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Abstract

We consider a nonlinear Schrédinger equation with a bounded lo-
cal potential in R3. The linear Hamiltonian is assumed to have two
bound states with the eigenvalues satisfying some resonance condition.
Suppose that the initial data are localized and small in H. We prove
that exactly three local-in-space behaviors can occur as the time tends
to infinity: 1. The solutions vanish; 2. The solutions converge to non-
linear ground states; 3. The solutions converge to nonlinear excited
states. We also obtain upper bounds for the relaxation in all three
cases. In addition, a matching lower bound for the relaxation to non-
linear ground states was given for a large set of initial data which is
believed to be generic. Our proof is based on outgoing estimates of the
dispersive waves which measure the relevant time-direction dependent
information of the dispersive wave. These estimates, introduced in [16],
provides the first general notion to measure the out-going tendency of
waves in the setting of nonlinear Schrédinger equations.
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1 Introduction

Consider the nonlinear Schrédinger equation

O = (~A+ V)P +AYl*y,  ¢(t=0) =1, (1.1)

where V is a smooth localized real potential, A = +1 and ¥ = (¢, ) :
R x R3 — C is a wave function. For any solution 9(t) € H'(R®) the
L?-norm and the Hamiltonian

HIY) = [ SIV9P + SVIE + Pt do (1.2)

are constants for all . The global well-posedness for small solutions in
H(R3) can be proved using these conserved quantities and a continuity
argument. We assume that the linear Hamiltonian Hy := —A + V has two
simple eigenvalues ep < e; < 0 with normalized eigen-functions ¢, ¢;. The
nonlinear bound states to the Schrodinger equation (1.1) are solutions to the
equation

(-A+V)Q + )\QI*Q = EQ. (1.3)

They are critical points to the Hamiltonian #[¢] defined in (1.2) subject to
the constraint that the L2-norm of 1 is fixed. For any nonlinear bound state
Q = QE, ¥(t) = Qe *Ft is a solution to the nonlinear Schrodinger equation.

We may obtain two families of such bound states by standard bifurcation
theory, corresponding to the two eigenvalues of the linear Hamiltonian. For
any F sufficiently close to ey so that E —eg and A have the same sign, there
is a unique positive solution Q = Qg to (1.3) which decays exponentially as
z — 00. See Lemma 2.1 of [16]. We call this family the nonlinear ground
states and we refer to it as {Qg}g. Similarly, there is a nonlinear excited
state family {Q1,z, } g, for Eq near e;. We will abbreviate them as Q and
@1. From the same Lemma 2.1 of [16], these solutions are small, localized
and || Qg ~ |E — eo|'/? and ||Qu,z, || ~ |Br — ea] /2.

Our goal is to classify the asymptotic dynamics for small initial data.
We have proved [17] that there exists a family of “finite co-dimensional
manifolds” in the space of initial data so that the dynamics asymptotically
converge to some excited states. Outside a small neighborhood of these man-
ifolds, the asymptotic profiles are given by some ground states [16]. In this
article, we shall extend the result of [16] and prove that the possible asymp-
totic profiles are either vacuum (i.e., vanishing in L® norm), the ground
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states or the excited states. Furthermore, we obtain the rates of the conver-
gence for all cases.

We first state the assumptions on the potential V', which is the same as
in [15]. Denote by L? the weighted L? spaces (r may be positive or negative)

LER3) = {4 L2(R®) : (z)" ¢ € L*(R*)}. (1.4)
The space for initial data in [15] is
Y=H'(R)NLZ (R}, ro>3. (1.5)

We shall use L. to denote L2, . The parameter o > 3 is fixed and we can

choose, say, 7o = 4 for the rest of this paper.

Assumption AO0: —A + V acting on L?(R%) has 2 simple eigenvalues eg <
e1 < 0, with normalized eigenvectors ¢ and ¢;.

Assumption Al: Resonance condition. Let eyg; = e; — ey be the spectral
gap of the ground state. We assume that 2ep; > |eg|, i.e., eg < 2e;. Let

1
— 2 Ho ;42
70 := lim Im (¢od>1, Ho T o0 — 201 —oi b ¢o¢1) : (1.6)

Since the expression is quadratic, we have o > 0. We assume, for some
sg > 0,

1 3
inf 1 2 P.Hog,? ) > = . (7
|sl|2£0a—l>lon+1m <¢o¢>1, Hotos 2o 15 _oit¢ ¢0¢1) 2 7m0> 0. (1.7)

We shall use 0: to replace o7 and the limit lim,_,o+ later on.

Assumption A2: For )\Q% sufficiently small, the bottom of the continuous
spectrum to —A + V + AQ%, 0, is not a generalized eigenvalue, i.e., not a
resonance. Also, we assume that V satisfies the assumption in [18] so that
the WP estimates k < 2 for the wave operator Wy, = lim;_,q, e*H0ei2
hold for £ < 2, i.e., there is a small ¢ > 0 such that,

VAV (z)] < C (z)™°7, for |8] < 2.

Also, the functions (z - V)*¥V, for k = 0,1,2,3, are —A bounded with a
—A-bound < 1:

|- 9y ve| <ooll-Agll, +Cligla, o<1, k=01,23.
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The main assumption in A0-A2 is the condition 2ep; > |ep| in Al. It
guarantees that twice the excited state energy of Hy—ey becomes a resonance
in the continuum spectrum (of Hy — eg). This resonance produces the main
relaxation mechanism. If this condition fails, the resonance occurs in higher
order terms and a proof of relaxation will be much more complicated. Also,
the rate of decay will be different.

Theorem 1.1. There is a small number ng > 0 such that if |||y := a <
no then ezactly three possible long time dynamics may occur as t — oo:

L 19Ol < Cuat™;

II. Hzp(t) —QEe‘iEt+i“’(t)|| 2 < Cyot™Y? for some nonlinear ground
state Qg # 0 and real function w(t) = O(logt);

II. ||(t) - Q1,;, e~ Brttie() I 2 < Cyot ™12 for some nonlinear excited
loc
state Q1,5, # 0 and real function w(t) = O(V1).

Sufficient conditions guaranteeing the convergence to the vacuum (type
I), the ground states (type II), or the excited states (type III) are pro-
vided in [16, 17]. The type I or III solutions constructed in [17] are finite
co-dimensional subset of all small solutions, i.e., the initial data for these
solutions form a finite co-dimensional subset of {1 : |[1o[ly < ng}, the set
of all small inijtial data. We believe that the type I or III solutions in gen-
eral can be constructed in this way and thus have measure zero. The decay
rates of the type I or III solutions constructed in [17] are of order t=3/2; the
corresponding upper bounds provided in Theorem 1.1 are t~6/11 or ¢+-1/2,
Since we believe that all type I or III solutions originate from the construc-
tion in [17], these bounds are far from optimal. They result from technical
considerations of our classification scheme (which will be explained in the
following).

