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DYNAMICS OF THRESHOLD SOLUTIONS FOR ENERGY
CRITICAL NLS WITH INVERSE SQUARE POTENTIAL

KATI YANG, CHONGCHUN ZENG, AND XIAOYI ZHANG

ABSTRACT. We consider the focusing energy critical NLS with inverse
square potential in dimension d = 3,4, 5 with the details given in d = 3
and remarks on results in other dimensions. Solutions on the energy
surface of the ground state are characterized. We prove that solutions
with kinetic energy less than that of the ground state must scatter to zero
or belong to the stable/unstable manifolds of the ground state. In the
latter case they converge to the ground state exponentially in the energy
space as t — 0o or t — —oco. (In 3-dim without radial assumption, this
holds under the compactness assumption of non-scattering solutions on
the energy surface.) When the kinetic energy is greater than that of
the ground state, we show that all radial H' solutions blow up in finite
time, with the only two exceptions in the case of 5-dim which belong
to the stable/unstable manifold of the ground state. The proof relies
on the detailed spectral analysis, local invariant manifold theory, and a
global Virial analysis.

1. INTRODUCTION

Let a € (—1,0) and £, = —A+ #, we consider the initial value problem

0, — L fu=0, (t R x R3
(NLSa) (Z t a)u+ |u|1u s ) ( 7$) S X s
u(0,z) =up € H'(R”),
for u : R x R — C. Here the space H'(R?) is the usual Sobolev space
whose norm is given by ||V f||2. For a in the above range, the sharp Hardy’s
inequality implies that the bilinear form (L,f, f) is positive definite and

1

thus defines an equivalent norm ||\/{Lof, f)ll2 = |£2 fll2. We use H}(R?)
to denote the Hilbert space H'(R?) equipped with this equivalent norm.

The solution appearing in this paper is always a strong solution, by which
we mean a function u obeys the integral equation

t
u(t) = e~ thay, —i—i/ e_i(t_s)ﬁalu(s)]4u(s)ds,
0
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and lies in a certain spacetime space, for instance u € CyH! N L%(I]OCL;O

Constructing such solution via Strichartz methodology imposes further con-
strains on a: a > —% + % as shown in [16]. We do not record the local
theory here but would like to point out that as in the classical case, the
boundedness of the spacetime norm L%gc([ x R3) enables us to extend the
solution beyond I and if I = R, solution scatters. Therefore we define

Si(u) = / /1 Jult,2) " dat
X

as the scattering size of u. For a given solution u, we can repeatedly apply
the local wellposedness to extend the solution to its maximal lifespan

(=T (u), T"(u))-

On the interval of existence, the solution preserves its energy
1
E(u(t)) = /R3 %|Vu(t,:17)|2 + ﬁ|u(7ﬁ,x)|2 — E|u(t,x)|6dx.

NLS, is referred to as energy critical as the natural scaling of the equation
u(t,x) — )\_%u(%, %) also keeps the energy invariant.

In the preceding work [15, 16], the authors developed the fundamental
analysis involving the operator £, and used such to understand the scat-
tering solutions of energy critical problem in both defocusing and focusing
case. In [16], they proved the scattering for all finite energy solutions in the
defocusing case in three dimensions and developed the crucial variational
analysis of the ground state in the focusing case. Completion of the aug-
ment in multi-dimensions and focusing case was done by the first author in
[28] and [29].

Let uds g)e more specific on the focusing case. In d dimensions and for

a > —(%)2, the ground state soliton is the unique (up to symmetries of

the equation) positive solution of static NLS,:
(1.1) LW = [W|7=2W.

It was computed in [16] that

d—2 :176_1 %2
(12) W)= [d(d—2)52]T<1|+|T|26> B=/1+ ()%

Moreover, for a € (—(d;22)2, 0], W has the variational characterization which

says W realizes the best constant in the sharp Sobolev inequality, see for
instance, [1, 2, 16, 27]. While for positive a, the problem become very tricky
as the best constant can not be realized except in the radially symmetric
case. We will address that case elsewhere and only focus on the case of
negative a in this paper.

We record the following scattering result which shows the ground state

plays a role of scattering threshold.
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Dynamics of the energy critical NLS,

Theorem 1.1 ([16, 28, 29]). Let 3<d <6 and 0 > a > —(%)2 + (3—3)2.
Let ug € HY(R?) satisfy |Juolln < |[W g and E(u) < E(W). Then there

exists a unique global solution u to d-dimensional NLS,:
4
(10y — Lo)u = —|u| T2 u, u(0,x) = ug,
satisfying ||| 2war2) < C(|Juol| 1) in the following two scenarios: (1)
d—2 a

Lt,x7 (RXRd)
d=4,5,6; (2) d=3 and ug is spherically symmetric.

The unavailability of the result in three dimensions is ultimately due to
the absence of the same scattering result for 3d quintic focusing NLS except
for the spherically symmetric case. Without the radial assumption, this
remains as an open problem in 3d as of now. The direct impact is the lack
of compactness of non-scattering solutions on the energy surface of E(W)
in three dimensions. We will take the compactness as an assumption when
necessary and build part of our conditional result upon it.

Our goal in this paper is to characterize solutions on the energy surface of
E(W). Such problem was originated by Merle-Duyckaerts for the focusing
energy critical nonlinear Schrédinger and wave equation in their seminal
work [9, 10]. We are also aware of the recent progress in [26] on the same
topic in the nonradial case. For focusing energy critical NLS, the ground
state is given by the smooth bounded function

2 _d=2

Wo(z) = (1 + —d(‘ﬁf‘_m) 2,
which was also proved to be the minimal energy non-scattering solution in
the earlier work [8, 14, 17], except for d = 3 within the class of radial data.
The result in [9] demonstrated the existence of two solutions VV&E exponen-
tially decaying to the ground state Wy on the energy surface and classified
all radial solutions as either symmetry transformations of Wy, Woi, scatter-
ing solutions, or blowup solutions in both time directions. While our work
is largely motivated by [9], the presence of the non-perturbative singular
potential # makes substantial differences. It breaks the translation sym-
metry of the equation and, at the same time, creates nontrivial singularity
at the origin. Indeed, the fact that # scales the same way as the Laplacian
operator indicates the non-perturbative nature of this operator, making it
impossible to treat the linearized problem around W as a compact pertur-
bation to any well-understood linear problem. As another example of such
impact, we see the ground state W, which is also a stationary solution of
NLS,, becomes singular at the origin thus fails to belong to the full range
Strichartz spaces while the free linear solutions always do [4]. As a conse-
quence, so far even the local well-posedness of NLS, has not been established
for a close to —i.

On the other hand, despite the disadvantage caused by the potential,
the breaking of the translation symmetry also brings certain benefits one
can take advantage of. Indeed, it has been shown in [16, 28, 29] that the
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non-scattering solution on the energy surface of E(W) can only concen-
trate around the origin instead of at any other places. Moreover, the lack
of translation symmetry also indicates the manifold created by W and the
symmetries on the energy surface is d-dimension less than that in the trans-
lation invariant case. Ultimately, we are able to piece all these and the
delicate spectrum analysis together to obtain the classification of solutions
on the energy surface of E(W) without the radial assumption.

Naturally, we need to further restrict the range of a to ensure better
regularity of W. To avoid the complexity brought up by the laborious
numerology, we choose to work in dimension three even though the scattering
theory in this dimension is still incomplete. Extending the 3d results to
dimensions four and five is straightforward we will make a remark after
each of our theorems. In the rest of higher dimensions, while most the
argument can still go through, the rough nonlinearity indeed causes technical
problems, for instance, in proving the Lipschitz continuity in the Strichartz
spaces, a property we rely heavily on to construct the local stable/unstable
manifold. Similar issue had been handled in [19, 20] in the case of NLS
without potential. We will address the high dimension problem elsewhere.

Before stating the results, we introduce some notations. For 6, € S' x
R*, we use Ty, and gy, to denote the symmetries transformation:

. 1 - 1
gouf(x) =€ 2 f(£); Ty ult, ) = n2u(h, £).

Our first result is the existence and uniqueness of solutions converging
exponentially to W.

Theorem 1.2. Leta € (—%+5£,0). There exist HY(R3) solutions W+ and
W~ to NLS, such that

Jim W) = W < Cem W gy < W gy IWF gy > W gy

for some C,c > 0. They are also unique in this class up to time translation.
Moreover,

W* € H),y([R), BWF)=EW),

0
/ / W (t, 2)[Cdwdt < o0, WE — W € L2(R?).
—co0 JR3

Remark 1.3. 1. In dimension d = 4,5, the same statement holds for

2(d+2)
0>a>—(52)%+ (2%—;22))2 with the Ly9 norm being replaced by L, 5> .
In particular, in dimension five where W € L*(R%), T.(W*) < oo. See
Section 7 for details.

2. These solutions WT correspond to the two branches of the 1-dim stable
manifold of W in Hl(Rg), which is a smooth curve tangent to the linear sta-
ble direction at W. The steady state W also has a 1-dim unstable manifold,
given by W= in this case, which satisfies the same properties in the reversed
time direction.

4



Dynamics of the energy critical NLS,

The next result is to characterize solutions on the energy surface of E(W).
For the reason that was just stated, we impose the following assumption in
one part of the result.

Assumption 1.4. The trajectory of {u(t)} is precompact modular scaling
on I, i.e, there exists \(t) such that {/\(t)_%u(t, ﬁ),t € I} is precompact
in H'(R3).

We have the following

Theorem 1.5. Leta € (—1 + %, ). Letuw € H'(R3) be a solution of NLS,
satisfying E(u) = E(W). We have

a) If [uo|| jo = [IW || g1, there exist 0, pu such that u(t,z) = gg ,W.

b) If HU()HH; < HWHH;, then u must be a global solution. Suppose Sg(u) =
o0, then u conforms into one of the following two cases:

b.1) Sjo,00)(u) = o0o. If moreover u satisfies Assumption 1.4 with I =
[0,00), there exist 0, p, T such that u(t,xz) = Ty W~ (t+T,x).

b.2) S(—00,0/(u) = o0o. If moreover u satisfies Assumption 1.4 with I =
(—00,0], then u(t,xz) = Ty, W (=t +T,x) for some 0,41, T.

¢) If luollgn > Wiz, v € LA(R?), and u is radially symmetric, then
T.(u) + T*(u)a< 00, i.e. u blows up both forward and backward in time.

Remark 1.6. 1). Statement b) in Theorem 1.5 becomes unconditional in
four and five dimensions and in three dimensions with radial initial data.
2.) In four dimensions, c) can be stated in the same way. In five dimen-
sions, the conclusion in c¢) should be “either Ti(u) + T*(u) < oo, or there
exist 0, u, T such that u equals one of the two solutions To W (t+T) and

Ty, W (—t+T)".

In the rest of the introduction we outline the main steps in the proof.

The analysis starts with linearizing NLS, around W, from which we ob-
tain a linear Hamiltonian PDE u; = iE”(W)u in the Hilbert space H(R?)
with the symplectic structure ¢ and the Hamiltonian given by the Hessian
E"(W) of the nonlinear energy E(u). Considering W is a constrained mini-
mizer of the energy which is invariant under the phase rotation and scaling,
we first prove that the quadratic form defined by E” (W) has 1-dim negative
direction and a 2-dim kernel based the spherical harmonics expansion and
careful study on the spatial asymptotics of the resulted ODEs. Incorporat-
ing the last piece of the puzzle, i.e. the absence of the generalized kernel, we
find the operator iE” (W) fits right into the general framework developed
in recent work [21] which immediately gives us the exponential trichotomy
of iE"(W). Namely, the operator iE”(W) has a 1-dim stable subspace,
1-dim unstable subspace, and 1 codim-2 center subspace containing the 2-
dim kernel where the linear flow has at most quadratic growth as [t| — oc.
These results are summarized in Proposition 3.3 in Section 3 and lays the

foundation of the local nonlinear analysis of NLS,,.
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Based on the linear analysis of ¢E” (W), in Section 4 we establish a local
coordinate near the manifold {gp , 1V} generated by W and the symmetries.
In particular, the evolution of the modulation parameter yu representing the
corresponding spatial scaling would turn out to be crucial in the nonlinear
analysis.

