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We continue in these notes the study of the power nonlinearity Schrodinger equation

iy = —Au — [ulP~lu, (t,x ,T) x RN
(NLS) { u(0, x) —Auo(.TJ),| up R(]s —)> E[O xR (1)

with ug € H' = {u,Vu € L*(R™)} in dimension N > 1 and for energy subcritical
nonlinearities:

l<p<+4oo for N=1,2, 1<p<2*—1 for N >3. (2)

Here 2% = % is the Sobolev exponent of the injection H' < L2". Let us recall that the
case p = 3 appears in various areas of physics: for the propagation of waves propagating
in non linear media and optical fibers for N = 1, the focusing of laser beams for N = 2,
the Bose-Einstein condensation phenomenon for N = 3, see the monograph [63] for a more

systematic introduction to this physical aspect of the problem.

Our aim is to focus onto the description of the long time behavior or the singularity
formation of solutions in the energy space H'. The possibility of finite time blow up corre-
sponding to a self focusing of the nonlinear wave will be of particular interest to us. Note
that (NLS) is an infinite dimensional Hamiltonian system without any space localization
property and infinite speed of propagation. It is in this context together with the critical
generalized KdV equation one of the few examples where blow up is known to occur. For
(NLS), an elementary proof of existence of blow up solutions is known since the 60’s but
is based on energy constraints and is not constructive. In particular, no qualitative infor-
mation of any type on the blow up dynamics is obtained this way.

The theory of global existence or blow up for (NLS) as known up to now is intimately
connected to the theory of ground states or solitons which are special periodic solutions
to the Hamiltonian system. A central question is the stability of these solutions and the
description of the flow around them which has attracted a considerable amount of work
for the past thirty years. Here we shall introduce a new angle of attack for these problems
based on Liouwville type theorems and the dynamical classification of the soliton solution



among the solutions to the Hamiltonian system.
These notes are organized as follows.

In the first section, we recall the main standard results about subcritical non linear
Schrodinger equations and in particular the existence and orbital stability of soliton like
solutions. In the second section, we focus onto the critical blow up problem and recall the
few general results known on the singularity formation in this case. Section 3 is devoted
to an exposition of the series of results obtained in collaboration with F.Merle in [44],
[45], [46], [47], [48] and [58] and which allow in particular a complete description of the
so-called stable log-log blow up dynamics. In section 4, we present a detailed proof of the
first of these results which provides a sharp upper bound on blow up rate for a suitable
class of initial data. In section 5, we outline the main steps of the proof of the sharp lower
bound on the blow up rate and the mass quantization theorem which rely on fine dispersive
properties of the flow. We expect the presentation to be essentially self contained provided
the prior knowledge of standard tools in the study of non linear PDE’s.

1 The subcritical problem

In this section, we recall the main classical facts regarding the global well posedness in
the energy space of (NLS). We will in particular introduce a fundamental object for the
study of (1): the ground state solitary wave.

1.1 Global well posedness in the subcritical case

Let us consider the general non linear Schrodinger equation:

uy = —Au — |u’p71u
{ u(0,z) = up(z) € H* (3)

with p satisfying the energy subcriticality assumption (2). The local well posedness of
(3) in H' is a result of Ginibre, Velo, [15], see also [22]. Thus, for ug € H', there exists
0 < T < +oo such that u(t) € C([0,T), H'). Moreover, the life time of the solution can be
proved to be lower bounded by a function depending on the H! size of the solution only,
T(uo) > f(Jluollgr), and hence there holds the blow up alternative:

T < 400 implies tlirrjlﬂ lu(t)|| g1 = +o0. (4)

To prove the global existence of the solution, it thus suffices to control the size of the
solution in H'. This is achieved in some cases using the invariants of the flow. Indeed,
the following H' quantities are conserved by the flow:



e L% norm:

e Energy -or Hamiltonian-:

Bult.) = 5 [1Vulta)f = — [lutta) ' = Bwki (6)

Im (/ Vuu(t,x)) =1Im </ Vuouo(x)> . (7)

Note that the growth condition on the non linearity (2) ensures from Sobolev embedding
that the energy is well defined, and this is why H' is referred to as the energy space.

e Momentum:

These invariants are related to the group of symmetry of (3) in H':

e Space-time translation invariance: if u(¢, x) solves (3), then so does u(t + tg, z + xp),
to e R, xg € RV.

e Phase invariance: if u(t, ) solves (3), then so does u(t,x)e’?, v € R.
e Scaling invariance: if u(¢, x) solves (3), then so does uy(t, z) = A%u()\Qt, Az), A > 0.
e Galilean invariance: if u(t, ) solves (3), then so does u(t, x —Bt)eig'(x_gt), BeRN.