The upper bound ¢~1/2 obtained for the type II solutions in Theorem 1.1
are optimal for initial data considered in [16], where an lower bound of the
same order was provided. However, there exists a measure zero set [15]
such that the decay rate is at least of order t73/2. We believe that all
solutions decaying to the ground states faster than ¢~/2 have measure zero.
Summarizing, we believe that the type II solutions with decay rate exactly
of order t~1/2 are generic; all other behavior are of measure zero.

There is a vast literature concerning the classification of asymptotic dy-
namics for nonlinear Schrodinger equations with small initial data. We shall



TAI-PENG TSAI and HORNG-TZER YAU 111

only be able to mention a few: the one bound state case [1, 4, 9, 12], the
one dimension with two bound states [2, 3], the three dimension with two
bound states [5] and [14] where results similar to Theorem 1.1 were consid-
ered. Earlier works concerning the related linear analysis were obtained in
[6, 7, 10, 11].

To explain the idea for the proof, we decompose the wave function using
the eigenspaces of the Hamiltonian Hy as

Y =z¢o +yd1 +§, §% P04, (1.8)

This decomposition is not suitable for estimation and will be replaced by the
decomposition (2.3) emphasizing the role of the excited states in the next
section. It is useful for the following heuristic explanation.

The key ingredients for proving Theorem 1.1 were originated from the
previous work [15, 16]. Apart from the standard arguments based on the
normal form and resonance decay, the main new idea introduced in [16] was
the concept of outgoing estimates. This concept allows us to capture the
time-direction dependent information of waves. Therefore, even though the
L? norm of the dispersive wave may not change much in the time evolution,
its “size” will decay in time when measured in terms of “outgoing estimates”
(see Propositions 3.1, 3.2, 3.4). Thus after certain initial time, the wave
function will fall essentially into the region considered in [16] provided that
it does not converge to some excited state or the vacuum. Hence we set up
the following flow chart:

No No at t2 I,

lYes lYes

I I II1

I: Dispersion dominated region. Convergence to the vacuum.
II,, IIy: Nonlinear ground states dominated region. Convergence to nonlinear ground states.

III: Nonlinear excited states dominated region. Convergence to nonlinear excited states.

We first ask the question whether the dispersive part ¢ dominates for
all time. If it is, the dynamics will converge to the vacuum, the case I. If
the dynamic fail this test at ¢;, we then ask the second question whether
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|z(t1)] > |y(t1)]- If yes, the ground state component dominates and we are
in the region II,, which was considered in [15] (formulated in a stronger form
in [16]). Otherwise, the excited component dominates. We then test again
whether the dispersive wave dominates the ground state component for all
time ¢ > t;. If yes, this produces the excited state dominated region III.
Otherwise, we reach the region II, at the time ¢3. At this point both the
ground state component and the L* norm of the dispersive wave can be
arbitrarily small compared with the excited state component. Furthermore,
the L? norm of the dispersive wave can be much larger than even the excited
state component. In other words, we may have

1€llz2 > [yl > ] > [I¢]l L

Notice that the occurrence of this scenario is due to the existence of the stable
and unstable manifolds, i.e., the dynamics may follow the stable manifold
(or the unstable manifold backward in time) for almost infinite time.

In order to understand the dispersive wave ¢ at the time {5, we first
notice that the radiation generated by the changes of the masses of the
bound states contribute to the dispersive wave. We shall call it the local
part of the dispersive wave. This local part, responsible for the relaxation of
the excited states, will always be of the same order as the main decay term
and will not be small. Our key observation is that the rest of £(¢2), call the
global part, is negligible when measured by an outgoing estimate. To control
the local part, we apply an initial layer argument in the interval [tg, t3 + Atg)
until it becomes small at the time t3 + A¢s. Thus up to minor changes,
we can now apply the argument of [16] from this time and the dynamics
will converge to some ground state. The essence of this approach is that it
eztracts the local relevant part of the dispersive wave while treating the global
part as an error term by measuring it with an outgoing estimate.

The scheme we just described is for heuristic explanation. Its precise
form will be given in section 3. For nonlinear Schrédinger equations with
general potentials, the analysis will be more complicated. In the two bound
states case, if the condition ey < 2e; fails, the decay will be much slower than
1/ v/t and thus all errors have to be controlled much more accurately. The
picture is even more complicated for multiple-bound states. The resonance
decay may be extremely slow (such as t~¢); the excited states may decay to
other lower energy excited states before finally decay to a ground state. So
far there has been no rigorous work in this direction. However, the notion of
outgoing estimates and the initial layer argument seem to provide the right
general notion for estimating the dispersive wave.
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2 Preliminaries

Denote (t) = 1+ |¢| and (z) = 1 + |z|. We define L2 and L}, -norms by

loc
1fle, = @™ Fllgas Iy, = @72

where 71 > 3 is a constant to be determined by (2.2).

'’

2.1 Nonlinear bound states and linear decay estimates

We recall some results for nonlinear bound states and linear estimates from
[15, 16].

Lemma 2.1. Suppose that —A + V satisfies the assumptions A0 and A2.
There is a small constant ny > 0 such that the following hold. For uny E
between ey and eg + Ang there is a nonlinear ground state Qg solving (1.3).
The nonlinear ground state Qg is real, local, smooth, A\™1(E — ep) > 0, and

Qe=n¢o+h, hLleps, h=0(n>,

where n = [(E — eg)/(\ [ ¢4 dx)]'/2. Moreover, we have Rp = 0pQE =
Cn~2Qg+0(n) = O(n7!) and 04QE = O(n73). Ifwe definec; = (Q, R) 7},
then ¢; = O(1) and Ac; > 0.

There is also a family of nonlinear escited states {QE, } g, for E1 between
e1 and e; + And satisfying similar properties: Qg, = m¢; + O(m3) solves
(1.3) with m ~ C\"Y(Ey — e1)]/2, etc.

This lemma can be proven using standard perturbation argument, see
[15]. For the purpose of this paper, we prefer to use the value m = (¢, Q1)
as the parameter and refer to the family of excited states as Q1(m).

Lemma 2.2 (decay estimates for e H0). Suppose that Hy = —A +V
satisfies the Assumptions A0-A2. For q € [2,00] and ¢' = ¢/(q— 1),

1_1

- -3
et BAog|, < o8 g0 2.1)
For sufficiently large r1, we have

1

li .
v H0+60—261—0'Z'

o—0+

w>—7‘1 e-—itHo PcHo (x>—1‘1 ¢

SOOIl
(2.2)

L
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The decay estimate (2.1) is contained in [8] and [18]; the estimate (2.2)
is taken from [13] and [15]. The estimate (2.2) holds only if we take o — 0+,
not o — 0—. '

2.2 Equations and decompositions

For initial data near excited states, the decomposition (1.8) contains an error
of order 3 and it is difficult to read from (1.8) whether the wave function
is exactly an excited state. Thus we shall use the decomposition

P =z + Qu(y) +§, (2.3)
where
y=y, z=z— (00,Q1(y)), &=E&— PeQu(y) (2.4)
Here we have used the convention that
Q1Y) := Qu(m)e®,  m=ly|, me =y.