Having the exponential trichotomy decomposition from Section 3, the
classical invariant manifold theory hints at the existence and uniqueness of
locally invariant 1-dim stable, 1-dim unstable, and codim-2 center mani-
folds, see for example, [6, 12, 24]. To fit NLS, into the Lyapunov-Perron
framework, we have to develop a Strichartz type space-time estimate for the
linearized operator ¢E” (W) with singular variable coefficients. Fortunately,
treating the terms with variable coefficients as perturbations, a space-time
estimate with mild temporal growth obtained by iterating a local-in-time
estimate turns out to be sufficient for our construction of the local 1-dim
stable manifold in Section 5. Its two branches are exactly W*.

With the local structure being clearly established, our next step is to
classify those one sided global but non-scattering solutions by proving they
decay exponentially to W in H 1(R3). Actually from the dynamical system
point of view based on the saddle structure near the manifold {gy,W},
such statement is rather intuitive if the solution stays in the neighborhood
of this manifold', which leaves us with precluding the solution running away
or traveling into and out of small neighborhoods. It is where the global
Virial analysis comes into play. While this part of the argument is largely
guided by the work in [9], there are several new inputs making the proof
more streamlined in the global Virial analysis.

In Section 6, we give the derivative estimate of Virial using the distance
function d(u(t)), which is shown to be the right quantity linking the Virial
identity and the distance between u and the manifold from the variational
characterization of the ground state in Section 4. Solutions on the energy
surface with less kinetic energy than the ground state are characterized
in Section 7, where the proof of b) in Theorem 1.5 can be found. It has
been proved in the radial case and anticipated in the general case that the
trajectory of such solution enjoys the precompactness after modular scaling
parameter A(t), a property we rely heavily on in controlling the error in
the Virial estimate. By properly adjusting A(t) (see Appendix for details),
we can unify the choice of both A(t) and the modulation parameter u(t)
thus combine the full strength of the compactness and modulation estimates
toward getting the exponential decay. The solutions on the energy surface
with greater kinetic energy are considered in Section 8, where the proof of
Theorem 1.5 ¢) can be found. Such solutions do not have compactness,
instead, we add the additional L? and radial assumption to control the error

n a forthcoming paper, we will show the exponential decay simply by assuming that
the solution with energy E(W) always stays in the neighborhood of the manifold.
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Dynamics of the energy critical NLS,

and to avoid the solution evacuating to very low frequencies. We move some
of the technical estimates in the main body to the Appendix.

2. PRELIMINARIES

Notations: For easy reference, we include the often used notations into
the following table:

Lo=—D+ % [Tz = IVEaST
d(f) = IF1%, — IV, g/ (¥) = fru (@) = n2 (%)
80, f () = flou) = €u 2 £(2) Ty u(t, ) = e¥p~2u(L, 2)
(x) = V1+]zP B=+vI+4a

171l = 1l cesy 171l = IVEaf ls

Space, inner product: Throughout this paper, we shall use (-,-) to de-
note the duality parity between a Hilbert space and its dual space. H L(R3) is
the space of all complex functions endowed with the inner product R(L,f, g) =
R [gLafdx for any two complex functions. Occasionally, we also view
H!(R?) as a two dimensional real valued function space and use the no-
tation (H})2. The same remark also applies to the Sobolev space H'(R?).

Variational property of the ground state W. The following lemma
says W is the extremizer in sharp Sobolev embedding from which one can
also get the coercivity of energy.

Lemma 2.1 ([16]). Let a € (—1,0) and f € HY(R®). Then
W
HfHG < ||”W|||1|;g HfHH;
The equality holds if and only if f(x) = aW (Az) for some a € C and A > 0.
Moreover, if || f|l ;2 < Wl g1, then

1 1
(2.1) SIAIG < B < 5111,

Strichartz estimate of e~ "£«. We record the following linear estimate

with the double endpoints estimate being given in the recent work [31].

Lemma 2.2 ([4, 31]). Let a > —%. Let the pair of numbers (p,q), (p,q)
satisfy

2 .3_2_,2_3 ~
ctr=7ti=5 25¢q< 00
Then the solution u(t,z) : I x R® — C to the equation
(z@t - Ea)u = f

satisfy
gz S lutto)lla + 171 s

for any tg € 1.
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3. SPECTRAL ANALYSIS FOR THE LINEARIZED OPERATOR AROUND
GROUND STATE W

In order to study the dynamic structure of NLS, near the ground state
W, we write the equation for v = u — W in the following vector form:
(3.1) O = L(v) + R(v).

Here in the matrix form, the operator £ can be written as

. 0 Lo —WH
T\ =L, +5W1 0

and the nonlinearity is

R() =ilv + W v+ W) — iW — 5iWv; + W,
The linearized equation inherits the Hamiltonian structure from the nonlin-
ear one,

. 0 1 L, —5W1 0
L=JL, —ZNJ:<_1 0>,andL:< 0 £a_W4>

where J is the symplectic structure and L is the Hessian of the energy. Our
first step is to understand the diagonal operator L which will be further used
to decode the operator £ through Proposition 3.3.

Before stating the result, we first record several facts for the operator
L : (HY? — (H')2, which is bounded and symmetric. Note W is the
ground state solution, we have

(Lo —WHW =0, (Ly — EWHW = —4W° < 0,

which implies

(LW, W) < 0.
Let W7 be the generator of scaling symmetry, i.e.
d 1
Wy = ——Wy =z - VW + -W.
ax W, 2

It is easy to check that
(Lo —5WHW =0.

In the following lemma we will show that the three directions: Wr,:W, W
are the only non-positive directions of L.

Propositior} 3.1. There exist ¢,C' > 0 such that the quadratic form Q(v) =
(Lv,v) on (H")? satisfies
ol < QW) < Ol Yoe X,
where X, C (HY)? is the codim-3 closed subspace
X, ={ve HY2| (LW, 0) = (L W1, 0) = (La(iW),v) = 0}
As a corollary, L has one dimensional negative direction and

ker L = span{Wy,iW}.
8



Dynamics of the energy critical NLS,

Moreover,
ker(JL)* = ker(JL) = ker L.

Proof. The upper bound of Q(v) follows directly from Hélder inequality and
that W € L9(R?). We will show the lower bound of Q(v) by identifying the
null and negative directions for each component in L.

We first consider the operator £, — 5W* and show that there is only
one negative direction in the sense that for any real scalar valued function
v e H(R?) and

(3.2) (Lqv, W) =0,
we have
(3.3) (Ly — 5WHv,v) > 0.

Indeed, we will see that this is an implication of the fact that W is the
constrained maximizer. Let M = (L, W, W) (which also equals [z, W0dx
from the ground state equation). For any v € H;(R?’) obeying (3.2), by
1
M?2
(M+52(Lav,0)) 2
I(s) = p(s)(W + sv)

taking p(s) = , the trajectory defined by

always obeys
(Lal(s),1(s)) = M.
It can be computed that
p(0) = 1;4'(0) = 0; 4" (0) = =M~ (Lqv, v),
and
1(0) =W, 15(0) = v, 155(0) = —M~HL,v,v)W.
From here and noting W is the constrained maximizer from Lemma 2.1:
(34) IWlg=_sup w(z)|%dz,
(Law,w)y=M JR3

we have

d> 6
0 Z @/Rg ’l(S)‘ dx |8:0

=30 / 1(0)*1,(0)?dx + 6 / 1(0)°15(0)dz
R3 R3

:30/ W4v2d:n—6M_1<£av,v>/ Wdx
R3 R3

~ 6 / (Lo — 5WN0 - vdz = —6((La — 5W 0, )
RS

(3.3) is proved.

Next we investigate the null direction of L and it is more convenient to

work in L? setting instead of H; setting. The operator £, — 5W* having
9



. _1 _1
only one negative direction in H}(R3) implies £, ? (£, —5W?)L, ? has only
one negative direction in L?(R3). Easily we can write

_1 _1 _1 _1
Lo (Lo —bWNLL2 =T 5L, WL, 2 :=1—-K.
We have the following result for K:
Claim 3.2. K : L*(R3) — L%(R?) is a compact operator.

Postponing the proof for the moment, using this claim we know that I — K

has at most finitely many eigenvalues in (—oo, %] which can be ordered as

M <A< <Ay
counting multiplicity.
From the previous discussion and recall that

1

(I - K)L2W; =0,
we know

A1 <0, and Ay = 0.
Our goal now is to show A3 > 0. Note as [ — K is symmetric we can
choose eigenfunctions as the orthonormal basis of L?(R3) and evaluate the
L? bilinear form ((I—K)u, u). Switching back to H! setting, we immediately
get the desired estimate for £, — 5W*:

(3.5) (Ly — 5WHu,u) > A3||ul/%,, Yu Lg, W, Wi.

2
HL
Therefore it remains to show Az > 0 or the kernel of I — K is only one-
dimensional in Lz(}Rg).. This is equivalent to showing the kernel of £, —5W*
is one dimensional in H'(R?).
Consider the equation
(Lo —5WHu =0,

we write u in the spherical harmonic expansion:
[e.e]
u(r,0) = ij(r)Yj(H).
=0

Here, Y;(0) is the jth spherical harmonics and {Y;(0)}32, form an orthonor-
mal basis of L?(S?). Recall that
_AS2YJ'(9) = ,Uij(H), J=0,12,--
O=po<p1 <pp<--- =00, Yo=1,u1 =2.

In spherical harmonic expansion, we have

(0. ] 2
. 4y, 29 _
(Lo —5WHu = § ((8”+ra’“

J=0

a+ [

I 5 £50))Y;6).

Therefore we can discuss the contribution to the kernel from each spherical

harmonic starting from j = 0.
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Case 1. j =0.
As Yy = 1, the kernel function in this mode must be a spherically sym-
metric function u(r) satisfying

(Lo —5WHhHu =0,

which in the radial coordinate, takes the form
2

(3.6) Urp + =ty + 5W = Su = 0.
r r

Suppose u is a solution independent of the known radial solution W7, from
Abel’s theorem, we have

C
(37) UT»W1 - (Wl)ru = T‘_2

In the small neighborhood of r = 0, W7 # 0, we can divide both sides of
(3.7) by W2 and obtain,

v —L O<r<e
%% T,_T2W12’ ’

. B— . . .
Recalling Wy (r) = O(rTl) as r — 0T, integrating the above equation from
r to £, we have

_1

u(r) = O(r 2(1+5)), asrT — 07T,

which is certainly not an H' function. Therefore Wi is the unique radial
kernel.

Case 2. {j € N, u; = 2}.

In this case, we assume there exists a function in the form of G(r)Y;(6)
associated to the jth spherical harmonics in the kernel. Writing Laplacian
operator in spherical coordinate, we have

0= (Lo = SWH(G(r)Y;(8)) = (Lot — SWHG(r) - Y;(6),
which implies
(3.8) G(r) € ker(Lapo — 5W1).

Our first goal toward getting a contradiction is to show positivity of G. To
this end, we take any v € H'(R3) in the spherical harmonic expansion

vi= > v;(r)Y;(0),
j=0

and evaluate
(3.9)




As from (3.3), the first summand can be estimated

((Latz = 5Whvj(r),v;(r)) = (Lasz — 5W v, (r) - Yi(0), v;(r)Y1(6))
((La = 5WH) (v (r)Y1(0)), v;(r)Y1(6))
0

(3.10)

We then know that L, 2 — 5W* is non-negative, which together with (3.8)
implies that 0 is the first eigenvalue. Hence,

G(r) > 0.

