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A CENTRE-STABLE MANIFOLD
FOR THE FOCUSSING CUBIC NLS IN R!*3

MARIUS BECEANU

ABSTRACT. Consider the focussing cubic nonlinear Schrédinger equation in
R3:
ihe + A = —[y[*y. (0.1)
It admits special solutions of the form e?*®¢, where ¢ € S(R3) is a positive
(¢ > 0) solution of
— Adp+ agp = ¢, (0.2)
The space of all such solutions, together with those obtained from them by
rescaling and applying phase and Galilean coordinate changes, called standing
waves, is the 8-dimensional manifold that consists of functions of the form
ei(va—‘)(b(' -9 a)'

We prove that any solution starting sufficiently close to a standing wave in
the & = WH2(R3)N|z|~'L?(R3) norm and situated on a certain codimension-
one local Lipschitz manifold exists globally in time and converges to a point
on the manifold of standing waves.

Furthermore, we show that A is invariant under the Hamiltonian flow,
locally in time, and is a centre-stable manifold in the sense of Bates, Jones

The proof is based on the modulation method introduced by Soffer and We-
instein for the L2-subcritical case and adapted by Schlag to the L2-supercritical
case. An important part of the proof is the Keel-Tao endpoint Strichartz esti-
mate in R3 for the nonselfadjoint Schrédinger operator obtained by linearizing
([@1) around a standing wave solution.

1. INTRODUCTION

1.1. Main result. For a parameter path 7 = (vi, D, @, ') such that ||7]|e +
[[{t)7(t)]|1 < oo, define the nonuniformly moving soliton W (7 (t)) by

W (n(t))(z) = Doz —y(t), alt))

0(t,z) = vlt)r - / (l0(s)[2 — als)) ds + (1)
t (1.1)
y(t) = 2/0 v(s)ds + D(t)

~v(t) =T(t) — (v(t) — v(o0))D(o0) + /too 2sv(s)v(o0) ds.

Theorem 1.1 (Main result). There ezists a local codimension-one Lipschitz man-
ifold N in ¥ = H' N |z|71L?, containing the S-dimensional manifold of standing
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waves, such that equation [@1]) has a global dispersive solution ¥ if we start with
initial data U(0) on the manifold N.

Furthermore, the solution depends Lipschitz continuously on the initial data and
decomposes into a moving soliton and a dispersive term: W = W (x(t)) + R(t), with

17 llse + [[{E)F ()11 < CIIT(0) — W (7(0))]ls (1.2)
and
HRHLfoLgﬂLngrW(t)*lﬂLng*m < CI¥(0) = W(x(0))]s- (1.3)

The dispersive term scatters: R(t) = e fo 4+ or2(1), for some fo € L2

Moreover, for a solution ¥ of initial data W(0) € N, one has that U(t) € ¥ for
all t and ¥(t) € N for sufficiently small t.

Finally, N is a centre-stable manifold for this equation in the sense of Bates,
Jones [BATJON].

1.2. Background. Consider the focussing nonlinear cubic Schrodinger equation
(@T). It admits a particular class of solutions of the form e?®¢, where ¢ = ¢(-, ) €
S, ¢ > 0, are solutions of (0.2]).

These solutions exist for all time and are periodic. Positive, smooth solutions
¢ to ([0.2) are called ground states and solutions to (0.1) obtained from e®“¢ by
Galilean coordinate changes, phase changes, or scaling are called standing waves.
All these transformations are symmetries of the equation, subsumed by the following
formula:

G(t)(f(x,1)) = el THv—tll®) £(o1/20 _ 9ty — D, at). (1.4)

A natural question is whether standing waves are stable under small perturba-
tions.

From a physical point of view, the NLS equation in R* with cubic nonlinearity
and the focussing sign ([02]) describes, to a first approximation, the self-focussing
of optical beams due to the nonlinear increase of the refraction index. As such, the
equation appeared for the first time in the physical literature in 1965, in [KEL].

1.3. Known stability results in other cases. Concerning the general NLS prob-
lem, more results have been obtained in the defocussing case or for L2-subcritical
and L2-critical power nonlinearities in the focussing case. A few negative results
have been established as well.

Cazenave and Lions [CAzL10] and Weinstein [WEIL], [WEI2] used the method
of modulation to prove the orbital stability of standing waves in the focussing L?-
subcritical case. Asymptotic stability results have been first obtained by Soffer, We-
instein [SOFWEII], [SOFWEI2|, then by Pillet, Wayne, [PILWAY], Buslaev, Perel-
man [BUSPERI], [BUSPER2], [BUSPER3], Cuccagna [CUC], Rodnianski, Schlag,
Soffer, [ROScSo1], [ROSCS02], Schlag [ScH], and Krieger, Schlag [KRISCHI]. Gril-
lakis, Shatah, and Strauss [GRSHST1], [GRSHST2] developed a general theory of
stability of solitary waves for Hamiltonian evolution equations, which, when applied
to the Schrodinger equation, shows the dichotomy between the L2-subcritical and
critical or supercritical cases.

If the nonlinearity is L2-critical or supercritical and focussing, negative energy
(x)~'H! initial data leads to solutions that blow up in finite time, due to the virial
identity (see Glassey |GLA]). For weakening the condition on initial data and for
a survey of this topic see [SULSUL] and [CAZ|. Berestycki, Cazenave [BERCAZ]
showed that blow-up can occur for arbitrarily small perturbations of ground states.
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Recent results concerning the blowup of the critical and supercritical equation in-
clude Merle, Raphael [MERRAP| and Krieger, Schlag [KRISCH2].

In 1993, Merle [MER] showed in the L2-critical case the existence of a minimal
blow-up mass for H' solutions, equal to that of the standing wave solution, such
that any solution with smaller mass has global existence and dispersive behavior.
A comparable result was achieved in 2006 by Kenig, Merle [KENMER] for the H-
critical equation.

A similar statement is possible concerning the cubic nonlinearity studied here
(which is H'/?-critical). The present paper does not address this question, but is
a first step in that direction.

1.4. The theory of Bates and Jones. In 1989, Bates, Jones [BATJON]| proved
that the space of solutions decomposes into an unstable and a centre-stable mani-
fold, for a large class of semilinear equations. As far as it concerns this paper, their
result is the following: consider a Banach space X and the semilinear equation

uy = Au+ f(u), (1.5)
under the assumptions

H1 A: X — X is a closed, densely defined linear operator that generates a Cy
group.

H2 The spectrum of A decomposes into 0(A4) = 04(A)Uo.(A)Uo,(A) situated
in the left half-plane, on the imaginary axis, and in the right half-plane
respectively and o5(A) and 0, (A) are bounded.

H3 The nonlinearity f is locally Lipschitz, f(0) = 0, and Ve > 0 there exists a
neighborhood of 0 on which f has Lipschitz constant e.

Furthermore, let X*, X¢ and X*® be the A-invariant subspaces corresponding to
ou, Oc, and respectively o and let S°(t) be the evolution generated by A on X°¢.
Bates and Jones further assume that

C1-2 dimX", dimX°® < oco.

C3 Vp > 0 3M > 0 such that || S¢(t)| < MerItl.

Let ® be the flow associated to the nonlinear equation. We call N' C U t-invariant
if, whenever ®(s)v € U for s € [0,t], ®(s)v € N for s € [0,1].

Let W™ be the set of u for which ®(¢)u € Ufor all ¢ < 0 and decays exponentially
as t — —oo. Also, consider the natural direct sum projection 7 on X€¢ @ X?*.

Definition 1. A centre-stable manifold N' C U is a Lipschitz manifold with the
property that N is t-invariant relative to U, w°$(N) contains a neighborhood of 0
in X¢® X*, and NNW¥ = {0}.

The result of [BATJON] is then

Theorem 1.2. Under assumptions H1-H3 and C1-C3, there exists an open neigh-
borhood U of 0 such that W*" is a Lipschitz manifold which is tangent to X* at 0
and there exists a centre-stable manifold W< C U which is tangent to X .

Gesztesy, Jones, Latushkin, Stanislavova [GEJOLAST| proved in 2000 that the
abstract Theorem applies to the semilinear Schrodinger equation. More pre-
cisely, their main result was that

Theorem 1.3. Given the equation
iug — Au— f(x, |ul?)u — fu =0 (1.6)
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and assuming that

(1) H1 f is C? and all derivatives are bounded on U x R?, where U is a neigh-
borhood of 0;
(2) H2 f(x,0) = 0 ezponentially as x — 0o;
(3) H3 B <0;
(4) H4 g is an exponentially decaying stationary solution to the equation (stand-
ing wave);
then there exists a neighborhood of ug that decomposes into a centre-stable and an
unstable manifold.

While providing an interesting answer to the problem, the main drawback of this
approach is that one cannot infer the global in time behavior of the solutions on the
centre-stable manifold. Indeed, once a solution leaves the specified neighborhood
of 0, one cannot say anything more about it, not even concerning its existence.

1.5. The result of Schlag. In [SCH], Schlag extended the method of modulation
to the L2-supercritical case and proved that in the neighborhood of each ground
state of equation (I)) there exists a codimension-one Lipschitz submanifold of
HY(R3)NWLL(R3) such that initial data on the submanifold lead to global solutions.

The method used in [SCH| and applied in the current paper with some enhance-
ments is the following: write the solution to equation (01 as ¥ = W + R, where
W = e®p(z — y, ) is a nonlinearly moving standing wave, determined by the pa-
rameter path 7 = (I', D, a, v) as in (Z4]), while R is an error term that needs to

be controlled. One obtains the nonlinear Schrédinger equation (28] in Z = <%>,
with the nonselfadjoint Hamiltonian
« _ (A+2AW(m)]? W (m)?
R QR 1 LN A 4o

and localized quadratic and nonlocalized cubic nonlinear terms on the right-hand
side.

The spectrum of the Hamiltonian determines the properties of the equation.
Following an appropriate transformation, it becomes real-valued and takes the form

_(A+2¢0(,0)* —a (-, )
= ( —¢(, a)? —A = 2(-, )2 + a) : (1.8)

For the rest of this paper, we make the following standard spectral assumption:

Assumption 1. H has no embedded eigenvalues in the interior of its essential
spectrum for any a > 0.

Such assumptions are routinely made in the proof of asymptotic stability results,
as for example in [BUSPERI], [Cuc], [ROScSo2].

Even though Assumption [l is expected to be true, it has not been proved to
hold. Nevertheless, the assumption is most likely true generically, in the sense that
embedded eigenvalues should, as a rule, vanish under perturbations by turning into
resonances in the upper-half plane (by Fermi’s rule), see [CUCPELVOU|. Thus,
even if Assumption [Tl fails in some particular case, one should be able to reinstate
it by means of perturbations.
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Under this assumption, we completely describe the spectrum of H following
[ScH], with the proof delayed until the next section. It consists of an absolutely con-
tinuous part (—oo, —a]U[a, 00) supported on the real axis, a generalized eigenspace
at 0 with 4 eigenvectors and 4 generalized eigenvectors. To each disconnected com-
ponent of the spectrum there corresponds a Riesz projection (namely P., Proot, and
P;,, = Py + P_ respectively) given by a Cauchy integral.

In the course of the proof, Schlag used the method of modulation. The necessity
for it arises because the projection of the solution onto the generalized eigenspace of
the Hamiltonian at zero does not disperse or satisfy Strichartz estimates. Physically,
this corresponds to the fact that a nonzero displacement of the solution ¥ relative
to the soliton W does not go away in time and that even a small relative velocity
can lead to a large displacement in finite time. Since the right-hand side terms of
the equation keep introducing small perturbations, one constantly needs to adjust
the soliton path in order to eliminate them from the generalized zero eigenspace.

One of the main contributions of Schlag [SCH] was adapting the modulation
method to the L2-supercritical case. In this case, the main difficulty lies in deal-
ing with the unstable mode of the equation, which corresponds to the imaginary
eigenvalue io of H. To address this, [SCH] showed that the solution of the lin-
earized equation does not grow exponentially in time if and only if the initial data
Z(0) is on a certain codimension-one manifold, tangent to Ker(Py(0)). This choice
eliminates the effect of the unstable eigenvalue.

In this manner, Schlag [SCH] proved global existence and decay properties for
the linearized equation with H! N W1 initial data on a codimension-one manifold.
A fixed point argument allowed him to go back to the nonlinear equation.

The main result of [SCH| states the following:

Theorem 1.4. Impose the spectral Assumption [l and fix ag > 0. Then there
exist a small § > 0 and a Lipschitz manifold N of size § inside WH2 N WL, of
codimension one, so that ¢(-,a9) € N, with the following property: for any choice
of initial data 1(0) € N, the NLS equation (0.1]) has a global H' solution (t) for
t > 0. Moreover,

e(t) =W(t, )+ R(t) (1.9)
where W as in (24) is governed by a path w(t) of parameters so that |m(t) —
(0,0,0,c0)| < 0 and which converges to some terminal vector mw(oo) such that
SUp;~q |m(t) — m(o0)| < C6. Finally,

IR < €3, |R(t)l|oo < Cot™5/2 (1.10)
for allt > 0, and there is scattering:
R(t) = e fo+ 012(1) as t — oo (1.11)
for some fo € L*(R3).

The main problem here is that the H' N W ! space is not preserved by the flow.
Starting with a function ¥(0) € A of finite H! N W1 norm at ¢ = 0 as initial
data, there is no guarantee that 1 (¢) will still have finite W' norm for any ¢ # 0.
Therefore, the question whether the manifold N is invariant under the Hamiltonian
flow does not make sense in this context. One can replace the W12(R3) N W1 (R3)

norm with the stronger invariant ¥%/2t¢ = H%/2t¢ 0 |¢|~5/2=¢[2 norm, but this
weakens the result considerably.
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Another example of the same phenomenon, in the case of the wave equation, is
given by Krieger, Schlag [KRISCH3|. For a more general survey of this topic, see
[ScH2].

1.6. Current paper. The result of this paper represents an improvement over
that of Schlag [ScH], in that it holds in the H'/? N L*/3~¢ norm, which is strictly
weaker than the invariant ¥ = H' N |z|~!L? space, a somewhat natural choice for
equation (@). In this space, the question concerning the manifold’s invariance
under the flow becomes meaningful and it turns out that the answer is affirmative.

This paper follows the method of proof of [SCH| (namely the method of modu-
lation, adapted to the L2-supercritical case), but some important details differ.

The choice of H'/? for initial data is sharp and corresponds to the fact that the
equation is H'/2_critical. Tt is possible only due to Keel-Tao endpoint Strichartz
estimates for the linearized Hamiltonian. The endpoint corresponds exactly to
using half a derivative to bound the nonlocalized cubic right-hand side term of the
linearized equation.

The L*/37¢ condition on the initial data leads to a t~! decay in L? in time of
the solution that compensates for the possibility of linear growth in the modula-
tion equations. This problem arises because of the generalized eigenspace of the
Hamiltonian at 0.

This L? in time decay bound is not sharp. We expect that, due to the oscillatory
nature of the integrand, further improvements are achievable by using conditionally
convergent integrals, instead of absolutely converging ones as in the current paper.

1.7. Linear estimates. The first dispersive estimates concerning NLS with non-
selfadjoint Hamiltonians are present in [BUSPERI].

More recently, Erdogan, Schlag [ERDSCH| considered Hamiltonians of the form
H =Ho+V, where

(A4 p 0 _(-U -W
w=(5 30 =0 ). (112

They made the following assumptions: that —o3V is a positive matrix, that L_ =
—A4+pu+U+W >0, that U and W have polynomial decay, and the spectral

0 -1

Under these conditions, Erdogan, Schlag [ERDSCH] proved the L? boundedness
of the evolution ¢* for |[V| < C(z)~1~¢. In [ScH], Schlag proved the L' — L
dispersive estimate and Strichartz nonendpoint estimates, for (z)~37¢ potential
decay and under the further assumption that the edges of the spectrum are neither
eigenvalues nor resonances. Erdogan, Schlag [ERDSCH| obtained corresponding
results for nonselfadjoint Hamiltonians in the presence of a resonance or eigenvalues
at the edges of the essential spectrum, if the potential decays like () ~1°~€. Yajima
[YAJ] proved independenty the same result, assuming less decay on V.

