1.4) has a unique global solution (u,N), which scatters
both as t — oo and as t — —oo in the energy space. More precisely, there are
(ug, N1) € H' x L? such that

[(u(t), N(t)) — (e”Puy, PN || grxre = 0 (t — £00). (1.16)

(b) if K(up) <0, then (1.4) blows up in either finite or infinite time, in the sense

that supgyr+ ||(t, N)|| m1 3y r2@sy = 00 = supq, ;0 || (4, N) || g1 (rs)xr2(rs), where
(T, T*) is the mazimal interval of existence.

Remark 1.1. 1) Assuming K (u) = 0 and (1.15), one can actually get by variational
estimates that uop = 0, so u = 0 and N = P N, see Section 2.
2) The condition (1.15) is sharp in view of the standing wave solutions (1.13).

The difficulty for the scattering even for small data can be observed by comparing
the time decay with the NLS of general power nonlinearity

it — Au = |ulPu, u:R"™ = C. (1.17)
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It is well known that the scattering for NLS requires p > 2/d, corresponding to the
time integrability of the optimal decay of the potential

ulPllzge ~ [t1~"2, (1.18)

while the scattering in H*® for any s has been proven only for p > 4/d. The 3D
Zakharov system would be on the borderline in the above sense, since the potential
n can decay only by

nllLge ~ [t~ (1.19)

as it is solving the 3D wave equation. This suggests that the decay estimates are
far insufficient for the scattering in H*', and so it is essential to exploit nonlinear
oscillations, e.g. by the normal form. This part for small radial data has been
resolved in the previous paper [7]. Hence our main task in this paper is to carry
out the Kenig-Merle approach [12] in accordance with the normal form. Since the
normal form produces nonlinear terms without time integration, we need to modify
Kenig-Merle’s formulation, as well as some estimates in [7]. As a crucial ingredient
for that approach, we will derive a virial identity, which is slightly different from
Merle’s one in [16] and more suitable for the scattering.

2. HAMILTONIAN AND VARIATIONAL STRUCTURES

2.1. Virial identity. We derive a virial identity on RY, which is slightly different
from [16]. Recall that the Zakharov system can be rewritten in the Hamiltonian
form

o, (}@) = JE,(u, N), (2.1)

where J and E’, denote the symplectic operator and the Fréchet derivative given by

= (6 22'21)) . By(u,N) = (Eg (u() N _(ﬁﬁz)_/éumu) = (_(]AV“__‘ﬁi\/[;“) .

Let A be the generator for the family of scaling transforms?

(1) s (F) = (2 ) oo o

A:(x-v+d/2 0 )

hence we have

0 r-V+(d+1)/2
g (T V+d/2 0 (23)
- 0 t-V+(d-1)/2)

2The order of scaling, i.e. the exponents % and %, is the unique choice such that (2.5) holds.
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Let v := (u,N), J := J~! and denote the real part of L? inner product by (:|-).
Then the virial identity for the Zakharov system is given by

0 (Jv| Av) = (30| Av) + (Jv|A0) = (0](I" A + A*T)v)

= 2(0|J" Av) = 2(JE(v)|I" Av) = 2(E(v)|Av)

= 200_1E4(Sy0) = 20s_1[Es(Syu) + [|ANV2N — A72|uf?|2/4] (2.4)
d—1

1
= 2K (u) + S IN = [uPlz = —5—=(N = [u[«l*),

where we used for the third equality that
z-V+d/2 0

0 20w - V + (d + 1)/2)D) =AJ. (2:5)

v =i

Therefore, we have proved

Lemma 2.1 (Virial identity). Assume v = (u, N) is a smooth decaying solution to
Zakharov system (1.1). Then

O (Jv|Av) = O [(ulird,u) + %(NW@TDAN)]
d—1
2

The virial identity by Merle [16] is slightly different from the above one. In our
notation, it can be written as

(2.6)

1
= 2K (u) + SN — [ul’ll3 — (N = [uf*[[uf?).

0, [(ulird,u) — é@%mramlw)}

d 2.7
= 26 (u) + SIIN = [ul{ - (d = DISN]3 (21)
= 24E(u, N) - (d - 2)|Vull3 - (d = DISN]3

The left hand side differs from (2.6) since ird,D~! is not self-adjoint, but ir(9, +
(d—1)/2)D~! is so. Precisely, the difference is
d—1 1—d

Oy 5 (RN|D'SN) = T(N — [u!|N) + (d — 1)||SN|)5. (2.8)
a
The advantage of our identity is that it is monotone both in the scattering region
(K > 0) and in the blow-up region (K < 0), as we will show in the next section,
while (2.7) is not monotone when u(t) and n(t) are very small compared with 7n(t).
Although Merle’s identity is more convenient in the blow-up region, our identity can
also be used there, as we will see in Section 3.

2.2. Variational estimates. In the 3D case d = 3, the cubic nonlinearity is L2-
supercritical and H! subcritical. Hence @ is obtained by the constrained minimiza-
tion

J(Q) =inf{J(p) | 0# ¢, K(p)=0}. (2.9)

Indeed, Q is the unique minimizer modulo the phase e’ and spatial translation. By
scaling, we also have for any A > 0

M(Q) = JA(@Qy) = inf{JA(p) [ 0 # ¢, K(p) =0}, Jy:=Es+ XM, (2.10)



6 7. GUO, K. NAKANISHI, S. WANG
and @) is the unique minimizer modulo phase and translation.

Lemma 2.2. Assume that (u, N) is a solution to (1.4) with mazimal interval I
satisfying

By(u, N)M(u) < Bs(Q)M(Q). (2.11)

Then for some A > 0 we have Ez(u, N)+ XM (u) < A\J(Q). Moreover, either u =0
on I, or K(u(t)) # 0 for allt € I. In other words, K(u(t)) does not change its sign
on I.

Proof. From (2.9), we have J(Q) = infy5¢ J(Q»), and thus 0y|x=1J(Q») = 0. This

implies

THQ)/4 = Es(Q)M(Q).

Thus we see that there exists A > 0 such that
Ez(u, N) + NM(u) < Jy(Qy) = M\(Q). (2.12)

Since Jy(u) < Ez(u, N) + A>M (u), by the variational characterization of Qy, we
have at each t € I,

K(u(t)) =0 <= u(t) =0. (2.13)
If K(u(ty)) = 0 for some ¢y € I, by uniqueness we have u = 0. O

Corollary 2.3. Assume that (u, N) is a solution to (1.4) with maximal interval I
satisfying for some A > 0

Ez(u, N) + XM (u) < \J(Q), K(ug) > 0. (2.14)
Then I = (—00,00), and moreover,
Ez(u, N) + MM (u) ~ [lullzp + [IN[IZ2 ~ lluoll 7 + [[NollZ- (2.15)
where the implicit constant depends only on A and J(Q).

