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ABSTRACT. In this paper, we study the dynamics of subcritical threshold solu-
tions for focusing energy critical NLS on R? (d > 5) with nonradial data. This
problem with radial assumption was studied by T. Duyckaerts and F. Merle in
[19] for d = 3,4,5 and later by D. Li and X. Zhang in [25] for d > 6. We gen-
eralize the conclusion for the subcritical threshold solutions by removing the
radial assumption for d > 5. A key step is to show exponential convergence to
the ground state W (x) up to symmetries if the scattering phenomenon does
not occur. Remarkably, an interaction Morawetz-type estimate is applied.
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We consider the following focusing energy-critical nonlinear Schrodinger initial

value problem:
(0 + Aga)u = F(u) = Nul[Pu, (t,z) € I xR?

1.1 . 4
1) u(O,x):uoeHl(Rd), wherep:ﬁ,dzf),)\:fl.
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If A = 1, the equation would be defocusing (see [9, 27, 35] for some results regarding
defocusing case). Cauchy problem (1.1) has been studied in [7]. Locally, there exists
a unique solution defined on a maximal interval I such that for strictly smaller
subinterval J of I,

(1.2) l[ulls(r) < oo,

2(d+2)
where S(J) :=L, 5 > (J x R%) (scattering norm). Moreover, the initial value prob-
lem (1.1) is called energy-critical problem since the energy of the solution is invariant
under the scaling symmetry in the following sense. First, the energy of the solution

1 1 « 2
(13)  B() =y / Vet 2) Pz — / lu(t, 2)[?" de where 2 — dfdQ

is a conserved quantity. Furthermore, the solutions of (1.1) are invariant under the
following transformation: for a solution u(t, ),

etfo to+t o+

1.4 u ,
- Y ( AT o

) where (6o, Ao, to, o) € (R x (0,00) x R x Rd)

is also a solution. The transformation group is generated by translations, rota-
tions and scalings according to the symmetric structure of the equation (1.1). It
is straightforward to verify that these transformations preserve the S(R)-norm, as
well as the H'-norm, the L2 -norm and thus the energy.

Generally speaking, (1.1) is a special case (when critical index s. = 1) of the
following critical initial value problem:
(i0; + A)u = F(u) = —|ulPu, (t,z) € I x R?
4
d—2s.
For focusing energy-critical NLS, there is an important radial stationary solution
W (see [1, 29] for more information) satisfying the following elliptic equation:

(1.6) ApaW = —|W|T=W,

(1.5)

u(0,z) = ug € H*(RY), where p :=

and the explicit expression of W is
1

P P
(1+ %) .

We are interested in the dynamics of the solutions to Cauchy problem (1.1). First,
for the defocusing case (when A =1 in (1.1)), there is a scattering result as follows:

(1.7) W(z) =

THEOREM 1.1 (Scattering for defocusing energy-critical NLS). For d > 3, as-

sume ug € H'(R®), then there exists a unique global solution u € C(R : HY(R%)) of
the initial-value problem

(1.8) (i0) + Aga)u = ulu|72,  u(0) = ug.

Moreover, this solution scatters in the sense that there exists > € H'(RY) such
that

(1.9) () = #2652 1 oy = 0

as t — +o0o.
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Remark. Theorem 1.1 was proved in [10] for d = 3, in [27] for d = 4 and in
[35] for d > 5.

However, different from the defocusing case, the dynamics of the solutions for
focusing energy-critical NLS are much richer and tightly dependent on the sizes of
initial data. Compared with the ground state W, we may roughly consider three
scenarios, i.e. the initial data is ‘below’, ‘at’ and ‘above’ the ground state W in the
sense of energy.

First, if the initial data is ‘below’ the ground state in the sense of E(ug) <
E(W), there is a famous conjecture as follows:

CONJECTURE 1.2 (Ground state conjecture for energy-critical NLS). When d >
3, we consider the initial value problem (1.1), assuming initial data ug € H'(R),
under the assumption that the solution u(t) satisfies

(1.10) ig?”u(t)HHl(Rd) <|Wl g1 gy

where I is the lifespan of the solution u(t), then there exists a unique global solution
u € C(R: H'(RY)) of the energy critical initial-value problem,

(1.11) (10 + Aga)u = —u|u|ﬁ, u(0) = up.

Moreover, this solution scatters in the sense that there exists ¢+ € Hl(Rd), such
that

(1.12) |lu(t) — e =i gE|| 50 — 0, as t — Foo.

Remark. In Conjecture 1.2, according to energy trapping theorem (see [20]),
we can replace the priori assumption (1.10) by the following assumption regarding
the initial data,

(1.13) lwoll g < Wi, Eluo) < E(W).

Remark. The main idea of Conjecture 1.2 is, if the initial data is below the
ground state, then the dynamics of the solutions would be similar to the defocusing
case, i.e. the behavior of the solutions resemble linear solutions. Conjecture 1.2 was
proved with radial assumption by C. Kenig and F. Merle for d = 3,4,5 (see [20]).
Later, Conjecture 1.2 was proved for d > 5 by R. Killip and M. Visan (see [24])
and for d =4 by B. Dodson (see [14]). The case when d = 3 is still open.

Remark. We refer to [15] for the analogue of Conjecture 1.2 regarding the
mass-critical case.

Also, we are interested in the situation when the solutions are ‘at’ the ground
state in the sense of E(ug) = E(W). We call these solutions “energy threshold
solutions”. Our ultimate goal is to give a classification of the threshold solutions
of (1.1) with critical energy F(W). The following theorem is the main theorem of
[19] and [25].

THEOREM 1.3. For d > 3, let u be the solution of (1.1) with radial initial data
ug satisfying

1
-~ dcd

and I its mazimal interval of definition. Then the following conclusions hold:

(1.14) E(uo) = BE(W)
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(a) If [|Vuol? < [|[VW]? = dég then I = R. Moreover, either u =W~ up to
the symmetry of the equation, or u scatters in both time directions.
(b) If [ |Vuol|*> = [|VW|? then u=W up to symmetry of the equation.

(c) If [ |Vuol? > [|[VW|? and ug € L? then either u = W up to symmetry of
the equation or I is finite.

Remark. Theorem 1.3 was proved for d = 3,4,5 in [19] (by T. Duyckaerts and
F. Merle) and in [25] for d > 6 (by D. Li and X. Zhang).

Remark. Cg is the best constant in the Sobolev inequality for d-dimensional
case (see [1, 29]).

Remark. We refer to [18, 26] for the analogues of this result for nonlinear wave
equations.

Remark. In Theorem 1.3, radial functions W~ and W™ satisfy following prop-
erties (see [19, 25] for more information):

THEOREM 1.4. For d > 5, there exists radial solutions W~ and W of (1.1)
such that

(1.15) EW)=EW~)=EWT),

(1.16) T (W™) =T, (WF) = +o0, Jim WE(t) =W in H,
(1.17) W g < [[Wl g, T-(W™) = 400, [[W || 5((=00,0)) < +00,
(1.18) W g > (W], T (W) < o0,

Remark. In this paper, we use the same W~. Regarding the construction of
W=, we refer to [19] for d =5 and [25] for d > 6.

It is natural to consider the nonradial case by removing the radial assumption
in Theorem 1.3. When the energy of the solution equals the energy of the ground
state W, as discussed above, there are three cases dependent on the kinetic energy
(H'-norm) of the initial data.

First, for case (b) (kinetic energy critical), similar conclusion still holds for the
nonradial case. We recall the following result (see [1, 29]):

THEOREM 1.5. Let Cy denote the sharp constant in Sobolev inequality,

(1.19) ILf @)l = < CallV £z we)-
(R?)

Then the equality holds if and only if f = W wup to symmetries in the following
sense,

Tr — X

Ao )
for (6g, X0, 70) € R x Rt x RY. Thus, in particular, if u is a solution of (1.1)
satisfying

(1.21) E(ug) = E(W), /|vu0\2 :/\VW\Q - déjj'

(1.20) f(z) = ei‘g")\a%W(
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Then ug coincides with W up to symmetries, so does the corresponding solution
u(t).

For the other two cases, the conclusion is nontrivial. The full resolution of case
(¢) (kinetic supercritical case) seems to require some new techniques and it is very
different from case (a) (kinetic subcritical case), so we leave it for a future work.
In this paper, we consider the dynamics of subcritical threshold solutions (case (a))
and the main result is as follows:

THEOREM 1.6. When d > 5, let u be the solution of (1.1) with initial data ug
satisfying

1 9 9 1

and I its mazimal interval of definition. Then u is global, i.e. I = R. Moreover,
either w = W™ up to the symmelry of the equation, or w scatters in both time
directions.

Remark. Theorem 1.6 gives a classification of the subcritical threshold solutions.
As for the dynamics of the subcritical threshold solutions, there are exact two
situations: the solution scatters in two directions or the solution equals to W~ up
to symmetries. We emphasize that, the W~ function is established and studied in
[19, 25]. We will also use another important result in their papers, i.e. Proposition
5.1 to ensure the uniqueness of the W~ solution up to symmetry.

The road map of approaching Theorem 1.6 is briefly explained as follows. First,
we show the subcritical threshold solution is global. Moreover, if the solution does
not scatter, the solution is almost periodic in the sense of satisfying the compactness
condition. At last, we show the exponential convergence to the ground state W (x)
and use it to obtain the main theorem.