This paper establishes the following Keel-Tao endpoint Strichartz estimates for
a nonselfadjoint Hamiltonian of the form (L12)):

Assumption [Tl Here o3 denotes the Pauli matrix <1 0 )

Corollary 1.5. Suppose that H = Ho + V', where

(A4 0 (U =W
7‘[0—< 0 A—u)’v_<W U), (1.13)
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that —o3V is a positive matriz, that L. = —A +u+ U+ W > 0, that |V| <
C(x)~7/?~ that the spectral Assumption holds, and that the edges of the spectrum
+u are neither eigenvalues nor resonances.
Then the evolution e*™ P, satisfies the following Strichartz-type estimates:
e P.fllsr, < Clfll2

/eﬂ'SHPCF(s) as|, <ciF

Ly

H/ eit’}-[efis’;-[*PchS‘ < CIF| oy (1.14)
s<t LiLy t Vo
=M p ’ <C|F|. o

1
for any sharply admissible (q,r) (that is, such that 2 < ¢, r < oo, — + 23 = g) and
q 2r

(q,7). The same estimates hold after swapping H and H*.

Note that Corollary [[L5]is not an immediate consequence of [KEETAO|, because
eit’;‘-{,efis’;‘-[* 75 ei(tfs)’H'

The exact rate of decay of V' does not matter for the purpose of this paper,
since we deal only with exponentially decaying potentials. However, it is important
to have the endpoint Strichartz estimate for two reasons. Firstly, by linearizing
the equation one obtains small localized linear terms on the right-hand side and
it is useful to be able to bound their contribution using the L? — L? endpoint
Strichartz estimate. Secondly, as mentioned before, the sharp estimate allows one
to use exactly half a derivative in handling the nonlocalized cubic terms on the
right-hand side.

The difficulty in the proof lies in the fact that #H is not selfadjoint, so the usual
L' — L™ dispersive estimate does not imply the endpoint estimate Corollary L5l
Therefore, we use the following strengthened version of it:

Proposition 1.6. Under the assumptions of Corollary [L.5],

iH p —isH® p* _ o-3/2
(& —00 = . .
e P.e Pl < CJt— s (1.15)

The proof of this statement is a generalization of the one given in [ScH| for the
usual dispersive estimate. The argument uses the spectral representation of the
evolution from that paper and the finite Born sum expansion of the resolvent for
both the operator and its adjoint.

Once established, the estimate ((CI5), together with the L? theory of [ERDSCHI,
makes possible to apply the methods of [KEETAO]|, leading to Corollary [[L5

Now we return to the nonlinear problem. Without loss of generality, take any
standing wave W (0) and transform it, by means of a symmetry transformation Gy,
into a positive ground state ¢(-, ag) of equation ([OI]). Then let P;(0) and Pyo0t(0)
be the Riesz projections onto the eigenspace corresponding to the eigenvalue io
of positive imaginary part and respectively onto the generalized zero eigenspace of
the linearized Hamiltonian H (8] at time 0. Furthermore, let f7(0), f7(0), and
nr(0), £7(0) be the normalized eigenvectors of H and H* at io and the generalized
eigenvectors of H and H* at 0, respectively. All are exponentially decaying Schwartz
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functions and

P+(O) = <'7 f+(0)>f+(0)7 Proot = Z<7§F(O)>T/F(O) (116)
F
In the sequel we use the notation LP"Y = LP N LY and LP+9 = LP + L9,
Following these preparations, we state a more technical result from which the
main theorem follows almost immediately. For simplicity, we first state it in the
case when the initial data is in the neighborhood of a positive ground state and its
projection on the generalized zero eigenspace vanishes.

Theorem 1.7. Assume that W(0) = ¢(-,ap) is a positive ground state of equation
(02)). For1<q<4/3, let Ss be given by

Ss = {Ro e HY2R3)NLIYR?) | |Roll sr1/2a0a < 05 (Pi(0)+ Proot(0)) (Eo) _ o},

Ry
(1.17)
Then, for some small 8, there exists a map F : Ss — H'/?(R?) N L9(R3), whose
range is spanned by a Schwartz function, given by

F(io) = s 10) = (1) (113)
such that
(1) IR < Ol Rl

(2) IIF(Rg) — F(RY)| < COl|Rg — Rl 12

and, for every Ry € S(0), the equation [0.1]) having ¥(Ry)(0) = W(0)+Ro+F1(Ro)
as initial data admits a global solution W(Ry). Moreover, the solution W(Ry) has
the following properties:

(1) W(Ry) depends Lipschitz continuously on Ry,
||‘I’(R(1)) - ‘I’(Rg)H@)l/HLf(mLf;*w < CHR(l) - R(2)||2- (1.19)

(2) There exists a parameter path m with 7(0) = (0,0,0,a0) and |t7(t)]1 +
[I7]l1noe < o0 such that U(Rg) stays close to W(m) for all time t > 0:
U(Rg) = W(m) + R, where

HRHL?HimﬂL?Wim’ﬁﬁ(t>*1/2*€LfL2+°° <9 (1.20)
and one has scattering: for some fo in L2,

R(t) = e fo + 0r2(1). (1.21)

The map Ry — U(Rp)(0) = W(0) + Ro + F1(Ro) takes S5 to a codimension-
nine submanifold Ny of H'/2 N L9. Indeed, the map is Lipschitz bicontinuous for
sufficiently small § and Sy is an open set in a codimension-nine linear space.

Since we want to extend this result to more general standing waves instead of
just ground states, we conjugate everything by means of symmetry transforma-
tions. Also note that the codimension-nine manifold Ny provided by Theorem [I.7]
becomes, after applying symmetry transformations, a codimension-one submani-
fold. These observations are summarized in the following corollary:
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Corollary 1.8. Consider any standing wave W (0). Under the same assumptions
as in Theorem[I7), there exists a codimension-one Lipschitz manifold Npaqgi/2 in
LN HY2(R3), 1 < q < 4/3, given locally by

Neanare = JaNo), (1.22)
g

whose tangent space at W (0) is Ker(Py(0)), such that for initial data ¥(0) on the
manifold Npang12 the equation has a global dispersive solution W, with the same
properties as in Theorem [[.7, but with respect to some more general standing wave
g(W(0)), such that |g| < C||Ro||panms2, instead of simply W(0).

A straightforward consequence is that the same result holds in the strictly
stronger norm of X' = H' N |z|7'L?, which has the advantage of being locally
invariant under the flow. Furthermore, in this topology one can identify N as the
centre-stable manifold of [BATJON], from the previous discussion. This leads to the
main Theorem [I.T] stated on the first page.

We remark that X! can be replaced in this statement with any invariant ©° =
H* N |z|~*L? space, for s > 3/4, this being the minimal requirement so that X* C
L1N H'Y? for some q < 4/3.

Acknowledgment: I would like to thank Professor Wilhelm Schlag for his sug-
gestions and for his very careful reading of this paper.

2. PROOF OF THE NONLINEAR RESULTS

2.1. Formulation of the problem. We aim to prove that there exists a codimension-
one submanifold of H'/2NL*/3~¢ on which the focussing cubic nonlinear Schrédinger
equation (0.I)) has global solutions. Throughout this section we employ the Keel-
Tao endpoint Strichartz estimates of Section [3l

In the L?-subcritical case, Cazenave, Lions [CAzLIO] and Weinstein [WEI2]
proved that stability occurs for any solution that starts in a sufficiently small
neighborhood of the standing wave manifold. However, the presence of an un-
stable eigenstate of the linearization precludes one from achieving such a result
in the L2-supercritical case and Berestycki, Lions [BERLIO] prove that arbitrarily
small perturbations of the ground state may lead to blowup in finite time. The
best that one can hope for is the existence of a codimension-one manifold on which
the evolution does not lead to blowup. This is indeed the result proved by Schlag
[ScH] and improved here.

Let ¢ = ¢(-, ) be the radially symmetric ground state (meaning ¢ > 0) of the
semilinear Schrodinger operator corresponding to energy a > 0, that is a solution
of ([@2). The existence of such solutions to equation (0.2)) was proved by Berestycki
and Lions in [BERLIO|, who further showed that they are infinitely differentiable
and exponentially decaying. Uniqueness was established by Coffman [COF| for (0.2])
and Kwong [Kwo] and McLeod, Serrin [MCLSER] for more general nonlinearities.

In the particular case of the cubic nonlinearity, the equation ((.2]) and its solu-
tions have the scaling invariance ¢(z, a) = o/2¢(a’/?x,1).

Note that e®®¢(x, ) is a 1-parameter family of periodic solutions for equation
([@T). Starting from it, one can obtain more solutions by taking advantage of the
symmetries of equation ([(.I]). Applying the following family of transformations

Gt)(f(z,t)) = ei(F"'”_tIUP)ozl/2f(ozl/2x —2tv — D, at) (2.1)
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to e ¢(-, 1), the result is a wider 8-parameter family of solutions to (0.1])
G(t) (e p(z, 1)) = elTHve—tlvl+at) 4 1/24,1/25 94— D) 1) (2.2)
or, after reparametrizing,
G(t) (e (x, 1)) = elTHve—tlol+at) g oy — D ), (2.3)

which we call standing waves.

Here G is composed of a Galilean coordinate change, with six degrees of free-
dom corresponding to v and D, a phase change represented by I', and a rescaling
embodied by «. Henceforth we call such G as in (2.1]) symmetry transformations,
since they correspond to the symmetries of equation (0.1]).

In the sequel we consider the pairs made of a function and its conjugate instead
of just the function alone. For example, by a standing wave we will also mean the

it
pie (L)1)
g(t)(e"o(x,1))
its first component, as long as the components are conjugate to one another. All
the column two-vectors that apear in this paper will have this property, related to

) . There is an obvious correspondence between the pair and

1 0
The question arises whether standing waves are stable under small perturbations.
We seek perturbed solutions of the form ¢ = W(7) + R with small R, where

W (n(t))(z) = "Dz —y(t), alt))

(t,2) = () — / (lo(s)[2 = als)) ds + (1) 24

the fact that the vector form of equation (0] is (O 1) -invariant.

y(t) = 2/;@(3) ds + D(t).

W () represents a moving soliton governed by the parameter path 7 = (T, o, D;, v;).
We look for solutions v that remain close to the 8-dimensional manifold of solitons
for all positive times ¢ > 0, hence to a moving soliton like W ().

2.2. Setting up the contraction scheme. Assume that all the parameters de-
scribing W (r), namely v, «, D;, and v;, have limits as ¢ — oo, denoted y(c0) etc..
It is more convenient in the sequel to consider an alternative to 7, namely a new
parameter I' such that

I =4 + 0(2tv(o0) + D(c0)), (2.5)

more precisely I'(t) = () + (v(t) — v(c0))D(00) — [ 250(s)v(c0) ds.
Henceforth, we assume that

17 lloc + 1B} (E)]]1 < oo, (2.6)

where () = (vi(t), Di(t), a(t),T(t)). Note that « can be recovered from 7 and
that ||¥|l1 < oo under our assumption; also y(co) = I'(c0).
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For F € {vk, Dy, , T'}, denote by £Z the following family of vectors:
z o [ €0 Dad(z —y(t), alt)) >
£p, () = < =00 gy b — y(2), alt))
< i ), a(t)) >

e D0z — y(t), a(t))

zew @Dou0(x — y(t), alt))

ie~ 0@t g, (;5(:17 —y(t),at))
( a(t)
yot

)
ze(m t )
—i0(z,t) t ) )
Also let nZ = —io3éZ = ( _OZ ; )55

Their immediate importance is that nZ(t) span the tangent space of the 8-
W(x(t))
W (x(t))
and £Z(t) form a dual basis with respect to the usual dot product.

From another perspective, note that if v = D = v = 0 and W is a positive ground
state of the equation, then nZ span the generalized eigenspace of the linearized
Hamiltonian H (L8] at zero and ¢Z fulfill the same function for its adjoint H*.
However, the property of being an eigenvector is not preserved under symmetry
transformations, so this characterization is no longer true when W is a more general
standing wave instead of a positive ground state.

The following lemma exhibits the equation satisfied by the error term R:

619 zt)ak¢ I— (

(2.7)

dimensional standing wave manifold at ( >, for each individual ¢t > 0,

Lemma 2.1. ¥ = W(n) + R is a solution of equation [O1l) if and only if Z =
(zl B E) 15 a solution to

2o =R
i0i7 +HZZ = i % )+ N%(Z,7), (2.8)
where
we= (MR e ) 29
) W)\ .., ielzp(z —y,a) o [ 1€9p(x —y,a)
w0 (W(w)) =Y (—iewxd)(x ;yy,oz)) t7 (—iewqﬁ(z —yy,a)) +

eiwaot(b(x - Y, a) eiwvd)(x - Y, Oé)
=anf — 0% = > (Dynl +i¢np,)
k
(with 6 = 0(z,t), o = a(t), y = y(t)) and
—2|212W (1) — W (7)22 — |21)? 21
N?(Z, ) = = ! :
(Z,m) ( 2|2*W (m) + W ()23 + |22/ 22
We wrote 70, W () in a more general form that becomes convenient when lin-

earizing the equation. In the linearized equation, the family of vectors nr depends
on one path and the coefficients ¥ etc. depend on another.

L (ei‘?aaaﬁ(:r -y,0) ) L e (_—ei‘?wﬁ(x -y,a) > (2.10)

(2.11)
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Proof. By direct computation. ¥ = W(7) 4+ R satisfies equation (O.1]),
i0y(W + R) + A(W + R) = —|W + R>(W + R)
= —|WPW - 2|]W|*R — W?R — 2W|R|? — 2WR? — |R|*’R, (2.12)
while W () fulfills the identity
i0;W (1) + AW (1) = —|W ()W (rr) + i70, W (7). (2.13)
Subtracting the two relations, one has that
i0iR+ AR = —2|W|*R — W?R — 2W|R|* — 2WR? — |R|*R — i70, W (7). (2.14)
Joining this equation with its conjugate, one obtains exactly (2.8]). (I

Consider the following linearized version of equation (2.8]), in which we partly
replace m and Z with the auxiliary functions 7% and Z°:

W (r0)

. VA s
12t +HoZ = —i70y <—W(ﬂ'0)

) + NZ%(Z° 79). (2.15)

We choose W () such that at each time ¢ it satisfies the orthogonality condition

(Z(1),€£(t)) =0, (2.16)

which leads to a system of modulation equations for the path 7. If the standing
wave W (m) is a positive ground state of the equation, this simply means that
P00t Z(t) = 0, that is the projection of Z(t) onto the generalized eigenspace at 0 of
the Hamiltonian H (L8] is 0. Otherwise, the condition takes a more complicated
meaning.

If we try to approximate ’Hfo by a constant Hamiltonian in order to solve equa-
tion ([Z.8)), the problem is that the potential moves with nonzero velocity along the
path described by w. Thus, we need to change the reference frame to one that
moves with the same speed as HTZrO. However, since HTZro does not move with con-
stant speed, we have (in order to avoid gradient terms in the equation) to choose
a reference frame moving at the constant speed that best approximates the speed
of Hfo. The same considerations apply to the phase of ’HTZFO. Therefore, we need to
determine the uniform movement path that best approximates 7°.

Define the following limit values associated to any path 7

Iy = y(0) — /000(02(00) —v2(s) — a(o0) 4 as)) ds

Voo = v(00)

Dy = D(0) — 2/000(1)(00) —v(s))ds
Qoo = a(00)
oo = (b('aaoo)-

Given some parameter path m such that ||7||1neo+[[t7]|1 < 00, one can distinguish
a symmetry transformation (as in (2.1I)) G, associated to ,

Gr(t)(f () = e 0 0etv=0) f (0 4 yoo (1)), (2.18)

(2.17)
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where
Yoo (t) = 2tVeo + Doo
, (2.19)
Ooo(t,2) = Top + Voo — t(|Voo|” — o).