Let us point out that this group of H' symmetries is the same like for the linear Schrodinger
equation -up to the conformal invariance to which we will come back later-.

The critical space is defined to be the Sobolev space which is invariant by the scaling

Symmetry:
N 2
[ua(®) ggse = |u(>\2t)|HsC for s. = 95 }i (8)

Note that s, < 1 from (2).

As an outcome, we have the following result:

Theorem 1 (Global wellposedness in the subcritical case) Let N > 1 and 1 <

p <1+ % -equivalently s. < 0-, then all solutions to (3) are global and bounded in
H'.

Proof of Theorem 1



The proof relies on an a priori bound on the H! norm of the solution. Indeed, |u(t)|;2 =
|ug|r2. Next, there holds the Gagliardo-Nirenberg interpolation estimate:

N(p=1) %71\’(1@;1)
(/1) SN

Applying this with v = u(t), we get from the conservation of the energy and the L? norm:

voen', [l <cw.p ([ 1vo8)

N(p—1)
1

Ve (0,T), Fp> ;[/ Vol? — C(ug) </ |Vv|2> .

The subcriticality assumption p < 1+ % now implies an a priori bound on the H! norm
which concludes the proof of Theorem 1.

The critical exponent
4
p=1+ N ie s =0
arises from this analysis and corresponds to the so-called L? critical case. It is the smallest
power nonlinearity for which blow up can occur and corresponds to an exact balance

between the kinetic and potential energies under the constraint of conserved L? mass.
The L? supercritical -and energy subcritical cases- corresponds to

4
1—|—N<p<2*—1 ie 0<s.<1.

1.2 The solitary wave

We focus in this subsection onto the subcritical case

1< <1+4 (10)
P N

and aim at understanding the long time dynamics of the flow.
A fundamental feature of the focusing (NLS) problem is the existence of periodic solutions.
Indeed,

u(t,z) = ¢(x)e"
is an H! solution to (3) iff ¢ solves the nonlinear elliptic equation:
Ap—¢+elol =0, ¢ € H'(RY) (11)

There are plenty of ways to construct solutions to (11), the simplest of which being to
look for radial solutions and using a shooting method, see [3].



Proposition 1 (Existence of radial profiles to (11)) Let N > 1 and p satisfy (2),
then there exists radially symmetric solutions to (11). In fact, the following holds:
(i) For N =1, all solutions to (11) are translates of

p—1
. p+1
Q) = (2008h2((p21)x)> . (12)

(i) For N > 2, there exist a sequence of radial solutions (Qn)n>0 with increasing L* norm
such that Q, vanishes n times on RY.

The exact structure of the set of solutions to (11) is not known in dimension N > 2.
An important rigidity property however which combines nonlinear elliptic techniques and
ODE techniques is the uniqueness of the nonnegative solution @ = Qg to (11).

Proposition 2 (Uniqueness of the ground state) All solutions to
Ap—o+0lof" =0, g€ H'(RY), o(z)>0 (13)

are a translate of an exponentially decreasing C? radial profile Q(r) ([14]) which is the
unique nonnegative radially symmetric solution to (11) ([26]). @ is the socalled ground
state solution.

The uniqueness is thus the consequence of two facts: a positive decaying at infinity so-
lution to (13) is necessarily radially symmetric with respect to a point. This is a very deep
and non trivial result due to Gidas, Ni, Nirenberg [14] and which relies on the maximum
principle. Then there is uniqueness of the radial decaying positive solution in the ODE
sense. The original -and delicate- proof of this last fact by Kwong [26] has been revisited
by MacLeod [32] and is very nicely presented in the Appendix of Tao [64].

Let us now observe that we may let the full group of symmetries of (3) act on the
solitary wave u(t,z) = Q(x)e” to get a 2N + 2 parameters family of solitary waves:

u(t,z) = )\p%lQ()\(a:—Hvo)—/\Qﬂt)ei/\ztemeig'()‘(‘”zo)*)‘mt), (A, 0,70, 3) € REXRYXxRXRY.