One main difference from the radial case is the appearance of the translation
parameter x(t) in the nonradial setting. We need to deal with x(¢) carefully which
arises from the compactness argument (Theorem 2.10). For the radial case, the
translation parameter is trivially 0. This difference causes changes in subsequent
arguments since we need to control the translation parameter. Thus we need to
establish a compactness result (Theorem 2.10) and an orthogonal decomposition
(Theorem 4.5) in the nonradial setting and apply an interaction Morawetz estimate
to obtain the exponential convergence (Theorem 4.1).

At last, we refer to [20] for the situation when the solutions are ‘above’ the
ground state in the sense of E(ug) > E(W).

Organization of this paper: In Section 1, we introduce the background,
existing results and the main result of this paper; in Section 2, we discuss pre-
liminaries, basic tools and the compactness result; in Section 3, we prove that the
scaling function A(¢) in the compactness argument has a lower bound and use it to
obtain some important properties regarding the almost periodic solution; in Section
4, we prove the exponential convergence to ground state W for subcritical thresh-
old solutions if the scattering phenomenon does not occur; in Section 5, we use the
exponential convergence result established in Section 4 and the results in [19, 25]
to prove the main theorem; in Section 6 (Appendix), we give the proofs of Lemma
4.5 and Lemma 4.6.
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2. Preliminaries and compactness result

In this section, we discuss preliminaries, basic tools and the compactness result
(Theorem 2.10).

We write X <Y or Y 2 X whenever X < CY for some constant C' > 0.
Moreover, we use O(Y) to denote any quantity X such that |X| < Y and use
z(t) = o(t) to denote a time-dependent quantity x(¢) such that z(¢t)/t — 0 as
t—o0. If X Y and Y < X hold simultaneously, we abbreviate that by X ~ Y.
Without special clarification, the implicit constant C' can vary from line to line. We
use Japanese bracket (z) to denote (1 + |a|2)z.

Define the Fourier transform on R¢ by

£(6) == (2m)~* / e~ £ (2)de,

Rd
and the homogeneous Sobolev norm as
1l i7s ey = VI fll 2 (ra)

where

V= £ (&) :== €I £ (&)
Now we recall Littlewood-Pelay theory which is an important tool in the area of
partial differential equations. Let ¢(£) be a radial bump function supported in the
ball {¢ € R?: [¢] < 11} and equals 1 on the ball {¢ € R? : [¢| < 1}. For each dyadic
number N > 0, we define

Pri(©) =) (€
P9 =(1 - ¢(3)/(©)
$ 28

P f(€): 2= i

N (€) =(p(5) = (G (),

with similar definitions for Pcy and P>y. Also, we define
Prc.<n = P<n — P<pr,

whenever M < N. We state two useful results regarding the Littlewood-Paley
operators as follows:

LEMMA 2.1 (Bernstein’s inequalities). For 1 <r < ¢ < oo, s > 0, we have

(2.1) NIVIE* Py fll e gy ~ N5 Py fll s (ma)s
(2.2) IVI°P<n fllLr ey S N[ P<n fllLr ey
(2.3) IP>n fllor@ay S NEIVIEPsN fllLr ey,
(24) IP<n fllzse) S N* 771 Pan fll ey
LEMMA 2.2 (Littlewood-Pelay square function estimate). For 1 < r < oo,
(2.5) IO 1PN @)1 2 ay ~ £ e

26) IS NP S ) )2 g ey ~ NIVIF Sl gy for any s,
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(2.7) 1O NPy f()2) 2

Then we recall dispersive estimate, Strichartz estimate and fractional product
rule as follows. (See the classical textbook [30] for example.)

o) ~ |[IVI fllzr ey for any s > 0.

LEMMA 2.3 (Dispersive estimate).
i 4
(2.8) 12 1l o (ray S 16172 11F 1]t may-

Remark. When the dimension of the function is higher, the decay is faster. More-
over, if we interpolate (2.8) with ||€itAf||Li(Rd) = [|f[lz2 re) (Plancherel formula),
we can obtain

(2.9) e f|

d_d

L;’(Rd) S |t|7(§7?)||f‘|[l2/ (Rd,)'

whereZSrSoo,%—F%,:landt;éO.

DEFINITION 2.4 (Admissible pair). Let d > 5, we call a pair of exponent (g, )

admissible if

2 1 1

For a time interval I, we define
(2.11) [ullsy := sup{[|ullLLr (1xray : (¢,7) admissible}.
We also define the dual of S(I) by N(I). Note that

(2.12) lullnay S ||uHL?/L;,(Ide) for any admissible pair (g,7).

LEMMA 2.5 (Strichartz estimate). Let u: I x RY — C be a solution to

(2.13) (10 + Au=F
and let s > 0, then
(2.14) IV Pullsy < lluto)llgs + IVIPFllne,

for any tg € 1.

LEMMA 2.6 (Fractional chain rule). Suppose G € C*(C) and s € (0,1]. Let 1 <
r<rg<ooandl<r; <oo besuchthat%:%—i—%, then

(2.15) VPG )y S NG @l IVFPull -

For the purpose of completeness, we recall some preliminaries on the Cauchy
problem (1.1) as follows. (See [7] and Section 2 of [19] for more details.)

LEMMA 2.7. (a)[Uniqueness] Let u and G be two solutions of (1.1) on an in-
terval I containing 0 with the same wnitial data ug, then u = .

(b)[Ezistence] For initial data ug € H', there exists a unique solution u of (1.1)
on a mazimal interval (—=T—(uo), T4+ (uo)).

(c)[Finite blow-up criterion] Assume T, (ug) < oo, then ||ullso,r,) = +oo.
Similar statement holds for T (ug).

(d)[Scattering] If Ty (uo) = oo and ||u||s(o,r,) < 00, then u(t) scatters forward
in the sense that there exists u, € H' such that

: it A
i lu(t) — e 2uy g = 0.
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Similar statement holds for T (ug).

(e)[Continuity] Let @ be a solution of (1.1) on I containing 0. Assume that for
some constant A > 0,

sup ||a|| g + [|a]]sry < A.
tel

Then there exists eg = eg(A) > 0 and Cy = Co(A) such that for any ug € HY with
llug — tol| 1 = € < €0, the solution u of (1.1) with initial data ug is defined on I
and satisfies ||ul|sry < Co and sup |Ju(t) — w(t)|] ;1 S, €

tel

LEMMA 2.8 (Uniform boundedness of H'-norm). If u is a subcritical threshold
solution to (1.1) in the sense of (1.22), then there exists C' > 0 such that,
(2.16) CM |3 < E(u(t)) < Cllulff,,
According to the conservation law,
(2.17) ull Lo 13 (1 xmay < 00,
where I is the maximal interval of definition.

The proof of Lemma 2.8 is based on the following lemma (see Lemma 3.4 of
[20] for the proof of Lemma 2.9):

LEMMA 2.9. Let f € H' and ||f||z: < |[W||g:. Then

£11%,, _ B
Wi, = E(W)

(2.18)

In particular, E(f) is positive.

Proof of Lemma 2.8: Tt is as same as Remark 2.7 of [19] so we omit it.

As for transformations, if v is a function defined on R?, as a convention, we
write

1 T — X0 ; 1 T — X0
(219) UlXo,xo] (IE) = Td 2 v( b\ )7 and V[0, 0,z0] (SC) =e€ b d—2 v( ) )
/\02 0 /\02 0

Now we are ready to state the important compactness result as follows, which
can be approached by a useful lemma (Lemma 2.11) which is based on profile
decomposition. The difference of these results from the radial case is not big and
we refer to Section 2 of [19] for the radial case.

THEOREM 2.10 (Compactness and global existence). Let u be a subcritical so-
lution to (1.1) in the sense of (1.22) with initial data u(0) = ug and I its mazimal
interval of existence. Then w is global, i.e. I =R. If Sg(u) = oo, then there exists
A(t) € (0,00), x(t) € R? such that the set

d—2 xr — {)S(t)

K :={\t)” = ult, NG ):tel}

is precompact in H'.
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Remark. Solutions that satisfy the compactness condition in Theorem 2.10 are
known as ‘almost periodic solutions’.

Theorem 2.10 is the nonradial analogue of Theorem 2.1 of [19] and the proof
consists of three steps. First, we study the properties of sequences of subcritical
threshold solutions (Lemma 2.11). Second, we use the result obtained in the first
step to show compactness property. At last, we use the mass concentration phe-
nomenon to prove the global existence. Compared to the radial case, once the first
step is established, then the last two steps are almost the same.

LEMMA 2.11. Let {ul},en be a sequence of functions in H* satisfying

(2.20) B(uy) < EW), |lupll g < W]l

Let u,, be the solution to (1.1) with initial condition ul. Then up to the extraction

of a subsequence of {ul },en, at least one of the following statements holds:

(a)[Compqctness] There exists sequences x, and A, such that {(ud)(, z.1}n
converges in H'.

(b)[Vanishing for positive direction] For every m, u, is defined on [0,00) and
Jim lun|]s(f0,00)) = 0-

(¢)[Vanishing for negative direction] For every n, u, is defined on (—o0,0] and
Jim |un||s((~o0.0) = 0-

(d)[Uniform scattering] For every m, u, is defined on all R and there is a
constant C' independent of n such that

[unlls®)y < C.