Also consider the corresponding transformation for column two-vectors,

o () ()

Note that G, and g, only depend on the terminal values Do, Voo, I'oo, and aso.
For future reference, let

Poo(t,2) = 0(t, T + Yoo ) — Ooo(t, T + Yoo )- (2.21)

G.W (m) is close to a constant ground state ¢(-, «) and it turns out that the best
uniformly moving approximation to 7 is provided by the constant path (T'so, Qoo; Do, Vo )-
Therefore, we apply the transformation g,o to the linearized equation (2.15)). In
this context it is natural to introduce the families of functions
et _
N (t) = z'el—eipoo z((i i ?:j:z _ 3: z))) = gro0 (t)ng (t)
eipoo 6a¢(x + Yo — Y, Oé)

ﬁr(t) =\ e—trs 5a¢(x + Yoo — ¥, a) = g0 (t)nlg(t)
i ooa oco Yy
) = ( T BT T 0 ) gty 0

102 0) = (oS T T 1) — gm0 (005, (0 ~ (g (00 (z(f) |
2.22

(Where Poo = poo(xv t)7 Yoo = yoo(t)v y= y(t)7 o= a(t)) and

. [ gro(t)EE(R), for F € {a,T,v;}
coit) =iowne) = T gz, for o

(2.23)
We made a change in the definitions of np, and £p, so that these functions would
be uniformly bounded in time, instead of linearly increasing as they would have
been if we had just applied the symmetry transformation g,o. The two families ng
and ¢ span the generalized 0 eigenspaces of H and H* respectively, if W (7(%t)) is
a standing wave. Furthermore, nr span (;che tangent space of the eight-dimensional
%) at each individual ¢ > 0.
Lemma 2.2. (Z,7) is a solution of equation ([ZI5)) if and only if U = gr0Z and
T satisfy

standing wave manifold at g,o(t) (

) R W () 0 0
Up + HroU = —i70r gro <W(7TO)> + N(U", 7") + VzoU, (2.24)
where U° = g,.0Z° and we used the notations
_ (A +2¢%(2) - an ¢% ()
o = (TN aliiDa) 0

Voo = ( 2(03.(2) = * (@ + Yoo — 9, @) B () — P2 (2 + Yoo — y, a)>
T — 2 (2) + e72P2 2 (x + Yoo — Yy, ) —2(¢% (2) — P (T + Yoo — Y, ) )

(2.26)
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. W(ﬂ-) cw cw Yw )
waﬂgﬂ' <W> = @ 77F - FY 770& - ;(Dk 77vk + v]g nDk); (227)

and
_ 2 ipoo _ 2 —ipes B _ 9
N(U,7) = ( 20u|2eP> G(x + Yoo — Y) — uZe”P= (T + Yoo — y) — |u1] u1>'

2uz|?e P2 G(z 4 Yoo — Y) + U3 P> P(2 + Yoo — y) + |uz|Puz
(2.28)

Here U = <Zl> is a C%-valued function and m, 7%, w are paths. We wrote the
2

. W (r®
term 70 gro (ﬁ
on two paths, 7 and 7°. We also recall the notations poo = poo(Z,1), Yoo = Yoo (t),
y=9y(t), a = at), poo = (-, Aoo-
Henceforth, peo, ¥, Yoo, ¢, and ¢oo will refer to quantities derived from 7°.
Let H = Hyo + Vzo. H is the Hamiltonian of equation (2.24]), but we split it
into a constant part H o and an error term V0.

) in a more general form, in order to exhibit its dependence

Proof. Firstly, we compute the following commutators:
[0, 9x] = ( — (Jvso|* + aoo)ioz + QUOOV)gﬂ- (2.29)

and
[Acs,gx] = (= [vso|*03 — 20608V ) g (2.30)

Plugging Z = g_y U and Z° = g_, U" into ([215), we then have

90 (iU + AosU) + [i0; + Aoz, g0 |U =
_ 2|W|2 w2 -1 . . W(WO) Z( —1770 0
- <_W _2|W|2 gﬂ-oU_”Tafr W +N (gﬂoU , T ) (231)

Therefore, applying g,ro to this equation and taking into account the fact that

21 VS W
=0\ w2 —qw2) % T
= 2¢2(I + Yoo — Y, a) e2ipoo ¢2($ + Yoo — Y, Oé) (2 32)
_e—QlPoo¢2(Jj+yoo _yua) _2¢2(x+y00 _yua) ’
and
gwo([i&g + AO’g,g;Ol]) = —[u?t + AO’g,gﬂ.o]g;ol = — 003 (233)
we obtain
U + AosU — aoo3U =
:< 20°(z + Yoo — Y, @) €2 % (2 + Yoo —y,a)> _
—e =+ Yoo —y ) —20%(T + Yoo — Y, 1) (2.34)
- i#aﬂgﬂ.oW(WO) + g.,roNZ(g,ﬂ.oUO, 7T0).
However, by definition

202(2 + Yoo — Y, @) P ? (2 + Yoo — Y, )

Aos3U —aeeo3U — o
° ’ (—e 2000 G2 (2 + Yoo — ¥, @) —20%(T + Yoo — Y, )

il
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Note that
. W(WO) . Z A : A . Z
70 G0 <W = agronf — YgaonZ — Zk:(Dkgwo%k +orgnonf, ). (2.36)

Here the important fact is that
Z @kgwf’ﬁgk + ”'ngoﬁf =

k
s (T Ys)eP=d(z + Yoo — 4, Q) | . [(—iEP=H(T + Yoo — Y, Q)
B Zk: o (i(x + Yoo )P O(T + Yoo — ¥, a)) * (ieip“’sb(x + Yoo — U oe))
_ Z o (—ixeipoo¢(gc + Yoo — Y5 a)> LT <—ieipoo¢(;p + Yoo — Y, a)> .
k

ize” = ¢(x + Yoo — Y, Q) ie” P P(x + Yoo — Y, )

(2.37)

Finally, a simple computation shows that
90N (g, U°, 7% = N(U°,7?) (2.38)
and thus we have retrieved all the terms of equation (2.24]). (]

In the next three lemmas we examine in more detail the properties of £z and
nr-

Lemma 2.3. ng and g are biorthogonal, in the sense that

(Naséa) = —3a @3 for G =T and 0 otherwise

(nr.éa) = 3a7 9|3 for G =a and 0 otherwise (2.39)
(Mo, €c) = —2||¢||3 for G = Dy and 0 otherwise '
by ) =2||¢]13 for G = vk and 0 otherwise.

Note that all these functions are related to 7°, not to .

Proof. By direct computation. Most of the integrals cancel simply as the product
of even and odd functions. The only nontrivial computation is that

8 68) = [ 2000, @)0u0(2.0) do = Bulo( )3 = —ga ol ). (2.40)
R3

(|
Let
() = veo)® = 2i(v(t) — ve0)V 0
E= ( 0 [0() — a2 — 2i(0(t) — va0)v ) 24D
and H = H,o + Vyo.
Lemma 2.4.
H*¢a = Eba
H*¢r = —2ia + Eér
. 2.42
H Eoy = ESu, (242)

,H*ng = _2i§vk + Eng'
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Proof. By direct computation.
For ¢ = co we note that £ actually become generalized eigenvectors for H*, be-

. )
cause the symmetry transformation g,o was chosen so that g,o m becomes
T

a ground state in the limit. Otherwise, there is a small error term. (I
Lemma 2.5. If U is a solution of (2224), m satisfies the modulation equations

& = 2a|¢]l; 2 (=0 (U, &a) + (U, &) — (U, E€a) — i{N (U°, 7°), &)

I = 2a¢ll3*(=0u(U, ér) + 2i(U, &a) + (U, &r) — (U, Bér) — i(N(U°, %), ér))

O = [|011* (=0 (U, o) + (U, &) — (U, B&u,) — N (U, 7°), €0,))

Dk = ||¢||;2(_at<U7 §Dk> + 2Z<Ua €Uk> + <U7 §Dk> - Z<Ua Eng> - i<N(U077TO)a€Dk>;'
(2.43

Proof. Consider the Schrodinger equation (2:24]) and take its dot product with &p
for each F":
. * s W () 0 .0
Z<Ut7§F>+<U7H §F> = —l<7T6ﬂ—gﬂ-0 W 7§F>+ <N(U ) T )7§F> (244)
Write (Uy, €p) = 0u(U, €r) — (U, €p). Lemma ([2Z42) helps evaluate the second term
and the identity (2.27) and Lemma 23] help evaluate the third term, leading to
the equations (Z43]) above. O

We restate the orthogonality condition (ZI€]) for U in the form
(U(t),&r(t)y =0 for F € {a,T, vg, Dy}, (2.45)

for every t > 0, which is equivalent to condition (ZT6) on Z. Indeed, they follow
from one another by applying the unitary transformations g o(t).
Let
LoUs= > |6l:°(U.8r) — iU E¢r))ir (2.46)
Fe{a,lv;,D;}

and

No@7%) == Y ol *(NU°, ), &r)ne. (2.47)

Fe{a,lv;,D;}

The modulation equations can then be rewritten as

— 170 gm0 W (%) = LoU + N, (U°, 7). (2.48)

LU represents the part that is linear in U and N,o(U°, %) represents the non-
linear part (N (U, %), &R).

Note that the orthogonality condition for all times ¢ is equivalent to the modu-
lation equations ([Z48]) together with the orthogonality condition at time 0.

Next, we estimate a few useful quantities that appear in the right-hand side
terms of the equations. Let

v(T) = [[{OF )] L1 (T,00) T |7l oo (7,00) (2.49)

and likewise /¥ for 7. We still assume that ||7]|1n00 +[|t77||1 < v(0) < oo is bounded
and we justify this assumption later.
Now we state very general estimates that are used in the proof:
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Lemma 2.6. For any path m,

| 100 — vl de < 00 1y < (D),
T
TI0(T) = vnc] < 600 11y < V()

S . | (2.50)
10 = ot < s 100 1y < 22T,
[ttt = vl dt < Oy < (D).
T
Proof. All of these estimates are straightforward. O
Then, there are some more specific estimates that we need:
Lemma 2.7.
Do <IT|+ [2[[6] + (0] + Voo )0 = voo| + | — e
IV poo| <[v — veo|
19 — Yool §|D| + 2|V — Voo
[€p + iBEp| <|T| + D]+ (1 + [2])[o] + |v — voo| + |6+
+ | — asol
(2.51)

Vo 14 001m00 (1Y = Yool + |poo] + | = o) < ¥°(2)
[V Vo l1400—1m00 <[V — 00| < °0(2)
[ Lo l[1400s1m00 SC|I(- Er) — (-, EER)||
<C(1g = Yool + lpoc| + la]) <°(2)
IVLroU(#)|l1nee SCHU(t), &) — iU, EER)|(L + |v — vool).-

Proof.
Poo(t) = 0(t, & + Yoo) — Ooo(t, T + Yoo)
= (v(t) — v(o0))(z + 2tv(00) + D(00)) — /0 (lo(s)]* = Jo(00)|* — a(s) + a(o0)) ds+
= (v(t) —v(00))(z + 2tv(00) 4+ D(o0)) + /too(lv(S)l2 —[v(00)|* = a(s) +a(o0)) ds+
+7() = T(c0). (2.52)
Therefore,
foo(t) = D(t)a — (Jo(t)]* — |v(o0)[?) + a(t) — a(oo) + I'(1). (2.53)
Finally, note that
Er =iposér + (oo — §)VER + A0akr
—i(o(t)r — PO + [p(e0)2 +alt) — alo) + D(B)osert  (254)
+2(v(00) = v(t))VEF + d0aér,
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SO
Er +iBEp =i(o(t)z — [v(t)* + [u(c0) > + alt) — a(oo) + T'(t))osér+
+ilv(t) = veo|*o3E R + ADatr (2.55)
=i(0(1)2 + 2000 (v = vo0) + a(t) = a(00) + L(t))03ér + Dar-
The other formulae follow by straightforward computations. O

2.3. Spectrum of the Hamiltonian. Without loss of generality, we perform a
symmetry transformation in the nonlinear equation (LI) and assume that the
initial data is in the neighborhood of a positive ground state of the equation
W(m(0)) = ¢(+, @) instead of a more general standing wave. This is possible because
standing waves are, by definition, an orbit of the action of symmetry transforma-
tions. Even though symmetry transformations change the spectrum, the informa-
tion gained in the manner is still useful in the general case.
Consider the operators

(A +a—2¢%(,a) —¢%(-,q) -
H= ( ¢2(.7a) A_04+2(J52(',04)) =Ho+ V. (2.56)

By rescaling, one sees that all these operators have the same spectrum up to dilation
and similar spectral properties.

We restate the known facts about the spectrum of H. As proved by Buslaev,
Perelman [BUSPERI| and also Rodnianski, Schlag, Soffer in [ROSCS02], under
fairly general assumptions, o(H) C R U4R and is symmetric with respect to the
coordinate axes and all eigenvalues are simple with the possible exception of 0.
Furthermore, by Weyl’s criterion o.ss(H) = (—o00, —a] U [ar, +00).

Grillakis, Shatah, Strauss [GRSHSTI] and Schlag [SCH] showed that there is
only one pair of conjugate imaginary eigenvalues +io and that the corresponding
eigenvectors decay exponentially. For the decay see Hundertmark, Lee [HUNLEE].
The pair of conjugate imaginary eigenvalues +ic reflects the L?-supercritical nature
of the problem.

The generalized eigenspace at 0 arises due to the symmetries of the equation,
which is invariant under Galilean coordinate changes, phase changes, and scaling.
It is relatively easy to see that each of these symmetries gives rise to a generalized
eigenvalue of the Hamiltonian #H at 0, but proving the converse is much harder and
was done by Weinstein in [WEI1], [WEI2].

Schlag [ScH| showed, using ideas of Perelman [PERI, that if the operators

Li=—-A+a—¢*(,a)F20%(-, ) (2.57)

that arise by conjugating H with (1 ‘ ) have no eigenvalue in (0, a] and no reso-

nance at «, it implies that the real discrete spectrum of # is {0} and that the edges
+a are neither eigenvalues nor resonances. A paper of Demanet, Schlag [DEMSCH]
proved numerically that the scalar operators meet these conditions. Therefore,
there are no eigenvalues in [—a, a] and +a are neither eigenvalues nor resonances
for H.

Furthermore, the method of Agmon [AGM|, adapted to the matrix case, en-
abled Erdogan, Schlag [ERDSCH| and independently [CUCPELVOU| to prove that
any resonances embedded in the interior of the essential spectrum (that is, in
(=00, —a) U (e, 00)) have to be eigenvalues, under very general assumptions.
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Under the spectral Assumption [I] we now have a complete description of the
spectrum of H. It consists of a pair of conjugate purely imaginary eigenvalues, a
generalized eigenspace at 0, and the essential spectrum (—oo, —a] U [a, 00).

It helps in the proof to exhibit the discrete eigenspaces of 7. Denote by f* and
f* the normalized eigenfunctions of H and respectively H* corresponding to the
+io eigenvalues. Also observe that np are the generalized eigenfunctions at zero of
‘H and &p fulfill the same role for H*.

Furthermore, now we can express the Riesz projections, following Schlag [SCH],

as
P = Py + P_, Py = (-, f¥)f*, (2.58)
Proot = <';€a>771‘ =+ <'a€1_‘>7706 =+ Z(<'a€vk>nDk + <'a€Dk>77'Uk)7 (259)
k
and
Pczl_Pim_Proot- (260)

Even though we do not have an explicit form of the imaginary eigenvectors, Schlag
[ScH] proved that f*, in the L? norm, and o are locally Lipschitz continuous as a
function of o and that f* are exponentially decaying.

Concerning the continuous spectrum, the absence of embedded eigenvalues, fol-
lowing the spectral Assumption [II permitted Erdogan, Schlag [ERDSCH| to state
the limiting absorbtion principle in the following form:

Lemma 2.8. Assume that the thresholds of the spectrum of H = Ho + V (L))
are regular, meaning that the operators 1+ (Ho — (fa 4 i0)) "tV are invertible
from the weighted Sobolev space (x)**T¢L? to itself for any € > 0. Then there exists
0 < <« such that

sup |/\|1/2||(7‘[ - (/\ + ie))71||<z>717€L2*><z>1+6L2 < o0 (261)
[A[Za’.e>0
and
sup ||8f{(7—[ — (/\ + iﬁ))il||<I>717275L2_,<1>1+e+eL2 < o0 (262)
[A|>a’,e>0
=1,2

i IV| < Cla)y~7/2e.

The fact that the thresholds are neither eigenvalues nor resonances implies their
regularity.

2.4. Proof of the main result.

Proof. To recapitulate, we are interested in finding solutions to equation (0.1,
starting from initial data in a neighborhood of the soliton W(0), which remain
close to stationary solutions for all times. Furthermore, we take W (0) to be a
positive ground state of the equation.

We prove that, to a first approximation, {RO | (Py + Proot) (%0 = 0} is

0

the stable submanifold. Quadratic corrections are needed, as the statement of
Theorem [I.7] makes clear.

Let, for some § < 1,1 < ¢ < 4/3, small € > 0,

Xs = {(U7 7T) |7T(O) = (0707070‘)7 ||<t>7‘—(t)||1 + ||7THOO <9,

(2.63)
”U”L%W;Q’GQL’?OH;Q + HUH<t)1*2/q+eL?Lg+°° < 5}
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Let 8 =2/q — 1 — e. Note that, for U(z,t) = gro(t)Z(x,t), one has (U, 7) € X;
if and only if (Z,7) € X5, since g,o(f) is an isometry. In the sequel we deal with
both U and Z, as necessary.

We define a mapping ® that takes the pair (Z°, 7°) to the solution (Z, ) of the
linearized equation (2T corresponding to the initial data

20) = (F2) +nr(0)
7(0) =(0,0,0, a),

(2.64)

where h and ap(0) will be chosen later depending on Ry, so that Z fulfills the
orthogonality condition ([Z45]) and is globally bounded in time. The first condition
can be equivalently formulated in terms of U,

U(0) = gro (0)( (g—g) +h f+(0)). (2.65)

Further note that, by interpolation between L? and H', for § < 1
[T Lanmrre < C(l[RollLanmrsz + |hl). (2.66)

Now we run a fixed point argument, showing that ® is a contraction in X5 for
small §. This is achieved in two steps, by proving firstly that ® takes Xy to itself
and secondly that it is distance-decreasing in a weaker metric.