Observe that these waves are moving according to the free Galilean motion and oscillating
at a phase related to their size A: the larger the A, the wilder the oscillations in time.
Observe also that the fact the problem is subcritical in both L? and H' implies that a
solitary wave can be made arbitrarily small in H".

Let us finish this section by introducing the Korteweg de Vries equation for which the
structure of the solitary wave family is somehow more enlightening. The KdV system
corresponds to the description of waves propagating at the surface of water in certain
regimes. It is the case p = 2 of the generalized KdV equations:

ut + (ugy +uP)z =0, (t,x) €[0,T) x R,

(9K dV) { u(0,z) = up(z), uo:R — R. (14)



This system is also a nonlinear dispersive equation and admits the same two conservation
laws like the (NLS):

Ju(®)lz2 = ol
B) =5 [ T = — [ " = Bu)
2 * p+1 '

The Cauchy problem is moreover subcritical in H' and thus all solutions are global and
bounded in H' for p < 5. We now look for traveling waves propagating at speed ¢ > 0:
u(t,x) = Qc(x — ct) solves (14) iff

(Qe)zz —cQc+QL =0, Q€ H.
By rescaling, this implies :
1
Qc(w) = c71Q(Vex)

where Q is the H' solution to (11) which is in fact explicit and given by (12). An explicit
computation then yields:

5—p 3p+1

1QcllL2 = 3T |[[QllL2, IV QcllL2 = 5P T[[VQ| 2.

The outcome is that small solitons travel slowly while large solitons are fast.

1.3 Orbital stability of the ground states in the subcritical case

We focus in this section onto the question of the stability of the ground state solitary wave
u(t,r) = Q(z)e where Q > 0 is the ground state solution to (11). Let us first observe
that two trivial instabilities are given by the symmetries of the equation:

e Scaling instability: VA > 0, the solution to (3) with initial data ug(z) = AT Q(\x)
2 .
is u(t, ) = A1 Q(Ax)er.

e Galilean instability: ¥ > 0, the solution to (3) with initial data ug(z) = Q(x)e® is
u(t,x) = Q(x — ﬁt)ei“g'(a”_gt).

In both cases,

sup |u(t, z) — Q(x)e’| > |Q(z)|

teR

and thus the solution does not stay uniformly close to (Q, whatever close it was at initial
time.

Cazenave and Lions [10] proved that these trivial instabilities are the only one. This
is the socalled orbital stability of the ground state solitary wave.



Theorem 2 (Orbital stability of the ground state) Let N > 1 and p satisfy (10).
For all ¢ > 0, there exists §(¢) such that the following holds true. Let ug € H' with

[uo — QI < 6(e),
then there exists a translation shift x(t) € RN and phase shift v(t) € R such that:
V>0, ult,z) — Q — 2(1)e D < c.

The strength -and the weakness- of the proof is that it relies only on the conservation
laws and the wvariational characterization of the ground state solitary wave. This study
falls into the classical sets of concentration compactness techniques as introduced by Lions
in [30],[31]. Given A > 0, we let

2
Qx(z) = Ar-1Q(Ax).
The following variational result immediately implies Theorem 2:

Proposition 3 (Description of the minimizing sequences) Let N > 1 and p satisfy
(10). Let M > 0 be fized.

(i) Variational characterization of Q: The minimization problem

(M) = il B(u) (15)

1s attained on the family
Q)\(M)( - xO)ei’yoa Tg € RN770 S R7

where \(M) is the unique scaling such that |Q |2 = M.
(i) Description of the minimizing sequences: Any minimizing sequence v, to (15) is
relatively compact in H' up to translation and phase shifts, that is up to a subsequence:

vn(-+xn)ei7”—>Q/\(M) in HY.

The fact that Proposition 3 implies Theorem 2 is now a simple consequence of the
conservation laws and is left to the reader. The next section is devoted to an outline of
the proof of Proposition 3.

1.4 The concentration compactness argument

The first key to the proof of Proposition 3 is the description of the lack of compactness
in RN of the Sobolev injection H' — LPtl 2 < p 4+ 1 < 2*. This description is a
consequence of the so-called concentration compactness Lemma. Let us recall that the
injection is compact on a smooth bounded domain. Note also that the injection is still



compact when restricted to radial functions in dimension N > 2. Here one uses the
estimate:

+00 C 11
u2(r) = —/ u(s)u'(s)ds and thus U] oo (r>R) < E]VUEQMEQ
T 2

so that any H! bounded sequence of radially symmetric functions is LP*! compact. This
would considerably simplify the proof of Proposition 3 when restricting the problem to
radially symmetric functions.