Remark. To overcome the gap from radial case to nonradial case, we can use a
profile decomposition for nonradial case. Then the proof of Lemma 2.11 follows as
in Lemma 2.5 of [19] and we omit it.

3. No high-to-low cascade and properties of the almost periodic
solution

In this section, we prove some important properties of the almost periodic
solution in Theorem 2.10. First, we show that there is no high-to-low frequency
cascade scenario in the sense of Theorem 3.1. Theorem 3.1 is essential for us to
obtain the the negative regularity of the almost periodic solution. Then we apply
the negative regularity to obtain some other properties, including the L2-finiteness
property following the arguments in [24].

3.1. No high-to-low frequency cascade.

THEOREM 3.1. Let u be as in Theorem 2.10. Thus u is global. Then there
exists Ag > 0 such that
inf A(t) > Ao.
2E XD = %o
Theorem 3.1 is important for us to study the almost periodic solutions in The-
orem 2.10. Moreover, Theorem 3.1 can be obtained by using the following lemma.

LEMMA 3.2. In Theorem 3.1, if u € Lf"H“”(R x R%) for some s < 1, then the
conclusion of Theorem 3.1 holds.
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Proof of Lemma 8.2: If not, without loss of generality, we assume that there
exists t,, — oo such that A(t,,) — 0. By compactness of K, given n > 0, there exists
R = R(n) > 0 such that

(3.1) / P a(t, ©)Pde < .
[E]>RA(t)

Then we have

lutta W = [ [ fePlatt P
IEISBA(tn)  JIE|=RA(tn)
<(RA(tn))* 2 [[ull3. + -
Since n > 0 is arbitrary, we obtain
i (fu(ty. )3, =0,

which a contradiction. The proof of Lemma 3.2 is complete.

So now it suffices to show that u € L H? for some s < 1. This can be verified
if we can show that there exists 2 < p < dz—_dQ such that

(3.2) [lu(t, )|l S 14+ A(#)7¢  for some sufficiently small ¢ > 0.

Let N be a dyadic number. Let a > 0 be sufficiently small which will be determined
later. Let ¢ > 24 First, we let a satisfies 0 < a < d(1 — %) — 2. Then we define

(3.3) A(N) = N~G=58) sup a(t)®|un ()] 2,

teR
where a(t) := min{1, \(¢)} and uy = Pyu. We choose g = 5 for the case d =5 and
qg= 2(;:42) for the case d > 6. Clearly, by Bernstein’s inequality, we have A(N) < 1.

LEMMA 3.3. Let u be as in Theorem 2.10. Letn > 0 be small, a > 0, then there
exists No(n,a) > 0 such that

(3.4) swpa(t)® [ JePlaoPds <.
teR [€]<No
Proof: By the compactness property of K, there exists ¢; > 0 such that
(35) sup [ ePla(t P <,
teR JIg[<e1A(t)

Let € be a small constant to be decided. Let Ny be the largest dyadic number that
is no larger than cie. Then for A(t) > ¢, we have

(3.6) s a(t)° / €2 la(t,€)2de < 1.
LERA(E)>e 1< N
For A(t) < e, we have
sup  a(t)" / €L (e, ) 2de < e WIR, <.
tERA(1)<e 1< No

provided that we choose € small enough such that e*|[W|%, <.

LEMMA 3.4. Let u be as in Theorem 2.10, then there exists a constant C' such
that

(3.7) At) > Ct=1/2,
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Lemma 3.4 follows as in [20] and we omit the proof. Using the similar proof as
Lemma 6.2 of [24], we have the following recurrence lemma.

LEMMA 3.5. Let n and Ny be as in Lemma 3.53. For all N < 10Ny, we have

38 AN 2 (3) Y (&) At (5 amn),

No N N .
NN <No Ni<
where o = min {%d—B—a—%d%—a}.

Proof of Lemma 3.5: According to time-translation symmetry, it suffices to
prove

39) NG5 |uy (0)][ e S

N a+nﬁ N OlA(Nl)—l—nﬁ Z all aA(Nl)-
Ny N N

D <N1<No Ni< £

We consider the case when d > 6, the case when d = 5 is similar. Using the following
no waste Duhamel formula (see [33]),

u(t) ek, / 1= Py (r))dr,
t

we have

NG5 u(O) 10 SN [ je O Py () g dr

1 da—2

0
NN - “UAPLF d
ot N72||€ NE (u(m)|[padr ¢

We estimate the above two terms respectively. On one hand, by dispersive estimate,

d—2

NG | e PP (u(r) e

H q dT
Li—t

(o)
SN [ 40D Py Fu(r)
N—2

gN—d%—%/ a(r) =7~ 40 Da(r)e| Py F(u(r))|| o dr
N—2 Lf_

d—z) a_d

7 sup(a(t)®|| Py F(u(t))]| _a,) / 7850~y
t L/ N-2
2)

Li!

SN

1

<N~ %) N =270 g (o ()% Py F (u(t))
t

1,20

3d

=NEE0 sup(a ()| Py F (u(t))
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On the other hand, by Bernstein’s inequality,

-2
1 d—2

N
NG [ e Py P (u(r) g dr
0
—2

SN—d&—%Hd(‘%l—%)/ a(t) " a(t)?| [Py F(u(r))|| o dr
Ll
0 —2
1 d—2

SNTAGTEIHCT D [T 0 ar sup(a(t)?|PyFla(t)
0 t

).

The rest of the proof follows as in Lemma 6.2 of [24] and we omit it.

||qu31)
3

SNE 3795 sup(a(t)?]| Pa F(u(t))
t

e
LI

With the above lemma, following Proposition 6.3 of [24], using Lemma 2.14 of
[24] and Lemma 3.4, we obtain:

THEOREM 3.6. Let u be as in Theorem 2.10. Then

(3.10) lu(@llzy ST+ A
or some constant c(d,p) = a(d — 5 — =) >0 and jor p < 5=5 suffictently close
f d d—2)(3 —3) >0 and f 24 sufficiently cl
to 24

d—2

At last, using Theorem 3.6, we can have

THEOREM 3.7. Let u be as in Theorem 2.10. Let d > 5, then there exists s <1
such that u € L{° H*(R?).

Proof of Theorem 3.7: Using the same argument as in [24] (double Duhamel

formula), we obtain

00 0

IV O[22 S / / ming [t — 7=, N2} =4[V ()|l |V F (u(r)|| o dtdr,

0 —o0
2p(d—2)
p(d—2)+8"
(3.11) IVE@®)lle; S 1+,
where €(d,p) = a(d—2)(3 — %) > 0. We note that e can be arbitrarily small if we
choose a small enough. Moreover, using (3.11), we have

where r = Using Theorem 3.6, Lemma 2.6, and (3.7), we obtain

[e'e] 0
[ Vun (0)] 2 5/ / min{|t — 7|1, N2 St redrar
0 —00

9 0
< / / N2G=9ieredtdr
0 _N-2
N=2 N2
+/ / |t—7‘\_(%_%)t576dtd7
0 —o0
e’} 0 4 4
—|—/ / it — 7|~ 2t redtdr
N-2J_N-2

o) —N72 4 4
-l-/ / [t — 7|~ =2 eredtdr.
N—2J—00
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Note that for ¢ > 0, 7 < 0, we have |t — 7| > ¢ and |t — 7| > |7|. Choosing p
sufficiently close to d2f2 and a small enough, we can obtain
[Vun (0)||z2 S N,

for some so(d,p) > 0. This completes the proof of Theorem 3.7. Thus the proof of
Theorem 3.1 is now complete as well, noticing Lemma 3.2.

3.2. Properties of almost periodic solutions. We now investigate the
properties of the almost periodic solution in the sense of Theorem 2.10 based on
Theorem 3.1. We need the mass finiteness theorem (u € L{°L2) and the control
for the translation z(t) = o(t) (o(t)/t — 0 as t = oo) for d > 5. These results are
tightly dependent on the result A\(¢) > Ao and will be used in next section and their
proofs are similar to the results in [24]. We will discuss them below. The most
crucial step is to obtain the negative regularity for the almost periodic solutions.

LEmMMA 3.8 (Negative Regularity). Let u be a subcritical threshold solution
to (1.1) and salisfying the compactness property in Theorem 2.10. Then u €
L H; (R x R?) for some e = ¢(d) > 0.

Remark. In particular, negative regularity implies finiteness of mass according
to interpolation with H'-norm (see Lemma 2.8). The proof of Lemma 3.8 is tightly
dependent on Theorem 3.1 (no high-to-low frequency cascade) and the rest of proof
follows as in Theorem 6.1 in [24], so we omit it.

LEMMA 3.9 (Compactness in L?). Let u be a subcritical threshold solution to
(1.1) and satisfying the compactness property in Theorem 2.10. Then for anyn > 0,
there exists C(n) > 0 such that

(3.12) sup/ lu(t, z)|>dx < 7.
teR J]z—=z(t)|>C(n)
The proof is based on Lemma 3.8, which is same as Lemma 8.3 in [24]. So we
omit it.

LEMMA 3.10 (The control of translation x(t)). Let u be a subcritical threshold
solution to (1.1) and satisfying the compactness property in Theorem 2.10. Then
we have the following control for scaling function x(t):

(3.13) x(t) = o(t) as t — oc.

Proof. The proof is based on Lemma 3.8 and Lemma 3.9, which is as same as
Lemma 8.3 in [24]. So we omit it.