We now turn to looking at the equation of G and —W’(keeping in mind
that W’ < 0),

Y

a+2

2
(3.11) -G -G+ G - 5WiG =0,
r 2
" 2 2 2
(3.12) W= S S S Sy st — o,
r r T

Computing [(3.11) - r*W’ — (3.12) - r2G], we obtain
2
PRPWG 4 2 WG — r2W'G" — 2 WG TGWG —0,

which can be further written into

(3.13) % [P(W'G-W'G)] + 27aWG =0.

Recall the asymptotics of W and G from (1.2) and Lemma 9.1 in Appendix:
(3.14) Asr — 0%, G(r) = O(r—2 T2V 1) W/ = O(r—3+5)
' Asr — o0, G(r) = O(r—%—% Otday -yt = O(T—g—g),
we have
~W'>Gasr—0", —W' >Gasr — .
Let
ro =sup{r >0 | -W’'> G on (0,7)}.

Possibly by replacing G by CG for some C' > 0 sufficiently large, it holds
for some r¢ € (0,00). We have

W'+ G)(ro) =0, (W' +G)(r) <0, Vr € (0,r9).
Hence (W"” + G')(r¢) > 0 and thus
(3.15) (W'G —W'G')(rg) > 0.
Using this and the positivity of G, we integrate (3.13) over (rg, r) to obtain
(3.16) (W'G —W'G')(r) >0, ¥r € (rg, ).
Dividing both sides by G?, we have

d% (%(r)) >0, Vr € (rg, )

12
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which in view of (3.14), contradicts with the asymptotics

/
lim E(r) = —00
r—00
for any a € (—%,0). Therefore there is no nontrivial kernel function of
L,—5W* associated to the jth spherical harmonics for all j satisfying i = 2.
Case 3. {j € N, u; > 2}.
In this case, we take any function in the form of G(r)Y;(0), G # 0 and
compute

LGNV (0)) = LaraGlr) - ¥5(6) + L2 GV 6).

Using (3.10) we immediately get
(La(G(r)Y;(0)),G(r)Y;(0))

T 2
:<(£a+2—5W4)G(r),G(r)>-|-(Mj_2)/ |G(2)]

dx > 0.
rs |z[?

This shows there is no kernel function of £,—5W* associated to jth spherical
harmonics for those j such that p; > 2.

The positivity of Az is finally proved, and we end the discussion on the
operator L, — 5W*.

Based on the results on £, — 5W*, we can get the result for £, — W4

- N _1 _1
quickly. Let A\; < My < ... denote the eigenvalues of £, % (L, — W*)L, 2.
From

(Lo =W, u) < (Lo = WHu,u),
we obtain \; < S\j, j=1,2,.... Therefore Ay > Ay = 0 and A; = 0 due to
span{W} = ker(L, — W*). This immediately implies

(Ly — WhHu,u) > 5\2”’[1/”3.{1, Vreal u Lp, W.

Combining the two parts together, we proved the estimate for Q(v).

We turn to briefly proving the last statement regarding the generalized
kernel. Suppose there exists a nontrivial H' function v ¢ ker(JL) such that

(JL)*>v = 0.
Then v satisfies
JLv =y Wi + coiW,

for some real number ci,co such that cico # 0. Note JL is a bounded
operator from (H")? to (H~')2, we immediately get a contradiction since
Wi,iW ¢ H~'(R®) as shown in the following. Take a sequence of H'!
function with uniform norm:

1, $<r<1

¢N(x):N_%¢($/N)7 ¢(T):{0 r>9 'r'<1/4.

13



It is easy to see both [ps Wipn (x)dz and [ps Withn (z)dz diverge as N — oo
by using the asymptotic estimate

W(r), Wy(r) = O(r_%_

Therefore there is no generalized kernel for JL.
Finally we complete the proof by verifying the Claim 3.2. Indeed, note as

B
2), as r — o0.

_1 . _1 .
L.2: L*R3 — HY(R?), £,2: H Y(R?) — L*(R?)

are both bounded and the embedding L: (R3) < H~(R®) is continuous, it
suffices to show

_1

WL, 2« LA(R3) — L3 (R®)
is a compact operator. Taking a bounded sequence f, in L?(R?) and a
sufficiently small number € > 0, we estimate

VIOV L f)lls < IIVIFWALE? Fulls + [WVEL fulle
< WV W el £ fulls + 1WA IIV1La full
SIWISIVWI sl fallz + Wiz [ falla < 1.
And
s R fulls < I mW 131202 fulls < B
for some positive number ¢. The compactness of W*L, 3 is proved, hence

the Claim 3.2. Proposition 3.1 is finally proved. O

In view of Proposition 3.1, we are able to apply Theorem 2.1 in [21] to
obtain the following

Proposition 3.3. The flow e!’* is a well-defined operator and there exist
closed subspaces E*, E° and E° such that

a) dim E* = dim E° = 1.

b) etJL(Eu,s,c) — FWS:C

¢) (Lu,u) =0, Yu € E*“*, and

E¢ = {ue (H"Y; (Lu,v) =0, Yv € E* & E*}.
d) etJL|EC

e) EC =ker L ® E° and (H")? = E* ® E* @ ker L ® E° and

< C(1+H),Vt € R.

010 0 A0 0 0
100 0 0 -A 0 0
L’”oooo“]LNOOOAOe
000 L 0 0 0 A,

and



Dynamics of the energy critical NLS,

Remark 3.4. In the rest of the paper, we will assume VT is the eigenfunc-
tion taken from the E* and E*:

JLVE = +egVE, ¢ > 0; and (LVT, V™) = 1.
We claim that VE € L2(R3). Indeed, writing V= = Vi +iVa, we have
(Lo = WHVo = egVh,
(Lo = 5WHVI = —eoVa,

which clearly implies
o [ IVFPds =4 [ WWiVads S WIEIVAlalVall S 1
R R

A more precise analysis on VE much as in Lemma 9.1 can be used to show
that they decay exponentially in |z| for sufficiently large |x|.

4. MODULATION ANALYSIS

In this section, we perform the modulation analysis for solutions in the
small neighborhood of the manifold {gg,W}. On energy surface of the
ground state, the distance to this manifold is controlled by

d(f) = [IIF1, — W%,
as shown in the following result. The same result in the case of NLS can be
found in [1, 2, 27].

Proposition 4.1. Assume that f € HX(R?) and E(f) = E(W). Then for
any € > 0, there exists § > 0 such that when

d(f) <9, inf — Wil <e.
(f) QESIEDOHf go.uWllg <e

Proof. We argue by contradiction. Suppose the claim does not hold, then
there must exist 9 > 0 and a sequence of H'(R3) functions {f,} such that

(4.1) E(fn) = E(W), d(fn) =0,
but
(4.2) peitt 1fn = 86, Wll 73 > 20-

. W g2
Replacing f,, by f, - Ty We may assume
n Ha

@3) Wl = Wiy Il = Wlls. | _inf _11fu — 80,0 iy > <o

Applying Lemma 9.2 to {f,} we obtain
J .
fn= Z (Mz + 7437

j=1
15



for each J € {1,---,J*} with the stated properties. In particular, from the
H} decoupling in Lemma 9.2 and (4.3) we have

(4.4)

J J
. ] J ; . J
W1, = i (S 1641, + 11, ) = S 1671 + i 1,
i=1 i=1

o g 2
Here ||« [lxs = || - [ if #% = 0 and || s = || - |0 if 'A—‘ — 00. As (4.4)
holds for any J, we take a limit and get
J*
(45) S 1613 < W3-
j=1

On the other hand, using the decoupling in L%(R?), (4.3) and the sharp
Sobolev embedding, we have
Wl
W,

J* J*
IWIE = lim [1falIg =D 107118 < > 1715
p j=1
which implies
J* '
(1.6 WIS, < SIS,
j=1
This together with (4.5) gives
J* . 3 J* .
(T 19 ) < 1671
p =1
Note also for a < 0, ||¢|| 71 < [|@|l 71, this obviously implies that

J*=1, 2L =0, and limsup|r}|ls = 0.
n—oo

Therefore, (4.5) and (4.6) imply Hqﬁl”H; = Wl g, l¢tll6 = [[W]l6. More-
over .
Fo= ) 30N () +rh, and [y = 0

follow from (4.4). Hence ¢! = 86,0 W for some 6, p1g. This contradicts to
the last inequality in (4.3). O

This together with implicit function theorem gives:

Lemma 4.2. There exist 6,9 > 0 such that for any f € H}L (R3) satisfying
E(f) = E(W) and d(f) < do, there exists a unique pair (6,n) € St x RT
such that

go ) LW, W1} and || f — go,uW i < e0-
Moreover, the decomposition

(4.7) g;if:W—l—on—l—v, v L {iWw, W, Wy},
16
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obeys
ol ~ lollzy ~ Il f = Wiy ~ d(F):

Proof. We prove this lemma in several steps.
Step 1. We first focus on the neighborhood of W. Define two functionals
Jo, Ji: St x R x HY(R3) — R:

JO(Hmu’ h) = <h7g0,u(ZW)>Hé ) J1 (07/% h) = <h7g97u(Wl)>Hé :

It is easy to check that Jy, J; are linear in h and C' in 6, . Moreover,
d(Jo, J1)

(W, o
8(9,#) (0,1,W) 0 HWl”i(; ‘

Therefore the Implicit Function Theorem assures the existence of 1,79 > 0
and a C' mapping v: H}(R?) D B, (W) — B,,((0,1)) € S x RT such that
for any h € B, (W),

(Jo, J1)(0, 11, h) = 0, (8, 1) € B, ((0,1)) if and only if (6, ) = ~(h),

J0(0717W) = J1(0717W) = 07

which is also equivalent to ge_ih 1 {iW, W1 }. Moreover, due to this orthog-
onality,
”h—ge,uW”H; = inf ”h—gezww”f];-
(0 .1)CBry ((0,1)
Step 2. We show the global uniqueness of the above pair (6, ) foy small
g0 > 0. Suppose the uniqueness is not true, then there exist {f,} C H L(R3)
and {(0717 MTL)}7 {(0717 ﬂn)} - Sl XR+ SUCh that7 fOI‘ any n, (9n7 Nn) 7é (9n7 /ln)

_ _ . 1
8o, uc o 8 5, Fn L AW WL =800 Wiy 15,5, Wiy < -
This implies

2
186,610 3V = Wiy < -

Recall

Claim 4.3. Let {0y, ptn} be such that limy, o ||86,, W — W1 = 0. Then
limy, o0 (0, 1) = (0,1).

The proof of this claim is a simple contradiction argument so we skip
it. This contradicts the local uniqueness from which the global uniqueness
follows.

Step 3. We prove the comparison with d(f) under the assumption E(f) =
E(W). From Proposition 4.1, for any € > 0, there exists § > 0 such that for
any f € HL(R?) satisfying E(f) = E(W) and d(f) < 6, it holds

inf —gog W5 <e.
B LT
17



By Step 1, such f can be written in the form of (4.7). From the scaling
invariance of energy, without loss of generality, we may consider § = 0,y =1
only. By expanding the energy functional around W, we have

B(W) =E(f) = E(W + aWV +v)
=EW)+ %(E//(W)(aW +v),aW +v) + O(|[aW + ’UH%&)

=E(W)+ %a2Q(W) + %Q(’U) +O(laf’ + ”U”?}Ié)

Here we have used the orthogonality to drop the cross term (Lv, W). This
together with the ellipticity of L on {W,iW,W;}+ from Lemma 2.1 and
QW) < 0 gives

ol ~ —a*Q(W) + Olaf® + o],

As indicated from Step 1, if dy is sufficiently small, || and |[v|| ;1 are suf-

ficiently small accordingly, therefore we can view the cubic term as pertur-
bation and obtain

ol ~ ol .
Finally, note also
d(f) = ‘”W +aW + U”?ﬁ;& - ”W”?L]é|
(48)  =|@a+ )W, + [ol,] = 21W I, lal + 02 + [[o],).
We conclude
d(f) ~ lal ~ o]l 5 ~ llaW +oll gy = llgg L f = Wil
O

For the rest of this section, we assume u(¢) is a solution of (NLS,) on the
time interval [ satisfying

BE(u) = E(W), d(u(t)) < &, Vt e 1.