In general, there holds the following:

Proposition 4 (Description of the lack of compactness of H! — L9) Let a sequence
un, € H' with
lun|r2 = M, |Vuy|2 <C, (16)

Then there exists a subsequence un, such that one of the following three scenari occurs:
(i) Compactness: Iy, € RN such that

V2 <q <2 up(-+yr) —u in LI, (17)

(ii) Vanishing:
V2<q<2 up, —0 in L% (18)

(#1i) Dichotomy: Jvg, wg, 30 < a < 1 such that V2 < g < 2*:

Supp(vi) N Supp(wy) = 0, dist(Supp(vy), Supp(wy)) — 400,

el g + lJwellgr < C,

vkl 2 — oM, |lwgll2 — (1 —a)M, (19)
g oo | f [un, [T = [ [vk]? — [ Jwgl?]] = 0,

liminfg_ oo [ [Vn, |? — [|Vor|? — [ |[Vwg|? > 0.

Remark 1 Observe that the key in the dichotomy case is that there is no loss of potential
energy during the splitting in space of up, into two bumps vy, wy, which support go away
from each other, while on the other hand only a lower semi continuity bound can be derived
for the kinetic energy,

Remark 2 The case dichotomy corresponds to the localization of the first bubble of con-
centration. One can then continue the extraction iteratively and obtain the socalled profile
decomposition of the sequence u,, see P. Gerard [13], Hmidi, Keraani [20] for a very
elegant proof.

Proof of Proposition 4



We follow Cazenave [9]. Let u,, € H' be as in the hypothesis of Proposition 4.
step 1 Concentration function.

Let the sequence of concentration functions:

pn(R) = sup / | ()2 dx.
yGRN B(va)

The following facts are elementary and left to the reader:
e Monotonicity: Vn > 0, p,(R) is a nondecreasing function of R.

e The concentration point is attained:

VR >0, Yn>0, Jy,(R) € RY such that p,(R) = / | () [2dzz.
B(yn(R),R)

e Uniform Holder continuity: 3C, a > 0 independent of n such that
VR1,Ry >0, ¥n>0, |pa(R1)— pu(Ro)| < C|RY — RY |~ (20)
This last fact is a simple consequence of the H' bound (16).

step 2 Limit of concentration functions.

From (20) and Ascoli’s theorem, there exists a subsequence ny — 400 and a nonde-
creasing limit p such that

VR > 0, khT pn, (R) = p(R). (21)

Let now
pw=_lim liminf p,(R).

R—+00 n—+o00

By definition, there exists Ry — 400 such that

I Ry) = pu.
o (R) = o

We now claim some stability of the sequence Ry which is a very general and simple fact
but crucial for the rest of the argument:

p=lim pnk(Rk) =

. Ry, .
Jim i () = i () (22)

Proof of (22): First oberve from the monotonicity of p,, that

. R .
lim sup pnk(Tk) < limsup py,, (Rk) = p. (23)
k—+o00 k—-4o00

9



For the other sense, we argue as follows. For every R > 0, there holds:

p(R) = lim inf p (R) > lim inf p,(R)

alld. ( l 1usS:
i > .

Eventually, for any R > 0, we have % > R for k large enough and thus:

s (55) 2 oy ()

Letting £ — +o00 implies:
Ry,
li —) > .
VR>0, lim pn(57) 2 p(R)
Letting now R > 0 yields:

: Ry .
—) > >

where we used (24) in the last step. This together with (23) concludes the proof of (22).
The proof now proceed by making an hypothesis on u.

Step 3: p = 0 is vanishing.