4. Exponential convergence to W

In this section, we consider a subcritical threshold solution « in Theorem 1.6,
satisfying

(4.1) E(uo) = EW), |[uollzn < [[W]lg,
and
(4.2) l[u]|s(0,00) = +00.

The next exponential convergence theorem is very crucial for proving the main
theorem (Theorem 1.6). We will use it to prove the main theorem in Section 5.
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THEOREM 4.1. Let u be a solution of (1.1) satisfying (4.1) and (4.2). Then
there exist 0y € R, pg > 0, 29 € R? and ¢,C > 0 such that

vt >0, ||u(t) - W[901#0,$0]||H1 < Ce™ ",
COROLLARY 4.2. There is no solution u of (1.1) satisfying (4.1) and
(4.3) [lulls(=00.0) = I[tl]5(0,00) = +00-

Remark. Corollary 4.2 shows that subcritical threshold solutions can not blow
up in two directions.

We define
(4.4) = 1115 = W15,

which measures the ‘distance’ of f from W. The key to proving Theorem 4.1 is to
show that

(4.5) lim d(u(t)) = 0.

t—+o00

However, it is not easy to prove (4.5) directly so we consider a weaker statement
(Lemma 4.3) by showing the ‘average’ of distance d(f) converge to 0 in the sense
of (4.6).

LEMMA 4.3. Let u be a solution of (1.1) satisfying (4.1), (4.2). Thus, u is
defined on R according to Theorem 2.10. Then

T
(4.6) Tgrfoo% /0 d(u(t))dt = 0.

Moreover, it is obvious that Lemma 4.3 implies:

COROLLARY 4.4. Under the assumptions of Lemma 4.3, there exists a sequence
t, — +oo such that d(u(ty)) converges to 0.

Proof of Lemma 4.3: Let u be such a solution. By Theorem 2.10, there exists
functions A(t) and z(t) such that K := {u[x),z()(t),t > 0} is relatively compact
in H*.

Let ¢ be a smooth, radial function such that

(@) o(r) = {g -,

and we define Vp(t) = [pq t(x)|u(z, t)[*de, where ¢ (x) = quzﬁ(lR—) for some R > 0.
Then, we have

2
O VR(t) = 4]m/ o) (%)ﬂx - Vudz.
Rd

Since u(t,r) € L{°L2 (according to Lemma 3.8), we have

(4.8) 0:VR()] S RIIVu®)||2[[u(®)]|2 < R

4 24
0uVlt) = ake [ diyuisde =5 [ @)@uFrde— [ (A0 ufds

16
— o) +o( B

|| >

(Vul? + [u] 2 )dz) + 0(/ (| 7% da) 42
R<|2|<2R
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Here we denote Ag(u(t)) = O(ﬁx\zR(|W|Z+|u|d%)d$)+0(ng|x|ng |u\d%dx)%

Now we want to show the following statement:

For Ve > 0, Jp. > 0, such that for VR > 0, ¥t > 0, RA(t) > p. + x(t), then
16
(4.9) O Vr(t) > md(u(t)) - ¢

Statement (4.9) can be justified by using the fact that K is precompact in H' and
noticing that:

_2d_ _2d_

/}>RGVUF*_u“_ﬂdx:i/ @M>RM0GV“MaLuwH2+\WMw@un“‘”dy
x|> y—x Z

The next claim is

(4.10) Hm tA(t) — z(t) = +oo,

t——+o0

which can be verified by invoking Theorem 3.1 and Lemma 3.10 (z(t) = o(t)).

We fix € > 0 and we use the estimates (4.8) and (4.9) with an appropriate choice
of R. Consider the positive number p, given by (4.9). Take ¢y and M such that

Ceo =€, Moeo = pe
where C' is the corresponding constant of inequality (4.8).
According to (4.10), we know that there exists to such that for ¢ > ¢,
tA(t) — x(t) > pe.
We consider, for T' > tg
R :=¢T.
If t € [to, T}, then the definitions of R, My and to imply RA(t) — z(t) > eoTA(t) —
x(t) > pe. Integrating (4.9) between to and 7" and using estimate (4.10), we get, by
the choice of ¢ and R

16 [T
=5 | ld@u®)ldt < CR+e(T —ty) < CR+ T < S eoT + €T < 2T
- to €0

Letting T tends to 400, we obtain

1 (T
lim sup —/ |d(u(t))|dt <
T—4oco 0

d—2

€,

which concludes the proof of Lemma 4.3.

We now work on the gap from (4.6) to (4.5). First, we introduce the orthogonal
decomposition near the ground state W (z). This technique was used to treat the
radial case in [19]. For the nonradial case, in addition, we need to consider the par-
tial derivative of W (z), i.e. 0;W, (j = 1,2...d), which will appear in the orthogonal
set.

LEMMA 4.5. There exists 5 > 0 such that for all f in H' with E(f) = E(W),
d(f) < 6o, there uniquely exists parameters (0, p,x) in R/277Z x (0, 4+00) x R? with

f[e,,u.,z] 1L ZVV, W178JW/7 ] = 17._.7d7
where W1 := %W + 2 - VW. The mapping f — (0, u,x) is C*.
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Let u be a solution of (1.1) on an interval I such that E(ug) = E(W), and
on I, d(u(t)) < dp. According to Lemma 4.5, there exists parameter functions
0(t), u(t), z(t) such that
(4.11) o), u(t),z(0)) (t) = (1 + ()W + a(t)

where
1 )
Lt at) = o (o) (o) o), Wi, (1) € A
W,

and A := {VV,Z’W, Wy, 0;W, 5 =1, ...,d}. Moreover, we define v(t) by

o(t) := at)W + a(t) = uge),uee),w) () — W
Furthermore, we can obtain the estimates regarding the parameter functions as

follows:

LEMMA 4.6. We consider a subcritical threshold solution u defined on I satis-
fying d(u(t)) < 6o on I. Taking a smaller oy in Theorem 4.5 if necessary, we have
estimates on I as follows:

(4.12) la(t)] = [[v(®)]| g1 = ||a(t)]| g2 = d(u(t)),
(zp) (t) : / 1 (t) )
(4.13) ) +la (O] +10 ()] + o) < Cpu(t) d(u(t)).

Also, a(t) and Hu(t)Hz1 - HVVH%I1 have the same sign.

The proofs of Lemma 4.5 and Lemma 4.6 will be discussed explicitly in the
Appendix (Section 6). Next, we study the non-oscillatory behavior near the ground
state W (x), which is significant for us to obtain (4.5).

LEMMA 4.7. Let {ton}n and {t1,}n be two real sequences, {u,}, a sequence
of solutions of (1.1) on [ton,t1n] such that u,(to,) satisfies assumptions (4.1) and
(4.2), {zn}n a sequence of functions, and {\,}, a sequence of positive functions
such that the set:

K = {(un(t))[)\"(t),zn(t)]7n € N7t S (t()natln)}

18 relatively compact in H*. Assuming

(4.14) nErJrrloo d(un(ton)) + d(un(t1n)) = 0,
then,
(4.15) lim { sup d(u(t,))} =0.

n=H00 Yy e(ton,tin)

Remark. As for the application of Lemma 4.7, we often consider the following
setting. Let u be a solution to (1.1) satisfying (4.1) and (4.2) and parameter func-
tions z(t) and A(t) given by Theorem 2.10. Moreover, let ¢, be a sequence given
by Corollary 4.4. Then obviously the assumptions of Lemma 4.7 are well satisfied.
Under this assumptions, if n is large enough so that d(u,(t)) < dp on the interval
(ton,t1n), according to Lemma 4.5, we can write

(Un (t))[Gn(t)7ﬂn(t)7wn(t)] (t) = (L + an(t))W + in(t).
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LEMMA 4.8. Under the assumptions of Lemma 4.7, we have

S Hn(t)

. te(ton,tin

4.16 1 —_—

(4.16) nteo  inf L, (1)
te (tOn ;tln)

=1.

Remark. According to the scaling invariance, it is sufficient to prove the pre-

ceding lemmas assuming
4.17 vn, inf A\, (¢t)=1.
( ) te[t0n7tln] n( )

Remark. Under the assumptions of Lemma 4.7, the translation functions ., (t)
in the compactness argument (Theorem 2.10) and the orthogonal decomposition
(Lemma 4.5) are ‘comparable’ in the sense that the difference between them is
uniformly bounded. So we will not distinguish them. Also, we will show the scalings
(1(t) and A(t)) are also ‘comparable’. They will be explained in the proof of Lemma
4.7.

Next, we have,
LEMMA 4.9. If t,, € (ton,t1n) and the sequence A, (ty,) is bounded, then
(4.18) ngr—ir-loo d(un(t,)) = 0.

LEMMA 4.10. Let {u, }n be a sequence satisfying the assumptions of Lemma 4.7
and

Vn, inf A, () =1,
t€[ton tin)
then,
tin
(4.19) Vn, / d(un(t))dt < Cld(un(ton)) + d(un(tin))]-
ton

Lemma 4.10 is a key step for us to build up the exponential convergence result.
Before proving Lemma 4.10, we first show that it implies the above lemmas. A
brief road map for the rest of this section is as follows. First, assuming that Lemma
4.10 holds, we prove Lemma 4.9 and then use Lemma 4.9 to prove Lemma 4.7.
Moreover, we show Lemma 4.8. Furthermore, we give the proof of Lemma 4.10. At
last, we prove Theorem 4.1 and Corollary 4.2.