From Lemma 4.2, there exists a unique pair (6(t), u(t)) for each ¢t € I such
that we can decompose

(4.9)
o) upyu(t) = W+ a(t)W +a(t) :== W 4 o(t), and a(t) L {W,iW, W}

with |a| and |[%(t)|| ;1 comparable to d(u(t)). Our next goal is to obtain the
temporal derivative estimates on the modulation parameters 6(t) and u(t).

Before stating the result, we prepare a set of estimates which are needed
in analyzing the modulation equation. This is where we have to trade the

range of a for a better integrability of the ground state W.
18
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Lemma 4.4. Let a > —% + 24—5. Then for any real function R € Lg(R?’) and
v € HX(R?), we have the following bound

{RW) il S IR, (o, W) | + (- Vo, W) ] S ol
[(Lav, W) g |+ [0V 0, WY 1| S ol s

Here the implicit constants depend only on W. The same set of estimates
also hold when W is replaced by W1.

Proof. 1t is straightforward to verify that under the constraint of a, W, W7 €
Hl(R?’)ﬂHl’% (R3), which by embedding, implies W, W; € L5(R3)NL3(R3).
Based on these bounds we can estimate

(B W) | = (B, LaW) = [(B, W) < R [W 30 < IRl

[, g | S ol W 1Ly < Dol g

(xVo, W) i :/ VoW odx = —3/
@ R3 R

(@Yo, W) g | S Pl WG + ol [[W lIsllz VYW lle < lloll g2
{Lav, W) | = [(Lav, WO S V0l VW |20 [W 30 S [l0]] g
a 11 a

(W0, W) | = [0, W) < lolle[W 1T IW 130 < vl -

oWodz — 5 / WAV W dz,
3 R3

Finally as £, = 5W4W; and W, W, are both smooth functions with the
same asymptotic behaviors as |z| — 0 and |z| — oo, we have the same set
of estimates when W is replaced by Wj. The lemma is proved. O

We are ready to state the following

Lemma 4.5. The modulation parameters in the decomposition (4.9) obey

(4.10) ()] ~ )l g1 ~ el g2 ~ d(u(t)),
) , '(t)
(4.11) o’ ()] + 16" ()] + o) < () (ult)).

All the implicit constants are time independent.

Proof. Estimate (4.10) follows directly from Lemma 4.2 so we only focus on
(4.11). Recall

oty ue) (£ ) = PO p(t) " 2u(t, z/u(t)).

From the equation of u and letting y = zu(t) we deduce the equation for
ujg(t),u(t)] (t, y) (for simplicity we drop the ¢ dependence in 6, u in subscript):
. (¢ 1
(4.12) (10 — qu(t)ﬁa)u[g,u} + Hl(t)u[g,u} + Z%(yvy + §)u[9,u}

= — (1) |ugp " v -
19



Introducing the change of variable in time: t — s and ds = p?(t)dt. Then
in the (s,y) variable, (4.12) becomes

. s 1
(4.13) (Zas — ﬁa)’LL[gM} + HS’LL[QM] + z;(yvy + 5)’&[97#} = —|u[07u]|4u[97u}.
Inserting the orthogonal decomposition from (4.9) in s, y variable: Ug, ] (s,y) =

W(y) + v(s,y), we obtain the equation for v := vy + ivs:
v + (=Lo + Whvy +i(Ly — 5WHey

—ify(v + W) + %Wl - —%(yvyv + %v) + R(v).
Here R(v) is the high order error
R(w) = i|W + v|*"(W +v) —iW® — 5iWv; + Wy
and obeys the estimate
(4.14) IRO)s £ 0], + 0], S d(u(s))?.
Finally inserting v(s,y) = a(s)W(y) + u(s,y), we obtain the equation for
U = Uy + us:
(4.15)
Dt + s W — i0,W + %Wﬁ(—ﬁa Y Wi+ i(Lg — SW )i — diaWD

2

As u L {W,iW, W7}, we can obtain the estimates of ag, 6, us/p simply by
pairing the equation with these three directions in H!(R?). All the extra
terms can be bounded by using Lemma 4.4 for both real and imaginary
parts as showing below.

First, we note (4.16) on the right side of the equation (4.15) only con-
tribute the high order error. We have

[((4.16), W)| + [((4.16),iW)| + [((4.16), W1)]
< d(u(s))(d(u(s)) + 05| + [psl /1) = E(s).

Taking inner product between (4.15) and W, iW and W; in H!(R3) respec-
tively yields

(417) oW,
(4.18) 6w,

s 1
(4.16) = R(v) +ifsv — %(va + —v).

(Lo = W2, W) 1 + O(E(5))-
<(£a - 5W4)ﬂ1, W>H; - Oé<4W5, W>H(} + 0(5(8))

(119)  EHIWAI, = ((Ca = WH)aa, W) gy + O(E(s)).

Applying Lemma 4.4 we are able to control all terms on the left sides and
obtain
s +10s] + s /pl < d(u(s)).
Changing back to ¢ variable we proved (4.11). The lemma is proved. g
20
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5. CONSTRUCTION OF LOCAL STABLE SOLUTIONS

In this section, we show the existence and uniqueness of the solution
converging exponentially to the ground state .

We start by proving several linear estimates of the flow '’/ in the Strichartz
space. The way of doing it is to use the Strichartz estimate for e®**« and treat
the W-related terms as perturbations. To this end, we define the Strichartz
space over a time interval I:

SUI) = L°H! N LIV (I x R3).

The Sobolev norm || - || ;1,, Will be estimated mostly by the operator (Ea)%
due to the equivalence of Sobolev norms developed earlier in [15]. The
specific version we will be using is the following:

Lemma 5.1 ([15]). Let a > —% + 24—5. Then for any p € [%,%] and f €
C2(R3), we have

IV £llp ~ 1(£a)2 £l

Our first estimate is about the homogeneous flow on the central space E¢
given in Proposition 3.3.

Lemma 5.2. Let ug € E€ and u(t,z) = et L, then for any time t > 0,

(5.1) lu(E) g1 S @) llwoll g
(5.2) lu(E) |2 < Nluollz + () lluoll g
(5.3) ”UH51([_T,T]) <(T)° l[uoll g2

Remark 5.3. Since et!'V* = eLVE a5 a corollary of the this lemma,
. 30
we have VE € HL11(R3).

Proof. For simplicity we only focus on the estimate for positive times. Recall
from Proposition 3.3, E¢ = ker L & E°, and

0 Ao
JLlxer Loye = <0 AO > ;

we have the expression of the linear flow

t
tJL _ (T [y Agee™<dr
€ |ker LpEe — 0 etAe :

Hence for any ug € E€ and ug = uf +u§, with uf € ker L, u§ € E°; we can

write
t TAe k
u(t) = e g = (é Io Aoii dT> <u0>

elle ug
t

_ uk + /o Agee ™ Aeusdr ‘
etAeug

21



From Proposition 3.3 again, the second row is under control due to the
ellipticity and the invariance of L.:

A
lle Y ull g ~ llugll g S Iluoll -

Plugging this estimate and using the boundedness of Ao, on H 1(R3) we have

t
Ae k TA&

lu@®ll g < e ufll g + llugll g +/0 [Aoce™ upll grdr S ()l -
(5.1) is proved.

To prove the L2 bound (5.2), we use the equation of u
(5.4) iug = Lou — WH(5uy + ius).
Multiplying both sides by u, taking the imaginary part and integrating over
[0,t] x R3 gives

o0~ ol = [ [ Whusuadods < AW IR0 e s o

which together with the H' estimate from (5.1) yields (5.2).
We turn to the estimate (5.3). Take a small number 1 we partition|0, 7]
into

N
0,7) = {J 1, with I; = [jn, (j + ], j < N = LIy = [Nn, T].
j=0

On each interval I}, by the Strichartz estimate of e*“« in [4], we obtain

l .
lullgrr,y S Nulimllg + Hﬁé(W4(5m +iua))ll a1y

< G lluoll g1 + Z WAl L1y + IVWWull 12 g,
=1

S ol g + 05 (IW 140 |V oy T ||W||§o||VW||§IIU\ILngO(zj>)

< (mluoll g+ lullgay,
Taking 7 sufficiently small, we obtain

||UH5'1(U77,(J'+1)77)) S Umllwoll g
Summing in j we obtain (5.3). O
Next we prove the estimate for the inhomogeneous term.

Lemma 5.4. Let f € E€ and

t T
v(t,x) :/ eI (s)ds, w(t,x) :/ et =)L f(5)ds
0 t
then

(5.5) HUHSI([QT}) + ||w||s'1([o,§]2) S <T>2||f||Lt1H1([07T})-
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Proof. We only prove the estimate for v as the other one is similar. Again,
we partition the interval [0, 7] into subintervals as in Lemma 5.2 and apply
the Strichartz estimate on I; = [jn, (j + 1)n] to v(t, ) which solves

vy = Lov — (5WHhoy +iWhvg) +if.
We have
[ollgrryy S oGl g + 15W oy + iW4U2HLg31(1j) + 1l e iy
S oGl + 05 [llgr s,y + 1,

Taking 1 small enough and using (5.1) from Lemma 5.2, we have

t t
o)) g < /0 He(t_S)JLf(S)HyldS 5/0 @ONf ) s < <t>”f”L§H1([o7t})-
From here, we continue the estimate of v and obtain
‘|U‘|51(1j) S <j77>HfHLtlHl([O,(j-',-l)n))
Summing in j we obtain (5.5). O

We are now ready to state the following theorem which we will prove by
analyzing the linearized equation (3.1) around the ground state WW.

Theorem 5.5. There exists C' > 0 depending only on equation (3.1) such
that, for any A € (0,e9] and y, € (—0,0) where § = %min()\, M), there
exists a unique solution to (3.1):

vy = JLv + R(v)

satisfying
(5.6)  v(0) =y V" +ygVF +00), and [[u(t)]z < Coe .
Moreover,
(5.7) {Hv(t)\lz < Cée™™, |_y(']"| + 10 (O)ll g1 < Clug I
0]l g1.(1,00)) < CZ0€™ "

For any yo, Yo such that yo g, > 0 and |y, |, |9, | < 9, the corresponding
solutions v(t,x) and v(t,z) obey v(t) = v(t +T) for some T = T (yo,Yo)-
Proof. As from Proposition 3.3, (H})? = ES @ E* & E°, we can decompose
(5.8) v=ytTVT 44V~ +0°
with y* = (LVT,v) and v¢ = v —y~V~ — ¢tV *. Using the invariance of
JL on E*, E* and E°, we reduce the problem to the following system

y-  =-—ey + R (v)

gyt =ewy" +R"(v)

%vc = JLv¢ + R°(v).
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Here, R*(v) and R(v) are defined similarly as y= and v°. Due to the lack
of exponential decay in the unstable and center directions of the linear flow
e’ as t — 400, by Duhamel, exponential decaying solutions must satisfy

y(t) = ey + [y e IR (u(s))ds
(5.9) yt(t) =— [T eo=IRT(v(s))ds
ve(t) = [ et Re(u(s))ds.
Our goal is to show that the above right sides define a contraction
(§+,5%) = F(y*,v°)
on the ball defined by

B = {(y*,v°) € C°([0,00)) x S([0,00)) [sup MyF(t)] < 265

Aty .c
sup e ||[v°]| e < 26},
oy 1%l (t,00)) < 203

It is easy to see B; ) increases in ¢ and decreases in A.