Assume g = 0. Then from (22), limg_ 1o p(R) = 0. But p is nondecreasing positive
so: VR > 0, p(R) = 0. In particular, p(1) = 0 and thus

li )= 1l 2=0. 25
oo ()= i s [ oo @)

We claim that this together with the H! bound on wy,, implies (18). There is a slight
difficulty here which is that we need to pass from a local information -vanishing on every
ball- to a global information -vanishing of the global L? norm-. This relies on a refinement
of the Gagliardo Nirenberg interpolation inequality. Indeed, we claim that

4
vaet', [t < Clulfnlul (26)
can be refined for:
2
4 N
vaue H', [ < Cluly [sup / \uF] . 27)
yERN B(y’l)

10



This together with (25) implies
Up, — 0 in LN as k — 400

and (18) follows by interpolation using the global H' bound.
Proof of (27): Take a partition of R with balls of radius £ and smooth cut off functions
Xk adapted to this partition. Then from (26):

2
Jult < e [ ol < B ([190a0f) ([ ual?)
2
2| ™ 2 20,12
< Clsip [P S| [ eul + [P
yERN B(yzl)
¥
< oo [ |
yERN B(yvl)
Step 4: u = M is compactness.
Let ny be the sequence satisfying (21). For R > 0, let yx(R) such that
pn(B) = [ Jug, (o) P (25)
B(yk(R),R)

Pick € > 0. Then from (22), there exist Ro, R(¢) such that

p(Ro) > % p(R()) > M <.

Hence there exists ko(¢) such that Vk > ko(e),

M
[, [ > > Pu(R(e)) = |tn, | > M —e.

pny, (Ro) = /

B(yk(Ro),Ro) ‘L(yk(R(E))vR(g))

But the total L? mass being M, this implies that the balls B(yx(Ro), Ro) and B(yx(R(¢)), R(¢))
cannot be disjoint. Hence -draw a picture- we can find R;(e) such that:

Ve >0, Vk > ko(e), / |2 > M — e
Blye(Ro), B (4))

By possibly raising the value of R;(e) for the values k € [1, ko(¢)], this implies that the
sequence vy = Uy, (- + yx(Ro)) is L? compact:

Ve >0, JRa(e) >0 such that Vk > 1, / ok (y)|2dy < e.
ly|>Ra(e)

11



The compactness of the embedding H' — L?(B(0, R(¢))) then implies that v a Cauchy
sequence in L2, and the H' boundedness now implies (17) by interpolation.

Step 5: 0 < p < M is dichotomy.

Let again (ng, Ry) satisfying (21), (22). Then we can write:

Up,;, = Vg + Wi + 2k

with
Ok = Uy B WR = ULy s S UL gy
The key is to observe from (28) and (22) that:
al = = [ i
/ BRI BB By
< pu(R) - [ > = P (B2) = oy ()
- BB T 2

— 0 as kK — +oo.

The claim dichotomy now follows by taking smooth cut off in the localization. The LP
norm of z, will go to zero using the vanishing of the L? norm and the global H! bound,
and the error introduced by localization will be treated using Ry — +oo. This is left to
the reader.

This concludes the proof of Proposition 4.

We now show how the description of the Sobolev injection given by Proposition 4 is a
powerful tool to study variational problems.

Proof of Proposition 3
stepl Computation of I(M).

let I(M) be given by (15). We claim that

2(1—s¢)

—oco < I(M)=M Tl I(1)<0. (29)

Indeed, I(M) > —oc follows directly form the Gagliardo-Nirenberg inequality (9) and the
subcriticality condition (10). The computation of the nonpositive value of the infimum
follows from the scaling properties of the problem. First, given u € H! with ||Ju;2 = 1,
we use the L? scaling

ua(x) = )\%u()\x)

12



to get:

1 1
_ )2 2 1
Blun) =¥ |5 [ IVl = o [ 1]

Letting A — 0 yields I(1) < 0. The homogeneity in M of I(M) is derived by using the
scaling of the equation

ua(z) = )\%u()\w),

for then
oallze = Ael|Jull 2, E(vy) = A2075) B(u),

which yields the claim.
step 2 Vanishing cannot occur.

Let now u,, be a minimizing sequence for I(M). Then u,, is bounded in H! from (9)
and satisfies the assumptions of Proposition 3. We claim that vanishing cannot occur.
Indeed, up to a sequence, we would have from (18):

1
I(M) = lim E(up,) > 1iminf§/|Vunk\2 >0

k—+o0 k—+o0

which contradicts (29).
step 3 Dichotomy cannot occur.