2.5. Stability. Here we prove that if § < 1 is sufficiently small and (Z°, 7°) € X5,
then ®(Z% %) = (Z,7) € Xs.

Since g is an isometry, this is equivalent to proving that if (U°, 7°) € X5, then
the solution (U, ) of (224) is in X5, for small 6. It is more convenient to prove
the statement for U than for Z.

Note that, after making § as small as needed, «(t) always belongs to a fixed
compact set centered at its initial value and therefore all the Sobolev norms of
¢(-,a(t)) and f*, f* are uniformly bounded.

Replace 7 on the right-hand side of ([2:24]) by its expression given by (2.27) and
assume the orthogonality condition (U(¢),£r(¢)) = 0 in order to obtain the system
of equations

iU +HpolU = LoU 4 VieoU 4+ N(U®, 7°) + Ny (U, 7%)
F = 20a|1¢0ll3*((U,€R,) — iU, Eokr,) — i(N(U°,7°),£R,)), F € {a,T}
F =|¢oll3*((U,¢r,) — iU, Eoér,) — i{N(U°,7°),¢R,)), F € {Dy,vi}.
(2.67)
%) = LU + NWO(UO,WO) by

virtue of the modulation equations (Z43)), (Z48]). L,oU represents the part that
is linear in U and N, (U, 7%) represents the nonlinear part (N(U°, 7°), &x,).

The initial data is given by condition ([Z.64)).

The orthogonality condition at time 0 is true by definition, regardless of the value

of Ry € Ss and h, because (ﬁ) 1 £7(0) and, due to the spectral decomposition,

Here we made the replacement —img 00,0 (

Ry
fT(0) L €r(0) too, for F € {vk, Dy, a,T'}.
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Global existence of the solution U to the linearized equation [Z67]) follows by a
standard fixed point argument. Introduce a second auxiliary function U; and write
the equation as

iU + HnoU = VyoUy + LpoUy + N(U?, 7°) + Npo (U, 7). (2.68)

Note that [|e?*=0 |55 < CelHl.
For any T; consider a small time interval [T7, T3] of length at most 1. Assume
that ||U1l|pee(ry,1p;02) < 7. One has that

NU| oo (1y,1052.2) <

T
U@+ [ e RES () d

n (2.69)
<NU(T)ll2 + C(To = T1) (| Lro + Vol Lz s p2 Uil Loo (1 mosz2)+

HINU®,70) + Neo(U®, 7°) | 5o 12) <

if r is chosen such that r > C(||U(T1)||2 + 9). Likewise, subtracting two copies of
the equation, with two solutions U and U corresponding to auxiliary functions Uy
and Uy, one obtains

U =Tl ooz 12y < C(T2=T1)|[ Lo + Vo[l 222 Uy = Un || oo 1y 1:12) - (2.70)

Thus, if To — T7 is sufficiently small, the mapping that associates U to Uj is a
contraction in the set {Uy | Uil poe(1y,1p502) < 7). If r is sufficiently large the set
is stable under the mapping.

One obtains a fixed point that is a solution to (2.67) on (71, 7%), but the length
Ty — T3 for which this happens does not depend on the initial data. Therefore, one
can iterate and obtain a global in time solution U of (2.67)).

Next, we prove that the global solution U is in X and thus globally bounded
for some unique value of the parameter h.

The operator H o induces the time-independent decomposition 1 = P, + Proor +
P;, on L?(R?) corresponding to the decomposition of its spectrum into the abso-
lutely continuous part, the generalized eigenspace at zero, and the imaginary eigen-
values, respectively. Since the range and cokernel of P,,,; and P, are spanned
by finitely many Schwartz functions, they are bounded from LP to L9, for any
1 <p,q < oco. Therefore P. =1 — Pryot — Pjpy 18 bounded on LP, 1 < p < oo, and
one can write

ProotU(t) = Y ap(tynp(00), PinU(t) =bT () fT + b7 (t)f . (2.71)
F

We will bound each projection Pro,o:tU, P;p U, and P.U, as well as V Pyt U, VP;, U,
and VP.U (six estimates in total).

One can bound the zero generalized eigenspace component in a straightforward
manner. Expanding the orthogonality condition (U(t),&r,(t)) = 0, one has for
every G that

0= ar(t)(nr(00),éc(1)) + ((Pin + P)U(t), Ea (8)- (2.72)
F

Since |€g, (1) — g, (00)| < C(|poo| + | — Yoo|) < C6 and the matrix with entries
(nr(00),&a(00)) is invertible, the matrix with entries (ng,(00),&q, (t)) is invertible
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with bounded norm for small §. Therefore, by solving the system (Z.72]) one obtains
that

”ProotU(t)”lﬁoo < C”(Pc + Pim)U(t)”l-i-oo' (2'73)

Since the range of P,,.+ is spanned by Schwartz functions, the same holds with
derivatives or weights:

IV ProotU (Ollire < CI(Ps + Pan)U @)1 oc- (2.74)
As for the other two components of U, one has that
10t PoU + Mo P.U = Po(Lpo(U) + VeoU + N(U°, 7°) + Npo (U%,7%)  (2.75)
and
10t PipnU + Hpo Py U = Py (Lo (U) + Vo U 4+ N(UY, 7°) + Npo (U, 7). (2.76)

Using the explicit form (271) of Py, U(t) = b_(t)f~ +by(t)f, the correspond-
ing equation (276 becomes

o)+ (5 %) ()= (). (2.77)

where | N4 (t)| < || Pim(Lyo(U) + ViU + N(U?, 7°)(#) + Nwo (U, 7°))||1400. Here
+io are the imaginary eigenvalues of H o0, as in our discussion of its spectrum in

Section [2.3]

Now we state a standard elementary lemma, see [SCH]. It characterizes the
unique bounded solution of the two-dimensional ODE [2.77)).

Lemma 2.9. Consider the equation

i — (g 0 )33 = f(b), (2.78)

—
where f € L'7°°. Then x is bounded on [0,00) if and only if
0 =2(0) +/ e ' f1(t) dt. (2.79)
0

In this case,

x1(t) = — /00 =97 f1(s) ds, z2(t) = e x5(0) —|—/ e =) fo(s)ds  (2.80)
t 0
for allt > 0.

Proof. Any solution will be a linear combination of the exponentially increasing and
the exponentially decaying ones and we want to make sure that the exponentially
increasing one is absent. It is always true that

t t
z1(t) = e (xl(O) + / e %7 f1(s) ds), Ta(t) = e x5 (0) + / e~ =97 1, (s) ds.
0 0
(2.81)
Thus, if z7 is to remain bounded, the expression between parantheses must converge
to 0, hence ([2779). Conversely, if (279) holds, then

xi(t) = — /t ~ elt=e fi(s) ds (2.82)

tends to O. O
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Consequently, equation (Z77)) has a bounded solution if and only if
0=0by(0)+ / e YN (1) dt. (2.83)
0

Now we establish the relation between b, (0) and h. The initial assignment (2.63])
implies that

b+ (0) = (U(0), /*)
= <gwo(0) (ﬁ—ﬁ) + g0 (0)f7(0), f+> (2.84)
- < (%) (g0 (0) 1) — f+(0)> +h(L+ (g fT(0) = £, 1))

Taking into account the fact that

(g0 f )= FH Ol @yrz < 1(@nof ") = Tl wyrz + 1FH = FH0)]l@y22 < C6, (2.85)

it follows that if (2.83]) holds then, for sufficiently small §, one can solve equation

&384)) for h and

1| < C(|b4(0)] + 8[| Roll1400)- (2.86)
Clearly, condition (2:83]) is then fulfilled by a suitable choice of h. U is globally
bounded by the definition ([2.63]) of X;, which implies the boundedness of each

component, in particular Uj,. Proceeding henceforth under this assumption, we
get

[b+(0)] < ClIN(niy 2y zarrgey < CONUNerznrere + C8, (2.87)

1| < CS(|Roll1100 + 1Ull pser2nr2s) + C8°. (2.88)

Note that o depends Lipschitz continuously on . Then ¢ belongs to a compact
subset of (0,00), because « belongs to a compact subset of (0,00). In this case,
since f* are Schwartz functions, one has that

2t 00
[1PLU(#)l1n0on SC(/ "I RHS(5) 1400 d8+/2 "I RHS(5) 1400 dS)
t t

2t
<o( [ e NRES ) ds + €@V 1205 + 69)).
t

(2.89)
We deal with the two expressions separately. The latter poses no problem, due to
the exponential decay. As for the former, we bound it in (¢)"#L2L.">° N H} (the
precise norm in x does not matter, due to these being Schwartz functions) by means
of the bilinear estimate

‘//t< <2t<t>5<8>_5et—59(t)f(s) dsdt| < ||fll2llg]l2- (2.90)

Indeed, note that (£)#(s)~# is bounded from above and the conclusion follows after
a dyadic decomposition. The estimate implies that

2t
H/ e(t—s)||RHS(s)||1+oodsH<t> < C|RHS| gy-spparme.  (2.91)
t

—BLgL;ﬁoo
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The pointwise in time norm is easier to bound, since

2t
/ =) | RHS ()| 1400 ds < C max [|RHS(s5) 140 < OO0 nz + 52).
t sE[t,2t *

(2.92)
The same works for P_U, where we also have to take into account the contribution
of the initial data. This leads to

||PimU||Lg°LgmL$Lg + ||VPimU||Lt°°L§ﬂL?L2 <

< C([UO) 1400 +6|U |l oo p2nrzrs + §%). (2.93)
and
1" P lzisee < CUUO 1o + 81T gy agagsime + ) (2:98)

Now we turn to P.U, the projection on the continuous spectrum. One has, by
Lemmas and 2.7 that

N (x°, Ul pzrers < CUIU N LelUN o210l zzzs + Ul g2 1U | 2225)
||V7r0U||Lng/5 <A+ )NU) 20

||L7T°U||L2Lg/5 + ||VL7TUU||L2L2/5 < Cyo(l + VO)”U”Lng (295)
||N7T0(U7 7'('0)||L§Lg/5 + ||VN71-0 (U, WO)||L§L2/5 <

< C(UlpeerslUNlpser2 Ul pzre + Ul Loz 1U] L2 s)-

We recall that, by the definition (Z63)) of X5, ¥ < 4.
Applying endpoint Strichartz estimates to equation (Z.75]) yields that

IPUl L2 rsnrzerz < CUUO0)|l2 + [[Pe(Lno (U) + VaeoU + N(U°, 7))
< C([UO)|l2 + 6[|Ul| oo L2nrzrs) + Cé*.

||LfL2/5+L,}L§)

(2.96)
We now establish the H'/2 bounds for P.U. Note that the components of [V, ]
are Schwartz functions and therefore [V, Hro]U|[ >, 6/5 < C||U| 216 By trilinear

interpolation between

1PUlLx rznizss < CUUO) 2+ [PV ) +HPU 0 2 p000)

(2.97)
< C(IUO)]1> + [RES|| 3 o/0

+L,}L§)

and
||PCU||Lt°°H;mLszLG < C(HU(O)HH; +[[i(PU): + HPCUHL%HQ}:J’»L%W;‘G/S)
< OOy + IRHS| poyyroro s+ 1Ul2226)  (2.98)
it follows that

12,6 < C(||U(0)

”PcU”Lg"Hi/QﬂLsz ||Hi/2+||RHSHLszl/2‘6/5

12+ |U]|z2Ls)-
(2.99)

+L}H,;

The fractional Sobolev spaces H® and W*P arise naturally by interpolation and
are given by H® = W2, W*P = (=A+1)"%/2LP. In the sequel we use the Sobolev
embeddings W1/23 < L6 and H'/? — L3.
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Now we examine each term on the right-hand side of (Z224]). We use the fractional
Leibniz rule, as stated, for example, in p. 105]:

11 fofallwrrzes < CO W fillwars | fillsllfills + D L fillallfillsll fillwrze)

i,5,k i,5,k
< CO W illwrrzall fillsl fullwrrzs + > I fillsll £illsl fxllwr o).
1,5,k i,k
(2.100)
Making all the f’s equal, one gets
1021 payyarzers < CUIUNZ 121Ul gers + U ayyarzs U7 ee s)
o e o T (2101)

S C||U||i?oH;/2mL?W;;/2’G

Thus, in estimating this cubic term we had to use both the Keel-Tao endpoint
Strichartz estimate and the critical half-derivative, which prevents us from doing
any better (that is, from lowering the number of derivatives).

The localized quadratic terms can be handled similarly with the help of (2.100),
the conclusion being

10281 Lorparzors < CUUIT ayparos9llors + 10 papprr2ell Ul ge g 6] 5o 2)

W
S O||U||if°H;/2ﬂL§W£/2’6 °

(2.102)
As for the linear terms, a satisfactory estimate is
[VaoUllyyas26r5 < C([[Vaollzp2|Ullwrsze + [Vaollyyasza/2l|U|l6), (2.103)
which implies that
VaoUll payyaszers < ClVaoll pyyireara [Ull oy 126 (2.104)
Therefore
1P agrsong e SCUUO) et
b OIUN ymoroprs + 0+ WWlgg): 0
Putting together estimates (2773)), (2293)), and (2.96]), one has that
Ul zser2nzzre < C[UO)2 +6[[Ull L r2nrzrs + %), (2.106)

which for sufficiently small § and ||U(0)||2 implies that
[Ull e r2nrzre < CIU(0)]|2 + C6* < 6. (2.107)
This proves, after considering (Z774]), (2.93), and (2.105)), that

||U||L?Wzl/2~5ﬂL?oH;/2 < CY(”(J(O)”H;/2 + 5||U||Lszl/2‘6ﬂLt°°Hi/2 + & + ||U||L§Lg’)
(2.108)
and therefore

||U||Lszl/2’6ﬂL§°Hi/2 < CHU(O)HHi/z + 052 < 4. (2109)

Lastly, for 7 the estimates (see Lemma [2.7])

(U, €r) = i(U, BEp) — i(N(U°, 7°), )|y <
< VONUgers + 10 nge s 1U°N72 s + I1U°T2ps  (2:110)
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and

U, &) — iU, E&p) — i(N (U, 7°), &p)|Lse <
<V U pgers + 10N oo ps + 1U° 7 ers  (2:111)

lead by the modulation equations (2-43]) to the straightforward inequality (where
we used 10 < 4)

oo + 17l <C Y (KU, EF) — iU, Bép) — (N (U, 1), £F) | oot
F

+ (U, ) — iU, E¢p) — i(N (U, 7°), &) 1)
<CO|U || ore + C6* < CS(|U(0) w2 + 6%) + C8% < C62,
(2.112)
which, for small §, proves some of the desired bounds on .

Next we obtain decay estimates for U and 7, which are necessary in order to
bound the quantities p(t) and y(t) — yoo- The important ingredient in the proof
is the evaluation of ||<t>BU||L?Lg+ao by means of Lemma [B.7] Here it becomes
necessary to assume that the initial data U(0) is in L9, ¢ < 4/3, in addition to
being in H'/2. We make the choice of 8 =2/q—1—¢> 1/2.

The reason why we need decay is

Iey @l < / I, Ex) — iU, Ber) — i (N(U°, 1), €0 dt

<C/ )70 () — 7 ()T () ll1+0e + BT (1) 1400+
+ N2 (O)ll3/2400 1U°(t)]5 dt
(||<>1/2( O(t) = 7))l ez [0/ 2U ()l 2 v+ (2.113)
+IOV2UO ()17 e (1 4+ 0))

1
SEVO + OHU(t)H?t)—l/ZL%L}v#»oo + 052

This inequality is the means to prove that v(t) stays bounded.
In order to apply Lemmal[3.7Tland bound this quantity, we evaluate the right-hand
side terms of (2.24]), beginning with the worst:

VUl a2 1005 < C8IU | -1z 180 (2.114)

Here we used the fact that v%(t) is bounded. Exactly the same works for the other
linear term in U,

Lo Ull a2 pirors < COlIU gy 2 poe- (2.115)

The remaining terms, N (U°, 7%) and N,o(U°, %), work out in the same fashion,
provided that U is uniformly bounded in time, which it is. Special attention has to
be paid to the nonlocalized term, for which note that

Ny 2 garsrs SOl gys 2 ptoe U N3 e

2.116
SC”UO”(w*BLELg*“’aQ' ( )
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This is another place where the H'/2-critical nature of the problem comes into play,
since H'/2 embeds in L3.