We define another ball B = Bjx N {v(t,z) : sup,qe||lo(t)]2 < 26}. We
will show later that the solution obtained in Bs ) also belongs to B, from
which we immediately prove the L? regularity in (5.7).

Taking (y*, v¢) from B ), we first reproduce the same bounds on F'(y*, v°)
by using the equations (5.9).

To estimate §~(t), we first recall that V'~ is the eigenfunction of JL
associated to the eigenvalue —ey < 0, which allows us to estimate

R~ (v(s))] = [(LV*T, R(v(s)))| = |[(—eoJVT, R(v(s)))|
SHWHGHR( (Dl < HWHGHUHG + [lvllg
Slyt )P+ ly~ () + oS (s)lZ + [y () + 1y~ (s)° + [0°(9) 13
5(25)26_2)\8.

Inserting this to the first equation in (5.9) we have
t
(0] < Oy 4 [ R o) s

t
<lyo | + C(26)2/ e(A—e0)(t—s) ,=2Xs g
0

< lyg | +4C8* /X < 20.

The estimate of §*(¢) is similar. Indeed, arguing in the same way as for
R~ (v(s)), we have

[RF(u(s))] S 0%,

(5:10)  MGHOIS P [ eI S e < 2
t

for the same choice of 9.
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We now turn to the estimate of 9°(¢, z) and we start by stating a nonlinear
estimate which will be used multiple times.

Claim 5.6. For v defined in (5.8) and {y*,v°} € Bs, we have
IR (D 22 g1 gy ey S 02 0(T).

Indeed, from the expression of v in (5.8), it is straightforward to check

(5.11) Vvl < de Mo,
L5L11 ([To T()-‘,-Tﬂ)

Applying this estimate and using Sobolev embedding, we immediately get
3

IR@ED L iy oy S D2 MWV N iy myemi
=0

3 .
5ZﬁﬂNWvaw5l

i—0 j)_r([To,To-l—Tl])
(5.12) S ZT5 ||VU||5 ' 30
i—0 L"LH ([T(),T()-i-Tl])

Inserting (5.11) into (5.12), we proved the Claim 5.6.
We are ready to estimate 0° on [T, 00). By triangle inequality, we have

/ et =)L Re(y(s))ds
t SY([T,00))

T+N
/ et =)L Re(u(s))ds
t

195131 7,00y = '

N>1,NeN SY([T+N~1T+N])
+ / et =)L Re(u(s))ds
N>1,NeN!WT+HN S1(T+N—1,T+N])
=1+11I.

To estimate I, we use time translated version of (5.5) in Lemma 5.4 and get

< Y IR L1 g1 ((rsv—1,748))

N>1,NeN

1
< 2 —2ANTHN—-1) L ~52 —2\T
S ) e < SC8%eY
N>1,NeN

To estimate I, we further partition the integral into

(t—s)JL Clu(s))ds
<y 3 AWI Re(u(s))d

N>1M>N+1

T+M .
= }: / le®=7E R (u(s S g1 (4 v—1,04 8795
N>1,M>N+1/T+M-1 ( AEND

SY(T+N—-1,T+N))
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Note |t — s| < M, applying Lemma 5.2 we obtain

T+M
ms > [ AR ds,

N>1,M>N417 T+M~1

from which we sum in N and use Claim 5.6 to continue

I1< Y MR g e nr—1.mean)

M>2
C
< 352 —2AN(T+M-1) o & c2 —oxT
< Z M»%e < )\45 e .
M>2

Collecting the estimates for I and 11, we obtain

2
730t <2

This shows that the map (7, %¢) defined by the right side of (5.9) maps
Bs » to itself. Due to the polynomial form of the nonlinearity, following the
similar argument we can easily show the map is a contraction on Bj ) with
a Lipschitz constant %, hence the existence and uniqueness of the solution
to (5.9) in Bs )y is proved.

Next we show that (§+,7¢) € B if (yT,v¢) € B and it suffices to estimate
the L? norm only. Using the estimate of §= and the fact that V* € L?(R?)
from Remark 3.4, we further reduce the matter to showing ||2°(t)[]2 < de™.
Taking the L? norm on the expression of ¢ and using the L? linear estimate
from (5.2) we have

ol < [ " RO(s) ads + / (= 82 RO ()] g ds.

From here we partition the integral into pieces and arguing in the same way
as above. The only missing piece is [[R°v(s)||z1z2 on a unit time interval
which can be done easily

(5.13) sup e)‘T||z7c||S-1([T’OO)) <supeM(I+1I)< C’(
T>0 T>0

3
(LSO YIS i 114
=0
~ HUHSWHN 1,t4+N]) +||U||Sl(t+N 1,t4+N])"

The rest of the argument will be similar, we omit the details. This proves
the L? estimate in (5.7).

To see the quadratic estimate (5.7), we note by repeating the same ar-
gument, the solution map is contractive on a smaller ball B\yalxo‘ This

together with the uniqueness in Bj ) implies that the constructed solution
must lie in B w5 |eo” From here we apply the estimate in analogue with (5.10)

and (5.13) with 0 being replaced by |y, | and X by eq, we immediately obtain

g+ O S I 1
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In the above we prove the existence of the stable solution with y~(0) = vy
which is unique in Bs ). The stronger uniqueness of such solution in the set
of functions characterized by (5.6) is a simple consequence of the following
Lemma 5.7 and the above uniqueness.

To complete the proof of Theorem 5.5, for any y, and g, satisfying
1Yo |, 190 | < 0 and yg gy > 0, let v(t) and 9(t) be the corresponding exponen-
tially decaying solutions. From the continuity and decay of #(t) in H}(R?),
we know there must exist a time 7' such that g~ (T') = (LV',0(T)) = yq ,
from the uniqueness we conclude that v(t) = o(t + T). O

The following lemma gives the exponential decay of the Strichartz norm
from the exponential decay of the H} norm.

Lemma 5.7. Assume v(t) is a solution to (3.1) satisfying that, for some
A>0,

ol Se™, t=0,
then

(5.14) 10l g1(t,00)) = e t>0.

~

Proof. Let Ty > 0 be sufficiently large. It suffices to prove the estimate
(5.14) for all t > Ty as the estimate for ¢ € [0,Tp) follows from the estimate
of ”U”S'l([To o0y and the standard local estimate on [t,Ty) . Let 7 > Ty and n

be a small number to be chosen later. Applying the Strichartz estimate on
the interval [7,7 + 7] and using the similar nonlinear estimate as in (5.12),
we obtain

el G \\H1+czn5u 155

for some constant C independent of v and 7. Recall that [|[v(7)|| ;1 < e ™ <
e~ b for n sufficiently small and T} sufficiently large, the standard conti-
nuity argument gives
—A
H’UHSI([TJW) < 2CH’U(T)HH(} Se
The estimate of ||v]| $1([t,00)) then comes from partitioning the interval [t,00)

and adding up the estimate on each subinterval. The proof is complete.
O

Lemma 5.7 together with Theorem 5.5 finally gives rise to the following
result, which characterizes all solutions decaying exponentially to the ground
state:

Corollary 5.8. There exist exactly two solutions (up to time translation)
Wi of NLS, satisfying

Wi —W|lm < Ce 0t vt > 0.
W O)llr > 1W s IW-O)llga < W -
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Moreover, if a solution u(t,z) of NLS, satisfying
lu(t) — W”Hg <Ce M Vt>0
for any C >0 and X € (0,eq], there must exist unique T* such that
u(t) = Wit +T7) if lull g > Wl
{a(t) —W_(t+T7) if fulgy < Wil
We remark that this Corollary does not tell us the behavior of W4 for

t < 0, we will discuss this problem in Section 7 and Section 8, and complete
the picture of the dynamics of all solutions on the energy surface.

6. GLOBAL ANALYSIS-VIRIAL

In the previous sections, we develop the modulation analysis which enables
us to control the solution near the two dimensional manifold generated by
the symmetry transformations applied to W. When the solution is away
from the manifold, we use the monotonicity formula arising from Virial to
control the solution. To this end, in this section we establish Virial estimates
by incorporating the modulation estimates developed in Section 4.

Let ¢(x) be a smooth radial function such that

0, |x| > 2,

f]}'2 X ] X
¢<x>={’ STED and on@) = B

Moreover, we can choose ¢ such that the radial derivative satisfies
(6.1) ¢"(r) < 2.

From such ¢ we define the truncated Virial
Valt) = [ én(olut.o)Pda.
R

For a solution u(t) of NLS, with E(u) = E(W), the time derivatives of Vi(t)
are computed as

O Vr(t) =2Im [ w(t) Vu(t) - Vopdz;
R3

OuVilt) = Re | (@)l Oan®)de 3 [ (Aomlu(t)l da
- [ (ol do +a | 5 Vorlu(®)] do
RS RS

= 16(W 1%, — u®)]%,) + An(u(t),

where
An(u(t)) = / (40,6 — 8)|Vu(t) Pz + / (—2Adg + 8)lu(t)|0da
z|>R z>R 3
2 2 da o Salu(t)?
_/R3 A pp|u(t)|*dx + /|x|>R(WxV¢R]u(t)] — W)daz
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As seen in Section 4, d(u(t)) plays a role of measuring the distance between
u(t) and the manifold, we then rewrite 0y Vg(t) into

16 d(u(t) + Ar(u(®),  if [u(®)ll gy < W5
16 d(u(t) + Ap(u(t), i [u®ll gz > W]
The rest of this section is devoted to giving proper estimates on 0;Vz(t)

and Ag(t). We start with the following elementary lemma which shows how
they are rescaled under the transformation of symmetries.

(6.2)  0uVa(t) =

Lemma 6.1. For any (0, 1) € S' x RT, we have the following scaling rela-
tions:

OiVr(t) = p~* - 2Im /Rs Vour - Vup, ) g ude-

Agr(u(t)) = Aur(u(t)jp,u)-
In addition,
Ar(W) =0.

The verification of this Lemma is straightforward so we skip it. This
Lemma together with the modulation analysis from Section 4 yields:

Lemma 6.2 (Virial estimate). Let u(t) be an H\-solution of NLS, with
E(u) = E(W). For those t satisfying d(u(t)) < do, let

u()oe),uwy) = W +v(t)

be the orthogonal decomposition of u(t) given by Lemma 4.5 with the corre-
sponding bounds. We have

(63 OValt)] £ Bd(u()),

u wlt. = 6 ‘u(t7x)‘2 -
(6.4 Apu(®) < [ (o) + )
(6.5)

S r(Vu®)P + lu@)* + 50F ) da.
() R)~3d(u(t) + d(u(t))?], if d(u(t)) < b and |p(t)R| 2 1,

where the constants are independent of d(u), R and |[ul| g1 .

[Ar(u(®))| S {

Proof. We first estimate 0;Vg(t). From Holder inequality and Sobolev em-
bedding, we have

0VR®)] < [Vullzllulls|Verls < B IVells|Vulls < B (d(u(®) + [WG,)-

This proves the bound in the case of d(u(t)) > &y if the implicit con-

stant is allowed to depend on §y. To get the bound in the rest of the case
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d(u(t)) < dp, we use Lemma 6.1 with (6, ) being given by (0(t), u(t)) and
the decomposition to get

V(0] = () 21m [ V5,0 T OV + o)W + (1)

— |u(t)" - 2Im /R Vbu0r(YWa() + VeO)W + Vo(t)o(r))dr
< 1) 2V rls(IVW]2|Voll2 + [[V]3)
< R*d(u(t)).