We now claim that dichotomy cannot occur. Indeed, if it did, then from (19), we would
have sequences vy, wy and 0 < o < 1 such that

[oklle = M, wgll = (1 — )M
and
100 > imind (o) +jmaf B
In particular, this implies:
I(M)>I(aM)+I((1 —a)M)
and thus from (29):

2(1-sc) 2(1=sc)
1<a Tl 4+ (1—a) el forsome 0<a<1.

2(1—sc)
Isel

Now a straightforward convexity argument implies from > 1 that this implies « = 0

or o = 1, a contradiction.

13



step 4 Conclusion.

We conclude that only compactness occurs ie
Upn, (- +xp) — u in LPTL

Observe then from the strong LPT! convergence and the lower semicontinuity of the H*
norm that u attains the infimum:

ullpe = M, E(u) =I(M).
It thus remains to characterize the infimum. We claim that:
u(z) = Qxar)(- + o)™ (30)

which concludes the proof of Proposition 4.
Proof of (30): First observe from [|V|u|[?> < [|Vu|? that v = |u| is a minimizer with
v > 0. From standard Euler Lagrange theory, v solves

Av+olP~t =, ve H.

Note that the Lagrange multiplier u a priori depends on v. In fact, we claim that is does
not. Multiplying the equation by v and then y - Vv (Pohozaev integration), we compute:

N+2—p(N-2)
M =
2M (Ml 1)

I(M) > 0.

We now observe by rescaling that w(z) = )\P%U(X%) with A = |/ satisfies
Aw —w +wwPt =0, we  H'RYN), w>0,
and w non zero. From the uniqueness statement of Proposition 2, this yields:
w(z) = Qz — ),

and hence v(z) = Q) (7 — o). This implies in particular that v does not vanish, and
thus [|Vul? = [|V|u||? -because they both are minimizers- with u that never vanishes
implies

u(@) = Ju(@)]e™ = Qxan (x — z0)e.

This concludes the proof of (30).

Furthers comments

14



1. More general nonlinearities: The proof we have presented reproduces the original
argument by Cazenave, Lions [10] and heavily relies onto the specific scaling properties of
the nonlinearity. More general nonlinearities are treated together with a general criterion
for the orbital stability of the ground state in Grillakis, Shatah, Strauss [18].

2. Other problems: This strategy of proof of stability is extremely robust and applies
to a large class of nonlinear dispersive systems. See for example [28] for an extension to
nonlinear kinetic problems arising in gravitation.

3. Asymptotic stability: An important question is to know whether, when stability
holds, asymptotic stability also holds, that is do solutions asymptotically converge to the
ground state in some local norm in space as ¢ — +o00? This kind of property corresponds
to a form of asymptotic irreversibility of the flow. This is an extremely delicate prob-
lem which has attracted a considerable amount of work for the past ten years. For some
specific type of nonlinearities, asymptotic stability holds due to a fine tuning mechanism
known as the "Fermi Golden Rule”, see Soffer, Weinstein [62], Rodnianski, Soffer, Schlag
[59], Sulem, Buslaev [8], Sigal, Zhou [12]. However, the case of pure power is still open
because essentially small solitons are delicate to deal with. Indeed, in the pure power case,
a soliton @ can be made arbitrarily small in H' and not disperse. Moreover, one should
keep in mind that the asymptotic stability is false in the completely integrable case N =1,
p = 3, see [68].

4. General dynamics: In general, one expects the long time behavior of the solution to
correspond to a splitting of the solution into a non dispersive part corresponding to a sum
of decoupled solitary waves moving at different speeds and a radiative part which disperses
-ie goes to 0 in L* say-. Such a general behavior has been claimed in the integrable case
for the KdV system

u + (uge +u?) =0, (t,7) €[0,T) x R,
eav) { u(0,2) = uo(a), up:RY R,

but complete integrability plays a very specific role here. See Rodnianski, Soffer, Schlag
[59], Martel, Merle, Tsai [37], for the case of nonintegrable (NLS) systems but with specific
nonlinearities. One should think here that in general, even the simpler question of the
orbital stability of the multisolitary wave in the pure power case for (NLS) is open.

1.5 Existence of blow up solutions: the virial law

Let us now consider (NLS) in the critical and super critical range p > 1+ %. The Cauchy
theory ensures global existence for small data in H' but for large data, the Gagliardo
Nirenberg inequality (9) does not suffice anymore to ensure global existence. A well
known global obstructive argument known as the viriel law allows one to very easily prove
indeed the existence of finite time blow up solutions.