Proof. From Lemma 2.2 we get that if K(ug) = 0, then u = 0, and hence this case
is trivial. Thus we may assume K (ug) > 0, hence K (u(t)) > 0 by Lemma 2.2. From
the assumption, we get (2.15) immediately from

M (Q) >Ez(u, N) + NM(u) — K(u(t))/3
1 2 )‘2 2 1 2112
= I7all3 + S lull3 + IV — a1,

and the Sobolev inequality ||u||zs S||ul| 1. So (u, N)(t) is a priori bounded in H' x L?,
and thus by the local wellposedness we have I = (—o0, 00). O

So far, the global well-posedness of part (a) of Theorem 1.1 is proved. It remains
to prove the scattering and part (b). For both purposes, the virial estimates play
crucial roles. Unlike the NLS case, it is not at all obvious that virial for (1.4) is
monotone. The following lemma is our key observation
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Lemma 2.4. Let o € H'(R3), A > 0 and v > 0 satisfy
~2

Bs(g) + N'M(0) + 7 < J(Qu). (2.16)

Then we have

{K(w) >0 = 4K(p) +7* > V6U|¢|2, (2.17)

K(p) <0 = 4K(p) +1* < —20]p|l3-

Proof. First, if K(p) = 0 then v = 0 and the conclusion is trivial. Hence we may

assume K (¢) # 0 as well as 7 > 0. Next by the scaling (¢, 7) — (Ap(Az), VD), we
may remove A or assume A = 1. Then the energy constraint becomes J(¢) + 72 /4 <
J(Q). Now consider the L? scaling of ¢, S,p = u¥?p(ur) and

2 3
P 1 7
J(Sup) = 7||Vs0||§ + §||<P||§ - lewlli,

, (2.18)
2 o S 4
1O (Sup) = K(Sup) = IV elly = == lllli-
There is a unique 0 < p # 1 such that
3p
IVels = - lleli (2.19)

which is equivalent to K(S,p) = 0. Then the variational characterization of @
implies J(S,p) > J(Q), and so
3

hY

1
leoll3.

o —1
7 ST Sup) = J(p) = —5 IVoll3 —

4
R e

(2.20)

where (2.19) is used in the last step. Let X := ||¢||3/7. Then the above inequality
is rewritten as

=1/ +2X > V2. (2.21)
Hence it suffices to estimate, under the above constraint,
4K (o) + 2
LzS(u—l)X%—l/X =: f(X, p). (2.22)

el
For K(¢) > 0, or equivalently x> 1, f(X, p) is increasing in X unless

,/ _1 _1,//” (2.23)

which is solved p > (v/33 — 1)/2. In the latter case, we have

3(u—1)X+1/X >2/3(n—1)X/X > V6, (2.24)

since p > 3/2. Otherwise, the minimum is attained at the boundary and equal to

—1 \/;”“‘ \/%+ W =:b(p), (2.25)
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which is increasing® in z > 0, hence b(x) > b(1) = /6.
For K(y¢) < 0, or equivalently 0 < p < 1, —f(X,p) is increasing in X, so its
minimum is attained at the boundary and equals to

o) = W > b(0) =2 (2.26)

Therefore, the proof of the lemma is completed. O
Remark 2.1. Applying the lemma above by letting

7> N = [u?]l, (2.27)
we get from Lemma 2.1 that the virial (Jv|Av) is monotone in our consideration.

This fact will play crucial role in our consequent analysis.

3. GROWUP AT INFINITY

This section is devoted to prove part (b) of Theorem 1.1. We assume that under
the assumption of part (b), the solution exists for all ¢ > 0. We will show that

sup H(u, N)HHl(RB)XLQ(R?)) = Q.
t>0

In the following computation, the algebraic part is valid in general dimensions
R?, but we need to specify d = 3 for the estimates. We will keep d in the identities
because they may be recycled in other dimensions, but the reader can regard d = 3
throughout this section or the entire paper.

3.1. Localized virial. Let X = X* be the operator of smooth truncation to |z| < R
by multiplication with ¥ z(z) = 1 (z/R), where ¢ € C§°(R?) is a fixed radial function
satisfying 0 < ¢ <1, 9,9 <0, ¥(z) = 1 for |z] < 1 and ¢(z) = 0 for |z| > 2. We
consider the localized virial quantity in the form

Vr(t) := (Ju|(AX + X A)v). (3.1)
Then similarly to the non-localized virial identity, we can compute
Ve = (B, (0)|(AX + XA+ AJXJ + J* XJ A)w). (3.2)
Putting v := N — |ul?, the right hand side can be written componentwise
Vi =(E%s(u) — vu|240 X u + 2X Agu) (3.3)
+ W/2|(XA; + ALX + DXD A, + A\DXD Y (v + |u?)),
where A; := -V +(d+j)/2. The right hand side is decomposed into the NLS part:
NS = (F5(u)|2A0 X u + 2X Agu), (3.4)
the quadratic terms in v:
QN = (1/2|(XA; + A1X + DXD ' Ay + 44 DXD ")), (3.5)

and the cubic cross terms:
CC :=(—vu|2A0Xu + 2X Aju)

3.6
+ (V/2|(X Ay + AL X + DXD™' Ay + A\ DX D™ )[ul?), 30

3This can be checked by computing %:).
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i.e., Vo = NS+QN+CC. Since the NLS part has been treated by Ogawa-Tsutsumi
[17] and Holmer-Roudenko [10], while the cross terms are higher order, the main
problem for us is to control QN. Indeed, our way of the localization is motivated
by a better cancellation in QQN, while some other multipliers such as AXwv in (3.2)
could make the other terms simpler.

It is further decomposed QN = (QN; + QNo + QN3)/2 with

QN1 = (V|(X A + A1 X)) = (V| X (A1 + AD)v) = (v| X V), (3.7)

where we used the symmetry of the bilinear form as well as X = X* and Ay = —A4;,.
Putting 1 := D~'v, the other two terms are computed as follows.

QNs : = (V|DXD ' Av) = (n|D*X A_1n) = (Vn|VXA_in)

(3.8)
= (V| XA, V) + (Vn|(Vir)A_1n),
where we used DA_; = A1D and VA_; = AV,
QN3 := (V|A\DXD ') = (n|DA,DXn) = (Vn|A,VXn) (3.9

= (V|41 XVn) + (Vn|Ai1(VYr)n),
where we used DA;D = —V - A; V. Hence

QN2 + QN3 = (V| X (A1 + AD)Vn) + (V| (Vi) Ain + A1(Vir)n)
= (Vn|XVn) +2(Vn|(Vir)x - Vi) + (Vn[nAdVir) (3.10)

1
= (VX V) + 2(,rigne) — {0l Aar2Atm),
where we used the radial symmetry of ¢z but not of . Thus we obtain
1
QN = (|X¥) 2+ (Vn|XVn) /2 + (nrlrdmne) — {1l AaoAtm). (3.11)

The first two terms are less than ||v||2 = ||Vn||3 since ¢g < 1, while the third term
is nonpositive since 1% < 0. The last term is bounded from above and below by*

2
n
o= [ <t = w3 (312)
|z|~R
In short, we have
QN () < W1+ Olpn(r). (3.13)

pr(t) = 0 as R — oo for each fixed ¢, but some uniform decay is needed for the
main term V. (t) = 4K + ||v]|3 + (1 — d){v||u|?) to absorb the error. For that we use
the equation of 7:

(i0, + aD)y = D~(i0, + aD)(N — [u[?) = —iD " Jul?, (3.14)