We now turn to estimating Ag(u(t)). Using (6.1), we can throw away the
first non-positive term in the expression of Ag(u(t)) and estimate the rest
three terms to get (6.4). The same direct estimate also gives the first line in
(6.5). To get the second bound when d(u(t)) < dg and p(t)R 2 1, we recall

W(zx) = O(|$|_%_%B) for |x| = 1. This together with the decomposition and
Lemma 6.1 yields

|[Ar(u(t))| = [Auwr(W®)9@),um)] = [Aumr(W +0(t) — Ay r(W)
SIVW 2 ez umr V@) |2 + Vo )13
H0lle W 176 iz pr) + 12ON8) + W/l L2 ez e m) Vo ()12
< (R~ 2d(u(®)) + (d(u(t)*

Lemma 6.2 is proved. U

7. EXPONENTIAL CONVERGENCE IN THE SUB-CRITICAL CASE

In this section, we focus on characterizing the non-scattering solutions on
the energy surface of E(W) when the kinetic energy is less than that of the
ground state W. The main result is the following

Theorem 7.1. Let u be a solution of NLS, satisfying

(7.1) E(u) = EW), [uoll g2 < Wl 71, lull s(jo,00)) = 00-

Then there exist 0 € S', > 0 and a unique time T = T'(u) such that

(7.2) u(t,x) = eie,u%W_ (12t + T, px).

In the opposite time direction, u exists globally and obeys ||ul| s((—s0,0)) < 0©-
We note first that (7.2) comes directly from

(7.3) (™), — Wi < Ce 'V t >0,

satisfied by the solution u(,u_2t)[9,u} and Corollary 5.8.
Therefore throughout the rest of this section we will only focus on the

proof of (7.3). We start by discussing properties of solutions obeying (7.1).
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7.1. Properties of solutions satisfying (7.1). From (7.1), we know u is
non-scattering at the minimal energy E(W). The minimality induces the
compactness at least in the radial case, as was proved in an earlier work
[16, 28, 29]. In the non-radial case and dimension d = 3, the compactness is
still unavailable we will take (7.4) as an assumption and build our conditional
result upon it. Results in dimensions four and five become unconditional.
More specifically, there exists A(t) : [0,00) — R™ such that

(7.4) {u()r@)) Feelo,00) B8 Precompact in HYR®)(or HY(R?)).

The first step of proving such statement is to take an arbitrary sequence
{u(t,)} and show that there exist A, such that {gy,u(t,)} is precompact in
H'(R3). While this had been achieved in [16, 28, 29], it is not entirely clear
from here how to jump to the continuous choice of A(t). Here we provide a
point of view through which we are able to make the choice of continuous
A(t) explicitly and more quantitatively.

Let ¢ : [0,00) — [0,1) be a smooth function such that

¥(0) =0, SEIEQQT[)(S) =1 and ¥'(s) > 0.
Define the weighted norm
V(R,u) = /]R3 ¥(|z|/R)|Vul*da.
Then for any nontrivial function u € H'(R3), we can easily check that
OrV (R, u) < 0, V(0,u) = /3 Vul2de,
V(co,u) =0, and V (R, up,) :]Ii/(R/,u,u).

Due to the monotonicity of V, for any u € H 1(R3), there exists a unique
A(u) such that V(1,up)) = 1. Clearly A : HY(R3) — R* is smooth. We
have the following lemma.

Lemma 7.2. Suppose sequences {u,} C HY(R3) and {\,} ¢ Rt satisfy that
g, tn converges in H'(R®). Then {ga(u,)un} also converges in H'(R?).

Proof. Let
(7.5) lim gy, un = ¢ in H'(R).
Let Ag = A(¢). Then from scaling we have
V(1/Ao, ) = V(1,8100) = V(1,8 (u)tn) = V(A /A(un), 8, un)

which clearly implies A\, /A(u,) — 1/Ag as n — oo by using the strong
convergence (7.5). Hence

BA(un)Un — Ao P In HI(R3).
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Therefore for any solution u(t) whose orbit is precompact modular scaling
in H'(R3), we can take A\(t) = A(u(t)) as an underlying choice of scaling
parameter which is subject to further mollification in this section. On the
one hand, the precompactness of u(t) up to the rescaling has some crucial
implications on this A(¢). On the other hand, there is certain freedom in the
choice of this scaling function A(¢) and we will refine our choice to help us
to prove Theorem 7.1.

Firstly the compactness implies directly that there exists C'(¢) > 0 such
that

2
(7.6) / Tu(t)? + ) + O g <
\x\>c(5) |$|

At)

Secondly we recall that the scaling parameter A(t) obeys
(7.7) tllglo M)Vt = 0.

Indeed, if this is not true, there exists a sequence of time ¢,, — oo such that
A2(ty)t, — ¢ < 00, as a result

(7.8) lim A(t,) — 0.

n—oo

Let
vn(t) = 8 u(tn + 325)
we have
(7.9) Un(0) = 8ty u(tn)s Vn(—tad?(tn)) = 8a(t,)u(0).

From the compactness, there exists a subsequence and vy € H; (R?) such
that v, (0) — vo in H!(R?). Let v(t, ) be the solution of N LS, with data .
The standard local theory implies v, (—t,A%(t,)) — v(—c) # 0 in HL(R?),
which immediately contradicts with gy, u(0) — 0 weakly in HL(R3) from
(7.8). Next, we have the following

Lemma 7.3 (Almost constancy). Let u be the solution satisfying (7.1), then
there exist § > 0 and 0 < ¢ < C' < oo such that for any T > 0, on the interval

0
I o= [r,7 + ),
we have
(7.10) c< A1) < C, for any 1,7 € L.

= A7)

Proof. We argue by contradiction. Suppose (7.10) fails, there must exist two
sequences of times 0 < t,, < s, < 00 and (s,, — t,)A\%(t,) — 0 but

A(tn) A(8n)
A(sn) A(tn)
32
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Define the scaled solution

t 2
(7.12) on(t, ) = ga,)u(tn + )\2(tn)) and v = A (tn)(Sn — tn)-
We have
vn(0) = gA(tn)u(tn),
(7.13) Vn(Vn) = 8agtn)U(5n) = 8A(tn)/A(sn)BA(sn) U(Sn),

Yn — 0.

From the first equation in (7.13) and the compactness, we know there exist
a subsequence and vy € H!(R3) such that v,(0) — vo in H}(R3). This
together with the standard local theory implies

lim vy, (y,) = vo # 0 in H}(R?).
n—o0

In addition, the second expression in (7.13) together with (7.11) and the
compactness along the sequence {s,} imply

Un(Yn) — 0 weakly in Hclb (R?’),

after passing to a subsequence if necessary. We get a contradiction. Lemma
7.3 is then proved. O

The next observation on A(t) is that A(¢) is basically comparable to p(t)
given by Proposition 4.1 when the solution wu(t) is close to the manifold.

Lemma 7.4. Let u be the solution of NLS, on the time interval I satisfying
(7.4). Suppose d(u(t)) < g on I hence u(t) is subject to the orthogonal
decomposition gg() uyu(t) = W +v(t). Then there exist constants 0 < ¢ <

C < oo such that
At
c< Q <C, vVtel.
u(t)
Proof. We argue by contradiction. Suppose this is not true, there must exist
a sequence of times t,, € I such that

p(tn) 1(tn)
(7.14) Nin) — 0 or i)

From the compactness we can extract a subsequence and V € H L(R3) such
that

gt u(tn) = V in Hy (R?),
which along with d(u(t)) < do implies
(15) VI, — lut)ld, = W2, — d(u(t) > [WIE, — 0.

On the other hand, along the same sequence, we apply the symmetry g

A(tn)
(tn)s )

on both sides of the orthogonal decomposition

(7.16) gg(tn)#(tn)u(tn) =W+ U(tn),
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to obtain
Bt Utn) = 84, ) 2en) (W 4 0(tn))-

T u(tn)
Passing to a subsequence if necessary and taking weak limit on both sides,
using (7.14) we have
A U(tn) — V weakly in HI(R?).

?p(tn)

This together with (4.10) shows

&_o(tn)

IVl < tminf gy, s 0(6n) g S lu(t)) < .
which contradicts (7.15) and completes the proof of this lemma. O

Next we show that such precompactness implies that u(t) keeps getting
closer to the manifold {gp ,W}.

Lemma 7.5. Let u be the solution of NLS, satisfying (7.1). Then there
exists a sequence of time t, — oo such that d(u(t,)) — 0.

Proof. Let C(e) be the function defined in (7.6). Then from (7.7), for any
e > 0, there exists Ty = Ty(e) > 0 such that when t > Tp, )\(t)t% > C(E)/E%.
Therefore on the time interval [Ty, T'] we have

Cle)
()

(eT)2 > |Vt € [Ty, T).

Take R = (ET)% and apply Lemma 6.2 for ¢ € [Ty, T| we obtain
0, VR(t)| S R* = €T,
* u(t)[?
Aru®)l S [ (Va@? + o + 508 ds

|z|>R
e )P
||

S [ (FHOF + 0 )dr

These two estimates together with (6.2) and (6.5) give
attVR(t) 2 16d(u(t)) - CE.
Integrating in ¢ over [Ty, T] and dividing by T" we have

! /T d(u(t))dt < L= 1;?) R,

T

which immediately gives

To

by first taking 7" — oo then ¢ — 0. The convergence of d(u(t)) along a

sequence of time is proved. O
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Lemma 7.3 implies that A(¢) has a change of CA(¢) on the interval with
the length O(1/A2(t)). Therefore it is intuitive to imagine
(7.17) V()| < CN(2).

Lemma 7.4 implies that we can replace A(¢) by u(t) on the interval where
d(u(t)) < dp. From (7.17) and the derivative estimate for u(¢) in Lemma
4.5, it is reasonable to expect

I\ ()] C, when d(u(t)) > do;
(7.18) T S
A3(t) Cd(u(t)), when d(u(t)) < do,
from which we may further modifying the constant to guarantee
(N (@)
. < > 0.
(7.19) N S Cd(u(t)), Vt >0

In fact we can modify A(¢) such that it is differentiable almost everywhere
and

1
X(a)
See Lemma 9.3 in the Append1x.

We will revisit this estimate later when we prove the uniform lower bound

for A(t). Now we turn to considering the distance function d(u(t)) with the
goal of proving the exponential decay of d(u(t)). We start by showing

(7.20) <c / ))dt, W, b] C [0, 00).

Lemma 7.6 (Integral estimate of d(u(t))). Let u be the solution of NLS,
satisfying (7.4), then there exists C > 0 such that for any [a,b] C [0,00),

b 1
(7.21) / () < € s ssla(u(a) + (b))

tela,b
Proof. Estimate (7.21) is scaling invariant, by rescaling the solution, we only
need to prove the estimate with additional assumption minyep, 4 A(t) = 1.

In this case, (7.21) can be proved by applying the Fundamental Theorem of
Calculus to

(7.22) O Vr(t) = 8d(u(t)), and [0, VR(t)| S d(u(t)), t € [a,b]

for some properly chosen R. Indeed, the second estimate in (7.22) follows
directly from (6.3) once R is chosen. To fix this R and control 0y Vg(t), we
use the fact A\(t) > 1, (6.5) and the compactness, in particular (7.6), of u to
get

[Ar(u(t))| < 8d(u(?))

for some R = R(dy) in both of the two cases d(u(t)) > dp and d(u(t)) < do.

The estimate on 0y Vg(t) follows then quickly from the expression (6.2).

(7.21) is proved. O
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The major obstacle of translating the integration estimate to the point-
wise decay of d(u(t)) is the uniform lower bound of A(¢). We will show this
is indeed the case knowing d(u(t)) converges to 0 along a sequence of time,
a result that can be deduced again from Virial analysis. We prove these
results in the following two lemmas.

Lemma 7.7. Let u be the solution of NLS, satisfying (7.1), there exists a
constant ¢ > 0 such that

inf A(t) > c.
tel[(])avoo) t)ze

Proof. Let the sequence t,, be determined by Lemma 7.5 such that d(u(¢,)) —
0 as n — oo. There exists sufficiently large N such that

C(d(u(ty)) +d(u(tm))) < % Vm > N.

where C' is the constant in (7.20). It suffices for us to get the upper bound
of )\%(t) on [ty,00).