In conclusion, the nonlinear right-hand side terms have the same behaviour as
the linear ones:

|N(U°,7°) + N,,o(UO,w0)||<t>,ﬂL§Lim6/5 < OO[U°|| g5 p2p+ee- (2.117)

After applying Lemma [3.7] the result is

/ {22 PU )[40 dt < CUUO) 112020 + 021U 71 -2/are p2poree +0):

’ (2.118)
The hyperbolic part P;,,,U decays just as fast by (2.94]) and the projection on the
generalized 0 eigenspace Pr,,tU is dominated by the other two components, so we
can add them both in for free. By making § and the initial data small we obtain
the desired estimates

Ul gyr-2/atep2pore < 6 and [[(£)7[|1 < C6% < 6. (2.119)

This finishes proving that the mapping ® takes X5 to itself, provided that § and
the initial data are sufficiently small. Next, we need to show that ® really is a
contraction within this set.

2.6. Contraction. Here we prove that ® is a contraction on X for small § << 1.

Consider two solutions (Z1,71) and (Za,m2) of the linearized equation (267l
corresponding to two different pairs of auxiliary functions, (Z¢,7{) and respec-
tively (Z9,79). In our previous notation, we have that (Z1,m) = ®(Z?,79) and
(Za,m2) = (I)(Zga ﬂ-g)

Assume that (Z9,79), (Z9,79) € X;s. Then, it follows from the first part of the
proof that the same holds for (Z1,m) and (Z, m2).

We perform the contraction in the following seminorm:

Y =A{(Z,7m) [ I(Z )y = #llpinenw-srz + 1 Z]l1-sp2pore <00} (2.120)

Here 8 =2/q— 1 — € is the same as before and —8 < —1/2,1 -3 < 1/2.

It is straightforward to note that this seminorm defines a metric on X5 because
the elements of X have well-determined initial parameter values. Furthermore,
since the seminorm is weaker than the one that defines X, it makes X5 a complete
metric space.

We prove that the map ® is a contraction on X; in this metric, more precisely

1
that |[(Z1,m1) — (Z2, m2)|ly < §||(Z?, 79) —(Z2,79)||y, for some sufficiently small .

Since this result will be reused later in the proof, it is convenient to state it in
the form of a lemma:

Lemma 2.10. Consider (Z1,m) = ®(ZY,7Y), (Za,m) = ®(Z29,79) solving the
linearized equation [2.15)), such that (Z1,m), (29,79, (Za,ms), (Z29,79) € Xs,
79(0) = 79(0) = (0,0,0, ), and with initial data
Ri
Zi(0) = <_0) +hif1(0) (2.121)
Ry
such that RS L f+(0), Ry L £p(0). Further assume the orthogonality conditions
(Zi(1),62 () = 0 for allt > 0 and F € {v;, Di,a, T}, with % pertaining to 7).
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Then, if 0 is sufficiently small,
1(Z1,m1) = (Za,m2)lly < CO(27, 7)) — (Z3, m3)lly + [ Ro — Rill2).  (2.122)

Proof. Subtract the two copies of equation (ZI5]) corresponding to Z; and to Zs
from one another and introduce the new function U = gro(Z1 — Z2). Then

iU + HaoU = VyoUt

+ g (=171 0 W () +it20x W (m3) + (Hiy = Hia) 21+ NP (27, 7)) = N7 (Z3, 73)),
(2.123)

with initial data
U(0) = go (0)( @—%) - (%g) +(h — hg)fJf(())). (2.124)

It is worth noting that both paths start at the same point, so the operators ’pr
are the same and have the same eigenfunctions for ¢ = 1, 2. '
Henceforth, we shall use the names £f, etc., in relation to 7.
The vectors f7(0) and £r(0) do not depend on the whole parameter paths 77,
but only on the starting point W (0). We do not assume that R} = R3, in order to
prove the Lipschitz continuity of ® at the same time.

The modulation equations for Z are obtained from the orthogonality condition
for Z (2.16]) and have the form, similar to ([2:48]),

—i70,W(r%) = L4 Z + N4 (2°,7°), (2.125)
where .
2= > 0l*(2.¢8) — iz, EX¢E) ni (2.126)
Fe{a,I'v;,D;}
NZ(Z 7% == Y gl %i(NZ(2°,7%), 8, (2.127)
Fe{a,I'v;,D;}
. o) — 20(t)
z _ (—|v(@)]|* = 2iv(t)V 0
E” = ( 0 o(t)]? — 2iv(t)V>' (2.128)

Split equation (ZI123) into three parts, corresponding to our decomposition of
the spectrum of ’H,r? into the absolutely continuous part, the generalized eigenspace
at 0, and the imaginary eigenvalues, respectively. Then, we estimate each compo-
nent separately.

The ranges of projections on the generalized eigenspace at 0 and on the imaginary
eigenspace are spanned by finitely many Schwartz functions,

ProotU(t) =Y arp(tynp(c0), PanU(t) =bT ()T + b7 (t)f . (2.129)
F

Firstly, we deal with P,.,,.U. Both Z; and Z, satisfy orthogonality conditions
of the form (Zi(t),fgi (t)) = 0. Applying the transformation g and taking the
difference, one has that

(U.6p) = (Za,672 — €21) (2.130)
and therefore

(Za(t), €22 () =21 (8) = D ar(t)(nr(00), &6 () +H{(Pm+P)U (1), Ea(1)). (2.131)

F
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The matrix with entries (np(00),{a(t)) is invertible with bounded norm. Hence,
the following holds:

1ProotU (8)lne < C[|(Pe+ Pun)U (D)l + 1 Za()ll 10 (|73 (8) = 7§ (0] +
+/0 79(s) — 72(s)| ds)] (2.132)

An immediate consequence is that

RY\ _ (ES
| Proorl ()]l < C| | )~ (7 |, b= bl w1 = mallac |- (2133)

The last term is not strictly necessary here, since the two parameter paths start at
the same point. We still include it, in order to keep the argument general.
Note that

t
||(||Zz(t)||1+oo|/0 m1(s) = m3(s) ds|) | yr-sr2 <

< Ol Zallys-sra gz pzeee 7 = Qoo < COll0 — 7311, (2134)
Therefore

1 ProotUll gy gz gerse < CUIP: + Pan)U8) | ys-s 2 o + 017 = #11000)-
(2.135)

Now we evaluate the terms on the right-hand side of equation (2123]), in order
to bound the two remaining components, P;,,U and P.U. Since P,,,tU grows like
t2=2/4=¢ < 1/2 in L? in time, we prove that the other two components have the
same growth rate in L? in time.

We evaluate the projection on the countinuous spectrum. Just as in the stabil-
ity part of the proof, Lemma [3.7] leads to the required weighted estimate. From
equation ([ZI23)) we have that

|PUll s spzrge < CUUO) s + IRHS] 12 10075): (2.136)

Thus, if we can establish the bound for the right-hand side of the equation, we
then retrieve it for P.U.
Observe that
||V7T(1’U||<t>175L§Lém6/5 SC(SHUH(t)lfﬁL?LgW“’;
(L3 = L70) Zall s papinoss SClAT°liv 1 Zall gy -s papgees
<C|\dr°||y6; (2.137)
||g7r‘1’Lffl’U”(t>1—ﬁL§Liﬁ6/5 S(s”U”(t)l*BLng*w;
H(Hzé - Hfg)zll|<t>1—BL§L}v”5/5 SCHdﬂ—O - dWO(OO)HOO||Zl||<t)fﬁLgL2+°°

<C|d7°|[1n000,
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as well as
INZ(20,79) = NZ(Z0, 1) 1 g garors <
< Ol = w201 s 2 p10wrs | 20 012
< O} = w3 ll1nee0”;
INZ(20,79) ~ NZ(Z8, 7)1 g gavors <
<C|Z} - ZSH(t)l*BLng*“’((? +0);
INZ(29.79) ~ NZ(Z2. 79 gy 3 300
<INA(Z0,70) = N2, g1 s
INZ(Z, 1) = N2 1) s g3 oo+
+ INZ(20,73) = N (28, 79| 1o paparers

SC(S(”*? - 7'Tng + ||Z1O - Zg”(t}lfﬁLng*“’)'

. (2.138)

We again used the H'/2_critical nature of the equation and the Keel-Tao endpoint
Strichartz estimate, in the next-to-last inequality, concerning unlocalized terms,
under the following guise:

I(Z2) Ol psr2ne < CIZ O F2/2 < C. (2.139)
After examining each term, the overall conclusion is that
IRHS|| 1521005 < COUU py1-p 21040 + |77 = 75]l1m00+
e o 0 (2.140)
+ 1121 = Z3 || y1-s1218+)
and thus
||PCU||(t>lfBL§L2+°° <
S CUUO) 2+ U /10 e paree +011(dU°, dn°)ly).  (2.141)

Next, we bound RmU Note that ||RmU(t)||2 < ||Z1||Lf°L3 + ||Z2||Lr°°L3 < 05,
so P;,,U is a bounded solution to a hyperbolic ODE system. Therefore, by yet
another application of Lemma [2.9]

0= (U(0), f*) + / e N, (t) dt. (2.142)
0
where +ic are the imaginary eigenvalues of ng. Thus

<U(O)7 fot> §C||N+ H <t>1—BL§Li”G/5 < CHRHSH <t>1—BL§Li“G/5 (2 143)
§C5(||U||<t>1—BL§L2+°° + (27 = 23,71 = m3)ly) '

and, by the same reasoning as in the stability proof (see 2.94]),

”leUH (ty1=BL2LST> <

< C(IU(0) 1400 + 5||U||<t>1—BL§L2+°° +O(UF = U3, ) = m)lly). (2.144)

Note o belongs to a compact subset of (0,00), because o belongs to a compact
subset of (0,00), so the constants are independent of o.
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Now we deal with the initial data U(0):

o< o] (52) - (R |, + s — ). (2.145)

Furthermore, subtracting the two copies of (Z.84]) from one another, one has
b1(0) = b2.(0) = (g0 (0)(21.(0) — Z2(0)), F*)
— R(l) Rg —+ s
= (gm0 ( <R_(1)) - (3_3 + (b1 = ha)FH(0)), )

< (%é) o <g_§) - 9;01f+(0)> + (hy — ha)(1 4+ {(gro fT(0)) — f+,f+>)
(2.146)

and thus, for small §, by ([Z143)

R} R2
bl < 1) _ p2 H Lo _ (Lo
s = hal < O(10) 83001+ 3] (72) = (32) ||,
< O[Tl ys-spzper + (28 = 28,78 = 78y + 1B = R3llineo)-
(2.147)

By ([2133) it follows that, for small 4,
10Ol < CIRE = Bl + 81U g1 g2 o +311(20 = 28,78 =)y ). (2148)

Putting (Z137), (Z144), and (2I41) together, one has that

”U”(t)lfBLfL2+°° <
< COIT N gyo s pzgor + 31 (Z0,70) = (20,79 |y + | RS — R22),  (2.149)
whence, for small ¢,
Ul pyr-pp2psree < COI(Z7 = Z3, 7] — m3)lly + Cl|Rg — Rila- (2.150)

In studying the difference m; — mo, we switch back to using U; and U, instead of
Z1 and Z5. The reason why this is possible is that

1UL = U2lly1-s 2@yt = 18x0 21 = 8a9 22l 1y1-0 120y 18>
< 18n0 21 = 8y Z1lliy1-s 2 @y per + 189 21 — @rp Zoll py1-5 120y 15+
< Cllm} = m3lloo KO Z1ll gy1-p 218+ + 121 = Zallp-s 2 poves (2.151)
< max(C,Co)||(Z1,m1) — (Z2,72)||y-
To put it otherwise, this norm is sufficiently weak not to see such small symmetry
transformations. This helps us insofar as all the terms that appear in the modula-

tion equations are localized.
The modulation equations for m; — w2 are of the form, derived from (243,

i (02D
W)

i (WO L N (UL, ) — Noo (U2, 72)
2 W(ﬂ'g) - 71'? 1 ﬂg 2 71'(1) 0570 ﬂg 0,70)-
(2.152)
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Denoting for convenience dm = m; — 72, one has that
lda |y < (7]l sy-sr2 <ILroUr = LpgUsllgy-sp2 i+t
+ ||NW?(U{37 7T(1J) - Nw(z’ (U2Ou Wg)”(wfﬁL?Li*“’

(W (x}) W (r3)
+oll () - (v
An important fact is that

||L7r(1’(T) - Lﬂg(T)||L:1E+°°_)L:1Eﬂoo <

< >0 N2 — iBER) @k — 16°115°(E — iEZEh) ® Nl preoe  panoet
Fe{vi,D;}

(2.153)

(ty-BL2LiT>"

> 2eall9t s *EF — iEEE) ® np — 200|675 (€7 — iEZER) © Ml oo pinse
Fe{a, I}

T
<0 (7T = m3(00)| + [7§(T) = 7 (o0)) ( / dx°(t) dt + |dr(T)|)+
+ |dx(T) = dn°(o0)| + di°(T) - di(o<)])
<C6|dr° |-

(2.154)

Indeed, despite the fact that the parameter paths converge to different final values,
the difference of these two operators decays in time.
Using the estimates

||(L7r(1’ - Lfrg)U1||<t)*5LfL;”°° <

<C| ((IW?(t) =y (00)| + |y (t) — 7T?(OO)I)(/O |dm®(s)| ds + |dx° (t)]) +

+ |dr®(t) — dn®(o0)| + |di(t) — dfTO(OO)I)Ul (Ol ¢ty-p 211+ (2.155)
<O} = 73 ll1moo ([E(x2 (£) = 72 (00)) || aree + 1) | ULl py -5 p2 240
<C6||d7°|1,

[Lxg(Ur — U2)ll(gy-sL2p1n <
<0||(im(0) =m0 + R ODIUAE) = Ul ]|,

SCHUl - U2||<t)1*5Lf(m)Lg+°°||t(ﬂ—8(t) - W%(oo))HL%QOO (2156)
SCéHUl - U2||<t)1*5Lf(w)Lg+°°7

[Nzo(U?,77) = Nag (U3, 79) |l 1y -s L2100 <
<[ Nao (UP, 77) = Ng (U, 79) 4y -5 L2 100 +
+ [Nag(UY,7Y) = N (UT, 79) || ¢4y -512 10+
+ [ Nag (U, 79) = Nog (U3, m3)l| 1y -6 2 10
<Oo(||dr |l + U = Uzl y1-s 120y r6+=2)

(2.157)
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and

. 4 (”?) 4 (”8) 0 .0
_ < T < 2 .
H72 (VV( ?) W ( 8) H<t> sr2LL CH||dr || oo < CO||dn”||1, (2.158)

one gets the desired conclusion that

ldilhnoe < CO(I(Z0 — 2870 — 7y + U1 — Uall s popas). (2.159)

Therefore,
1(Z1 = Zo,mi = ma)lly < CO(|(20 — Z3. 7} —md)lly + [[Ro — Rll2)  (2.160)
for sufficiently small é. ]

Since ® is a contraction in a complete metric space, it has a fixed point (Z =

(%) ,w) € Xs, such that R+ W () is a global solution for (O.TJ).

2.7. Remaining bounds. The correction term F(Ry) = h(RO)fJFZ satisfies the
appropriate bounds since

[h(Ro)| < C& (2.161)
by [288) and [ZI07), for |U(0)||pa/s-cqmr/2 < C6, and
[h(R)) — h(R3)| < CO|| Ry — Rl (2.162)

by (2147) and (2.I60). Same goes for the ap coefficients.
If we did not assume that R} = R3 in ([Z160), then it implies that ®(Rp) is a

Lipschitz function of Ry. Indeed

1(Z1,m1) = (Z2,m2)lly < C8||Ry — Rl (2.163)
implies
R — RZH@)I—L%L%L&”" < O5HR(3 - R%”Z (2.164)
and
[W(m1) — W(ﬂ—2)||<t)1*5Lf(z)Lg+°° < 05||R(1J - R(2J||3/202- (2.165)

Only the scattering is left to prove and it follows in a standard manner using the
Strichartz inequalities. Indeed, observe that

Uy = / e "HRHS(s)ds (2.166)
0

is in L? and the integral converges in the L? norm, because RHS is in L?LS.
Therefore,

P.U(t) — "™ P.(U0) + Uy) = —e“”Pc/ e “MP.RHS(s)ds = 072(1). (2.167)
t

The other two components of U, P;,,,U and P,,.;:U converge to zero in the L2 norm.
Indeed, they easily converge to zero in other norms and, being given by Schwartz
functions in the space variable, all of their Lebesgue norms are comparable. Thus
U behaves like e P.(U(0) + Uy) + or2(1).
Let Ho(too) = (A — )03, where o3 = (1 0

0 _1). We want to establish that

L = lim eMola) =M p (17(0) + Uy) (2.168)

t—o0
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, - . 205, 3
exists as a strong L? limit. But, letting M = _(;20 _2;’;2 =H — Ho,
d

Eeimo(a“’)e_imPc(U(O) +U,) = etMola) Nre=H(17(0) + UY). (2.169)

In other words,

t
L= P.(U(0) + U7) + lim ettHo(ace) pre =M1 P (U(0) + Uy ) dt. (2.170)
> Jo

However, we note that

T> . ) T> )
H/ ¢ito(ax) pre=itH B (17 (0) + Ul)dtH2 gc/ IMe™ ™ P (U(0) + UL)|125 dt
T1 Tl

T> )
<c [ et r o)+ vyl di
T
<C|U(0) + U3
(2.171)
Since this last integral is absolutely convergent, the initial one also converges.
Therefore L exists as a strong L? limit and

U(t) = etTole=)T, 4 0;5(1). (2.172)

Switching back to Z(t) = g, 1 (t)U(t), one has
Z(t) = 57 ()@@ L 4 0p2(1)) = 0O gL O)L 4 0a(1),  (2.173)
which finishes the proof of scattering. O

Proof of Corollary L8l Firstly, apply a symmetry transformation to the whole
equation in order to make W(0) = ¢(-,ap) a positive ground state. The result
that holds for the transformed problem is also valid for the original one.