4Such an error term does not occur in Merle’s virial identity [16]. This is a disadvantage of our
identity. Nevertheless we can dispose of it using the evolution equation.
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and the corresponding integral equation
n=1"+n" 0’ =),
t
P [ I () s = o 4
0

7 = D P () — u(t) ), (3.15)

t

=1+ -
773 — m/ ezaD(t—s)|u(s)|2d87 774 — ia/ e’aD(t_S)|u(s)|2d3.
0 (

t=1)4
We use the above equation only for very low frequency. More precisely, with a small
parameter 0 < § < 1 independent of ¢, decompose n smoothly in the Fourier space

N="N<s+ 055, Nes i =F ‘W F, (3.16)

then we have ||nss]la < 67|v||o. For the low frequency part, we have

sl = llv<s(0)l e,
1250 7-1720 S M) Pllze + @) Pl < Tu(0)13,

3.17
Islliore S allullzzns S allu(@) (&:17)
1/2 1/2
lrislle S 6"l e S 6" Indsll g2 Insle
and by the L* decay of the wave equation,
3 U1 2 2
InZsll 52, S / mIIU(S)IIQdS S llu(0)]zlog(t + 1). (3.18)
0
Thus we obtain
In%sll e o.riey S Nu(0)[130108(T + 2) + [V 1|70 0.7 22); (3.19)
and so
sup pr(t) Slv<s(0)ll3 + B™2[[u(0)][30 log(T +2) + ||V 2+ o 7:12)]
0<t<T (3'20)
+(5R)_2||V||%§°(0,T;Lg)-
Next we estimate the cubic cross terms
CC =CC, +CCy + CC4,
CCy = —2(vu| Ao Xu + X Agu) = =2(v|(riy + X Ag)|ul?),
1
CCy = S WI(X A+ A X)) = WX A+ rilp/2)uf), (32
2
1
CCy = 5<y|(DXD—1A1 + A, DX DY) |ul?).
For the last term we use the commuting relations:
A\DXD'=DA XD ' = D(XA_| +rj)D* (3.22)
= DXD A, + Drfy D71, '
and so
CCy = (V|[(X Ay + i /2)|ul?) + CCL,
s = XA+ /2 ul?) + OC; -

CC% = (v|([D, X]D Ay + [D, rs| D /2)|ul?).
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Hence
CC = (1 —d)(wl|ul®) + W|[(1 — d)(¢r — 1) — r¢f]|ul®) + CCs, (3.24)

and the second term on the right is bounded by
- 3/2 1/2
/| et S el ey < B WALl "IVl (329

since the functions in the brackets [| vanish on |z| < R. We used the radial Sobolev
inequality
o(2) = pllo]) € H'(RY) = [Irgllime) S el *IVely”  (3.26)
For the commutator terms C'C}, we use the elementary commutator estimate®
I1D; flgllzz < IF(V )l llgll 2 (3.27)
together with the (radial /nonradial) Sobolev
3/2 1/2
low?llz < llzulloolulle S Tully |Vl
- 3/2 1/2
1D ulllz S Wl llogs < llullzllulls S Tully™ [Vl
Since | F(Vyg)|l1 = CR™!, we thus obtain
CC3| S IR DY - alullls + D7 ul?lo] S R Iwllallully | Vully™. (3.20)

(3.28)

In short, we have obtained
CC = (1= d)(w|lul*) + O(R [ [lalullz[Vully). (3.30)
Finally we estimate the NLS part
NS/2 = (—Au — |u*u| Ao Xu + X Agu)
= (VulV(AX + X Ao)u) — (rigllul*) — (¥rl(rd,/2 + d)|ul*)  (3.31)
=: NSy + NS5 + NSs.
For the first term NS; we use
V(Ao X + X Ay) = AVX + XV A+ [VYr|Ag
= Ay XV + As[Viig] + X AV + [Viig] Ag (3.32)
= (A2 X + X Ay)V + 2[VYg|rd, + [A21aVUR],

where the bracket denotes the multiplication with the inside function. Using A{ =
—Ap as well, we obtain

1
NSy = (Vul2XVu) + 2(up [pru,) + §<V|U|2|Az+deR>- (3.33)

Since ¥ < 1 and ¢ < 0, the first term is less than 2||Vu|% and the second is
nonpositive. The last term equals

1 _
—5 ([ul*lAaddr) S ullzllAaddrllo S B2 ull;. (3.34)

"This follows from Plancherel: [|[D, flgll2 ~ [[[1€], f+]gll2 < [(€]1/1) * |8lll2 < 1€ /111 19]]2-
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The quartic terms equal

NS, + NSy =~ (1, + dyalul*) = —Sllulld = 2 (ribh + (g — DlJul*), (335

and the last term is bounded by
[ull s ez ry < NellRllulioazm S B2 ull2 Vulle, (3.36)
using the radial Sobolev inequality. In short, we have obtained
NS/2 < 2K (u) + O(R™*[|ull3][Vull2). (3.37)
Gathering the above estimates on QN, CC and NS, we obtain
Vi < 4K () + VI3 + (1 = d)(llul?) + O(pr)
+ OB llallully” [ Vully™) + OB [[ul | Vull2). .-

and

sup pr S[lv<s(0)]3 + R™*[[[u(0)[130 log(T + 2) + [|[V[|7(0,7,12)]
0<t<T (3_39)
+ (5R>72HVH%§’°(O,T;L§)'

Also we have
Vel < Rl[ull2]|Vullz + [|N3]. (3.40)

Now suppose for contradiction that
sup [z + 1INz < M € [1,00), (3.41)

then ||v||2 < M? and |Vg| S RM?. The variational lemma 2.4 provides us with an
upper bound
Ve = 4K (u) + [V + (1 = d){v]Jul*) < —, (3.42)

with d = 3 and « := 4[J\(Q») — Ez(v) — N2M (u)] > 0, choosing 7% = ||v||3 + k. We
can first choose 0 < § < 1 so small that ||v-s(0)||3 < k. Secondly we can choose
R > 1 so large that

RY2M?51og(RM?/(6k)) < ®, (R™Y?+ (6R))M* < &, (3.43)

where log(RM?/(6k)) may be replaced with (RM?/(5x))*® for example. Then for
0<t< RM?/6k =:T, wehave Vg < —x/2, and so |Vg(T) —Vg(0)| > kT/2 = Ré‘f,
which is contradicting the above bound on |Vg|.

4. CONCENTRATION-COMPACTNESS PROCEDURE

It remains to prove the scattering in part (a) of Theorem 1.1. Thanks to the
variational estimates in Section 2, we can proceed as Kenig-Merle. For each 0 <

a<J(Q)and A > 0, let
Ef,9) = AN"Ez(f,9) + AM(f),
Kt (a) = {(F.9) € H x L | &(f,9) < a, K(f) > 0}, (4.1)
Sa(a) == sup{||(v, N)||s | (u(0), N(0)) € K (a), (u,N) sol.},
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where S denotes a norm containing almost all the Strichartz norms for radial free
solutions, including L (H' x L?). See (4.25) for the precise definition. For any time
interval I, we will denote by S(I) the restriction of S onto 1.