Take any 7 € [tny,00) and any m > N such that 7 € [ty,t,,]. Applying
(7.20) on [ty, 7] and Lemma 7.6, we estimate

1 1 T
e A2(tN)‘ < c/t d(u(t))dt

N

gc/wmmma
1

<O e (400 )

< sup

1
10 te[tn ,tm)] A2 (t) '

Therefore from triangle inequality we have

! < ! < sup ! > + : V1€ ltn,o0)
< — 5 T N> .
A7) 7 10 \yefey,t] A2() A2 (tN)

Taking supremum in 7 on [ty t,,] yields

1 2 1 2
sup < and thus sup

<
TE[tN tm] A1) T N2(tw) TE[tN,00) N (T) T N2(tw)

by letting m — oo. The uniform bound for )\LT) comes from this and the
boundedness on the closed interval [0,¢y]. Lemma 7.7 is proved. O

Finally we are ready to prove Theorem 7.1.
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7.2. Proof of Theorem 7.1.

Proof. The key of the estimate is to show d(u(t)) — 0 and in the orthogonal
decomposition

(7.23) gg(t)#(t)u(t) =W+ a(t)W + ’U(t),

all the parameters converges exponentially to their limits.
We start by considering d(u(t)) for which we can use Lemma 7.6 and
Lemma 7.7 to get

(7.24) Awdm@mmgcmm@»+ammm.

Here {t,} is the sequence in Lemma 7.5, along which d(u(¢,)) — 0. Taking
t, — oo in (7.24) gives immediately

/ d(u(s))ds < Cd(u(t)), ¥t >0,
t
which together with Gronwall’s inequality yields
(7.25) / d(u(s))ds < Ce ™,
¢

for some ¢, C > 0.

Now before proving the convergence of d(u(t)) we go back to (7.20) and
consider the convergence of A(t). Combining the estimates (7.20) and (7.25)
we immediately see that XQ% converges as t — oo. Therefore, there exists

Aoo such that limy_, oo A(2) = A € (0,00] from the lower bound estimate
Lemma 7.7. To preclude the possibility that Ao, = 0o, we argue by contra-
diction. Assuming this is the case, i.e.

. 1
and recalling d(u(t,)) — 0, for any ¢ > 0, there must exist Ny € N such
that

1
(7.27) ) <e, Vt>tn, and d(u(t,)) <e, Yn > No.

Taking any t, > ty, and applying (7.20), (7.21) we obtain

! 1 <clfammﬂgclﬁmmmﬁ
1

N2(t)  A2(tn)

<C sup

tE[tNg stn] A%(t) [d(u(tn)) + d(ultn, )]

Letting n — oo we have

1 1 1
—— < C sup ——d(u(ty,)) <Ce sup .
)‘2(’5*) teltng,o0) )‘2(t) ’ teltng,00) )‘z(t)
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Choosing Ce < % and taking supremum in ¢, over [ty,,c0), we obtain ﬁ =

0 for all t > ty,, which is a contradiction. Therefore we conclude that
(7.28) lim A(t) = Ao € (0, 00).
t—ro0
Next we turn to proving the convergence
(7.29) tliglo d(u(t)) = 0.
Again we argue by contradiction. If this is not true, there must exist a
subsequence in n (which we still use the same notation) and a constant

c € (0,60) such that maxp, ; .,jd(u(t)) > c. Therefore we can find 7, €
(tn,tnt1) such that

(7.30) d(u(r,)) = ¢ and d(u(t)) < ¢, Vt € [tn, Tn)-

Applying Lemma 4.5, integrating o’ over [t,,7,] and using the fact that
w=A, (7.28) and (7.25) we have

(7.31) la(t) — a(r)] < /t o/ (s)|ds < C

Tn

<C d(u(s))ds < Ce .

tn
As from Lemma 4.5, a(t) ~ d(u(t)) for t = t,,7,. Taking n — oo in (7.31)
gives a(7,) — 0, which contradicts with (7.30). Therefore (7.29) is proved.
Due to (7.29), orthogonal decomposition remains valid for all large enough
t > Tp. Inparticular, this implies pu(t) = A\(t) — A\ and a(t) ~ d(u(t)) — 0.
Combining these estimate and repeating the same estimate in (7.31) over
the interval [t, 7] we have

la(t) — af7)] < Ce™, Yt > Ty,
which by taking 7 — oo gives rise to
la(t)| < Ce™, Yt > Ty,
From here we apply Lemma 4.5 again to get
(7.32) Hv(t)||H; +d(u(t)) < Ce™ L vt > Ty,

Finally, from the derivatives estimate of p/, 6’ in Lemma 4.5, using the
boundedness of p(t) and (7.32), we know that there exists 6, € S such
that

10(t) — Ooo| + |11(t) — Aoo| < Ce™, Wt > To.

Therefore finally, we have
80 rult) = Wilpzs = ut) — g5 0 Wil
< 1oty (®) = Wil + 18 uiry — 8o 2u)W i
< W s + [0(®)1 1 + CUBE) — ool + () — Anc])

< Ce ™, Wt > T,
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which by incorporating the finite bound on closed interval [0, Ty] and chang-
ing the notation give rise to (7.3) in Theorem 7.1.

To complete the proof of Theorem 7.1, we shall prove ||IV_|| §1((—o0,0)) < O
by contradiction. Assume ||[W_| ¢ ((—o0,0)) = 0© all the above results apply
to W_(t,z) for t € (—o0,0]. In particular, Lemma 7.6 and Lemma 7.7 imply

/bd(W_ (t))dt < C(A(W_(a)) +d(W_(b))), Va,beR,

Since limy_, o d(W-(t)) = 0, we obtain [*_ d(W_(t))dt = 0, which implies
W_ = W. It is a contradiction and the proof is complete. O

Remark 7.8. 1. The above argument verifies b.1) in the statement of The-
orem 1.5. By time reversal symmetry, we immediately have b.2). The only
missing piece is to show all the solutions on the energy surface with less
kinetic energy than that of the ground state must be global solution. There
a contradiction argument together with the uniform control on the kinetic
energy (2.1) and the compactness of the solution leads to the conclusion, see
[14] or [9] for details.

2. Except for the compact assumption, the analysis in this chapter is not
dimension sensitive and can be extended easily to all dimensions d > 4.

8. EXPONENTIAL CONVERGENCE IN THE SUPER-CRITICAL CASE

In this section, we characterize solutions of NLS, on the energy surface
of E(W) if the kinetic energy is greater than that of the ground state. Being
different from Section 7, such solutions do not automatically obey the com-
pactness. We thus add additional spatial decay and symmetry requirement
to get a proper control on the solution. Our result is the following

Theorem 8.1. Let u be a solution to NLS, satisfying
(8.1) E(u) =EW), lullgy > Wi, andu e H} ,(R?),

rad

then the mazimal lifespan of u must be finite.

We start by pointing out some of the implications from the symmetry and
regularity assumptions.

Lemma 8.2. Suppose u is the solution in Theorem 8.1. Then we have the
following

1) On the interval I where d(u(t)) < do, there exists ¢ > 0 such that u(t)
appearing in the orthogonal decomposition given in Lemma 4.2

(8.2) 8ot),unyu(t) = W +v(t)
satisfies
(8.3) wu(t) >ec, Vtel.

2) There exists Ry = Ro(d0, W, ||ul|2) such that when R > Ry,
(8.4 An(u(t)) < d(u(t)).
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Proof. We first prove (8.3). Taking L? norm on both sides of (8.2) and using
lv()lle S vl g < Cdp from Lemma 4.5 we have

p@)u@)lle > W + v(t)]| L2 (2)<1)
> [Wlrz(ai<1) — Cllo@®)lls = Wl L2(jz1<1) — Cdo.
Inequality (8.3) then follows from the mass conservation. It is worthwhile
to note that in this step that we do not need the radial symmetry.

We turn to proving (8.4). We first recall the decay estimate for the radial
function in three dimensions:

2 [u(2)* < llullz )| Vul2,

which can be proved by using the Fundamental Theorem of Calculus and
Hardy’s inequality. Inserting this decay estimate into the interpolation, we
have

1 2 2 2 1
65 lulloquizn < 1ol el e oo < B3 luld 1Vl
This estimate together with the first bound in (6.4) gives
£ )2
A S [ futtaPas+ [ MO
ja|>R o>k ||
< R ullz(du(®) + [WIF,) + B2 |ull3.

By taking R large enough depending on |[u||2, 09 and W, we immediately
have (8.4) in the case of d(u(t)) > dy. In the remaining case when d(u(t)) <
do, (8.4) follows directly from (8.3) and the second estimate of (6.5). The
lemma is proved. O

dx

We are ready to prove Theorem 8.1.

Proof. We argue by contradiction. Assume u(t) exists for all ¢ € [0, 00), our
goal is to show there must be some (6, 1) € S' x RT such that

(8.6) ult,x) = e P W (1% + T, pa).

As will be explained later this together with the fact that W, ¢ L?(R3) in
three dimensions from Corollary 5.8 immediately yields a contradiction.

Like in Section 7, the key in proving (8.6) is to show d(u(¢)) — 0 and in
the orthogonal decomposition

(8.7) gg(t)#(t)u(t) =W+ Oé(t)W + ﬁ(t) =W +o(t),

all the parameters converge exponentially to their limits.
We first establish the integral estimate for d(u(t)), which again will follow
from the Virial analysis. For R > Ry, we apply (8.4) to get

(8.8) OuVRr(t) = —16d(u(t)) + Ar(u(t)) < —15d(u(t)),
hence 0;Vg(t) decreases on [0,00). This further implies that
(8.9) OVr(t) > 0, Vt > 0.

40



Dynamics of the energy critical NLS,

Indeed, if this is not true, as 9;Vg(t) is decreasing, there must exist tg > 0
such that
O VR(t) < OVr(to) <0, Vt > to,
which obviously contradicts with the uniform bound Vg(t) > 0.
Using the positivity of 0;Vg(t) together with the estimate of it from (6.3),
we integrate (8.8) over [t,T] to get

/ " d(u(s))ds < BValt) — OVa(T) < BVa(t) < Cd(u(t)), Vi > 0.
Taking T — oo we obtain
(8.10) /  d(uls))ds < Cd(u(t)), ¥t > 0.

As a direct implication, there exists a sequence {t,} C (0,00) such that
lim;, o0 d(u(ty,)) = 0. Therefore we can perform the decomposition (8.7) in
the neighborhood of ¢,, for large n. We claim that

(8'11) :u(tn) S L.

Indeed, if this is not true, passing to a subsequence, we have f(t,,) — oo.
Along this subsequence we use Holder and (8.7) to estimate

VR(tn,) = Or(@)[u(tn,)*dz + Or(@)|u(ty, )| dx

|lz|<e |z|>e€

1
< 2 lultn, I3 + B utn,) s ase)

1

2 4 3
S e+ R Hg[@(tnk)v“(t”k)]u(t"k)H26(|m|25p(tnk))

1 1
S e’ + R4||W||26(\w\26u(tnk)) + ||U(tnk)‘|§

Taking nj — oo then ¢ — 0, we obtain lim,, . Vr(tn,) = 0 which contra-

dicts (8.9).
Next, we prove that
(8.12) tliglo d(u(t)) = 0.

We argue by contradiction. If this is not true, there must exist ¢ € (0, dp),
a subsequence in {t,} (for which we use the same notation) and another
sequence 7, such that

(8.13) Tn € (tnytns1), d(u(ty)) = ¢, d(u(t)) € (0,¢|, Vt € [ty, Ta).