The previous Theorem [I.7] proves the existence of a codimension-nine Lipschitz
submanifold of LN H'/2 1 < q < 4/3, tangent to Ss at W (0), made of initial data
U(Ry)(0), Ry € Ss, for global solutions of (.I]). Since the equation is invariant
under symmetry transformations, we let symmetry transformations act on this
submanifold and retrieve a larger set of good initial data. More precisely, let

Nianmie = {G(¥(Ro)(0)) | Ro € S5} (2.174)
g

The action G(¥(R)(0)) maps the product between an 8-dimensional manifold of
symmetry transformations and the codimension-nine submanifold into LI N H/2.
The matrix

( S—g (%) £r(W(0)) = (na(W(0)), &r(W(0))), (2.175)

where F' and G stand for parameters vg, Dy, a, and I' is invertible by Lemma
23] which implies that the action of the symmetry transformations is transverse
to the codimension-nine manifold. Therefore, the range of the map is locally (in a
neighborhood of W (0)) a codimension-one submanifold of L9 N H'/2. O
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Proof of Theorem [ 1. The first new claim is that if a solution obtained by the
previous corollary has initial data ¥(Rg)(0) = W(0) + Ry + F1(Ro) € H', then
W (Ry)(T) is still in H! at any time T > 0.
: : U (Ro)(t) W(n(t))
Using the change of coordinates U gﬂ'(t)( (\IJ(RQ)(t)) (W(w(t))) ), we
transform the equation in the same manner as in the proof of Theorem [[.7 to the
form ([Z24)). Taking derivatives, one has that

10VU + H VU = [Hr,VIU + V(VU)+V(LU) + VN(U,x) + V(N (7,U)).
(2.176)
This equation is linear in VU. By means of Strichartz estimates, for U € Xs we
obtain

IVUllzzronrgers <CUIVUO)lo + |RHS 2 pors, papa)

<C(IVUO)|l2 + 0IVU | 26 arse 2 +6) < C(IVU(0)]|2 + 0)
(2.177)
for sufficiently small §. By approximating VU (0) with functions of better regularity,
the bound is seen to hold everywhere in time, instead of almost everywhere. This
proves the statement.

Secondly, we prove that if a H' solution has initial data W(Ry)(0) = W (0) +
Ro + F1(Ro) € |z|71L?, then the property of being in |x|~'L? is kept at any later
time T" > 0. Using the same machinery as in the previous proof, we can reduce this
to showing that if |#|U(0) € L? in the equation

W(n)

iUt + Hﬂ'U = —Zﬂaﬂ-gﬂ- <W

) + N(U,7)+ V.U, (2.178)
then the property is preserved at time 7' > 0. However, xU satisfies an equation of
its own, namely

, - W ()

i(xU)t + Hypo(2U) = 2Vo3U — ix70rgr Wir) +aNU,n)+2V,U. (2.179)
The local terms on the right-hand side are already bounded in Strichartz norms by
our knowledge about U. This leaves

IVosUllrio,r;r2) < CT||VU || 1gor2 (2.180)

and

[E2es < CllaU Lz r2l|UN7z e < CollaUll e r2- (2.181)

HL%L‘;/F’
As expected, the gradient term grows linearly in time and we cannot do any better.
By a standard argument, for sufficiently small ¢ it follows that

[2U(T)|l2 < C(lzU(0)]]2 4+ T9). (2.182)

Note that ||VU(0)]|2 < C||VRy||2 and likewise ||zU(0)||2 < C||zRo|2. Thus the
solution stays for all times in the 3 space, but the norm may grow linearly in time.

The second claim was that the manifold of global solutions N is locally invariant
under the flow. Define the manifold as

N ={¥(0) [¥(0) € Npanpi/z, ¥(0) = G(W(0) + Ro + F1(Ro)),

2.183
for Ry with HRQ +]:1(R0)HE < 50} ( )



36 M. BECEANU

with Npeng1/2 being the codimension-one submanifold from Corollary [L8 The
only new condition pertains to the size of the initial data in . Clearly N is still a
codimension-one submanifold of 3.

Note that every globally bounded solution sufficiently close to the manifold of
standing waves must actually start on Njqqp1/2. We phrase this as the following
lemma:

Lemma 2.11. Consider a solution U to equation ([01]) such that (%) =Z+

(—ggb , Z(t) L E4(m(t)) for allt >0, and (Z,7) € X5 for some fived, sufficiently

small 0. Further assume that || Z(0)|| pansrisz < CO for the same §.
Then \IJ(O) S NLqu1/2 .

Proof. One can perform small symmetry transformations in this situation, since
Npanpis2 is invariant under them. Therefore assume, without loss of generality,

that W (m(0)) is a positive ground state, meaning 7(0) = (0,0, 0, o). Let (%) =
0
(P:(0) + P_(0))Z(0); then ||Ro|l pangrs2 < C9.
Consider the global solution WU(Ry), of initial data
U(Rp)(0) = W(n(0)) + Ro + Fi(Ro). (2.184)

It exists by Theorem [L.7]if § is sufficiently small and it has the property that, for
some path m(Ry) with w(Ry)(0) = (0,0,0, o),

V(o)) _ W(x(Fo))
(‘I’(Ro)) = Z(Bo) + (W(W(RO)Q » (Z(Ro), m(Ro)) € X, (2.185)

and Z(Ro)(t) L &Z(m(Ro)(t)).

Thus the conditions of Lemma [2.T10] are met and one can compare the global
solutions ¥ and ¥(Ry). The immediate result is that ¥ = ¥(Ry). However, ¥(Ry)
belongs to Njqnp1/2 by construction, which finishes the proof. O

With the help of Lemma [Z.TT]it is straightforward to prove that A is locally in
time invariant. Indeed, consider the truncated solution ¥ obtained by restricting
some global solution ¥, ¥(0) € NV, to the time interval [, o). Keeping the same
notations, one has for every ¢

(%) =Z+ <$E:§) , Z(t) LEE(n(t), (Z,m) € Xs. (2.186)

Note that ||Z(t)||z grows at most linearly in time, so if the condition || Z(0)||s < do
from the definition (2I83) of N is met then it still holds for 7 close to 0. Assume
that dg is sufficiently small that by Holder’s inequality

HZ(t)||L4/3ﬂH1/2 < C”Z(t)HE < 060 (2187)

Therefore we can apply Lemma [2.17] and obtain that ¥(7) = ¥,.(0) € Npaqg1/2-
Since || Z(7)||s < do, it follows that ¥(7) € N.

The same proof cannot yield global in time invariance, because after a strictly
positive time the solution may escape the d§p-neighborhood of the standing wave
manifold in which it has to be for the argument to hold. Existence results for
initial data in a weaker invariant norm, one that does not grow in time, are needed
in order to approach the global result.
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Similar considerations apply to the proof of local in time invariance for negative
time. Consider a global solution ¥ with U(0) € V. Instead of truncating, now we
use local existence theory to get a continuation of ¥ to a small interval [—t, 0]. Let
W _; be the solution obtained by pasting this onto the original solution. By means
of the modulation equations

U(s) W(n(s))

((503) - (i) extmon) =0 (2159
we also extend the parameter path 7 to a small time interval [—¢,0]. At this point
we apply Lemma [2.17] exactly as above, eventually concluding that W(—t) € N.

There is still the issue of checking that A is a centre-stable manifold as in
[BATJON]. We prove it in the neighborhood of each standing wave W, since being
a centre-stable manifold is a local property.

To begin with, we rewrite equation (O to make it fit the framework of the
theory of Bates, Jones [BATJON|. Consider a fixed ground state ¢(-, o) and the
constant path m9 = (0,0,0,9). Linearizing the equation around this constant
path and applying a symmetry transformation, as in Lemma [2.2] yields, for U =

o (%) - (%ggi) ). that

i0,U +HU = N(U, m), (2.189)
where ) | ’
(A +29 (-, ap) — 2 (-, )
e ( —¢?(-, @) —A = 202(, ) + ao) (2.190)

and N(U,m) is as in (2.28). Note that here all the right-hand side terms are at
least quadratic in U, due to linearizing around a constant path.

The spectrum of H is known, see Section 23] namely o(H) = (—o0, —a] U
[, 00) U {0, £ic}. The stable spectrum is —io, the unstable spectrum is io, and
everything else belongs to the centre. It is easy to check that all the conditions of
[BATJON] are met, leading to the existence of a centre-stable manifold.

In the sequel we prove that N is a centre-stable manifold, namely that it fulfills
the three three properties enumerated in Definition I} N is t-invariant with respect
to a neighborhood of ¢(-, ap), (N contains a neighborhood of 0 in X¢ & X*,
and N NW* = {0}. All of this is relative to a specific neighborhood of 0, V = {U |
IU|ls < do} for some small dg.

The t-invariance of N relative to V follows from definition and Lemma [2.11] in
the same manner in which we proved the local in time invariance of A/ under the
Hamiltonian flow.

Then,

TN = (P + Pt Prood)@OD) = {a( (§2) ) = ota0)}. 2100

Ro
action of g is transverse, with the range of its differential at 0 spanned by ng (),
it follows that 7°*(N) is a neighbothood of 0 in Ker(Py ), the second property that
the centre-stable manifold must have.
Finally, consider a solution U € W* of (2.189), meaning that ||U(t)||z < ¢ for
all negative ¢ and that it decays exponentially as ¢t — —oo, |U(t)||s < Ce®t (even

Since <@> covers a whole neighborhood of 0 in Ker(Py) N Ker(Pyo0t) and the
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though polynomial decay is sufficient). Decompose U into its projections on the
continuous, imaginary, and zero spectrum of H and let

5(T) = ||U||(t>*1L%(foo,T]Lg/5mG + ”U”L?(—OO,T]LgﬂLfo(—oo,T]Li' (2192)

Observe that d(t) — 0 as t — —o0, so we can assume it to be arbitrarily small,
5(t) < 1 to begin with.
By means of Strichartz estimates one obtains that
HPCU||Lf(foo,T]LgﬂLf°(foo,T]L% < C”N(Ua ﬂ-o)||L?(—OO,T]L2/5+L%(—OO,T]LE

(2.103)
S CHT)U || Lo (—00, 11225

because now the right-hand side N contains only quadratic or higher terms.
The same estimate holds for P, U, because it is bounded at —oo, so we can use
Lemma [2.9] We write it in the form

t
P_U(t) :—/ e =P _N(U(s),m0) ds
- . (2.194)
P+U(t):e<t*T>”P+U(T)—/ =) P, N(U(s), ) ds.
t

Therefore
| PimUllLee(—oo, 122 < C([PLU(T)|l2 + 0(T)| Ul Loe (—00,7]L2)- (2.195)
We assumed no orthogonality condition. The modulation equations (Z43]) now
give P,.,,:U and contain only quadratic or higher terms. Note that . lim ProetU(t) =
——00
0. Therefore
||ProotU||L°°( 00, T|L2 < CHN(U 7T0)|| —1L1( OO)T]L}EJ“’O < Cé(t)”U”Lfo(*OO,T]Li

(2.196)
Putting these estimates together, one has that

10Ul (=o0,1122 < COTM)U || L0 (—00, 1122 + 1PLU(T)]|2)- (2.197)

For sufficiently negative Ty, it follows that [|U(t)||2 < C||Py+U(t)]|2, for any ¢t < Tp.
The converse is obviously true, so the two norms are comparable.
Furthermore, by reiterating this argument one has that [[(1 — PL)U(¢)|2 <

CoIPLU@)][2-

Next, assume that U is on the stable manifold, meaning that, for some ¥(0) € N,

U= gwo( (%) (W(WO)) ) ¥ has some moving soliton path 7 associated to it

such that () (W )> )EX(;. Then,
Ei) (wiwm) s+ 11 i) ~ (a1

|7 (t) — mo(t (H
<C(6 + |7(o0) — (0,0,0, a0)]) (2.198)
and therefore || — 7T0HOO < C(§ + |m(c0) = (0,0,0,ap)]). This implies that
10 )| e 20 < C(6 + [m(o0) — (0,0,0,a0)]) (2.199)

for positive ¢ and therefore for all ¢, due to the fact that U € W*.
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If (0,0,0, ap) is not the terminal value of the path 7, then, since U is a bounded
solution to (2.I89) at +oo, it follows by Lemma that

|PUW)] < / =7 || PN (U, ) 2ds < C(52+|m(00)—(0,0,0, a0)[2). (2.200)
t

Also, because || ProotU (t)||2 is bounded from below,
(1= P)U@B)2 = [|ProotU(t)]|2 = Clm(o0) = (0,0,0, o). (2.201)
Therefore
[PLU@/(1 = POU@)| < C(0 + [w(o0) = (0,0,0,a0)[) < C(6+ o). (2.202)

If, on the other hand, 7 approaches (0, 0,0, ) in the limit, note that in the mod-
ulated equation (Z24)) valid for (Uz = g.Z, ), if ¢ is sufficiently small, it follows
that

CIPUz(0)lz > |PUz(t)2 = C(|PUZ(0)l|s= [ PUZ(0)II%) > ClIPUZ(0)||s > C5

(2.203)
by means of the Strichartz estimates. Such a lower bound is also implied by scat-
tering. Furthermore, since m and 7y grow near in the +oco limit, it follows that
||PCUZ — PCU||2 — 0.

Therefore the norm of (1 — P )U is bounded from below at +o0 in either case,
unless P.Z(0) = 0. However, if it were so, it would imply that Z = 0 and ¥ is
constant, equal to a soliton. Since ¥ — W (mg) decays exponentially at —oo, this
would imply that they are equal and then U = 0.

For P,U, now we have that ||PfUz(t) — P{U(t)|incc — 0 as t — oo and
therefore || P+Ul|1n00 — 0.

Excluding the trivial case U = 0, we obtain that either | PrU (t)||/|[(1—Py)U(t)] <
C(d 4 do) or ||PLU@)||/|I(1 = PL)U(t)]] — 0 as t — oco. This implies that one can
make this ratio as small as necessary for some large Tp.

Assume that 6 < 1. Then Lemma 2.4 from [BATJON]| states, under even more
general conditions, that if the ratio ||PLU(Tp)||/||[(1 — P+)U(Tp)|| is small enough,
it will stay bounded for all ¢ < Ty. The proof of this result is based on Gronwall’s
inequality.

However, this contradicts our previous conclusion that ||(1—P.)U(t)||2/ || PU(t)]|2
goes to 0 as ¢ goes to —oo. Therefore, U can only be 0.

This proves that A/N W% = {0}. In other words, there are no exponentially
unstable solutions in N in the sense of [BATJON|. The final requirement for N to
be a centre-stable manifold is thus met. (]

3. LINEAR ESTIMATES

3.1. The endpoint Strichartz estimate. Consider operators in R? of the form
H =Ho+V, where

H0_<_AO+“ A2M>,V_<%£J —(}/V> (3.1)

We assume that —o3V is a positive matrix, that L_ = —-A+u+ U+ W > 0, that
|V| < C(x)~7/?~, that the spectral Assumption [ holds, and that the edges of the
spectrum +p are neither eigenvalues nor resonances.