From Corollary 2.3 we already know that all solutions starting from K} (a) stays
there globally in time. What we want to prove is the uniform scattering below the
ground state energy, i.e. Sx(a) < oo for all a < J(Q). Let

EY :=sup{a > 0| Sx(a) < oo}. (4.2)

The small data scattering in [7] implies that £ > 0, and the existence of the ground
state soliton implies that E} < J(Q). We will prove E = J(Q) by contradiction,
and thus finish the proof of Theorem 1.1 (a). The main result in this section is

Lemma 4.1 (Existence of critical element). Suppose EX < J(Q), then there is a
global solution (u, N) in K} (a) satisfying

E(u, N) = E5,  |[(u, N)l[s(-00.0) = [ (1, N) [ 50,00) = 00 (4.3)
Moreover, {(u, N)(t) | t € R} is precompact in H} x L.

We will prove this lemma by following the concentration-compactness procedure.
The main difference from NLS is that we need to work with the solutions after
the normal form transform. In particular, we have some nonlinear terms without
time integration (or the Duhamel form). Besides that, we have various different
interactions, for which we need to use different norms or exponents.

4.1. Profiles for the radial Zakharov. First we recall the free profile decompo-
sition of Bahouri-Gérard type [1]. Actually we do not need its full power, as we can
freeze scaling and space positions of the profiles thanks to the radial symmetry and
the regularity room of our problem. Hence the setting is essentially the same as the
NLS case [10].

Lemma 4.2. For any bounded sequence ( fn, gn) in H! x L2, there is a subsequence
(fr9), J € NU{oo}, a bounded sequence {f7,g7},<;; in H} x L7, and sequences
{t }nema<j<7 C R, such that the following holds. For any 0 < j < J < J, let

Un(t) = e A1 N, (t) i= e Pyl

n

uzl(t) — 67i(t7t%)Afj7 NfL(t) — ei(tft%)angj

; ; (4.4)
ui‘] = U, — Zuﬂ, N;J =N, — ZN%
J=1 j=1
Then for any j,k € {1...J}, we have tJ_ := lim,, . tJ € {0, +o00},
j#k = lim [t} — 5] = oo, (4.5)
n—oo
(u>?, N> (#) — 0 weakly in H* x L*as n — oo, (46)
(u>?, N>7)(0) — 0 weakly in H* x L*as n — oo, '
and for any 6 > 0,
hfl—hm_fupwu?HLgOB;}/Z“s + ||Nn>J||L§°(B;3/2“5+B;3/2+5)] = 0. (4.7)
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Remark 4.1. 1) (4.5)—(4.6) implies the linear orthogonality

Tim e (0] — ZHuﬂ Wi = luz (017 =0,
7j=1
J
>J _
im M (u, (0 )= M( M(u>’(0)) = 0, (4.8)

j=1
J
lim |[N,(0)]72 - Z INGO)[I7= = N (0)][72 = 0,
as well as the nonlinear orthogonahty

Tim [[un (0 |\L4—eruf Mde — uz? ()[4 = 0,

Tim Eg(un(0)) = ) Es(w),(0)) = Es(u;"(0)) =0,

= (4.9)
nh_)rI;OK un (0 ZK K(u>’(0)) =0,
nh—r>I<>1<> EZ(un ZEZ U—] (0)) EZ( (0)7Nn>J(O)) = 0.

The same orthogonality holds also along ¢ = t/ instead of ¢ = 0.

2) The norms in (4.7) are related to the Sobolev embedding L? C B2 Inter-
polation with the Strichartz estimate extends the smallness to any Strichartz norms
as far as the exponents are not sharp either in L or in regularity (including the low
frequency of N).

We call such a sequence of free solutions {(u?, N/)},cn a free concentrating wave.
Now we introduce the nonlinear profile associated to a free concentrating wave

(u,(t),Nou(t) =U(t = t,)(f, 8), tw= nh_g)lo tn € {0, £o0}, (4.10)

where U(t) = e %2 @ e*P denotes the free propagator. With it, we associate the
nonlinear profile (u, M), defined as the solution of the Zakharov system satisfying
t

(u, N)=U(t)(f,g) + / U(t — s)(nu, aD|ul?)(s)ds, (4.11)

too
which is obtained by solving the initial data problem (if ¢, = 0) or by solving the
final data problem (if t,, = £00). When t,, = +00, the existence of wave operators
will be given at the end of this paper as appendix .

We call (u,(t),M,(2)) := (u(t — t,),N(t — t,)) the nonlinear concentrating wave
associated with (u,(t), N, (t)). By the above construction we have

[[(tn, Nu)(0) = (tt, M) (0) | 1712

= |, M) (—t) = U(=ta) (£, )|l xr2 = 0. (4.12)
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Given a sequence of solutions to the Zakharov system with bounded initial data, we
can apply the free profile decomposition Lemma 4.2 to the sequence of initial data,
and associate a nonlinear profile with each free concentrating wave. If all nonlinear
profiles are scattering and the remainder is small enough, then we can conclude that
the original sequence of nonlinear solutions is also scattering with a global Strichartz
bound. More precisely, we have

Lemma 4.3. For each free concentrating wave (0, N?) in Lemma 4.2, let (u/,,9V)
be the associated nmonlinear concentrating wave. Let (u,,N,) be the sequence of
nonlinear solutions with (u,, Ny)(0) = (fn,gn). If (4, 9)]|s(0,00) < 00 for all
j < J, then

lim sup || (tn, Nn)|s(0,00) < 00 (4.13)
n—oo
To prove Lemma 4.3, we need some global stability. In the next subsection, we
will refine the normal form reduction and the nonlinear estimates that was used in
[7], and then prove Lemma 4.3 and Lemma 4.1.

4.2. Nonlinear estimates with small non-sharp norms. In order to obtain the
nonlinear profile decomposition, we need that the non-sharp smallness (4.7) is suffi-
cient to reduce the nonlinear interactions globally. The idea is to use interpolation,
thus we need to do some refined estimates than in [7], more precisely, to avoid using
the sharp (or endpoint) norms with L? or L.

4.2.1. Modifying the nonresonant part. The first problem in following the Strichartz
analysis in [7] is the L?-type norms. In fact, one can observe that the use of L?-type
Strichartz norm for N is inevitable for the low-high interactions of nu in very low
frequencies, since the regularity exponent becomes bigger than that for the dual
Schrédinger admissible exponent as we move the Strichartz norm of N to L7+,
However, this problem can be avoided by applying the normal form to those
interactions. In fact, there is no resonance in very low frequencies because

— €] £ alg —n| + [ ~ al§ = | (4.14)

when all of |£], | —n), |n| are small. Hence we include them into the “non-resonant”
interactions, which are integrated in time before the Strichartz estimate.

The second problem is that our solution is no longer small, so the nonlinear terms
without time integration (i.e. the boundary terms from the partial integration)
do not contain any small factor for the perturbation argument. To overcome this
difficulty, we shrink the “non-resonant” part to either higher or lower frequencies,
for which we gain a small factor, depending on the frequencies, from the regularity
room. Hence our decomposition into the “resonant” and “non-resonant” interactions
depends on the solution size.