Take any t € [t,,Tn], we use the derivative estimate from Lemma 4.5 and
1 1 (1)

(8.10) to obtain
t 00
— - —=| 5 dtg/ d(u(t))dt — 0.
v R oL AT
This together with the control from (8.3) and (8.11) implies

(8.15) p(t) ~ 1, Yt € [tn, 7]
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Inserting this to the estimate of a(t) we have

(8.16) ]a(tn)—a(Tn)\g/tTn ,a/(t)ydtg/“ o/ (t)] </t°°d(u(t))%0

ta 12 7

as n — oco. We get a contradiction as «(t,) ~ d(u(t,)) — 0, but a(r,) ~
d(u(r,)) ~ 1 from (8.13). The convergence of d(u(t)) in (8.12) is proved.

Given (8.12), we can perform the decomposition for all ¢ > T and repeat
the same argument as in (8.11) to show u(t) ~ 1. The exponential conver-
gence of all the parameters follows from the same argument in Section 7. We
will not repeat here. Therefore (8.6) follows from Corollary 5.8. However,
W ¢ L*(R3) together with W1 — W € L?(R?®)(by (5.7)) contradicts with
u(t) € H! ,(R3) and thus Theorem 8.1 is proved. O

Remark 8.3. Theorem 8.1 verifies Theorem 1.5 ¢). As also seen from
the proof, the statement in dimension four is the same after a notational
change. In dimension five, due to the fact W+ € L?, any solution obeying
(8.1) conforms into one of the three scenarios: blowing up both forward
and backward in time; coinciding with W+ up to symmetries or W+ up to
symmetries. This justifies the remark after Theorem 1.5.

9. APPENDIX

Lemma 9.1 (Asymptotic behavior of G(r)). Let W be the ground state in
(1.2) and G(z) = G(|z|) € H} 4(R3) solving
a+2

(9.1) &+ 2 - —G+5W'G =0.
T T

Then

(9.2) Ast — 0T, G(r) = O(r—2t2V9Ha),

(9.3) Asr— o0, G(r) = O(r_%_% 9tday

Proof. We prove the two asymptotics separately. Near 0, we introduce the

new variable
s=1r2 =1+ 4a,

and rewrite the equation (9.1) into

B+1 a—+2 15
Gs — G+ ——5-G=0.
Bs ° [2s2 + (14 s2)2
It is easy to see 0 is the regular-singular point for this ODE with analytic
coefficients, therefore there must exist two linear independent solutions in

the form of power series:

(9.4) Gss +

Gi(s) = s Zansn, ag = 1;
n=0

G_(s) = s ans”, bp =1
n=0
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Here, s+ and s“- with

ox = B(—% + V0T )

are solutions to Cauchy-Euler equation

ﬂ+1G a+2

s O T G0

Gss +

Clearly
Gi(s)=0(s**)as s — 0T,
General solutions to (9.4) are
C+G+(S) +c_G_ (S)

Since our G(x) = G(|z|) € H! ,(R3) ¢ L5(R3), clearly it must hold c_ = 0
and thus we obtain the desired asymptotics of G near 0 after we change the
variable back to 7.

For the asymptotic behavior near infinity, we can reduce the issue into a
similar situation by introducing the change of variable

SZT’_B.

Equation (9.1) in variable s is

ﬂ—lG a+2 15 a—o

(95) Gss + BS s 5282 + m —

From a similar analysis, it has two linear independent solutions of order
1(141 /977q) . . .
O(sB 272 ) near s = 0. Going back to r variable and using G(r) €

H'(R3), we are able to select the right asymptotics

G(r) = O(r—2—2V9%a)

as r — 0o. The Lemma is proved. O

Lemma 9.2 (H] linear profile decomposition). Let {f,} be a bounded se-
quence in H:(R3). After passing to a subsequence, there exist J* € {0,1,2,--- }U
{oo}, {# 3]:1 C HIXR?), {(M,, 1) 3]:1 C R* x R? such that for every

0 < J < J*, we have the decomposition

x — i,

M,

J
Fo= 6L+, ¢l = (M) 2 ( )= gld/, 1l € HL(R?)

j=1
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satisfying

lim i Ille = 0;
i 121_>Solcl)p||rn”6 ;
J .
00 i (I, - Y16, - 11, ) =0, v
j=1

J
. 6 16 16
i (108 = 3 16418 - 15318) =0, 1

J=1

A,
Mo

)\k
i

+

Moreover, for all j # k, we have the asymptotic orthogonality property

lim + 7@% —
n—oo
j

Xk
Finally we may also assume for each j, either |x}|/X, — oo or a) = 0,
therefore

. J
167151 as 2] — 00
n

(0.7) 162 — 167155 =

I/l asah =

Proof. We use a classical H* linear profile decomposition developed in the
work of Gérard in [11] as a blackbox to prove this Lemma. For a slight
different form we will be using, we refer the readers to see [18]. As {f,} is also
a bounded sequence in H'(R?), from [11] we obtain a decomposition which
enjoys all the properties in Lemma 9.2 except (9.6) and (9.7). Convergence
(9.7) is a result quoted directly from Lemma 3.3 in [16]. Therefore the proof
of Lemma 9.2 is reduced to only proving the H. L decoupling (9.6) by using
all the other statements in this Lemma. Before proving (9.6), we record
two properties also coming from the classical result. The first one is what
appears in [11] in the position of (9.6), the decoupling in H'(R3):

J
99) i (102 = 316710 = 11, ) =0,
7j=1

The second one is the weak convergence
(9.9) (@)l =0, weakly in HY(R?), V1 < j < J.

In view of (9.8) and the expression of H-norm, we further reduce the matter
to proving

J
. 1 ;
(9.10) lim . W(|f”|2 _} :|¢%|2 — |r;{|2>d$ =0.
j=1

n— oo
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To see (9.10), we use the decomposition to write

J

[l =D 1001 = 1l =D el +2%ZTJ¢

J=1 JF#k

and estimate the contribution to (9.10) from each above term. To estimate
the cross term, we write

oh(@)of(@) [ ) et W)
p dv=| ¥y VAT

R3 || R3 ly + 3,/ A,
and discuss the convergence in two cases. Note here by density argument,
we may assume ¢/, ¢* € C2°(R?).

In the first case where ‘log :\\—iﬂ — 00, we use Hardy’s inequality to obtain

Al < min< I ¢ (gh)"'gko" H ¢’ (gh) " gkot

jy -+ /Nl Wy + Nl Wy + a2l ol + 00

< min (/A 10153 10815 O/ 4107151041
gmin((AZ;/Aﬁ)i ()\J/)\k) )—)0 as n — oo.

In the second case where A, ~ /\fw the orthogonality condition guarantees
|2h, k|2
M Ak
support of ¢/ and (g7 ) Lgk @k do not overlap, hence A = 0 for sufficiently

large n.

— 00 as n — oo. Going back to the expression A, this means the

We turn to estimating fR3 %dm, which by changing of variables,

can be written as

a@on@) [ () ) 5
(9.11) /]R3 P d _/]R3 ’y+x%/w2¢ (y)dy.

By density argument we may assume ¢/ € C2°(R?/{0}). Recall as part of

|5En‘

the classical result, for each j either x% =0or N — 00. In the first case,

we immediately have (9.11) — 0 from the weak convergence (9.9) and the
property of ¢’. In the case when ‘i—il‘ — 00, assuming supp(¢’) C {|z| < R},

n

we can estimate
(9.11) < |2/, — R\‘QHQ%TT{HGWHg — 0,

as n — oo. Combining all the pieces together we prove (9.10), hence end
the proof of Lemma 9.2. O

The following lemma is concerned with the modification of the scaling
size function A(t) in Section 7. Let u(t) be a solution to NLS, and A €
C°([0, 00), RT) satisfying (7.1) and (7.4).
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Lemma 9.3. (Modification of A(t) in Section 7.) There exist 0 < Cy < C2
and a function X € C°([0,00), R") such that it satisfies (7.20) and X' exists
almost everywhere and

A(t)
9.12 ——= € (C1,Cy), Vtel0,00
(9.12) A0 (C1,C) [0,00)
The above property (9.12) means that the new A also satisfies (7.4).
Proof. The proof of this lemma is pure technicality and we divide it into

several steps. Let g be the constant given in Lemma 4.2.
Step 1. Let

2 2
Ay ={t € (0,00) | d(u(t)) > §5O}’ As ={t € (0,00) | d(u(t)) < §5O}'
Since A; is open, it must be the disjoint union of at most countably many
intervals
Ay =Uply, I = (an,byn), an < by, < oo, InN I, =0,Vm #n,

where all b, < oo is due to Lemma 7.5. Recall u(t), t € A, is the function
given in Lemma 4.2. According to Lemma 7.4,

Aan)  plan)  Abn) p(by)

lan)” Man)™ p(ba)” A(bn)’
are bounded uniformly in n. Therefore there exist linear functions [, (t),
t € I,,, bounded uniformly in n such that

LA, tel,
M@‘{mm te A,

is continuous. Apparently ’\)\1(—%) has positive upper and lower bounds. There-

fore \i(t) satisfies (7.4) and all the subsequent properties. Moreover A (t)
is C! in the interior of A, and in particular satisfies

XD < OnPdr), i d(u(®) < b0

Step 2. Similarly, let
0 0
By = {t € (0,00) | d(u(t)) > 50 , By ={te(0,00) | d(u(t)) < 50 :
Since B is open, it must be the disjoint union of at most countably many
intervals

B =Updp, Jn=(a,,b)), a, <V, <oo, JyNdy =0, YVm#n.
We classify the intervals in B; into two categories by singling out
2
AN ={n|3teJy, st. du) > 550}.

We shall only modify A\; in such intervals.
46



Dynamics of the energy critical NLS,

For any n € Ay, let

b = inf{t € J, | d(u(t)) > gao} Sd., = sup{te J, | d(u(t)) > gao} <b

Clearly d(u(tns)) = d(u(t))) = %50. Define tg = 4 and

)
tj+1:tj+w,j:0,1,2..., kn:min{j‘t]’>t;},
where § is given by Lemma 7.3 for A\; and ¢ is chosen from the next claim.
Claim. There exists ¢ € (0,1] such that k, < oo and tx, € [tg,—1,D),)-
In fact, A is continuous on J,, and thus )\1_2 has a positive lower bound,
so obviously k, < oco. To see t, < b, we argue by contradiction. If this is
not true, there must exist a sequence ¢,, — 0+ and intervals such that

Em0
by € [thy—15tho—1 + 31,
ottt 4 5, )
which clearly implies [b], —t| < Wlél) This together with (4.10), (4.11)
1 n—
and Lemma 7.3 gives
o)~ o) < sup (o ()16, ~ 14l < sup o/ (B)] o
velt; b b€l ] M (tk,-1)
o/ (#)]
<C sup —55end <C sup d(u(t))end < Cooemd
tefer ] A(t) telts bl,]

where A\ = p for ¢ € [}, b ] was also used. On the other hand, from (4.8),
we can estimate

1
[d(u(b)) = d(uE))] < 2AW G, la(b) = alt)] + COf < Cooemd + Cd5 < 150.

This contradicts with the value of d on these two points: d(u(t};)) = 28
and d(u(b),)) = 26o. The claim is proved.

We are ready to start the final modification of A\i(¢) on J,, with n € A;.
For any integer j € [0, ky,—1], there exist constant oy, ;1 and oy, ;2 such that
the function defined by

N

¢n7.7(t) = (O-n7.]71t + 0"7]72)_ ’
satisfies
Vn,j(tj) = M(t5), ¥nj(tit1) = Ai(tj+1).
Since Ai(tj) ~ Ai(tj+1) and 1), ; is monotonic, its boundary condition
implies
¥n,g~ Aron [t .
One may compute explicitly
M) 2 = M) 72 o M)
2(tj41 — tj) Tt =t
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S\(t) . T/ij(t), te [tj,tj_H] cJ,CB;,ne Al, 0<5< ki,

A1(t),  otherwise.

Clear X satisfies (7.20) as locally it is equal to Yy, j or p both of which satisfy

(7.20). The construction also ensures A(t) ~ A(t). O
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