The operator H has o(H) C RU4R and oess (H) = (—00, —p] U [, 00). We make
the spectral assumption that H has no eigenvalues in the set (—oo, —p) U (p, 00)
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and that the thresholds 4y are also regular, meaning that I + (Ho — u £40)~1V :
(z)1TeL? — (z)1T€L? is invertible.
Firstly, we need the main result of [KEETAO]:

Theorem 3.1. Let (X,du) be a measure space, LY = LP(X,du). Suppose that for
each t one has an operator U(t) such that

U@ fll2 < Cllfllz, [UESU(E)flloo < ClE—= s f]1- (32)
1
Let o > 1. Call (q,r) sharp o-admissible if g, r > 2, — + 2= %, and let ¢’ be the
qg

exponent such that % + % =1. Then

U@ fllar: <CI fll2, (3.3)

H/U*(S)F(s)ds  <CIFlly .0, (3.4)

H/ VU ()Fds| | <CIFl g, (3.5)
S<t ¢+ L t T

for any sharp o-admissible (q,1), (q,7).
The following lemma is a straightforward generalization of Theorem [3.I1 Since

it is important in the sequel, however, a short proof will be given.

Lemma 3.2. Let (X,du) be a measure space, Li, = LP(X,du). Suppose that for
each t one has operators U(t) and V(t) that satisfy

W@ fll2 < Cliflla, IV Fll2 < Cllflla (3.6)

and
[TV () flloo < Clt = 8[|l fl]1,
[U(S)U*(t)f lloc < Clt = 5|77 11, (3.7)
V)V () flloc < Clt = |77 f]l1-
1
Let o > 1. Call (q,r) sharp o-admissible if ¢, > 2, — + 7 - %, and let q' be
q T
the exponent such that & + % = 1. Then, in addition to the Strichartz estimates

B3H35H) for U and V, one has that
H/ UtV (s)F ds
s<t

for any sharp o-admissible (q,r), (q,7).

(3.8)

LiLy < ClFly oy

Proof. The proof is a rephrasing of the one given in [KEETAO]. Inequalities (33}
B3] are already provided, so only (3.8]) is left. Consider the bilinear form

T(F,G) = //<t<U*(s)F(s), V(t)G(t)) ds dt. (3.9)
By interpolation between
KU (s)F(s), V(£)G(1))| < CIF(s)l201G(@)]2 (3.10)
and
(U (s)F(s), V(H)G())| < Clt — 5|7 [[F(s) 1| G(®) ] (3.11)
we obtain

(U () (), V(G(D)| < Clt = |7 PEDE ()] |G (1) (3.12)
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Q

whereﬁ(rr)—o—l————

*32

Let T;(F,G) // (U*(s)F(s), V(t)G(t)) dsdt. Then the estimate
=291 <5<t —29

IT3(F,G)| < C2 PO Bl o |Gl (3.13)

holds for all j € Z and all (1,) in a neighborhood of (4,1). The proof goes
through showing (BI3) for the exponents a = b = o0, (a,2) with 2 < a < r, and
(2,b) with 2 <b < r.

One can now infer that

T(EG < |F]

2
for the endpoint (¢,r) = (2, —01) Since (B.I4)) was already true for the other
o —

endpoint by BI0), it is true for all admissible (¢, 7). The general retarded estimate
B3] follows immediately as in [KEETAOQ] by interpolation between (B.10), (814,
and

IT(F, G)| <Sup||/ F(s)dsl2)|GllLirz < 1Fllpw o IGlLiLz,  (3:15)

v |Gl (3.14)

and the symmetric inequality, which are both consequences of ([B3.4)). O

Applying Lemma to the families of evolution operators U(t) = e P,
V(s) = e~ " P,  we have obtained

Corollary 3.3. Assume that

[P, ||z < C (3.16)
and o ‘ 2o
||el_t’H Pc*e__wi—tpcnl*N)O S O|t - S|_ / 9 (3 17)
||ezt’H,PCefls’H P:||1~>oo < O|t _ S|73/2. .
Then .
e Pefllparr <C| fll2,
—isH
H/e PCF(s)dsH2 SC”FHLZ’L;”
. — 3.18
H/ e"™MpeTsH prRds <C||F| ,q s (3.18)
<t L?L; t Mz
i(t—s)H ,
H/Kte P.F ds| yone SONFl g1
. . 1 3 3
or any sharply admissible (q,r at s, suc atq, v > 2, —+— = —) an
f y sharply ad ble (q,r) (that h that > 2 —|—2 4) d
q r

(q,7). The same estimates hold after swapping H and H*.

Coming back to the particular operator H given in (B.1]), let P, be the Riesz pro-
jection on the point spectrum and 1 — P, = P, be the projection on the continuous
spectrum of H. The evolution applied to eigenfunctions may lead to exponential
growth in any norm; leaving that aside, one can achieve the above bound for HP,.
Indeed, the bounds

€M P.||ze < C (3.19)
and

itH —3/2
c —00 = .
e Pellimoo < Clt| (3.20)
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were proved by Schlag in [ScH| and Schlag, Erdogan in [ERDSCH]. What is left to
prove is

e Poe™ M P*||1 0o < C|t — s|73/2, (3.21)
as well as the symmetric estimate.

3.2. Proof of the strengthened dispersive estimate.

Proof. We begin with the following explicit representation derived from [SCH]: for
frge L,

1 .
G Py = o [ o Ry ()0 (3.22)
27T'L F;UF?
where Ry (\) = (H — A\)~! and I'F are the counterclockwise contours given by

I'# = {2 | d(z, [£u, £00)) = €}. The integral can be taken improper, but it is more
helpful to consider instead the mollified version

/000 f(\) dx = hm / FA)x(MN/R)dA, (3.23)

where x is a smooth cutoff function with x(z) = 1 for |z| < 1 and x(z) = 0
for |z| > 2. A similar formula holds for e=**" P* with V replaced by V*. The
expression we need to estimate becomes

—itH™ p* —isH™ p* 1 i(tA—s
(™" Pg, e PiY) = —— / / A=) (6 Ry (N Ry« (1)) dn .
™ Jrourd Jrourd

(3.24)
We make the arbitrary choice €; > e5. After splitting each contour into I'™ and I'™,
we obtain 4 terms to be treated separately. We begin with the I'™T't term. Expand
both Ry and Ry« into finite Born sums consisting of 2m terms and a remainder.
Let Ro(\) = (Ho — A\)~!. The expression becomes

(¢, "™ Pre M Pry) = (3.25)

Z Z k+g‘/lj+ /F+ ei(t)‘_sn)<(b,RQ()\)(VRO()\))KRO(W)(V*RO(U))M/» dndX

(3.26)
/ / = (4
i Jrd,
Ro(A)(VRo(A) (Ro(m)V*)™ Ry (n)(V*Ro(n)) ™) dndX  (3.27)

2m—1

k i(tA— sn)
N oy

(Ro(\)V)™ Ry (A\)(VRo(N)™ Ro(n)(V*Ro(n))Fy) dndx  (3.28)

z(tk sn)
rf, Jrd,

W)™ Ry (A)(V Ro(A)™ (Ro(m)V*)™ Ry~ () (V*Ro(n))™ ) dndX.  (3.29)

In each term, the localizing potentials V or V* alternate with the resolvents Ry,
with the exception of exactly two resolvent operators following one another. Since
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this is a potentially dangerous situation, we apply the resolvent identity. For the
very simplest term, this means

/ / O (6. Ro(N)Ro (1)) did\ =
r Jrd,

i(tA— sn) z(tk sn)
Ro( d d\ — Ro(M)Y) dndA.
‘/I—‘Jr ‘/F+ A_ (b? 0 n ,/f‘+ /FJr )\_ (ba 0( )w> n
(3.30)

Every resulting term has a kernel that can be written, by means of the resolvent
identity, as a sum of two parts of the form

/F+ /F+ m_ - (A)g(n) dn dA. (3.31)

We make f and g explicit later, but for now we continue in this general setting.
After making e; = 0, we get

/ / pi(tA—s n+u))f(/\)(g(77+ﬂ+i0) —g(n+p—i0)dndxr.  (3.32)
i —(n+nu)

Let fo(A) = 3(f(A+i0)+ f(A—10)) and fo(A) =
for g. We assume that g(A+ie) = g(A£i0)+ O(e
Letting €; go to 0 we have

)%(f()\-m'()) — f(A—10)) and same

uniformly on compact intervals.

_ [T g i ([ eisttm B
T /0 e fs(/\+u)gg%(/0 e ga(n+u)(A_n)2+62dn)dA+
oo ) [e’e] » )\ —n
it(A-p) is(n+p) - 7T
+/0 e fa(A+u)gg%(/O e ga(n+u)(/\_n)2+€2dn)d/\
=t [ (P a3+ )+
0
e fa A+ ) H (Xio,000€ 900+ 1)) (V) A,
(3.33)

where H is the Hilbert transform. The limit exists because we are applying singular
kernels to integrable functions of compact support. Any further error terms are in
the order of € and vanish.

Therefore, we need to examine oscillatory integrals of the following form:

Lemma 3.4. Assume that Fs is even and F, and G, are odd functions and that
Fs, F! € M (the space of finite measures) and likewise for F, and G,. Then

/0 ¢ ENE (VN Go(VA) X < Clt— |73 2(|Fs |1 |Gl + 1F2 1 Gallh)s (3.34)
as well as
/ ¢ Fy (VA H (e (0.0 G (V) (A) dA <
0
< Clt — s 2(|Falli |G 1 + 1 FL L1 Gally). (3.35)
The integrals on the left-hand side are improper and computed with the help of

a smooth cutoff. Under the assumptions, F, € C'(R), so X[O,oo)Fa(\/X) € CY?,
and likewise for G,,.
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Proof. For ([334) we have

G2 = / b N AR (NG (N) dA
_ 1 /OO ei(i&fs))\2 (Fs(/\)Ga(/\))/ d\ (336)

T t—s
< Clt = s|*2([Fl[11Gally + 1 FL11Gall)-

For terms of the form (338 a slight refinement is needed. First note that

(X[0,00) Fa(v/) (1) = /Ooo TR, (V) dA = % /Oo e TN NF, () dA

— 00

1 > a2 1 B o0 €2 e
=5 e TN E (N dy = W 3/2/ e ITRI(E)dE. (3.37)

The same goes for G,. Letting s — ¢ = k we have
B39) = /_Oo (€™ X[0,00) Fa (V) (T) (H (€7 X[0,00) Ga (V7)) N (=7) dT
= [ Ooso Pl = (0 )Gl (7 + ) sgn(r)

— 00

/ (X000 Fa (V)N (7) X0y Ca (V) (b — 7) i

< 2sup
a,b

1 b poo 00 A2 2~ o
= T Bsup‘/ / / 7| 73/2|k — 7| 73/2e" TR FL(6) Gl (v) dv dE dr
T a,b a —00 J —00
(3.38)

We apply the stationary phase method to this integral (see, for example, [STE], p.

332). We write the proof explicitly because neither the phase, nor the integrand is

absolutely integrable.
b

. 52 V2
Consider / e dr, where ¢ = > +
T k—T1
1 1
< C|k|‘3/2(— + W)' (3.39)

b‘¢
b d
‘/a“/” €]

Without loss of generality, let £, v, kK > 0. First assume [a,b] C [0, k] and note

that
o 2 dr
(20} _
~/‘rl ‘ w 4| = /7'1 T3/2(k - T)3/2 ” (T)

1
where the antiderivative is ¥4 (1) = o2

(7‘1/2(k _ 7_)—1/2 _ 7'_1/2(/€ _ 7_)1/2)/ :%(T—1/2(k _ 7_)—1/2 + 7'1/2(k _ 7_)—3/2_,’_

+ 7'_3/2(k — 7)1/2 + T_1/2(/€ — T)_1/2)

B (k — 71+ 7)2
- 273/2(k — 1)3/2°

and ¢ = |7|73/2|k — 7|73/2. The

a
aim is to prove that

- (3.40)

T1

(rY/2(k —7)"Y/2 = 77Y/2(k — 1)1/2) Indeed,

(3.41)
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On any interval not containing a stationary point, moreover, one has

Y(7)
epdr| < C 3.42
‘ /T 1/} T Tes[‘ll}lI,)T2] ¢I( ) ’ ( )
where, by the convexity of 1/x,
B 1 2k —7)1/2 11 1\ 7Y%k —7)Y/2
‘qs/(T)‘ i) o — k-] = G E> e B4

P(7)
¢'(7)
constant number of times, so one can integrate and only lose some constant.

The last expression in ([343)) is 0 at the endpoints 0 and k. Note that the phase
&k
v+ &
Surround 7y with a small interval [r, 73] on which we estimate the integral in

absolute value and otherwise integrate by parts as above. We obtain that

!/
The reason is that, after integration by parts, ( ) changes sign at most a

derivative ¢’ vanishes at exactly one point in the interval [0, k], namely 7o =

b
by dr| < C ‘ Uy () — U 3.44
’~/a ¢ w = (TG[OI‘E]&XD k] (b/ * | ' T2) 1(T1)|) ( )
Choose 71 and 7 such that
_ 1 1
Vi(r2) = Wi(r0) =k 3/2(; + E) (3.45)

and likewise for 71, which takes care of the last term. This choice is possible and is
unique due to the fact that ¥y (r) — +o0o0 as 7 — k— and 0+, respectively, and ¥,
is strictly increasing.

Therefore, for 7 € [0, 71] U [12, k],

_ 1 1
01(r) = Wa(r0)] = k2 (< + E>' (3.46)
It is left to prove that, under this condition,
7) a2l 1
< Ck -+ = 3.47
(b’(r)}_ (y+g> (3.47)

Rewrite condition (346 as

1/2,1/2 _ {1/2(k—7)1/2|-|1/*1/2(k )" /2 = 1/2 71/2|>C’k 3/2( +2)

2 sl
(3.48)
and further as
LUk VY SO Uil ek W Vil AP
(k — )1/271/2 = v € [V1/2(k — 7)1/ — €1/271/2] :
Then it suffices to prove that
11 1/2,.1/2 120 _ 2)1/2),1/2¢1/2
(_ _)(V T/EH (R —T) )R >0 (3.50)
v € [V172(k — 7)1/ — €1/271/2

or equivalently
(v + &)WV 22 4 V2 (ke — 7)Y?) > Cue|w/? (k — 1)V/2 — €1/271/2) (3.51)

which is obvious. The same goes for 7.
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Next, assume that [a,b] C [k, c0). The proof goes along the same lines, based on
B40) and on [B3.42), with the difference that the antiderivative is now written

Wy = o (2 — B 2 k) (3:52)
and that
P(7) 1 T2 (r — k)12

&' (1) - vr+E&(r—k)vr —&(t— k) (3.53)

If v > £ the phase has no stationary points in this interval. We divide [k, 00)
into the subintervals on which Wy(7) < ¢71%73/2 and the rest. On the former
the integral is trivially bounded and the number of such intervals is bounded from
above. On the latter (also the union of a bounded number of intervals) one has,
following integration by parts,

T2 .
’ / ey dr
T1

However, the condition Wo(7) > £~1£73/2 implies that

<C  max ‘ v(r) ‘ (3.54)
TE[k,00)
o(r)>E k32

(2r—k)
Sy 2 CkL/2 (3.55)

and therefore

T2(1 — k)1/2 1 _12 1
e -B e (3.56)

k
A stationary point occurs if v < £, namely 79 = 65—, which becomes infinite
—v

if £ = v. Surround it with an interval [, 72] on which we integrate the absolute
value, otherwise integrate by parts. Overall, the integral is bounded by

‘/abe%df vir) .

< C(|v - + m ‘
= (| 2(7’2) 2(T1)| TG[k,Tl]aU)[(TQ,Oo) ¢/(T)
Choose 71 such that

(3.57)

Wa(r) = Wa(r)] = k22 (3.5%)

and likewise for 75 (or 7o = oo if there is no such value). This takes care of the
integral on [r,72]. As for the remaining portion, note that for any 7 € [k, 7] U
[12, 00) one has
1
[Wy(r1) — Wa(m0)| > k32— (3.59)
v
and therefore

1 _ _ _ _ a1
E|V1/2Tl/2—€1/2(7’—k>1/2|'|(T—k) 1/2V 1/2_7_ 1/25 1/2|ZC]€ 3/2;' (360)

Equivalently, under the assumption v < &,

|I/7’ _ 5(7_ _ k)| - k1/2 (7_1/21/1/2 + (7_ _ k)1/2§1/2)§1/21/1/2

(r —k)1/271/2 = v T1/2€1/2 — (1 — k)1/2p1/2 (3.61)
Note that
_\1/2.1/2
»(7) ‘ LR (3.62)
¢'(1)1 — vk vt — (1 — k)|
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It is left to prove that

y(r1/261/2 — (7 — k)1/2p1/2)

(T1720172 4 (7 — k)1/2€1/2)£1/2,1/2 =C (3.63)
However, the last statement is equivalent to
/212y, — (r— k)1/2u3/2 < C(Tl/2§1/21/ +(r— k)1/2§1/1/2) (3.64)

which is again obvious.
The third case [a,b] C (—o0, 0] is identical to the second case [a, b] C [k, 00).
Cutting the interval [a, b] into at most three pieces according to this partition,
one obtains the conclusion ([B35]). O

The lemma relates to (3:33)) in the following manner: when applying it to (33),
we take Fyo(A) = £ f((A+i0)% + ) £ f((A —0)? + ) and likewise for G,. This
leads to a bound for the conditionally converging integral 7' (B3T]).