Thus we are lead to divide the bilinear interactions nu and |u|* as follows. Let
u =) ez Pru be the standard homogeneous Littlewood-Paley decomposition such
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that supp FPu C {2571 <[] < 2¥71}. For a parameter § > 5 + | log, al, let
XL:=A{(j,k) €2 | j > max(k +5,5)},
RL :={(j k) € Z* | |j| < B and k < max(j — 5, —8)},
LL = {(j.k) € Z* | max(j, k) < -5},

. ) . (4.15)
LH :={(j,k) € Z° | k > max(j — 5, —0)},
HH = {(j,k) € Z* | |j — k| < 5 and max(j, k) > 3},
RR :={(j, k) € Z* | max(j, k) < 8},
and LX = {(k,j) | (j,k) € XL}. Then
72 = (XLULL)U(RLULH) = (XLULX)U (HH URR), (4.16)

where all the unions are disjoint. For any set A C Z?, and any functions f(z), g(z),
we denote the bilinear frequency cut-off to A by

(fg)a=F" /PAf(é“ —ma(n)dn == Y (Pf)(Peg). (4.17)

(4,k)EA

For the nonlinear term nu, we apply the time integration by parts on XL U LL,
where the phase factor w = —|€]? 4 a|¢ — 5| + |n|? is estimated

W] ~ € =€ —n) ~ 1€ —nl(&), (4.18)

which is gained in the bilinear operator

A~

f(€—=n)g(n)
—[P £ alg —nl+ 2" (4.19)

f,9) = 5{2:(,9) + 0 (T.9))

For the nonlinear term uu, we integrate by parts on XL U LX. Then we get a
bilinear operator of the form

Qi(f.g) = F /PXLULL

0 =5 [ Prun e Lo

After this modification of the normal form, we can rewrite the integral equation
for (1.4) as follows. Let

i:=(u,N), @ :=U(t)d(0) = (e”u(0), "™ N(0)). (4.21)

(4.20)

For the fixed free solution #°, the iteration @ ~ @ is given by
i =@ — U(t)B(u(0),d(0)) + B(@,d) + Qi ,a") + T(a,u, i), (4.22)
where the bilinear forms B, ) and the trilinear form T are defined by

Blity, ity) :==(QUNy, uz), DQuy, ),
Qi @) = /0 Ut — ) ((nyus) Lrons, D(untis) mmons) (s)ds.

T(ty, i, Us) ::/0 U(t — s)(QUD(uitg), us) + (N1, ngus), Dﬁ(ul, nous))(s)ds.
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For brevity, we denote
NL(ITh 1_[2, ﬁg) lzB(ﬁl, 1_[2) + Q(ﬁl, 112) + T(ﬁl, ﬁg, ﬁg), NL(’J) = NL([[, ’J),
B(@) :=B(u,u), Qu):=Q(u,u), T(u):=T(u,u,u).
We can estimate each term in the Duhamel formula using some powers of Strichartz

norms with non-sharp exponents. For brevity of Holder-type estimates, we denote
the space-time norms by

(bv d, S) = Li/bBis/d,2>
(by,d+te,s)y = (b,d+e,s)+ (b,d—e,s), (4.23)
(byd+te,s)n:=(byd+e,s)N(b,d—¢,s).

Using the above notation, we introduce nearly full sets of the radial Strichartz norms
for the Schrédinger and the wave equations (cf. [8]). Fix small numbers

I<rKekl, (4.24)
and let
_ 1 1 3 2
SS = (DY (0, =,0)N (5, — — 2 2 _ k),
1 11 w 1 ’
SW_<O’§70)H(§7Z_§7_Z_H>7 S =585 x SW.

Also we denote the smallness in (4.7) by using

=

In the nonlinear terms, we should choose appropriate Strichartz exponents so that
all can be controlled by interpolation between S and Z. For that purpose, we will
choose (b,d, s) for u and N respectively to be H® admissible with 0 < s < 1 and
L? admissible for radial functions. Moreover, b < 1/2 and (b, d) # (0,1/2). Besides
that, we will use the sum space® with small ¢ > 0 for N and the intersection for
u, so that we can dispose of very low or high frequencies, and sum over the dyadic
decomposition without any difficulty.

4.2.2. Bare bilinear terms. First consider the bilinear terms which do not contain
the time integration, namely the boundary term in the transform. In the equation
for u, Q(n, u) is roughly like (D)™ (D~'n)u for each dyadic piece.

Lemma 4.4. (a) There exists 0 > 0 such that for any N and u, we have
12, )| oo e S27%|ull 557 Il I 15l (4.27)
120, w)lss S27%7|ullss” Inllsw I 15wl (4.28)
(b) There exists 6 > 0 such that for any u and u', we have
1D, )| oo re S277ullss” 1w 55 llull el (4.29)

1DQ(u, W) lsw 27" llullg5” |55l Il I (4.30)

6This is because N (0) € L? while u(0) € H' = L2N H'.
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Proof. (a) By the Coifman-Meyer-type bilinear estimate on dyadic pieces (see |7,
Lemma 3.5]), we have for (j,k) € XL,
120, ug) || oo S ||D_1nj‘|(0,%:ta,0)+”U’k’” (0,3 +¢,0)n

S 27D 0 1, 1), 1kl 0,3 001

’10

and for (j,k) € LL,

192(r5, up) | Lot S 1D ”3” (0,2 +¢,0)4 [ ur]| (0,41 +¢,0)n

<2771 D~ "yH Zte—%) o lull o, 114 0

’15 30

Since the right hand side is bounded by ||n||perz2||u| L~ via non-sharp Sobolev
embedding, we obtain, after summation over dyadic decomposition,

1200, Wl zer S 2777l 55" Inll sl 15 | (4.31)

for some small 6 > 0. Similarly we have, for (j,k) € XL,

HQ(nj,uk)H Dy ML 3 _m2 ) SID™ 'y il (3, L —54e,2 k), o el (3, L +e0)n (4.32)
S2UD 00 s el
and for (j,k) € LL,
19205 ) 50 S V7l el gaeon o
<o WOHD il sie ez s,
Hence in either case we can control by non-sharp norms, so
19(n, w)lss < 277> ull 55’ lInl 5w 115 lullk- (4.34)

(b) We may assume (j, k) € XL, since the other case LX is treated in the same
way. Similarly to the above, we have DQ(f;, gi) ~ (D)fl(fjgk), SO

HDQ(Uij?c)”LOOH S H(D)Dﬁ(uj,u;)HLoo (L2+15/5)

S Nl o, 220,00, Nl )4 (4.35)
N Tﬁ/m”“y’” 0,14, )+ ||U;c||(0,§ia,o)+7
hence
IDQ(u, )| oz S 2770l 55 [l |5 lul| % w1 (4.36)
Similarly,
D80, )34 5.1y S IEDYD s, ) 30 (4'37)
S 2l sl 3o
and so
IDQu, w)|sw S 277l 567 1w/ 57 el [ 1% - (4.38)

Thus the proof is completed. 0
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4.2.3. Duhamel bilinear terms. Next we consider the remaining bilinear terms in
the Duhamel form after the normal form transform. Here we have to use the radial
improvement of the Strichartz norms. For brevity, we denote the integrals in the
Duhamel formula by

I.f = /O te*“t*s)ﬁf(s)ds, Inf = /0 tei(t’s)o‘Df(s)ds. (4.39)

Lemma 4.5. (a) There ezists 0 > 0 and C(8) > 1 such that for any N and u, we
have

12.(nw) il ss <C(B)l|ullss” Inllsw 5 lull’k.
12u(nw)rellss <C(B)][ullss’ [Inllsw I3 lull-
(b) There exists @ > 0 and C(5) > 1 such that for any u and u', we have
1 n D(u |l sw <C(B)llullss” 1l 55° lull 1'%
11y D (utt') rrllsw <C@)lullss’ llu'llss” [l Nl

Proof. In this proof we ignore the dependence of the constants on f3.
(a) For (j,k) € LH, we have for 0 < s < 1,

||njuk”(1—2€,%+26,$+26 S ||nj||% e, ite 1 g HukH(%—e,i—i—%:ﬁ:%,s%—l—i—&s)m

Eaa (4.40)
< Hn]H 775,}11%,7*78 HukH(%fE,iJrQEig,ZJr?)s)m7

where in the second inequality we used that & is bounded from below. Since the
left hand side is H*®-admissible norm for the Strichartz estimate (without the radial
symmetry), we obtain the full Strichartz bound in H*.