For 1 with sufficiently small L? norm, such a decomposition exists and is
unique [16]. Thus we shall write

Y(t) = z(t)do + Quim()e™®W + (1),  &(t) € He(Ho). (2.5)

If we write O(¢) = 6(t) — f(f E1(m(s)) ds, we can write y(t) as

y=me'® = mexp {iG(t) —1 /Ot E;(m(s)) ds} . (2.6)

Denote the part orthogonal to ¢; by h = z¢o + €. From the Schrédinger
equation (1.1), h satisfies the equation
i0th = Hoh + G + A,
G = A"y — 2Q7e®
= AQ?(e”2®h + 2h) + AQ1(e*2hh + e ~*®h2) + A|h|?h, (2.7)
A= (0Q1—im@;) e, (Q4(m) = f&Qum)). (28)

Since m(t) and 6(t) are chosen so that (2.5) holds, we have 0 = (¢1,90;h(t)) =
(¢1, G+ (6Q: - ing)eiG). Hence m(t) and 6(t) satisfy

1

m

m = (¢1,Im Ge—ie) , 6= (¢1,Re Ge—ie) . (2.9)
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We also have the equation for y:
iy = imme'® — (§ — E1(m))me'® = Ey(m)y + e© (i — mb) = Ey(m)y + (41,G).

Here we have used (2.9). Denote Ay = mA where 7 is the orthogonal pro-
jection mp = ¥ — (¢1,9¥)¢p1. We can decompose the equation for h into
equations for z and ¢. Thus the original Schrodinger equation is equivalent
to

it =-eox+ (o, G+ Ay),
iy = E1(m)y + (41, G), (2.10)
10 = Hoé+ P (G+ Ay).

Clearly, z has an oscillation factor e~?¢, and y has a factor e~*!? since
E;(m) ~ e;. Hence we define

x(t) = e~y t), y(t) = ey (t). (2.11)
Together with the integral form of the equation for ¢, we have

o = —ie’®? (¢, G + Ay), (2.12)
o = —ie"1 [(By(m) — e1)y + (¢1,G)], (2.13)

. t .
é‘(t) — e—zHoté-O +/ e—zHo(t—S) PCHO Gg(s) ds, Gg — i_l(G’-I—A,r). (2-14)
0

This is the system we shall study.

We denote by G3 the leading terms of G, which consists of cubic mono-
mials in z and y:

Gs = Az + 2|y|°z) dod} + A(2|z|*y + 2°9) 591 + Nz|*zg).  (2.15)

We can expand E;(m) in m as

Ei(m) = e1 + Eyom? + E gm* + E®(m), E®(m) = 0(mf). (2.16)

We think of z and y as order n, and ¢ as order n®. Since, by (2.8)—(2.9),
A, is local and

Al < 18] @1l + ] |7 Q%] < Clyl G loc » (2.17)
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the main terms in G¢ = i™'(G' + A,) is i"'G3. These terms are explicit
and can be integrated. We integrate the first term \y2Z¢o¢? in G5 as an
example:

t
— A / e~ H0(t=3) P 2702 ds
0
¢
— _i)e—iHot / ¢i(Ho=00)s gileo—2e1)s 125, B 40 42 g
0

t
— yZEq)l 1,Hot 2~ (0)@1 / e-—iHo(t—s) ei(eo—2el)saq_ (’Uzﬁ) o, ds,
0 S

where

A

(I)l HO Z0i+ o — c¢0¢1 (2-18)

This term, with the phase factor eg — 2e;, is the only one in G3 having a
negative phase factor. Since —(ep—2e;) is in the continuous spectrum of Hy,
Hy + eg — 2e; is not invertible, and needs a regularization —0i. We choose
—04, not +0i, so that the term e~*#0%y27(0)®; decays as t — 0o, see Lemma
2.2.

We can integrate all terms in G3 and obtain the main terms of £(t) as

€@ (t) = 4?31 + lyl*2®s + |2*y @5 + 277 P4 + |22 D5, (2.19)
where
By = 2 Pyt By = —2 P42 (2.20)
2—H0—6 cPoP1, 3_H0—6 cOl, .
- -
Dy = Pdidy, 5= T P.¢5.

Hy—2eg+ e
The rest of £(t) is
t
5(3) (t) — e_iHotfo _ e—iHot&(Z) (0) _ / e—iHo(t—s) P.G,ds
0
t
+ [ il B, (G —i71Gs — i \gE) d
0

t
+/ —iHo(t—s) P, (—-1)\|€|2£) ds
0

=) +eP@) + D) + 2 1) + e ). (2.21)
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The integrand G4 in §§3) (t) consists of the remainders from the integration
by parts:

d
ds

+eil- 91)3 d (|u|2 ) @3+ ei(_ze""'el)s% (u 1‘)) D4+ ei(“e")sdjs— (uzﬁ) 5.

Gy = elleo—2e1)s = (v ) &, + eil= 60)35 (|v|2 ) @2 (2.22)

The integrands of & (3)( t) and §§3) (t) are higher order terms of G¢ which we

did not integrate. We single out §§3) (t) since |£|2¢ is a non-local term. Thus
we have the following decomposition for ¢:

() =€AR)+e0W =@+ (P + - +e). (229)
Denote £%, = £ + ¢ and £, = £ + £ + ¢ We have

12 () = e~ 0l — €(0))

. (2.24)
o) = / e MM Py(Gg — 7' G5 — Ga) (s)ds
0

We now derive a bound for H«E (3) (t)

, - Using Lemma 2.2 to estimate the

loc
integrand of 53 and bounding the Lfoc-norm of the integrand of 5‘(13) + §§3)

by either its L or L*-norm, we have, assuming (2.27) below,

o

where

t
< /0 min {|t — |2, |t - s[4} gea_s(s)ds,  (225)

g§,3_5(t) =C ”Gf - i—1G3”LlnL4/3 + Cn2|u| + Cn|ud|. (2.26)

Lemma 2.3. Suppose
lzl,lyl <n<a<kl, |€l2nm < o (2.27)

Denote X = na ||£||le0c + €34 We have

IGllzy,, + 1Ge®) s S n'o + X, (2.28)
IG = Gally, +9es-5(t) Sn'z + X, (2:29)
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PROOF: From the definitions of G, G5 and by Hélder inequality, we have
IG = Gsllpinzers S (%),
where
() =t + 02 [Ell 2+ 7l pase NEll g+ 1€l pane IEIZe

We have [IG — Gl < 16 — Gallgsngws S () and Gl S IGallyy +
IG - Gslip < n’z + (x). Since G¢ = i71(G + A;) with [[Ar]| < n? (el
by (2.17), we have

”G€ - i_1G3”LlﬂL4/3 S () IGellprnpars S n’e + (¥).
By (2.12)-(2.13), also using (2.17),
@l 1G5, + sl SUGIg . IS NG, +nd (230

From the definition (2.26) of g¢3-5(t), (2.30) and ”G“L]l < nPz + (x), we
have

gea-5(t) S (+) +n? [Glly_+nluln® S (+).