Proof of Lemma 4.9: We may assume 1 < \,(t,) < C, for some C > 1. We
consider v, (t) = u,(t,x — 2,(¢)). So the sequence v, (t,) is relatively compact in
H. Assuming that (4.18) does not hold, then up to a subsequence, noticing that
the distance d(u) is spatial translation invariant, we have
(4.20)
ngrfoov”(t") =% in H*(RY), d(v°) >0, E(w°) = E(W) and [[0°| 51 < |[W]| -
Let v be the solution of (1.1) with initial condition v° at time ¢ = 0, which is defined
for t > 0. We claim that for large enough n, 1 +t,, < ty,,. If not, t1,, € (tn,t, + 1)
for an infinite number of n, so that extracting a subsequence, t1, — t,, has a limit
7 € [0,1]. By the continuity of the flow of (1.1) in H', v,(t1,) converges to v(r)
with E(v(r)) = E(W) and, by (4.14), d(v(7)) = 0. According to Theorem 1.5,
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this implies v = Wig, z,,z,] for some 6y, Ao, xo, which contradicts (4.20). Thus,
(tn,tn + 1) C (ton, t1n) holds. By (4.20) and the continuity of the flow of (1.1),

1+t, 1
(4.21) lim d(v, (t))dt = / d(v(t))dt > 0.
0

n—-+oo +
n

However, by Lemma 4.10, lirf f:ol" d(un(t))dt = 0, which contradicts (4.21). The
n—-+o00 n

proof of Lemma 4.9 is complete.

Proof of Lemma 4.7: One may assume, for every n, b, € (ton,t1,) such that

(4.22) nBIJIrlOO An(by) = 1.
According to Lemma 4.9,
(4.23) nll)rfoo d(un(by)) = 0.

We will use contradiction argument to show (4.15). Without loss of generality, we
assume that for some 61 > 0,

Vn, sup d(up(t)) > 61 > 0.
tE(tom,bn)

(The case for interval (b, t1,) is similar, so we omit it). Fix d2 > 0 smaller than
91 and the constant dy given by Lemma 4.5. We see that there exists a,, € (ton, bn)
such that

(4.24) d(up(ay)) = 02 and Vt € (an, by ), d(un(t)) < da.

On (an,b,), the modulation parameter p,, is well defined. Moreover, noticing the
relatively compactness of K and orthogonal decomposition (to distinguish the two
translation parameters, we use x, (t) for the translation parameter in the compact-
ness argument and x,,(t) for the translation parameter in the orthogonal decomposi-
tion.), the set U"{W[%,zn(tn)fr'ﬂ(tn)] (t),t € [an, by]} must be relatively compact,

which implies
(4.25)
3C > 0,Vt € (an,bn), C 7N (1) < pin(t) < CX(t) and  |a,(t) — x;L(t)| <C.
Using (4.22), up to a subsequence, we assume that
tn (b)) = fio € (0,00), as n — +oo.
Now we can show by contradiction that

(4.26) sup  pn(t) < oc.
n,tE(an,by)

If (4.26) does not hold, for large enough n, there exists ¢, € (an, b,) such that
(4.27) pn(n) = 2000, fin(t) < 2poo,t € (Cn,bp).

o ()
w3 (t)

By Lemma 4.9, lim d(uy(¢,,)) = 0. Then by Lemma 4.6, we get < Cd(un(t)).

Integrating between c,, and b,,, we get, by Lemma 4.10,
1 1
pa(cn) - p (bn)
It is a contradiction. Thus (4.26) holds.

(4.28)

brn
< C/ d(un(s))ds — 0, asn — +oo.
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By (4.26), pn(ay,) is bounded. Lemma 4.9 shows that d(u,(a,)) converges to
0, contradicting (4.24). The proof of Lemma 4.7 is now complete.
Proof of Lemma 4.8: In view of (4.17) and (4.25), we may assume that
3C >0,vn, C7'< inf p,(t) <C.

te[tﬂnatln]

Since u, are continuous, there exists a,, b, € [ton, t1,] such that

pnlan) = inf  pn(t), pn(an) = sup  pn(?).
t€[ton tin] tE[ton,t1n]

Zg(t)\ < Cd(un(t)), Lemma 4.10 and Lemma 4.7, we obtain

Using the bound | 0

1
li - =0.
n—oo | g2 (an) 12 (bn)

Multiplying the preceding limit by w2 (b,) yields the conclusion of Lemma 4.8,
noticing that ., (by,) is bounded.

Now we are ready to prove Lemma 4.10 which is a key step in this section.

Proof of Lemma 4.10: The key elements of the proof are orthogonal decompo-
sition and interaction Morawetz estimate. Orthogonal decomposition is very useful
when we analyze functions close to the ground state W (z). Interaction Morawetz
estimate was first used in [9] by J. Colliander, M. Keel, G. Staffilani, H. Takaoka
and T. Tao. Later, there are some modified versions of interaction Morawetz esti-
mate used in many papers (see [10, 13, 14] as examples). In particular, we apply
the version of the interaction Morawetz estimate used in [14] by B. Dodson.

We define a function ¢ € C§°(R), ¥ even, (z) = 1 for |z] <1 and ¢(z) =0
for |z| > 2. We let

bz —y) = / (1 — sl (ly — s])ds.

We note that ¢ is supported on |z| < 4 and we define the interaction Morawetz
action as follows

M) = [ un(t)Po ™) = ) - Imlandsua) (6 )y,

The main idea of proving Lemma 4.10 is to prove an upper bound for Mg, (t)
and a lower bound for 0, Mg ,,(t). Then we can integrate O, Mg ,(t) to obtain the
conclusion (4.19).

Step 1: a bound from above for Mg ,. In this step, we show that there exists
some constant C' > 0 such that

(4.29) VYR > 0,Yn,Vt € (ton,tin), |Mpra(t)] < CR*d(un(t)).

When d(uy,(t)) is big, (4.29) can be verified by showing Mg, (t)| < CR?||u,,(t)|| g
which can be proved by using Hélder’s inequality. When d(u,,(t)) is small, we apply
the orthogonal decomposition to write (un ()6, (),un(t).en)] = W + va(t), with
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l|vn (8)|| 71 < Cd(un(t)). Using the change of variable z = = _fn(t)v y="* ;:f(i)(t)’

’

_ -2 y —an(t) —y oy
M0 = (07 [ funtt, 2O =V 220
N x - (), 7o
- Im[u,05u,](t, T(t))dx dy
_p2 —d|,, y —aa(t), 1 vy @y
= R, (t) /Nn(t) |un (2, pn (1) )l (Rptn ()2 " Rty (t) " pan (1) )
11 @ — (1)

-Im]

ajun](ta )d dy

() (1) fin (1)

For the quantity above, we write:
m[(W + 0,) V(W +v,)] = Im(WVv, + 5, VW + 5, Vu,).

And by using the boundedness of i, (t), the mass finiteness of u, (t) and Cauchy-
Schwarz inequality, we get the bound |Mpg ,(t)| < CR% (v, (t)] g1 + |vn () 21) which
yields (4.29), for d(u,(t)) < d1, §; small. Then the proof of (4.29) is complete.

Step 2: a bound from below for 0, Mg, (t). We want to show that there exists
some constant C',,

(4.30) 3Ry, VR > Ry, Vn,Vt € (ton, t1n), O:Mpn(t) > C d(un(t)).

We can use (4.29) and (4.30) to prove Lemma 4.10. Indeed, integrating (4.30)
between tg,, and t1, we get
, ftin
C d(un(t))dt < Mpyn(ton) + Mgy n(tin)
ton
which implies Lemma 4.10 in view of (4.29). Thus, it suffices to prove (4.30).
First, we calculate O, Mp ,(t). For convenience, we use Mp(t) instead of Mg . (%)
by considering u(t) instead of w,(¢). The estimates will work for all w,, with same
constants since they are solutions to the same initial value problem (1.1). A direct
calculation shows that
(4.31)

O, Mp(t) = (d — 2/¢

2d_
D)lut, ) P[IVult, )|? — u(t, )| 72 ] dzdy

~ (@=2) [ Imladyulty)o(" ) Imladyul.a)dody

2 / (¢'(x;2y)(x _]sl’“@yf Vi) Re (0,30 (1, )

1 2d_
— Sayelu(t, ) 5 ult, ) Py

-2 /(Qb,(x ]; y) G Ry|)$k85y| Y); VIm(ud;ju)(t, z)Im(udyu)(t, y)dzdy

— 5 [l +6 D ute, ) Pute, )Pasdy
=A+B+C+D+E.
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For the first term we can take d(u,(t)) out by noticing

9 o _ 2
/|vu| ol de = 2 d(u(e).

Furthermore, we can use the L2-finiteness of u,, to write O Mp n(t) to be the sum
of a main term and a remainder term as follows,

(4.32) O Mpp(t) = C" d(un (1)) + A (un(t),

where C” depends on the dimension d and the initial data uo in (1.1).

The next step is to control the remainder term Apg(u,(t)) depending on the
distance d(u,(t)). We claim the following two estimates for the remainder term

Ag(un(t)):

Ve >0, 3dpe > 0 such that Vn,Vt € (ton,t1n), VR > ,
(4.33) An (1)
|[AR(un(t))| < e

1
3627 Vn7Vt € (tOnatln)aVR > —,
(4.34) fin (t)

d(un(t)) < 8y implies |Ag(un ()| S d(un(t)) + d(u, (t))?,
where c is a positive constant.