For (j, k) € RL, we may neglect the regularity of n; and the product, since their
frequencies are bounded from above and below. Using the radial improved Strichartz
8], the full H' Strichartz norm is bounded by

HnyukH( +2¢,%3¢,0) S ””]H 0)”uk|’(387%—3570)' (4.41)

Summing these estimates over dyadic pieces in the specified regions, and using
non-sharp Sobolev embedding and interpolation, we obtain

1u(n) s < llellss” Il s InlI5 ull,

Iu(nw)rllss S llullss” nllsw I3 lull-

(b) We consider only the case j > k for ujuj, since the other case is treated in
the same way. For (j, k) € HH,

(4.42)

sl a—e 14 2e00e) S Nullas 1pe gy llullaos 11y ey, (4.43)

and in the case (j,k) € RR, since j is bounded from above,

HujukH +5,4,4+€ < ||U’]H ——5,4+2€,4+6 ||uk||(2€,7—250)
(4.44)
S sl (—e,i+2¢,1 b [l e, 1-2¢,0)
Hence
) )
1DV il e pzeny S Nullss” N6 Il Nl | (4.45)

1D el e s 1 eey el eIl e %
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The left hand sides are L?-admissible norms for radial functions. Thus the proof is
completed by the radial improved Strichartz [8]. O

4.2.4. Duhamel trilinear terms. Finally we estimate the trilinear terms which appear
after the normal transform. These are supposedly the easiest, but there is a small
complication due to the fact that we have to use negative Sobolev spaces for N in
some of the products:

1fallp=s S fllp=<llalls
7,2 D,2

(4.46)
0<s<3/q, 1/r=1/p+1/q—s/3.
In the next lemma, the constant may decay as § — oo, but we do not need it.

Lemma 4.6. (a) There exists 0 > 0 such that for any u,v,w,n,n’, we have

1D (uv), w)|ss Sllullss’ lollss” lwllss” lullx ol lwll-

12.82(n, n'w)[[ss Slinllsw 7 [Lsw lullss” IS 113l
(b) There exists @ > 0 such that for any n,u,u’, we have
1 D, o) || sw + | In DL, s S (Il llullss’ e 1557 In 15 el 1| s -
Proof. (a) Since (D (uv);,wy) ~ (D) ((uv)wy),
QD (wv)j, wi)l[ L S Nlwllzsps vl o s llwl ars, (4.47)
and by non-sharp Sobolev embedding and interpolation,
12(D(wv), )z S Ilullss’l[vllss llwlss” Tl ol lwll-. (4.48)
For Q(n;, (n'u);), we have either 27 > 2% or 27 + 2F < 1. In the first case, we have

19(n, (W)l S ID™ 0503 cpere o 1D (R Wkl (3101 2es2 0),

(4.49)
< Hnj H(f—s 2et5,—1+5e)+ Hn H(Zs,f—f‘s:l:5 —5e) + ||u||(f—s 2e%%,5¢)n

where we used the product estimate for negative Sobolev spaces for n'u. In the
second case 27 + 2% < 1, we have

19(n;, (W)l S ID ™ ngll 1 e ez ), (Wl 14

1_ e e

3755500 (4.50)
S ”nJH(f—a,;:t%,—l)Jan ||(25 1-Texs —55)+||u||(7—5 Uets 5e)n
Hence, by non-sharp Sobolev embedding and interpolation,
1200, 2w | S nllser 1o lullss” 5 1 (13l - (4.51)
(b) We have DQ ~ (D)~ on each dyadic piece, so

IDLA((nar)j, i) 112 S (DY DA(nw), 1) 1,55 50

S (nu)jllrpe 2 —se 1l 2 e 1 e e (4.52)

< HnH 5i§ ,—be)+ HUH —75,6+5i6,55 HukH(ffa,6+s,55)?
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where we used the product estimate twice, but did not use any restriction on j, k.
Hence we have the same estimate on Q(u;, (n'u)), and so

HD@(nu, )| g2 + HDQ(U, nu')|| 12

S nllsw llellss’ Il s Il a5 e[ -

Thus, the proof is completed. 0

(4.53)

Note that in the above estimates we needed the Lg°-type norms only for the bare
bilinear terms, but not for the Duhamel terms. Thus we have obtained

Lemma 4.7. There exist @ > 0, n > 0 and C(B) > 1 such that for each > 1 and
any s, Us, Uz, we have

2| B(tiy, o) |5 + Qi @) |5/ C(B) < Nltiall s~ a5~ | 1 21221,

o g (4.54)
1T (@, 1) ||s < [l Nl sl 50 a1 | @ %1 ds]| %
For the Duhamel terms we have also
1Q(u1, d2)||ls S C(B)|ur] 5|5, (4.55)
T (11, tia, @3) || s < M4 ||l 5]l d@s] 5,
where
S =SS x SW,
~ 1 2 4 1 3 Kk 2
SS = (D) ! ——=-n,-nNN(=,—— =, - —
D)yl 5 —zmemN(5 5~ 35 ~#) (4.56)
— 1 1 1 11 & 1
SW = —— —n,—n)N(=, - — =, — —K).

4.3. Nonlinear profile approximation. We will prove Lemma 4.3 by the follow-
ing two lemmas.

Lemma 4.8 (Stability). For any A > 0 and o > 0, there exists ¢ > 0 with the fol-
lowing property: Suppose that i, satisfies ||Ua||s0,.00) < A and approvimately solves
the Zakharov system in the sense that

Ea = U(t)ﬁaa]) - U@)B(ﬁa(o)) + NLOICL) + €

and ||€]]s0,00) < 5. Then for any initial data @(0) satisfying ||@(0) —ta(0)|| k2 <,
there is a unique global solution U satisfying ||U — U || s(0,00) < O-

Proof. Denote ., = i, — u, then ||t (0)||g1xr2 < < and
i, =U ()t (0) — U(t)B(1a(0)) + NL(iiy) + €+ U(t)B(u(0)) — NL(i@).  (4.57)
Thus
|t |5 < 26 + (| B(da) — B(@)]|s + [|Q(da) — Q@)|s + [|T (@) — T(a@0)]|s.  (4.58)
Noting that Z D S, by (4.54) we have
1B(ta) — B(d)||s < || B(tha, e )||s + |1 B(ts, Ua) |5 + || Bt @) |5
S 2P Al ||s + 27 1@ |13
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By (4.55), we have