From the assumption (2.27), (*) < n*z+na ||§||L12 +a ||§||%4. Thus we have
proved the Lemma. Q.E.D.
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2.3 Normal form for equations of bound states

Recall that we write z(t) = e~%0ty(t) and y(t) = e *'v(t). We have the
following normal form for the equations of 4 and v.

Lemma 2.4 (Normal form). Suppose
lz@ vy <n <L, 6@ panLe < 1. (2.31)

There are perturbations p of u and v of v satisfying

lu(t) — ()| + [o() = v(8)] < CLn?|z(t)], (2.32)
such that
f= (clul® + calv)p + (calpl* + caluP vl + eslv)p + g, (2.33)
v = (colpl® + erlv|P)v + (eslpl* + colul? |V + crolv|*)v + go-
Here g, and g, are error terms. All coefficients c1,--- ,c10 are of order one
and, except cs and cg, purely imaginary. We have
Recs = 7o, Recg = —27p, (2.34)
where g > 0 is defined in (1.6). Moreover, we can write g, as
gv = —iEO(jy))v +Gu, (2:35)

where E©)(|y|) = O(|y|®) is defined in (2.16), and

Igu(t)l + |§v(t)|
<G {an5|x| +n2 ||§(3)

2 2
o ol (1€lig -+ en?) et}
(2.36)

for some explicit constant C;.

PRrROOF: This is Lemma 3.4 of [16]. The definitions of u,v, gy, g, are
exactly the same. The only difference is the error estimates (2.36) since
our assumption (2.31) is different from that in [16]. Since p is of the form
u + n?u + n*u and v of the form v + n?u 4+ nu, their estimates remain the
same. We only need to prove (2.36).
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In [16] g, and g, are defined as

9u = Gud +gus +Gus t+ Ry7— ieieot(¢0, G5,3)a
9y = Gua + G5 + gu3 + Ry7 — i€ (d1, Gs,3).

See [16] for their exact definitions. Recall from [16] that g, 3 consists of
higher order terms of g, and g, 2. Note g, ; consists of terms of the form
n24 + nud, and gy 2 consists of terms of the form n?(u — p) + nu(v — v).
Together with (2.12), (2.13) and (2.17), we can bound g, 3 by

lgusl Sn? 16 = Gllyy_+n Gl +n¥lal
The other terms in g, are of the form:
Jus = n*a + ndud,
Gus = nt(u — p) +ndu(v —v),
Ry7 = (g0, n’c +n*e +ne® + & +n* |G~ Gsllp +n* |Gy ),
Gs3 = n2§(3).

We can bound 4, v, ||G||L11 . and G — G’3||L11 by (2.30), (2.28) and (2.29).
Summing the estimates, we have

l9u| S n*11G = Gsllpy_+n* Gl +no+n*¢ +ng? + € +n?¢®
Sz +n2®) 4 nle +ng? + € +n?X,

where X = na ||| 2 ta €34 and all terms with ¢ are measured in L.
Therefore

2 2
l9u(®)] S n¥lal + 52 €@ +ndalielle +nlelds + (e, +n%) €l

L.
Note ||€]| L2 < nlz+ ”f(?’)l 12 - Hence we obtain the estimate of g, in (2.36).
oc loc
The estimate of g, is proved in the same way. Q.E.D.

As a result of the lemma, we have

d 1 d e _
Zlnl = mgﬂlﬂz = |u|"' Re s = yo|v|*|u| + Reguii/|ul.  (2.37)

Similarly, using Re g,7 = Reg, 7,

d ~ =
a|u| = —2vo|u2|v|® + Reg,7/|v). (2.38)
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2.4 Relaxation to Ground States

We shall need Theorem 4.3 of [16] which provides a relaxation estimates to
ground states from initial data near some ground state. It is a strengthened
form of Theorem 1.3 in [15]. For the purpose of the application in this paper,
we start the dynamics at ¢ = t4.

Theorem 2.5 ([16]). There are small constants ng,e0 > 0 such that the
following hold. Suppose ¥(t4) = z(ts)do + Q1(y(ts)) + £(ta) with

I{L‘(t4)| =n <L ng, |y(t4)| S &omn,

and that £(t4) satisfies, for all s >0,

1€E) e <1,

=50 (t4) ]| .o < CR3AL(AL + 5)73/4, (2.39)
. At -
“6 stog(t‘l)“L%oc < Cn3 At +s (1 + 3) 1/2’

for some At € [L,n~4"Y4]. Then there is a frequency Eo, and a function
O(t) such that || Qe lly ~n, O(t) = —Ext+O0(logt) and, for some constant
027

—1/2

[e(t) - @p,e©®

L SO ((en) ™% + yon®(t — t4))

loc

2.5 Inequalities
For convenience of reference, we collect some integral inequalities here.
Lemma 2.6. (1) Suppose t > T, At > 1.

T
/ |t —s|73/*ds < CAL(AL +t —T)~3/4. (2.40)
T-At

/T min{(t—s)‘?’/z, (t—s)‘3/4} ds<Cc—20 (t—T)7 2,

At = TAt+t-T
(2.41)
(2) Fort >T > 1,
t
/ (t —s)73/* 5732 ds < T~ V%7314, (2.42)
T
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t
/ min{(t — )72 (¢t - s)_3/4} 5732 ds < 0732, (2.43)
T

PrROOF: (1) Let t =T + 7. If 7 > At, (At + 7) ~ 7 and the integral
in (2.40) is bounded by fg_At 7734 ds = Cr73/*At ~ CAt(AL + 7)73/4. If
T < At, (At+7) ~ At and the integral is bounded by f,Ir{_At |T —s|=3/4ds =
C(At)/* ~ CAL(AL +7) 734,

For (2.41), if ¢t < T + 1, we have LHS < constant < RHS. Hence we
assume t > T+ 1. By a translation, (2.41) is equivalent to fOAt(t—s)“3/ 2ds <
C(At)t~1 (t — At)"/2. The integral is bounded by

At
/ (t — 8)~%2ds = 2(t — At)"Y2 — 9471/
0

=2[(t — At)"Y2 47127 (¢ — Ap) T — 7Y
<2t — AV [(t - At)THTIAL.