We prove (4.33) first. For any ¢ > 0, we can choose R big enough to ensure
that the terms C, D, F in (4.31) are arbitrarily small. For term B, we can write it
as

B=—-(d—2) /Im[ﬂaju](t,y)]m[ﬂﬁju](t,x)dxdy

~(d-2) [ mladyl )G Y) — Dm{udyult,x)dody
Z:Bl + BQ.

In viewing of Lemma (3.9) (compactness in L?), for € > 0 given, we can choose p,

such that V R > /\’Eft) 1 we have

1
(4.35) / lu(t, z)|?de < ——€*.
le—a(t)| >R 100

By (4.17), since A\(t) > 1, we have for R > p,

1
(4.36) / lu(t, x)|?de < ——€*.
lz—a(t)| >R 100

Here, for convenience, we have used the convention that A(f) means A, (t), z(t) means z, (t),
u(t, z) means un (¢, x), etc.



58 QINGTANG SU AND ZEHUA ZHAO
Therefore, we have

By =—(d— 2)/ /
le—z ()< Jy—2()<

mladu)(t, y) (o (>

—(d-2) /
lz—x(t)]> <5

Imfad;u)(t,y) (o(* ) — D Im[ud;ul(t, x)dzdy

—(d-2) / /
le—z(t)|<E Jy—z(t)|>
o

mlad;u)(t, y)(d(——=2) — I)Im[ﬂalu} (t, z)dzdy

|
|lz—x(t)]> % ly— 1,(t)\>10

m{ad;ul(t,y)(é(*5") — DIm[ad;u(t, x)dedy
:=DB21 + B33 + Ba3 + Bay.

y) — 1)Im[ud;ul(t, z)dzdy

/y z(t)| <&

|

l ;\m

=

Since |z —y| < R for [z — x(t)| < & and |y — x(t)| < &, we have Bay = 0. For Bas,
by Cauchy-Schwarz inequality and (4.36), we have

2 1/2 2
|Baal <( fut, @)[2dz) Jlult, )z [ Vult, )3
|z7w(t)|>% v

1
<€ lult, )2 l[Vult, )1z
10 @
<—e¢,
—10
for e sufficiently small. Similarly, we obtain

(4.37) |Bas| < | Baa| <

- 10 - 10
So we obtain |Bs| < %e when R > p. for some constant p. depends on ¢ only.
For By, note that

d
By = ~(d = 2)P(a(t)?* = ~(d - 2)(3_ Py(ul

where Pj(u) := [Im[ud;u] is the j-th component of the momentum. Because
u € L2(R?), by conservation of momentum, we have Pj(u(t)) = Pj(u(0)). As a
consequence, unless P;(u) = 0, we cannot expect B; to have any decay in time. So
we need to use A to beat B. We write A as

A=(d—2)/\U(t,y)l2[|VU(tw)l2—IU(t,x)l%]dxdy

+(d-2) [0 = Dlultp)PIVu(t. 2 - futt,2)|#s)dzdy
2:A1 + AQ.
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Again, (similar to the analysis for Ba-term), in viewing of Lemma 3.9 (compactness
in L?), we see that A, is small when R is big enough. We consider the quantity

F(u(t)) = / |Vu(t, z)|?u(t,y)|> — Im[adju|(t, x)Im[ud;ul(t, y)dxdy.

It’s straightforward to see that for any given & = (&1, ..., &4) € R?, we have F (e Su(t)) =
F(u(t)). Note that

/ Tmfe™ €y (¢ u)] = & lu(t)|[22 + / Imfad;u).
Since ||ugl]7. # 0, we choose

[ Im[ud;u]

S R,

So we have
/Im[eiim'gﬂaj (eu)] = 0.
By conservation of momentum and mass, &; is independent of t. So we have
F(u(t)) :/IV(E””'&U(Lx))\QIU(t,y)Idedy-
And
Ayt By =(d = 2)F — (0= 2) [ fult,n)Plutt,2)| s dady

=(d - 2) /[lV(emfu(f»x))\2 — Ju(t, 2)| 7] u(t,y) | *dzdy,
Recall the following lemma (which is a consequence of Lemma 3.4 of [20]),
LEMMA 4.11. Assume that
IVull7: < (1= 8)[VWI|Z.,
where § > 0. Then there exists § = §(5,d) such that

/|Vu|2 s > 5/|vu|2.

COROLLARY 4.12. Let £ € R%. Assume

Then we have,

(4.38) / Vul2dz < (1 8)|[VWIEs,

then
/|V(e”'fu(t,x))|2 = Ju(t, 2)| B d > S/ IVul2dz.

Proof of Corollary 4.12: If [ |V(e®Su(t,x))>dz < [|Vu|?dz, then
/|V(e"'5u(t,z))|2dx <(1- 5)||VWH2L§
By Lemma 4.11, we have
(4.39) /|V(ei‘/’£'5u(t,x))|2 — |u(t,x)\%d1’ > 5/ |V (e Su(t, z))|*dz.
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If [|V(e™Su(t,z))|?dzr > [ |Vu|>dz, then
ix- 5 _2d_ 2 _2d_
|V (t,x )| —|u(t,z)|72dx > [ |Vul® — |u|72dzx

5 d(u(t)) = ‘HVUHL? IVWIIL2| = 8IIVWI[L, > 6][VullZ,,

d -2
where the last inequahty is by (4.38). The proof of Corollary 4.12 is complete.

Using Corollary 4.12, we have
(4.40) Ay + By > 8lluol[72]|VullF2 > C"d(u(t)).
Thus the proof of (4.33) is complete.

Now we turn to (4.34). According to Lemma 4.5, when the distance d(u(t)) is
small enough, we decompose u as

w(®) o), u),am) = W+ v(t),
with [[v(t)|] 71 < Cd(u(t)). We use the change of variables z = = u(t)( ), y=1Y ;(i)(t).
In new variables, we write A as

d 2 37 —y 1 Yy —a(t), 2
=@ =20 [ ot gt )

24 Yy’
X (Vg 0wy (8 2 = [ pum (8, 2)| ﬁ?]d:c'dﬁ

d—2 ' —q 2
= t
#(t)z /¢( R/L(t) )‘u[G,u,a:]( Y )|
H y UG, p,x) (t .13,)|2 - |U' [6,p,2] (t7$/)| d_2}dx/dyl

d 2 —
/W’ Y (W 4 o(t, )P

HV(W +o)(tx )l2 — [(W +v)(t,2')|72]da’dy
=AW 4 v).

We denote A(W) by replacing W+v by W. We do the same for the terms B, C, D, E.
We have

d—2 S ,
B [ im0 0 + o).y
qﬁ(%fm[w +00;(W + 0)](¢t, 2")da' dy’
=B(W +v).
2 [ @ )

— Sl o)) | 4 0)(t, )P dy
=C(W +v).
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- ) , l‘/fy, (x’fy’)k(x'fy’)j
D= [ Bt Rl — ()

< Im[(W +0)0;(W + 0)](t, y) Im[W + v0;(W + v)](t, 2")dz'dy’
=D(W + v).

_ 1 ' —y =y =y
B == g J )+ ) s )

(W +0) (&, y)PI(W + 0)(t, 2)[*da’dy’
=E(W +v).

We also write Mp(t) as Mr(W +v), and we denote Mp(W) by replacing W + v by
W. Note that

AW)+B(W)+CW)+D(W)+E(W) =0.
So we have
%MR@) —(A(W + ) — A(W)) + (BW + ) — BOW)) + (C(W +v) — C(W))
+ (D(W +v) = DW)) + (E(W +v) — E(W)).
We will estimate the above terms respectively.

4.1. Estimate A(W 4+ v) — A(W). Note that

AW +v) =% / (W + )t )EIV OV + 0) (1) — (W + 0)(t, ') | 75 dy’

d—2 ' —y NP
+ o [ @) = DIV + )

V(W +0)(t, ) = (W + 0)(t,2)| 72 |da’dy’
=AW +v) + Ao (W + ).
Using the fact that
J1vwe — wi# —amw) =
we have
d—2 2d
AW) =Sy [ WAl ISR = (W 0,a') Py
d—2 ' _y/ N2 N2 INE 73
+ o O = DW ) PITW P = W (0. 74 iy
=A1 (W) + Ay (W).