After this general discussion of (B.31]), we return to the concrete Born sum
expansion ([B.26H3.29)), expanded again, as previously stated, by means of the re-
solvent identity. Now we identify Fy, F,, and G, for this case. From the Born sum
expansion [B2613:29) and from the known expression for the kernel of the free
resolvent

Ro(A2 + £ i0) (2, y) = —— <exp(ilw—ylA)

At|z — y| 0 exp —|3:—y|\//\2—|—2 )

(3.65)
(where ,/ is given by the main branch of the logarithm) we get the following types
of factors:

Fs(\) = cos(AN) exp(—By/A2 +2u) (a)

r ((Ro(A\? + m) V)™ Ry (A2)(VRo(A* + p))™) s ()
r ((Ro(N + V)™ Ry (A + p) (VRo(A? + )™ )5 (e),

OO

F,(\) = sin(4\) exp(—B+/ A2 +2u) (d)
or ((Ro(X + m) V)" Ry (0 + ) (VRo(X + )™ ()  (3.66)
or ((Ro(\2 + V)™ Ry (2 + i) (V Ro(X2 + )™ 1) (),

Go(N) = sin(CA) exp(—D+/ A% +2u) (g)

or ((Ro(A? + p)V*)™ Ry« (A% + p) (V" Ro (A% + )™ ) (h)
or ((Ro(A? + @)V*)™ 1Ry« (N + i) (VRo(A? + 1)) )a (i),

where we again used the notation fs(A\) = (f(A +10) + f(A —i0)) and fo(X) =
L (A+10) — f(A— i0)).

Factors of the form (a), (d), and (g) stem from the general terms in the Born
sum expansion, as in (B.26]), while the others represent the contribution of the
remainders and mixed terms ([B.27H3.29]).

We evaluate the first type of factors, coming from (3.20]), in view of applying
Lemma [3.4]l Note that, uniformly in A and B,

|| (sin(AN) exp(—Bv/ A%+ 2u ) I <

< [[(sin(AN) | amll(exp(=Bv/A? +2p))" 1 < €, (3.67)
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where M is the space of finite measures. This is true because (sin(AMN))" is the
sum of two point measures of mass 1/2¢, while

lexp(—BVRF 2 s = | [ oV

= H/ VIERE im0 gy Big|[ 14 < Clle V2B | s < Olle |1 < oo
(3.68)

Similarly,

H(d)\ sin(A\) exp(—B+y/A\? + 2p)) )AH

<||(Acos(AN) exp(—B+v/ A2 + 2 ) 1+

(4 BX 2 3.69
5 wi-pyEm) | <ca
A2+2'U/ 1
because
sin(AA)\ A 1
H( b\ ) H1:§HX[7A,A]H1§CA (3.70)
and
BA2 . o B |
————exp(—ByV A2 +2 :H/ A +2u,
v il R e VR i
| / R N T
—o /2 +2uB2
c”ﬁizef\/m
“N e e
<[llnle” " w12 < oo.
(3.71)

With sine replaced by cosine, the analogous estimate is

H (COS(A)\))\C% exp(—B\/m))AHl sC (3.72)

This takes care of factors of the form (a), (d), or (g).
We proceed to obtain a bound for the remaining factors. Intuitively, since they

represent the remainder in the Born sum expansion, the bound should be less sharp.
Let

efi)\\z\ 0
G0 = (37 ) oo+ )
_ 1 exp(i(|lz — z1| = [z])A)
 drla — o 0 exp( |:v—x1|\/)\2+2
(3.73)
and

a5 () = (VRv (N + )V (Ro(\ + ) V)™ Gy (A), (R5(A* + u)V*)mGZ‘c(AED 2
3.74
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The following estimates hold for G:
Sup [Ga (N2 uaysratrsera, < Cla) ™, sup [0 Co (V)| arys/ossverz < C.

(3.75)
implying that
47
)] SCW ) ) o =01
& (3.76)
‘Wazﬁy(>@) §O<>\>727€ fOI'j = 2,
—7/2—6-

provided that m is sufficiently large and V has sufficient decay, |V| < C(z)
We used the limiting absorbtion principle Lemma 2.8 to bound this quantity.
Incrementing m by 1 increases the decay by (\)~'/2. The decay condition on V
arises as follows: if, for example, two derivatives fall on the Ry factor, then V has
to compensate for 3 4+ € powers of x from its output and for another 1/2 + ¢ power
coming from the pairing with Ry.
Then the factors of the form (b) and (e) can be written as

Kvs() = 5(Kv (A +i07) + Kv((r — 0)?), (3.77)
respectively X
Eva(A) = 5 (Kv((A+ i0)?) — Kv((A —i0)?), (3.78)

where
Kv(X)(z,y) = (Ro(\ + p)V)™ Ry (A + 1) (VRo (A + p))™) (2, y)

ezl L (el (3.79)
< 0 1)@y 1)
Clearly

1Bvall = 1(@a,y O M < llawy (W) llwiz@) < Cla) ™ ()~ (3.80)

and, taking into account the fact that Ky, ()) is of the form F,(v/A) for antisym-
metric Fy,

= d
1l < 5y (D) lwog + (12l + WDl (aey O €. (3.8)
Moreover,
Ky \ N _ o
(Z2) |, = Clekva@©lh < IR I < C. (3.82)

These decay estimates carry on to factors of the form (b) or (e) and, with minimal
modifications, to factors of the form (c), (f), (h), and (i), provided that m is
sufficiently large.

After showing that all types of terms arising from (3.60]) satisfy the prerequisites
for applying Lemma [3.4] we apply it to each of them, in turn.

We first deal with the 4m? terms in (3.26]). As mentioned previously, each splits
into two parts after using the resolvent identity. Let us introduce the following

notations: ftrs
+ -
Hj:l Vj(z;)
K(:Eo,...,:rqu,l) = k+i—2
I 50 " lzjen — ]

: (3.83)
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where V; are entries of V' (that is, £U or £W);
A=Y e -, B= Y loj—al, =Y |wj -], D= | —al,
jeJ jeJe jerl jerlc
(3.84)

where J C {0,...,¢ —1} and J* ={0,..., £ —1}\J; I C {¢,..., £+ k —2} and
Ic={l....0+k—2}\1. Also,let

Fs(N\) =cos(AX) exp(—Bv A2 +2p),
F,(\) =sin(A)N) exp(—By/ A2 4+ 2u), (3.85)
Ga(N) =sin(CN) exp(—D+/ A2 + 2u).

After applying the resolvent identity and performing the matrix multiplication, we
find that each term of ([8:26]) is a sum, for all possible choices of J and I, of terms
with kernel of the form

K1 o(20, Thpo—1) = /

R3(k+£—2)

K(:Eo,...,xkﬂ_l)/ooo (ei(t_S)AFs(\/X)Ga(\/X)_F

+ e“’\Fa(\/X)Hn(X[o,oo]e_is"Ga(\/ﬁ))(/\)) dXday .. . (3.86)

Then, in view of Lemma [3.4] and the bounds (3.67), (3.69), and [B72]), we have
that

| / T I E (VR)GL(VR) + ¢ Fy (VI H (X0 g Gl () a| <

k02
< Clt —s|7*2(A+C) <Ot — 5]73/2 Z |zjt1 — 25| (3.87)
=0

Combining this with Lemma 2.5, p. 12 of [RODSCH], which states that

k+0—2

’ / K(IE(), ceey :EkJrz,l) Z |Ij+1 —:Ej| d:El e dek+272 S (k—Fé)HV”;?_é_l,
R3(k+e—2) s

(3.88)

\%4
where ||V x = sup / Mdy is the Kato norm, we obtain that
z€R3 |.’II - y|

[Kk-1 ell1so0 < sup  Kp_1 (0, zpre—1) < C|t — s|73/2. (3.89)

Z0,Tk+e—1

The same method can be applied to the remaining terms in (327, (3:28]), and
B29). Since (B327) and [B:28]) are similar, we look at a typical term of one of these
two sums, consisting of the product between some term of the Born sum expansion,
on one hand, and the remainder, on the other. The kernel of such a term is of the
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form

Ki—1 v+ (z0, Tk—142m) =/ K(zo,...,25-1)V (k1)

R3(k—2+2m)
. / N (VA Kyva(Tho1, - - - Th—1tom, VA)+
0

+ eit’\Fa(\/X)Hn(X[Oyoo]e_is"Kv*a(iEk—l, s Tl 142m, /1)) (A) dAdxy LTk om,
(3.90)

where F,,, Fy are as in (3.80)).
The kernel Ky, involves Ry« and is not given by an explicit formula as F} is.

However, we still have estimates (3.67), (3.69), B72), as well as (B.30), 1),

([3:82)), based on the limiting absorbtion principle.
We could treat treat the pairing FsKy«, using only inequalities of the form

(m, m, because K(Io, . ,$k,1)V($k,1)FS(\/X)Kv*a(ftkfl, ey Th—142ms \/(/\))
is the sum of two antisymmetric kernels. Otherwise, keeping within the previous
framework, note that we can take a factor of A from the antisymmetric part over
to the symmetric part whenever that is needed.

By Lemma [3.4]

’ / ei(tis)AFS(\/X)eitAKV*a(‘rkfl7 ooy Th—142m, \/X)_F
0

+ eit)‘Fa(\/X)Hn(X[o,oo]efiS"KV*a(:zkfl, Th_112m, /1)) (A)

d\dzy, ... dxk_2+2m‘ <
(3.91)

k—2
<Clt =72 (D ] |wjar — a5l + 1).
=0

This estimate, to which we now add back those factors of (3.90) that we omitted
for convenience in (397, results in

[Ki—1 v+ (T0, The142m)| <

k—
<C|t | 3/2/[( L0y s Tho1 |V Th— 1 Z :Ej+1—$j|—|—1)d$1...d$k,1

—2
<C|t — s|732||V||1 sup /K TOyeo s & |zj11 — xjldey ... deg—ao|+
Thk—1 =0
+ CJt — s|7%/2 /K(xo,...,xk,l)V(xk,l)dazl... drg_1| < C|t —s|73/2,
(3.92)

Thus we have proved that ||Kx_1 v+|[1500 < C|t — s|73/2.
Finally, the last term appearing in ([3.29]), consisting of the product of the re-

mainders in the Born sum expansion, yields to the same approach. The final step
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of the computation, instead of (3:92)), is
| Ky v (20, Tam—1)| <
<CJt— S|73/2 (20) " Hwam) 'V (2m) + V(zam ) {(Tam)  {(Tam—1)"" drom

< Clt—s|732| V|1 < Ot — 5|73/
(3.93)
This completes the proof of the fact that || Py e~ "M P*||1_o0 < Ot —s|~%/2.
The other 3 combinations are entirely analogous. Indeed, the P_P_ term can
be treated by the same means. As for the mixed terms, a very similar approach
works and we present the proof in brief. Again, we expand both factors into finite
Born series and we obtain a sum with (2m + 1)? terms.
Each term has a kernel that can be written, by means of the resolvent identity,
as a sum of 2 parts of the form

T O g 4
_/Fjl/q)\i—??f( )g(n) dn dA. (3.94)

After making €; = eo = 0, we get, by analogy to (3.33)),

T = [ N = )N D (695)

where H is the Hilbert transform. The other term, involving the Dirichlet kernel,
cancels, because now the contours surround disjoint regoins.

However, now we note upon inspection that the terms stemming from x (oo 0)ga(7—
1) have the same form as those we have already enumerated in (3.66]). From here
the proof proceeds in the same manner as in the previous case. The bound that we
eventually obtain for these terms is even better, C|t + 5|3/ instead of C|t —s|~3/2,
because the phases add instead of cancelling. ([l

3.3. Other linear estimates.

Proof of Corollary[L5l The dispersive estimate (3.21]) holds for H* as well as H,
since they are conjugated by o3. This, together with the L? bound ([3.19), implies
the Keel-Tao endpoint Strichartz estimate. (I

Next, by interpolating between the endpoint Strichartz estimate for L? initial
data and the L' — L> decay estimates, we achieve an improved decay of the
solution, in norm, for LP initial data, 1 < p < 2.

T T
a a c ac ad
In the sequel, denote (b) = (a b), so that (b) (d) = (bc bd)'

Lemma 3.5. For1 <q <2,

[ 1 P Rt CTR Ol 396)
Likewise, for 1 < q<4/3, 8<2/q—1,

oo , . _a
| PR MR e < OO U Ul (397)

Proof. We obtain the first result by complex bilinear interpolation (see |[BERLOF],
p. 96, Theorem 4.4.1). We use it in the following form:
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Theorem 3.6. Fori=20,1, let B: A; & B; — C; be a bilinear mapping such that
1B(a,b)|

o < Mi|a|

bl

A, 1015, (3.98)

Then, for each 0 < 0 < 1, B can be extended uniquely to a bilinear mapping from
[Ao, A1]je) © [Bo, Bi]jg) to [Co, C1]jg) with norm at most MIM]I?.

The first estimate (396l then follows directly if we take

B(UL, Uy) = ™ PU, ("™ P,U,)T (3.99)
and interpolate between
/TOO | P.U (e P.Us) || oo dt < CT2||UL|1]|U2 |11 (3.100)
and
/TOO e P.U, (e P.U) |3 dt < C||U:|2]|Uz]|2- (3.101)

The second statement (397 follows from the first, once we write

/ <t>2ﬁ||ei”"PcU1(e”HPCUQ)T||3+% dt <
T -

2(¢—1)

<<T>2ﬁ/ ||eitHPcU1(e”HPCU2)T||3+ sq  di+
(3.102)

2(q—1)

N T
+C/ <t>23—1/ e " P.Uy (" PUs) ||, 54 dsdt.
T t
0

From this we derive an inequality concerning the solution of the inhomogenous
problem.

Lemma 3.7. Consider the equation
10U + HP.U = RHS(t), U(0) given. (3.103)
Then, for ¢ <4/3, 8<2/q—1,

| OV e < CAUO i + IRHS] g (3100

x

Note that for the exponent of interest, § = 1/2, it is possible to replace co by
12+ e and 1 by 6/5 — ¢, if ¢ is sufficiently close to 4/3.

Proof. Firstly, we examine the source terms. Setting U; = Us in ([3:97), one has
[ 0PI OO, s de < @ OO, (3105)
T a-1

and note that L6t a-x C L6+,
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We then evaluate the inhomogenous terms. They have L? in time decay, as will
follow from (we henceforth denote min(a,b) = a A b)

/ 23“/ (=" p RHS(s dsH dt <
0 6+o00
/ 25“/ =" p RHS(s dsH di+
/2N (t

+ / <t>2ﬁH / vt ei(t’s)HPCRHS(s) dsH2 dt).
0 0 %)

Now we examine the two expressions separately. Concerning the first, note that
what one needs to prove is equivalent to

(3.106)

}//t/z ( )< < <t> <S> ﬁ<e h PC 1(5)56 it *FZ( )> S ’ <
A(t—1 s<t t d dt

6/5. (3.107)

L2L8/°® HLQL

However, observe that this follows by the same means as the usual Keel-Tao end-
point Strichartz estimate, by a dyadic partition, because the extra (t) 2% (s)2? factor
is bounded.

The second term can be handled as follows:

o0 t/2A(t—1)
/ ) / =P . RHS(s) ds||?, dt <
0 0

0 t/2A(t—1) t/2A(t—1)
< / tw_?’( / <s>2ﬂ||RHS(s)|\§ds)( / (s)~28 ds)
0 0 0
<[ ([ ea)iraseIRds < [ 62 |RESO) ds
0 s+1 0

provided that 23 < 2.
It follows that for 5 < 1

(3.108)

t
[|(£)2# / e UmIHP.RHS(s) ds|| 2 sroe < [[(8)P RHS(8)| poprross.  (3.109)
0 s

This suffices to bound the product of the two inhomogenous terms.
The product of a source term and an inhomogenous term can be handled in the
salme manner,

/<>2f’|\e“HPU( |6+OOH/ =" p RHS(s dsH dt <
T 6400

<([ e nnon ., a)’

1/2
([ [ ecomamson]] o)’ o
T 6400

<|v (o >||qn2|\RHSH<t>,ﬁL3LW.

d
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