(2) Note, by rescaling,
¢
/ (t — )73/ 5732 ds = Ct=¥4 < oT V%314,
t/2 -
If ¢t < 2T, the integral on the left of (2.42) is bounded by the above integral.
If ¢t > 2T, it is bounded by the sum of the above integral and
t/2 t/2
/ (t —s)™3/% 5732 ds < O3/ / s73/2ds < Ct=3/4T 12,
T B T
Hence (2.42) is proven. For (2.43), note the left side is bounded by
t t
/ (t—s)73% ()73 ds + / (t —s)~3/473/2gs,
0 t

-1/2

and both integrals are bounded by Ct3/2. Q.E.D.
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3 Estimates

We have assumed that the initial data is small in || - |y in Theorem 1.1. We
shall however use only the following properties: Let 1y = zodo + Q1(vo0) + o
with {o € H.. Then we have for all ¢ > 0,

|Zo| + |yo| + lléoll2 < e,
|le=Hog|| o < a ()74, (3.1)
e tgo] < a2,

From now on, we shall use these three conditions as our assumption for
Theorem 1.1.

Recall the orthogonal decomposition (1.8) that () = zdo +yé1+£. We

have |z(t)|? + Ig(t)|2 + ]]§(t)”i2 = ||'z/)(t)||%2 < o?. If we decompose 1 (t) via
(2.3), ie.,

Y(t) = zdo + Q1(y) + &, (3.2)

we have y =y, £ =z 4+ O(y®) and £ = £ 4+ O(y®). Thus

l2@)], @), 1B < Fo (3-3)

Choose ¢ and ¢ so that
0<e<02, 06<d<l, d+¢<1. (3.4)
(We set § = 3/4 in the statement of case I in Theorem 1.1.)
Let

#, = sup {t >0 (max {|z(s)], [y(s)[)Z < a(s)32, Vs € [0, t]} . (3.5)

t1 may be oo; we may assume ¢; > 1 by enlarging «. Our guiding principle
is the following chart. The time ¢ is defined in Proposition 3.2.

Yes

I IIa III
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I. %(t) vanishes locally.
IIa. ®(t) relaxes to a ground state and stays away from nonlinear excited states for all time.
II,. 9¥(t) approaches some nonlinear excited state but then relaxes to a ground state.

III. +(t) converges to a nonlinear excited state.

The analysis of case II, is very subtle since the time scale that 1 (¢) stays
near an excited state may be infinite compared to its local size. We have the
following time line picture for this case:

0 t1 t2 i3 t4
— } + }

y=n y=n y=n T=n

T < n?+é = qt7%? ntig = at2_3/2 T =¢en y=e¢n

We first establish an estimate in the interval [0, ¢;).
Proposition 3.1. Fort € [0,t1), we have
lz(®)], ly(@)| < [a ()32 @),
NE@E) e < (1 4¢) a(t)‘3/4,
€@z < (1+2) o ()~
G (Ol igars < Ca®/@F (1y=3/2

(3.6)

Suppose t; = 0o. Then

2O+ ly@) + €@z < CEYED, astmoo.  (37)

Suppose t; < co. Let
n = max {|z(t1)], [y(t1)]}- (3.8)

We have 0 < n < 2 and
n?td = o ()%, (3.9)

Moreover, for all t > t1, we have the following outgoing estimates on the
dispersive wave &:

”e-i(t-tl)Hoé(h)“L4 < (141) at™34, y
“e—i(t—tl)Hof(tl)l L2 < (1+41) at™32, (3.10)

loc
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PROOF: The estimate for |z(t)|, |y(¢)| in (3.6)1 is by the definition of ¢;.
We will prove the rest of (3.6) by a continuity argument and assume that

le@)llze < 227%, €@z, <22 (3.11)

We explain the idea of continuity argument: Suppose the estimates in (3.6)
is true only up to t < T with T < t;. Since the estimates (3.11) are weaker
than those in (3.6), they remain true for ¢ € [0,T + 7] for some 7 > 0,
T + 7 < t1, by continuity. Our proof then implies (3.6) for ¢t € [0,T + 7.
This is a contradiction to the choice of T'. Hence (3.6) holds for all ¢ € [0, t1].
We will use similar continuity arguments to prove Propositions 3.2-3.4.

Recall
g(t) — e-—ltHoé-O +/(; e-—-’t(t-—-s)Ho Pch(S) dS, (3]_2)

and G¢ =171(G + A,). Since
1€%€ s < NENZs, (1670 2 < €Iz IENZe, (3.13)
and ||¢|| anz2 < 2, assuming (3.11) we have
1Ge() ginpars < CUz(s)] + Iy DY + [[€() | pane 1E()I 7

< C(a(l +5)732)3C+) L Cad(1 + 5)73/2

< CaPPH(1 4 5)732 = o(1) a(1 +5)7%/2.
Here we have used § < 1, see (3.4). Using (3.1) and (2.42), £(¢) is bounded
in L* by

: .
IE@pe < o (6) "4 + /0 Ot — 5/ |Ge(s) s ds < o1

(1+t)3/4°

To bound ||£(2)]| 12, » We bound the integrand in (3.12) in L for s small
and in L* for s large. Hence, using (3.1) and (2.43),

¢

@z < af) ™2+ /0 Cmin{(t - )72, (¢ — )/} | Ge(s) rago ds
<(1+0)a@) %2,

Hence we have shown all estimates in (3.6), by a continuity argument.

Suppose t; = co. It follows from (3.6) that everything vanishes and we
have (3.7). Suppose t; < oco. That n < 2a is by (3.3). Eq. (3.9) is by the
definition of ¢;. We want to show (3.10). For ¢ > ¢; we have

. . t1 .
e (=t Hog(g)) = e~Hogy 4 / e "= Ho PG (1) dr.
0
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Hence, using ||G¢(T)||j1npers < 0(1)e(1 +5)73/2 and (2.42)—(2.43), we have

. tl
Jemie-tmoggen)|, < a3+ [ =794 1GeDl o dr
) 0

< at 3 4 o(1)at™3/4 < (1 +1)at ™34,

[me-tHog (1)

L2

loc

t1

< at=3? 4 / min { (t—1)%2, (¢ — T)—3/4} Ge(T) | prpass 47
0

< (1+0)at™%2,

This proves (3.10) and we conclude the proof of Proposition 3.1. Q.E.D.

The significance of ¢; is that it is a time when the dispersion loses its
dominance over the bound states. If ¢; = oo, the dispersion dominates for
all the time and everything vanishes locally by (3.7). This gives us case I of
Theorem 1.1. Suppose now t; < co. There are two possibilities:

L |z(t)] > |y(t)**,
2. |z(t)] < ly(t) 2.

We will focus on the second case since it is more subtle. We will come back
to the first case, which corresponds to case II,, at the end.