1Q(4a) — Q(@)lls <C(B) (IallgllTs s + E-115) . (4.50)
1T () — T(@)||s <C ([@allZl s + |Tallzlld 15 + ll@]l3) - '
So
I ]ls < 26+ (27 CA+ C(B)||tallz + ClldallF) 1@ |15
+(27%C + C(B) + Clldallg) | |I% + Ol |I3-

Choose 3 = B(A) such that 27%%CA < %. Then we subdivide the time interval
[0, 00) into finite subintervals I; = [t;, t;41], 7 =1,---,J, J = J(A, B) such that

(4.60)

(s )”uaHS(I +O||uaH2 < (4.61)

1
4
for each j. Let ¢ = ¢(A, 0,3, J) small such that
C(B8¥s <1, 8*¥s<o. (4.62)
Then by (4.60) on I, we have [|u ||g,) < 8¢ and
[ (t2) [ 12
<[[U(t2 = t1)t@s (t1) || rrxzz + |U(t2 — t1) B(ta(t1)) — Utz — t1) B(u(t1)) || o xr2
+ | B(da(t2)) — B((t2)) || mxr2 + | Q(da) — Q@) || s(n)
+ 1T (Wa) = T(@)s10) + ll€llsn)
<26 +4 -8 < 8%,

Using the same analysis as above, we can get ||ds||s,) < 8%. Iterating this for
Iy, I3, ..., 1;, we obtain ||i, — (s < 8*/¢ < 0, the desired result was obtained. [J

With J close to J and large n, our approximate solution is given by
J
iy = (up, NY) = Y (), 98) + (w7, N, (4.63)
j=1

To prove Lemma 4.3, we only need to prove that @ is an approximate solution of
the Zakharov system. In fact, we have

Lemma 4.9. Suppose that ||(w),, M)||s < oo for all j < J, then

lim lim sup || U(t) B(@’ (0)) — Z — NL(#)]||ls = 0.

n
J—=J n—oo

Note that ||(u,9%)||s does not depend on n.

Proof. By triangle inequality, it suffices to show that

lim | Z — NL(i¥)]
B(> @,(0)) = NLO_#@)]lls =0,

j<J i<t

(4.64)
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and
lim lim sup||[U(¢) B(@? (0)) — N L(i?)]
T v (4.65)
= [U()B(;(0) — @, (0)) = NL(d@, — @;”)]lls = 0
In fact,
L.H.S of (4.64) £ (1B, @)lls + 1QGE, @)lls) + > 17, @, 1)]s.

i#] i#j or j#k

For each i # j, we have |t!, — t/| — oo. for the subsequence ¢! —tJ — oo, we have
by (4.54),

IB(ih,,, )| < | B (- _t%)7ﬁj('_t%))||S(—oo,(t;-ktfl)/2)05((t%+t%)/2,00)

o . N . N (4.66)
o e T N - e - T < AR
For each 7, by the scattering of i/,
A [l zgg2m) =0, (4.67)
so from the above estimate
1B, )5 — 0, (4.68)

as t', —tJ — oo. The case t! — t/ — —oco is treated similarly, as well as the other
terms () and 7. Thus we obtain

IB(i,, @)lls — 0 for i # j,

Q)]s — 0 for i # j, (4.69)
1T (4, 1, 1) ||ls — 0 for i # j or i = j # k,

from which (4.64) follows immediately.

In order to prove (4.65), we need a uniform bound on the approximate solutions
i@’ for J — J. Note that (4.9) implies that |}, (0)||z1xz2 < 1 except for a bounded
number of j. Let A be the set of j in the latter case. Then for all j &€ A, the small
data scattering implies that

1, 98l < 1(w),(0), N7, (0) [ rrz 2 < 1. (4.70)
Then by the orthogonality in H! x L2 and |t} — /| — oo, we deduce
I Zu 15 S Z W[5 S Z HﬁZLH%{;ng S L (4.71)
JEA JEA jEA

Since the number of the remaining components j € A are bounded, we obtain

sup sup | ||s < oo. (4.72)
J<i n

The left hand side of (4.65) is bounded by

1B(d,) — B(i, - *>J)||s+I|Q( W) = Q@ — @)

—J —>J (473)
1T GEy) = T, = i) s
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By (4.54), (4.7) and (4.72),
lim lim sup || B(@) — B(@ — i>")||s = 0. (4.74)

J—=J n—oo "

One can estimates ) and T similarly. Then (4.65) was proved. OJ
Proof of Lemma 4.3. By the construction of @/,
lim ||i;(0) = @y (0)|[ 122 = 0. (4.75)
n—oo

By Lemma 4.9 and Lemma 4.8, passing to a subsequence if necessary, we obtain
|@! — ii,||s < 1 for large J and n. O

Proof of Lemma 4.1. By the definition of EY, there is a sequence of global solutions
(tn, Ny) in K (a) such that
Jim &5 (un, No) = E5, H {[(wn, No)|[s(-o0,0) = 1 {|(wn, N[ s0,00) = 00 (4.76)
To see this, first note that since (u,, N,,) are in Ky (a), they are bounded in H' x L?
by the energy. Hence if ||(u,, N,)|ls — oo then the L? part must diverge, and we
can translate (u,, N,,) in ¢ so that the norm diverges both on (—o0, 0) and on (0, c0).
For the sequence (u,(0), N,(0)), we use the linear profile decomposition. For the

associated nonlinear profile (1, 9 ), we must have K (1 (0)) > 0 for each j. In fact,
if we denote

1 1 A2
Gato) = (o)~ 35 = (5= 3 ) IVul+ Il >0, @)

then
(@) = mf{Jx(¢) | ¢ # 0, K(p) =0}
= inf{Gx(p) | ¢ # 0, K(p) =0} (4.78)
= inf{G(¢) | ¢ # 0, K(p) <0}
By the orthogonality,
J
lim Gy (u,(0)) = nh_>_r£10 <Z Gy (0)) + Gx(ui‘](()))> < AEY < JA(@y).  (4.79)

n—oo

Hence, for n sufficiently large, G(1/,(0)) < Jy(Q,); and then by the third line of
(4.78), K (vl (0)) > 0. Noting that

Jin (1 (0) Z&w 1(0) = 6 (0), N7 (0) =0, (4.80)
we have
Z@@ (11,(0), 9%,(0)) < lim & (un, Ny) = E3. (4.81)

If é",\(u%(()),‘ﬂ%(())) < Ej for all j < J, then we have ||(u),0)||s < oo for all 7,
and so by Lemma 4.3,

lim sup || (wn, Ny)||s < 00, (4.82)

n—oo
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which contradicts lim, o || (tn; Nn)||s(0,00) = 00. Thus, we must have one j < J
such that

(u7,(0),9%,(0)) = E3. (4.83)

Without losing generality, we may assume j = 1. Comparing this with (4.81), we
have

(4 (0), N (0)) = U(—t,)(£',g") + (uz"(0), N '(0)) (4.84)
and
1z (0), N O [z S G (u'(0), NH(0) — 0. (4.85)
If t,, = —o0, then we have
1U(t = t,) (£, 8" 20.00) = O, (4.86)
and hence
1U () (n (0), N (0)) | 20,00)
SNUE = ta) (' 820,00 + [I(uz ' (0), N7 0) |12 — 0.
By Lemma 4.7,
1U () B((un(0), Nu(0))) [ s00,00) + [IVL(U () (1 (0), N (0))) | s0,00) = 0. (4.88)

Then using Lemma 4.8 (with @, := U(t)(u,(0), N,,(0)) and (u,(0), N,(0)) as the
initial data), we obtain

(4.87)

T | (i, No)|s0,00) < 00- (4.89)

which contradicts [|(u, Ny)||s(0,00) = 0©.