We have A; (W) = 0. Making change of variables back, we have

A (W +v) =(d - 2) / [ult, y) PVt 2)]? — [u(t, z)|72]da’ dy’

~(d-2) / fu(t, ) Pdyd(u(t))
> (d — 2)luo| Zad(u(t)).
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For Ay(W +v) — Ao(W), exploring the cancellations, we have
A (W +0) — Ax(W)

ot [l - v {iw + )P

t
V(W +0)(t, ) = (W + 0)(¢,2")|72]
—WEOPIVW () - IW(tw’)I%]}dw’dy’

ot [l - v{aw +op - wp)

p(t)? t)
V(W o) (1,2 — [(W -+ 0)(t, ') | ¥ ]da'dyf
’ i(;)f / (“S(iz[(ty) )= DIWE)E{ITW +0)(t2) = (W +0)(t,2)|#%]
— (VW (@) = [W(t,2)| 7] fda’dy
121211 + ;12.
Note that

W 4 v* — |W|* = 2Re[W7] + |v]*.
Also, if we denote

po := 1nf u(t),

then

/ /

sum@() =D < {@o) | )= 0 or | > 70},

Note that the energy center of W + v is zero. Given e sufficiently small, we can
choose R sufficiently large such that

/ W (2)|?dx < €,
|@|>Rpo /2

and
/ V(W +0))2 + |W + 0|72 de < €.
|2|> Ruo /2
So we have
- d-2 , PP
Ay <2—; oW (t,y)] + [v(t, y')|"dy
Ho  J|z|>Rpo/2
< [ 19OV o)) + 8 + )t 2') P2
d_2 / / 2d /
+2—— [ [[oW (L, y")] + |v(t, ') |*dy
0

></ V(W + o)t )2 + |(W + 0)(t, 2|72 da
|z|>Rpo/2

<cl|W1lL2 (a1 > Rpso /) | [V1| L2 (212 R /2) + €llv][72
<ecel|oll g1 + vl 3

<ced(u(t)) + cd(u(t))?.
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The estimate for A is similar and we omit it. So we obtain

(4.41) AW +v) — A(W) > |“°2”L3 d(u(t)) — ced(u(t)) — ed(u(t)).

4.2. Estimate B(W +v) — B(W). Since W is real, we have
Im[(W +v)0;(W + v)]
=Im[pd;W] + Im[vd;v] + Im[Wd;v].

Integrating by parts, if the derivative is taken on W, we move the derivative to
take on v, and obtain

[BW +v) = BOW)| <C|[Voll7, (IIWIIZ2 + [Wllzzllvllz2 + [[v]lZ2)
<Cd(u(t))?.
4.3. Estimate for C(W + v) — C(W). Similar to the case of Ax(W + v) —
As(W), we can obtain
(4.44) |IC(W +v) — C(W) < Ced(u(t)) + Cd(u(t))?.

4.4. Estimate for D(W +v) — D(W). This is similar to that of B(W +v) —
B(W). We have

(4.45) |D(W +v) — D(W)| < Cd(u(t))?.

4.5. Estimate for E(W +v)— E(W). This can be estimated in a way similar
to the previous cases. The worst part in this case is

' —y o=y |2 =y 2 2
E ::/ Aldg +¢'( )W + )t y) [P o, 2)|7da’dy
i [l + o (G G IOV + o)) a)
because we don’t know whether |[v||r 2 < d(u(t)). This is not a problem, because
we have

(4.42)

(4.43)

Tz — y/
Ru(t)

x/_y/

Aldo + ¢
(Ao () + 0

By Hardy’s inequality, we obtain
By < Cd(u(t))?

[z = | 1

RS T
Ry(t) 1+ [’ —y/|

)

A careful analysis gives
(4.46) |E(W +v) — EW)| < ed(u(t)) + d(u(t))?.
To sum up, by (4.41), (4.43), (4.44), (4.45), (4.46), we obtain

(4.47) %MR(t) > (d + 2)[Juol |72 d(u(t)) — ed(u(t)) — d(u(t))*.

Then take R sufficiently large so take e is sufficiently small such that e < %||u0||%2

We obtain v
d 1

(4.48) S M(t) = Flluol 7z d(u(t)) — d(u(t))*,

This completes the estimate for (4.30).

At last, we use the estimates (4.33) and (4.34) to prove (4.30). According to
(4.34), there exists some d3 > 0, R; > 0 such that for d(u,(t)) < 03, R > Ry,

1

O—d(u”(t)).

(4.49) [Ar(ua(®)] < 5
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Now we use (4.33) with e = C;é?’ , we obtain |A g (u,(t))| < %ﬁd(un(t)) for d(u,(t)) >

83, R > Ry. Estimate (4.30) holds with Ry := max{R;, Ry} and C' = - in view
of (4.32). The proof of Lemma 4.10 is complete.

Now we will show Theorem 4.1 and Corollary 4.2. The proof of Theorem 4.1
consists of three steps. We consider u be a solution of (1.1) satisfying (4.1) and
(4.2).

Step 1 (convergence of d(u(t)) to 0): First, we prove (4.5). By Corollary 4.4,
there exists a strictly increasing sequence {t, }nen such that:

lim ¢, =400, lim d(u(t,)) =0.
n—-+4oo n——+4oo

We let to,, = tn, t1n = tnt1, and A, (t) = A(t), where A(¢) is given by Theorem 2.10
(compactness argument). Then the assumptions of Lemma 4.7 are satisfied by the
sequences {uy tnen, {ton tnen, {tin}tnen and {A\, }nen. Thus,

lim ( sup d(u(t)) =0,

n—+00 tEtn tnt1]

which implies (4.5).

According to Lemma 4.5 (orthogonal decomposition), we decompose u for large
t as follows,

Wo)u(),a@] () = (L+ a()W +a(t), alt) € A+

The conclusion of Theorem 4.1 is equivalent to the existence of o, > 0, 05 € R,
ZToo € R? and C, ¢ > 0 such that

(4.50) d(u(t)+]a(t)| +[[a)|| g +]2(t) = zoo| +10() = Osc| + [1(t) — proo| < Ce™

Step 2 (convergence of p(t)) : In this step, we show by contradiction that (t)
has a limit po € (0,400) as ¢ — +oo. This step is essential for us to control
other parameter functions. If not, log(u(t)) does not satisfy the Cauchy criterion
as t — +0o, which implies that there exists two sequences {T},}, {T},} — +oo such
that

T,
hm|m/n
n=too |u(T),)|

(4.51) =L#1

Without loss of generality, we assume T, < T,. The Step 1 shows that d(u(T},))
and d(u(T,)) tend to 0. Now we let u, = u, to, = Ty, ti, = T,, and A, (t) = (1),
where A(t) is again given by Theorem 2.10. Then the assumptions of Lemma 4.8
are satisfied, which shows

. infy oy cqrp(t)
lim —r=—=——— =1.
n—-+o0 SUpy, <4< (1)
This contradicts (4.51). Thus
(4.52) lim p(t) = poo € (0,00).

t——+oo

Step 3 (Proof of Theorem 4.1) : We are now ready to prove (4.50). First, we
show that d(u(t)) converges exponentially to 0. We claim the following inequality

+oo
(4.53) 3C > 0,V > 0, /t d(u(r))dr < Cd(u(t)).
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If (4.53) does not hold, there exists a sequence T, — 400 such that
+oo
(4.54) / d(u(r))dr > nd(u(T),)).
Tn

As shown in Step 2, u(t) is bounded from below. This implies that the parameter
A(t) of Theorem 2.10 is also bounded from below. By Step 1, the assumptions of
Lemma 4.10 are satisfied for the sequence {uy}r, with k& = (n,nl), and ug = u(t),
)\k(t) = /\(t), tOk = Tn and tlk = Tn" Thus

nn <, /T"'d<<>>dt<0[<< )+ d(u(T, ).

We see dt < Cd(T,,), which contradicts (4.54). So we know (4.53) holds.
T

Now by (4.53) we have, for some constants C, ¢ > 0

“+o00
/ d(u(r)dr < Ce™“
t

Together with the estimate o (t)| < Cd(u(t)) of Lemma 4.6, we obtain

/t+00 o (t)dr

By Lemma 4.6, we know | (t)| &~ d(u(t)) which gives us the bound on d(u( )) in
(4.50). Moreover, using Lemma 4.6 again, we can obtain the bounds on | (¢)| and
[|@()]] g2 in (4.50). Now it is left to show the exponential convergence of 0(t), pu(t)
and z(t) in (4.50).

< Ce™ e,

a(t)] =

Actually, it suffices to prove the exponential convergence for 6’ (t), p'(t) and
z (t) respectively according to fundamental theorem of Calculus and Cauchy cri-

terion. Eventually, using the estimate (4.13) ‘Z((tt)‘ +la’ ()] + 16 ()] + “L((tt))‘ <

Cu(t)®d(u(t)) of Lemma 4.6 and the boundedness of yu(t), we can obtain (4.50).
Now the proof of Theorem 4.1 is complete.

At last, we prove Corollary 4.2.

Proof of Corollary 4.2: Tt suffices to show that there is no solution u of (1.1)
satisfying (4.1) and (4.3). Let w be such a solution. By applying Theorem 4.1
forward and backward, the set {u(t),t € R} is relatively compact in H'. Moreover,
we have

lim d(u(t)) = tl}l_noo d(u(t)) = 0.

t—+o0
According to Lemma 4.10 with u,(t) = u(t), ton, = —n, t1, = n and A\, (t) = 1,
we have f:f d(u(t))dt = hr—? J7, d(u(t))dt = 0. This implies d(ug) = 0, which
n—+00

clearly contradicts (4.1). The proof of Corollary 4.2 is complete.

5. Proof of main result

In this section, we prove the main theorem of this paper, i.e. Theorem 1.6. The
following proposition will be applied.
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PROPOSITION 5.1. Let C,c > 0. Assume u is the solution of (1.1) satisfying
E(u) = EW), |luoll g < W[z and

(5.1) l[u(t) = W[ < Ce™ ", Vt>0.
Then there exists T € R such that
(5.2) u(t)y =W~ (t+1T).