Proposition 3.2. Suppose t; < co and
() =n, |z(t)] <n®, at]? =n2, (3.14)
Define
ty = sup {t >t n?z(s)| < a(s)™¥?, Vs e [tl,t]} . (3.15)
For t € [t1,t2), we have

ly(t)/y(t)l € [§, 8,
[3(8)| < min {202+ ,n~2"1a W),
IE@) e < (1+20)a)~/",
IE@) 52 < Cn~a ()™

(3.16)
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Suppose to = 0o. Then there is a Yoo ~ 1 such that
lly(®)] = yoo| + l2@) + €Dz <CE2 ast—oo.  (3.17)

Moreover, ©(t) = —FE1(yoo)t + O(t1/2) as t = oo, where O(t) is the phase of
y(t), defined in (2.6).

Suppose ty < co. We have n?T|z(t2)] = « (752)_3/2 and, for all t > tg,
the following outgoing estimates on the dispersive wave &:

“e—i(t—tz)Hof(t2)||L4 <1+ QL)at—3/4’

2 (3.18)
< (14 20)at™3? + On’la(ts)ltr (£ — )12,

—i(t—tz)Ho t I
”e S|, h+t—tp

PROOF: We first consider ¢ € [t1,t2). By definition of 3, we have
lz(t)| < n 72 'at™Y2, (<t < ty). (3.19)
Using a continuity argument we may assume

) /yt)l €3, 3], |z(t)] < 3n?P,

3.20
O <2007, @i, <200 a0

< n?z + X with

~y

We first estimate £(t). By Lemma 2.3, [|G¢(s)|| p1qz4/3
X(s) =nalélz +allélis < Cn'~a? +a®)s™32,

where we have used (3.20) in the last inequality. Using (3.19), we thus have
Ge()l p1pers < Cntas™3/2. For &(t) with t € [t1,t2) we have

£(t) = e—i(t—t1)Ho§(t1) + J(t), J(t) = /t e~ i(t—s)Ho PcHO Gg(s) ds.

t1

The estimate for e~*(t*~t)Hog(¢1) is provided by (3.10) of Proposition 3.1.
Hence it suffices to estimate the integral J(t). We have

t t
|J@®)|l. < C / It — s|73/4||Ge(s)ll pass ds < C / [t — |34 n " as™3/? ds
t1 t1

< On—bat1—1/2t—-3/4 < Ca/3n(2+08)/3—14—3/4 < at‘3/4,
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where we have used the inequality (2.42) to bound the last integral, and also
al/3¢7H% = p(@+9)/3 by (3.14). Similarly,

t
1700z, <€ [ min {je = oI, 1t 17} 1Ge(5) s ds
1

t
<C [ min {It — 8|72 |t - s|_3/4} n"tas™%?ds < Cn~tat=%/?
151

by (2.43). We have proven the estimates of £(¢) in (3.16).

We will estimate = and y using the normal form in Lemma 2.4 with the
initial time ¢ = ;. Recall that z(t) = e~*tu(t), y(t) = e~*%y(t) and the
perturbations p of u and v of v satisfy (2.37) and (2.38). We first estimate
the error terms g, and g, in (2.37)—(2.38), for which we need a bound on

1ED Oz -

Recall £€® = ¢® 4+ ¢ 1 ¢ is defined in (2.21). We set the initial
time to ¢; and replace &y by £(¢1) in (2.21). The estimate of §§3) is given by
(3.10). ”553) (t)||L2 is bounded by Cn?|z(t)| (t — 151)"3/2 by Lemma, 2.2 and

loc
the definition (2.19) of £®(¢;). For §§Ei)5 we have the integral estimate (2.25)
and we can use Lemma 2.3 to bound the integrand, g 3_5(s) S nz + X <
C(n*ta+nl=*a? + a®)s™3/2 = o(1)as~%/2. Summing all the estimates, we
can bound ¢®)(¢t) by

H§<3> Ol . < @+ 0)at™32 + On2n2to (1 — ¢,) 732

L2

loc

¢
+ / min {lt — 5|32 |t - 3|_3/4} o(1)as™%/2ds

t1
<1+ 0)at™3? + on2t732 4 o(1)at ™32 < 2¢73/2.

Here we have used n2+ (t — 1) ™%/2 < Ct=3/2 for t > ¢,. Using (2.36), (3.19),
(3.20) and (3.9), we can bound the error terms g, and g, by

l9uls (30l § an®lz] +n? |

2
, Fnlélgz + (€l +an®) (€l

loc

L
< n2at™3/2,

We now estimate z(t). If ¢ > n~%/3 using § + ¢ < 1 we have |z(¢)| <
n—?—bat—3/2 < n—2—l,a(n—10/3)—3/2 < n2+5_
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If t € [t;,n"1%/3], using (2.37) we have,

i
ds < O [ n'la(s)] +|gu(s)| ds
t1

2o

t
)] — ()| < /

t
<C n*n?t 4 n2as™%/2 ds
t1

< On®+0n103 4 On2a (1) ~Y? < n?F0. (3.21)

Here we have used cvl/*°’7fl_l/2 = n(2+t9/3 and § < 1. Since p = u + O(n?u),
together with (3.19) we have proved the estimate for z(t) in (3.16).

We now estimate y(t). Using (2.38) and (3.19), for all ¢ € [t1,t2) we have

t

Wl -l < [ |5l

t1

t
ds < C [ ntfa(o)] + (3 (s)| s
i1

¢
<C | n?*tas™3?ds < Cn*a (tl)_1/2 <n. (3.22)
t1

Since v = v 4+ O(n2u), we have proved the estimate for y(t) in (3.16). The
proof of (3.16) is complete.

Suppose to = co. The bounds of z(t) and [|£(¢)]| L2 in (3.17) are given
by (3.16). By the same argument as in (3.22), we have for all t > 7 > 1y,

¢
||1/(t)| — |V(T)H < C/ n2 tas 3?2 ds < Cn?‘a (7'>_1/2,
T
which converges to zero as t,7 — oco. Hence Iu(t)| and |y(¢)| have a limit yeo.
Moreover, “yool —w(n)] £ C1~1/2 as 7 — 00 and Yoo — |y(1)| is bounded

by Cn?‘a (tl)_l/ 2 & n. Hence yoo ~ n. The phase O(t) of y(t) is given in
(2.6), ©(t) = 6(t) — fot E1(Jy(s)|)ds. Let Eoo = E1(yoo). Using (2.9) we have

t .
06) + Fuct] < 1000) + |11+ B y(e)) — Bl s
t
S C +‘/0' C’n,"'l ||G(S)“L11°c + CnZ ||y(8)| _ yoo| ds
t
< C+/ Cl+s) Vs< o1 T2,
0

We have completed the proof of (3.17).
Suppose now tg < co. For t > t3 we have

e_i(t_tZ)Hof(h) = e—i(t—t1)H0§(t1) + J2(t)a
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where

to .
To(t) = / e=it=9)H0 BHo G (s) ds.
t1
The estimate for e~#¢—t)Hog(¢4)) is provided by (3.10) of Proposition 3.1.