If t, — +oo, the argument is similar and we obtain a contradiction by using
[ (tny Nl $(=c0,0) = 00.

So, the only case left is ¢, — 0. In this case,

1(un(0), Na(0)) = (£, 8"l 21122 — 0. (4.90)

Let (u, N) be the global solution with initial data (u(0), N(0)) = (f',g'), then
é\(u, N) < E%. By stability, we must have

1 N)[ 5000y = [ (1, N)[s0,00) = 00, (4.91)

since otherwise (uy,, N,,) should be bounded either in S(—o0,0) or in S(0,00). By
the definition of EY, &\(u, N) > E} and hence &\(u, N) = E3.
Since (u, N) is locally in S, for any ¢, € R, we have

[ (1, N[ s(=00,ta) = 00 = [[(1t; N) || 5(t,00)- (4.92)

Applying the above argument to the sequence (u,,(t), N, (t)) := (u(t+t,), N(t+t,)),
we see that (u(t + t,), N(t + t,)) is precompact in H' x L?. Thus we obtain the
desired result. O
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5. RicipiTy THEOREM

The main purpose of this section is to disprove the existence of critical element
that was constructed in the previous section under the assumption Ef < J(Q). The
main tool is the spatial localization of the virial identity. We prove

Theorem 5.1 (Rigidity Theorem). Let (u, N') be a global solution to (1.4) satisfying
K(u) > 0, and Ez(u, N) + XM (u) < J5(Q)) for some X > 0. Moreover, assume
{(u, N)(t) : t € R} is precompact in H* x L?. Then u = N = 0.

Proof. By contradiction, we assume (u, N) # (0,0). Then by the compactness we
may assume further u # 0, since otherwise N would be a free wave and dispersive.
We divide the proof into the following three steps:

Step 1: Energy trapping.

We claim that

¢ :=inf K(u) > 0. (5.1)

teR

If not, then there exists {t,} with t, — t, € [—o0, 00|, and K(u(t,)) — 0. By
the precompactness of {u(t) : t € R}, we get that up to a sequence (u(t,), N(t,))
converges to some (f,g) in H' x L?. Then we have K(f) =0, Jy\(f) < Ez(f,9) +
NM(f) = Ez(u, N)+ A 2M(u) < J5(Q,). By the variational characterization of @,
we get f = 0 which contradicts to the M (f) = M(u) # 0.

Step 2: Uniform small tails.

Let v = RN — |u|? = n — |u|?>. We claim that for any € > 0, there exists R > 0
such that at any ¢t € R, we have

|D~ |

|22

/ (|Vu|2 4 ul® + Jul* + [ul® + v+ |[DT'VY 2+ )dm <e.
|z|>R

Indeed, since {(u, N)(t) : t € R} is precompact in H* x L? by Sobolev embedding
and the LP-boundedness of D'V, we get that {u(t)} is precompact in L? L* L°
{D'N(t)} is precompact in H', and {D~'VN(t),v(t), D"'Vv} is precompact in
L?. Then the claim follows immediately.

Step 3: Contradiction to the local virial estimates.

We recall the local virial estimates obtained in Section 3. For any R > 0

Va(t) == (Ju|(AX + X A)u). (5.2)

where X = X* be the operator of smooth truncation to |z| < R by multiplication
with g(z). From the proof in Section 3 and Corollary 2.3 we have

Ve®)] < Rlllull2l Vul + [N]3] S R. (5.3)
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On the other hand, from Step 2, Step 1, and Lemma 2.4, we get

Va(t) =(AX0)/2 4+ (VnlX V) /2 + o) — Il Avei)

— 2| |uf?) + OR|wla||ull3* [ Vully?)

+ (Vul|4X Vu) + 4{u, [ xru,)

—3|ull; + O(R™2(||lull3 + |[u]|3]|Vul]2)) (obtained in Section 3)
—4K (u) + [v]2 = 2(v|[ul?) + o(1), R — oo (by Step 2)

2
>(1——=)K(u)+o(1) >¢/2, R>1. (by Step 1 and Lemma 2.4)

V6
Thus we get
Vr(t) > Vr(0) + ct/2,
which contradicts (5.3) for sufficiently large ¢. O

APPENDIX A. CONSTRUCTION OF WAVE OPERATORS

Here we briefly sketch a proof for the existence of the wave operators, or the
solvability of the final state problem. For the construction of a nonlinear profile in
the radial setting, we need only to consider a sequence of solutions in the form

¢

i, = U(t)f+/ U(t — s)(nu, aD|ul?)ds, (A.1)

—tn

with ¢, — +o00, which is normally transformed into such a form as
G =U)f = Ult + ) BU(—t) f) + Blit) + Qo (@) + Ty, (@), (A2)

where _, and T, denote respectively @ and T with the Duhamel integration | j L
and arbitrarily fixed 3, say § = 10. Below we consider only the case t,, — —oo,
since the other case is similar. The following is the precise statement that we need
for the nonlinear profile in this case.

Lemma A.1. Let f € H' x L2, R 5 t, — —oo, and let {@i,} be the sequence of

solutions to the Zakharov system with the Cauchy data i, (—t,) = U(—t,)f. Then
there exist T € R and a unique @ € S(T,00) satisfying

A= U]+ B(i) + Qu(@) + Twli),  lim [ — illlsir) =0, (A3)

as well as the Zakharov system on (T, 00). Moreover, if {ii,} is bounded in L>=(R; H' x
L?), then i is global and the above convergence holds for any T € R.

Proof. First, we can solve (A.3) on (7,00) for T > 1, by the iteration argument
similar to [7] in the space

X ={u e C([T,00) H' x L?) | [[dlls(r.o0) S L, ]l z(7,00) <} (A.4)
with 7 := 2||U(t)j7||Z(T,oo) < 1, using the estimates similar to (4.54) as well as
U@ fllz(r00) S ”U(t)fHngT(Lnggl) — 0asT — oo. (A.5)
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Similar estimates imply that ,, are scattering as t — oo for large n. Also similarly
to (4.54), we have for some 6 > 0

— —

||U(t + tn)B(U(_tn>f)||5 S ||B(U(_tn)f>||H1><L2
SNU(—ta) Il U (=) fl o s = 0-

Then by applying (4.54) to the difference equation, we obtain the convergence w,, —
@ in S(T,00). Since i, solves the Zakharov system, so does the limit @. If the
former is uniformly bounded in H! x L?, so is the latter, and the convergence is also
extended to arbitrary (7, 00) by the local wellposedness. O

(A.6)
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