Remark. The proof of Proposition 5.1 can be found in Lemma 6.5 (and Corollary
6.6) of [19] for d = 5 and Theorem 4.1 (and Corollary 4.2) of [25] for d > 6.
Regarding the construction of W~ we refer to section 6 of [19] for d = 5 and
section 4 of [25] for d > 6.

Now we prove the main theorem of this paper based on Proposition 5.1 and
Theorem 4.1 as follows.

Proof of Theorem 1.6: Let u be a maximal-lifespan solution to (1.1) on I
satisfying F(u) = E(W) and ||uo|| ;1 < ||[W||z:. Then according to Theorem 2.10,
we have I = R. If u scatters in both time directions, that is one case. If not,
without loss of generality, assuming u« blows up forward in time, using Theorem 4.1,
we conclude that there exists 0y, g, g, C' > 0, ¢ > 0 such that

(5.3) [[u(t) = Wiog po.zolllgn < Ce™ ", VE > 0.
This implies

(5.4) I (1) = Wl < Cemero™,

00,y " — 0
By Proposition 5.1, we conclude that there exists T' € R such that w_g -1 _, 1=
W=(t+T).

L _d=2
Thus, we get u(t, ) = e u, > W~ (ug 2t + T, gy *(x — x0)).
This shows that « = W~ up to symmetries. The proof of the main theorem is
complete.
6. Appendix

In this section, we give proofs for Lemma 4.5 and Lemma 4.6 in Section 4. We
refer to Lemma 3.6 and Lemma 3.7 of [19] for the analogues of these two lemmas
in the radial setting. The main idea of the proofs are similar to the radial case and
the difference is to deal with and control the translation parameter function x(t).
First, we use implicit function theorem to prove the orthogonal decomposition near
ground state W (z) based on the properties of radial functions. And then we prove
the estimates regarding parameter functions.

LEMMA 6.1. Let f € LL(RY) be a radial function. Then [ i f(x)dx = 0.

Proof: This follows from the observation that s f (x) is an odd function in
z;-direction.

LEMMA 6.2. The set
A= {W,iW, W, 0;W,j = 1,...,d}

is an orthogonal set in H'(R?).



DYNAMICS OF SUBCRITICAL THRESHOLD SOLUTIONS 67

Proof of Lemma 6.2: 1t’s clear that 9;W is orthogonal to :W. Note that W, W,
are radial. So AW, AW, are also radial. Then ;W AW is odd in z; direction. So
we have

(W, 8]‘W)H1 - /(%WAW =0.

Similarly, we have (W1,0;W) ;1 = 0 and (O;W,0,W) g =0, for j #k.

Now we give the proof of Lemma 4.5 as follows:

Proof of Lemma 4.5: The proof is almost the same as the proof of Lemma 3.6
in [20] (radial case). Define for x = (x1, ...., xq),

JO : (0,#,1’1,...,1’d,f) = (f[Q,;A,x]viW)Hh Ji: (G,u,xl,...,xd,f) = (f[Q,u,x]awl)Hla
Gj:(e,,u,ﬂfl,...,.rd7f)'_>(f 0,p,x]> aW)Hla .7:177d

We have
%‘20(0,1,0 W) /|VW|2 anO(O,l,O W) =0, gij(o,l,o W) =0,
88‘21(01014/) %‘ﬁ(omw /|VW1\2 2J1(010W)—0
8(;;’“ (0,1,0,W) =0, aaGuk (0,1,0,W) = %i’“ (0,1,0,W) = — jk/|ajW|2.

Also, we have
Jo(0,1,0,W) = J1(0,1,0,W) = G;(0,1,0,WW) =0, j=1,..4d.

By implicit function theorem, there exists €y, 79 > 0 such that for h € HY, if
[|h — W||z: < €0, then there exists unique (6, u, x),
0] + [ = 1] + || < no,
and
(Pto.u.as W) i = (g pua)s W) i = (Po,puz), O5W) g2 = 0.
Thus, the proof of Lemma 4.5 is complete.

As a result, given f € H' such that E(f) = E(W), by variational characteri-
zation of W if d(f) is sufficiently small, there exist parameters (6, u, ) and g such
that

f[G,,u,x] =W+ g-
Moreover, we consider u be a subcritical threshold solution to (1.1) on I such that

d(u(t)) < dp where Jp is given in Lemma 4.5. Then there exists time-dependent
parameter functions a(t), u(t), z(t) and u(t) € AL such that

Ut u(t).en) = (14 a(@)W +a(t),
where we denote
v(t) = a(t)W + a(t).
Additionally, we have estimates for the parameter functions. We give proof of
Lemma 4.6 as follows.
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Proof of Lemma 4.6: The proof of (4.12) is almost same as the radial case and
we refer to section 7 of [19] for the details. For simplicity, we recall and use the
notation U := ujg(¢),u(t),(¢)) Which means

et x — x(t)

v = Lmeett )

We apply change of variables ¢ = t(s) such that

a1
ds — p(t)*

In order to prove (4.13), it suffices to prove

(zp) (t)
1(t)

(6.1) + las ()] + 105(s)] + %(s)

< Cd(u(s)).

By straight calculations, we have

d—2 ps x —z(t)
- 2 Md/gu( ’ [
1 dt x — x(t)
@73 g5 b )

0sU(t,x) :ew{ )+

1 x — x(t) x—x(t) )
+ 0s -Vu(t, ——=) ¢ +1i0,U
pld=2)/2 ( u(t) ) vul 1 )}
o d—=2p, et x — x(t)
= — 72 ;U(tyl') + M(d+2)/2 U,t(t, ? )
i s r —x(t )
e GW('I - 1'(t)) : vu(tv 7()) + ZGSU
0 0sx(t(s)) x —x(t)
— 0 ED 2 (t,
2O vue 2=
_ &(EU@: £) 4 (2~ a(t) - VU (L)
w2 ’ ’
e’ x—x(t), s )
+ @ u(t, . ) — o VU(t,z) +i0,U.
Also, we have
e x — z(t)
AU (t,x) Au(t, ——=).

NGEIE
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So we obtain
10U + AU

_ z% (%U(t, )+ (z — z(t)) - VU(t, m))

et . r—x(t T
+W(Zut+Au)(t, ( )) —Z; VU (t,z) — 0,U
s d—2 3 .
(6.2) =t [ ( 9 Ut,z) + (z — z(t)) VU(t,a:))
et? 4 x—l‘(t) T
+W‘u|d—2u(t7 ) —@; VU(t7$) _QSU
=i (T 20(0) + (- (1)) - VUL, 2))

HUTRU -2 VU, 2) — 0,0
1
Now we decompose U as
(6.3) U=W+at)W+a:=W+w, =gy +igo € AL,
where g1, go are real. Similar as the radial case, we rewrite (6.2) as

Osv+Lv + R(v) — 0,4W — il v — ifsv + &(Wl —z(t) - VW)
(6.4) s

L d—2
+ oy

2
where £ and R are defined in section 5 and section 7 of [19]. We denote p,. := 92

= d—2
and (6.4) can be further written as
(6.5)
Osg1 + 10592 + asW + (A + WP ™) gy —i(A + pWP ™) gy —ia(pe — WP
Ts

v—l—(m—x(t))-Vv)—%-VW—%~VU=O,

— 0w + L2y — (Ba(r) + 22y v
I I I
_ s (d—2 . Hs Ts\ oy
=— R(v) +ib,v M( gvta Vv)—k(ux(t)—&-,u) Vv :=E.
Denote
L Hs Hs Ls L
e(s) = |d|(|d] +10:(5)] + ]<s> n ]x<t> L350 di= dus))
I I I
and
c= W%, e = Will%.

We multiply by AW on both sides of (6.5), integrate and then take real parts, using
the facts that

(6.6) (g1, W) = W, W) o = (W, 0;W) g = 0,
we obtain
(6.7) cas = —(Aga, W) o — (WP Lgo, W) g1 + O(e(s)).

Multiplying by AiW on both sides of (6.5), integrating and taking imaginary part,
we obtain

(6.8) cOs = —(Ag1, W) 1 — (WP L g1, W) g — a(pe — 1) (WP, W) 1 + O(e(s)).
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Multiplying by AWj on both sides of (6.5), integrating and then taking real part,
we obtain

(6.9) cl% = —(Ag2, Wh) g — (WP 1go, W) 0 + O(e(5)).-

Multiplying by Ad;W on both sides of (6.5), integrating and then taking real part,
denoting

Lbs Osxi(t
A= 0 WIE, By i= ey t) + 5”,

and recalling (6.6), we obtain
(6.10) XiBi(s) = = (A + WP 1) go, 0;W) g + O(e(s)).
Putting (6.7), (6.8), (6.9), (6.10) together, we obtain

(6.11) o] + [6] + 2= +Z|ﬂg ) < C(llgll iz + O(e(s))) < Cd(wu) + O(e(s)).

Let dy be small enough, we obtam

(6.12) ] + 165 +\ + 1891 < o)

which implies (6.1).

In particular, as shown in the proof of Theorem 4.1, we can obtain exponential
estimate for d(u) and the convergence of u. Based on these facts, according to
(6.12), we can obtain the exponential estimates for all the parameter functions as
follows
(6.13) |as| 4 10s] + |us| + d(u(t)) < Ce™.

Also, noticing that x(t) < ¢, in (6.11), we can obtain

25 < dult)) + 'usx(t)‘ < e 4t < om0t
j ju

The proof of Lemma 6.6 is complete.

(6.14)
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