Hence we only need to estimate J5(t). Recall [|G¢(s)||assqp1 < Cn™'ar (s)‘s/ 2
for s € [t1,12]. Hence, by (2.42) and (3.14),

19 t
17200 < © [ lo= s 1Gelo)lys ds <€ [ o= oI /0 as02as
11 t1

< Cn—batl—l/z (t)‘3/4 < Ca2/3n(2+0)/3-14=3/4 « oy—3/4,
This proves the first bound in (3.18).

For the Lf‘oc norm we have

to t—¢ to
120, < [ e dss [ s+ [ awas,
1

—£

where £ = t;/2 and Q(s) := min {|t — s|73/2,|t — s|73/*} Cn~'as™3/2. We
have

t—e t/2

t—L
Q(s)ds < C’n“a/ [t — s|73/2573/2ds = 2C'n"‘a/ |t — s|73/2573/24s,
£ £ £

The last integral is bounded by
t/2
/ / t7320n"tas3/2ds < Cn~tal V24732 « at~3/2.
14

Recall at2—3/2 = n?tz(ty)|. Since s ~ tg for s € [ty — £, ts], by (2.41) we can
bound the second integral by

to to
/ Q(s)ds < / min {lt — 872 |t - s|—3/4} Cn=tats*ds
¢ to—2

o—£
< 2|5 (tg)|———— (t — o) "2
Combining these two bounds, we have proved the second bound in (3.18).

Q.E.D.

The significance of ¢, is that it is a time when the dispersion loses its
dominance over the ground state. If o = oo, by (3.17) the solution 1(t)
converges locally to an excited state @Q1(yoo). This gives us case III of The-
orem 1.1. We shall consider the other case t, < oo, which corresponds to
case II, in Propositions 3.3-3.4.
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Proposition 3.3. Suppose that the assumptions of Proposition 3.2 hold and
to < 00. Let

ts = inf {t > to: |z(s)| < 0.001n, Vs € [to,t]}.
We have
tg+n"t<tz3<oo, |z(t3)| = 0.001n,
and the following estimates for all s,t with t < s <t < t3:
ly(®)/y(t2)| € %5, 55,
[2(®)/a(s)| € [2 eT0n'C9), 3 edmnt-o),
@) lIe < Canlz(®)] + (1 + 3e)at /4,
lE@lzz < Can’la(t)l + (1 + 3u)at™/2, (3.23)

Hf“")(t)\ < Csan®|z(t)] + (1 + 3)at™3/2

2
Lloc

t

2 1 1/2
+ Csn®lz(te)| ———— (t — ¢

3 |(2)|t1|t tz( 2) ’

for some explicit constant Cs > 0.

PrOOF: Using a continuity argument we may assume
ly(8)/y(t2)l € [35, 35
[o(8)/a(s)] € [§ €370, § a9
€@l z0 < 2Cs nla(®)] + 20t7%/%,

Iz, < 2Csn2lo(t)] + 204702,
[5RIC (t - ta)"V2.

(3.24)

_ 2C’3'n,2|w(t2)|t1
<9 32(¢ 9qit—3/2 4 228 1mA 2P
. S Csan®|z(t)] + 2« + P—

We now apply Lemma 2.4 with the initial time set to t = to to obtain the
- normal form for z and y and the decomposition of ¢.

We first estimate G¢ and g¢ 3—5. By Lemma 2.3, ||G¢(s)ll 1npar8 S n2c+
X with

X(s) =na ||§||Ll2oc +a ¢ < Can®lz(s)| + Cals™3/2.

Hence [|Ge(s)|| j1p0rs < Cn?|z(s)|+as~3/2. By the same Lemma g¢ 3_5(s) S

1
n4z(s)|+X < Cand|z(s)|+a3s~3/2. Note we have |z(s)| < 2|(t)|e~ 2707 ¢=2)
for t2 < s <t <t3 by (3.24).
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We now estimate £(t). For t € [to, 3] we have

£(t) = e - Hog () 1 J(t),  J(t) = / ' e-itt=9)o pHo Ge(s) ds.

t2

The estimate for e~#t—*2)Hog(t,) is by (3.18) of Proposition 3.2. Hence it
suffices to estimate the integral. By the above estimate of G¢ we have, using
(2.42),

t
7Ol <C [ e =5l 160 ds
2
t
<C | |t—s|73" (n2|$(t)|e_%7°"4(t_8) + a33_3/2> ds
t2
< Cn?|z(t)|(n~) V4 + CaPt; Y34 < Cnla(t)] + o(1) at ™4,

For the L  norm, since & = ¢ @ 4+ ¢ and ||§(2) (#) || L2, < Cn?|z(t)| by its

explicit form, it suffices to estimate ¢®) = 6(3) + 6(3) + 6(3) By the above
estimate of g¢ 3_5 and (2.25),

”5(3)5(2& ” < /tmin{|t—s|"3/2,|t-s|_3/4}g§,3_5(s) ds

loc

t
<C m1n{|t—.s|"3/2 [t — |_3/4}
t2

. (an3|a:(t)|e_§7°“4(t_s) + a3s‘3/2) ds

< Can®|z(t)| + CaPt™3/2.

The estimate of §§3) (t) is given in (3.18). ‘We also have
o,

by its explicit form and Lemma 2.2. Hence the Lloc -bounds of ¢ and ¢ ®) are
proved.

131

-1/2
— ¢
t1+t—t2( 2)

< Cn?lz(ty)| (t — t2) /% < Cn?la(ty)|

loc

We next estimate g, and g,. By (2.36) of Lemma 2.4, (3.24), and
at—3/2 < ,n2+5,

2 2
Tl + (el +an?) [€]12

t1
t1+t—1t2

l9uls 3] S an¥lal +n? @)
loc

< an®|z(t)| + an?t=%? 4+ nt|z(ty))| (t — )2,
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We now estimate z(t) and y(t) using the normal form (2.33) in Lemma
2.4 for the perturbation u(t) of u(t) = e*otz(t) and v(t) of v(t) = e*ly(t).
Recall that the initial time for normal form and the decomposition of £ is
reset at t = to. We first consider ¢ € [tz,t + n~!]. Using the estimate of g,

and at; /% = n2z(ty)],
llﬂ<#MHM<MM+m%w<#MMI

Therefore ||u(t)| — |u(t2)|| < Cn*|z(t2)|(t —t2) < |z(t2)|, and hence |z(t)| ~
|z(t2)]. Similarly |y(t)] ~ |y(t2)]-

We next consider ¢ € [t + n!,#3]. The previous estimate of g, and g,
becomes

l9ul, 130 S an®lz(t)] + an?t™3/2 4+ ntH12|g(ty)] < Cn*Ha(t)].  (3.25)
Here we have used at3/2 < n?*¢|z(ty)| and |z(t2)| < |z(2)].
By the estimate of g, and (2.37), we have
17 10 € Baont, Fon.
Hence, for all s,t with 5 < s <t < {3,
6(0) ()] € [eB1 "9, ronte-9)]

Since ]|x| — |ul| € Cn?|z|, we have proven (3.23)y for |z(t)/z(s)|. Since
|z(t)| < 0.001n for all ¢ < ¢3, we must have ¢3 < co. Moreover,

(3von*)™! log 5:wgt ;: <tz —t2 < (3yon*)™! log 3:"”83;: (3.26)

We now estimate |y()/y(s)|. By the estimate of g, and (2.38), we have

EEM

= |=270lul*|v® + Regu?/Iv|| < 3yon*|z(s)|- (3.27)
By (3.24)

t t 1 4
llv(t)] - [v(E2)]] < / Syond|z(s)| ds < / Syonialz(t)|e= 370 E2) g
t2

2

< 12|z(t)| < 0.012n.

Since ||y| — |v|| < Cn?|x|, we have proven (3.23); for |y(¢)/y(s)|. Q.E.D.
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Proposition 3.4. Assume the same assumptions of Proposition 3.2. Let

ts =sup{t >t3: |y(s)| > en, Vs€l[ts,t)}, (3.28)
where € = gg/4 and €9 > 0 is the small constant in Theorem 2.5. We have
ts < ts < tg + C(yoe’nh) ™. (3.29)
We also have the following estimates for t3 <t < t4:
men < le@) < 2n,  Jy(d)] < 2n, (3.30)
lo(t)l > 3n, Jy(ta)l =en.

IE@Ize < Canlz(®)] + (1 +4)ot ",
Hf(t)”Ll?oc < Can?la(t)] + (1 + 4)ot™3/2, (3.31)

9@, <cm* s,
loc
for some explicit constant Cy > 0. Moreover, for t > t4 and At = ¢ 2n™4,
we have the following outgoing estimates on the dispersive wave &:
“e—”(t-t‘*)Hog(u)” , S CnPAt(At+t—ty) %4,
—i(t—t4)Ho 1172
” &t < o’ Airi—g LHiwT

loc

Hence the conditions of Theorem 2.5 are satisfied at t = t4 and the solution
P (t) converges locally to a nonlinear ground state.

PROOF: By a continuity argument and (3.3), we may assume
mon < lz) <2n,  |y(®)| < 2n,
€@l e < 2Can|a(t)] + 2at~3/4,
IE@)llzz < 2Cin?|z(t)] + 20732 (3.33)

l€P@)| . <2cm**s).

loc

The estimates for G¢, §, g¢3-5, £ (3), g, and g, can be proved in the same
way as those in Proposition 3.3. The only difference is on the estimates of
the bound states z and y, which we now focus on.

For any t < t4, we have |y(t)| > en. By (2.37), (3.25) and (3.33), we
have '

d
%INI = Yolv|*|ul + Re guii/|ul > yoe*n*|u| — Cnt*|u| > 3706 Ant|ul.



TAI-PENG TSAI and HORNG-TZER YAU 135

Hence |z(t)|, |u(t)| > |z(t3)|(1—Cn?) > wpn. By (2.38), (3.25), (3.33), and
v =v+ O(n’z),

d o
IVl = =2p0lul* v + Re G/ V]
< —270(585)2 V[P + Cn®F < —107Cyon? |y,

Let p(t) = {[v(ts)| 2 +2(10~)yon?(t — t5)} /2. We have p(ts) = |u(ts)|
and 4p = —1075yn?p®. By comparison principle,

w(®)] < p(t) = {|(ts)| 72 + 20108 )yon®(t — t5)} /.

Since |v(t)| > en/2 for t € [t3,t4], we have t4 < oo and t4—t3 < 07()_16—271—4.
Similarly,

d
EIVI > —3yon?|v)>.

We can compare it with p_(t) = {|v(t3)|72 + 67on?(t — tg)}—l/2 and obtain

v(t) > p_(t) by comparison principle. This gives a lower bound t4—t3 > CAt
if [v(t3)| > 2en.

We finally prove the outgoing estimates (3.32) for £(t4). For t > 4,
e—i(t—t4)Ho§(t4) — 6_i(t_t2)HO€(t2) + J4(t),

where J4(t) denotes the integral

t4 .
Ja(t) = /t emi(t=5)Ho pHo G (s) ds.

2

The estimate of e~¥(t~22)Hog(¢y) is by (3.18) of Proposition 3.2. Hence we
only need to estimate J4(t). We have shown in the proof of Proposition 3.3
that, for s € [t2, 3],

D SUN T _
[Ge(s)l p1pass < nPla(ts)le™ 27 370 4 635732, (1 <5 <t3).
For s € [ts, t4], using t3 > n™*,

HG§(3)“L1nL4/3 < Cn?, (t3 < s < tg).
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By the exponential decay, (2.43), (2.42) and t4 — t3 < CAt, At = e 2n~4,

tq
6@l <C [ e = Gl ds
2
t3 1 )
< / |t - 3|—3/4 (n2|x(t3)|e_§7°" (ta—s) +a3s_3/2) ds
t2

4
+/ |t — s|73/*Cndds

i3 t4
It — 5|73/ *n3ds + Ca3t2_1/2t_3/4 +C |t — s|7%/4n3 ds
t3

< CrPAH(At +t — tg) =34 + Cadty /231,

Since at3/* < Cn3At(At +t —t4)~3/* for t > t4, we have the L* estimate
in (3.32). For LZ -norm, we have

tq
1740z, <€ [ min {je = si79/, lt = s} IGE(s) s
2
t3 1
< / It — s|73/2 (nzlw(t3)|€_§7°n4(t3's) + a33_3/2> ds
t
2 te
+ / min {It —s|732 |t - s|_3/4} Cn’ds
¢

3

t3
<C |t — s|73/%n3 ds + CaPt3/?

t3—n—4
At
3_ = _ -1/2
+Cn At+t—t4(1+t t4)
< ond ¢ (14t —tg)"1/2,

ANy

Here we have used the exponential decay, (2.41), (2.40), and that o®t~%/2 is
less than the last quantity for ¢ > ¢4 > n~%. The proof is complete. Q.E.D.

We now come back to case II, where ¢ = ¢; and we have |z(t1)] >
|ly(t1)|>t%. We further divide it to three subcases:

L. |y(t1)] = n, n?*° < |z(t1)| < 0.001n.

2. max(|m(t1)|, ly(t1)]) = n, 0.001n < |z(t1)| < n, gon < |y(t1)| < n.

3. |z(t1)] = n, |y(t1)] < eon.
In case 1, we can set to = t; and our analysis in Propositions 3.3-3.4 and
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Theorem 2.5 for t € [t2,00) goes through. In case 2, we set t3 = t3 = t; and
apply Proposition 3.4 and Theorem 2.5. In case 3, we can set t4 = t; and
apply Theorem 2.5 directly. The proof of Theorem 1.1 is complete.
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