15



Theorem 3 (Virial blow up for Ey < 0) Let up € ¥ = H' N {xu € L?} with
Ey <0,
then the corresponding solution to (3) blows up in finite time 0 < T < +o00.

Proof of Theorem 3

Integrating by parts in (3), we find:
2

dt?

16s.

/‘$|2‘u(t73:)’2dx =4N(p—1)Ey — m

VulP <AN(p- 1B, (31)
from s, > 0. Hence from Ey < 0, the positive quantity [ |z|?|u(t,z)[>dx lies below an
inverted parabola and hence the solution cannot exist for all times. This concludes the
proof of Theorem 3.

This blow up argument is extraordinary because it provides a blow up criterion based
essentially on a pure Hamiltonian information Ey < 0 which applies to arbitrarily large
initial data in H'. In particular, it exhibits an open region of the energy space -up to
extra integrability condition- where blow up is proven to be a stable phenomenon. While
it may seem at first hand to be very specific to the (NLS) problem, this kind of convexity
argument is very common for parabolic or wave type problems, see for example [21], ki-
netic problems, see [17], or even compressible Euler equations, see [61].

However, it has has two major weaknesses:

(i) It heavily relies on a very specific algebra and hence is very unstable by perturbation
of the equation. It thus is completely unable to predict blow up even in situations where
it is strongly expected. A typical case is for example (NLS) on a domain with Dirichlet
boundary conditions, see [57].

(ii) More fundamentally, this argument is purely obstructive in nature and says very little a
priori on the singularity formation. More dramatically, the blow up time formally predicted
which is the time of vanishing of the variance [ |z|?|u/|? is in fact almost never correct.

2 The L? critical problem
We focus in this section onto the L2 critical case

. 4
{ iug = —Au — |u|Nu, (t,r) € R x RY (32)

u(0,2) = up(z) € H?

which is the smallest power like nonlinearity for which blow up occurs. Our aim is at first
to show that a large part of the orbital stability theory developed for subcritical problems
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still applies in some generalized sense and provides some information on the structure of
the singularity formation. The next section will be devoted to further dynamical clas-
sification results which in particular provide a complete description of a stable blow up
regime which is among the very few understood problems so far.

2.1 Variational characterization of the ground state

The minimization problem (15) is no longer adapted to the critical problem due to the L?
scaling invariance

un(t, ) = N2 u(\2t, \x). (33)
Indeed, one easily proves that I(M) = 0 for M << 1 and I(M) = —oo for M >> 1. In
fact, this may be easily rectified by remarking that the L? criticality of (32) corresponds to
an exact balance between the kinetic and the potential energy. This may be quantified in a

sharp way from the knowledge of the exact constant in the Gagliardo-Nirenberg inequality
(9) as observed by Weinstein, [67].

Proposition 5 (Minimizers of the energy) Let the H' functional:

(Vo) [o2)v

J(v) = (34)
J ol
The minimization problem
min  J(v)
veEH!, v#£0

is attained on the three parameters family:

N .
A¢ Qo+ 20)e°, (Mo, 70,70) € R x RY x R,

where Q) is the unique positive radial solution to the system:

AQ-Q+QMF =0
{ Q(r) —0 as r— +oo. (35)

In particular, there holds the following Gagliardo-Nirenberg inequality with best constant:

weH!, E 2/|v 2 (1 - (“gg’f;)) . (36)

While E(Q) = I(M) < 0 in the subcritical case, here in the critical case there holds

E(Q) =0.

-This can be seen for example by multiplying the ) equation by %Q +y - V@ and inte-
grating by parts-. A reformulation of (36) which is very useful is the following variational
characterization of @:
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Proposition 6 (Variational characterization of the ground state) Letv € H! such

that
/]v[z = /Q2 and E(v) =0,

then N
v(z) = )\OEQ()\(W + xo)ewo,

for some parameters \g € R}, zg € RY, v € R.

To sum up, the situation is as follows: let v € H!, then if |v|z2 < |Q|z2 ie for “small”
v, the kinetic energy dominates the potential energy and (36) yields E(v) > C(v) [ |Vvl|?
and the energy is in particular non negative; at the critical mass level |v|;2 = [Q|;2,
the only zero energy function, ie for which the kinetic and the potential energies exactly
balance, is Q@ up to the symmetries of scaling, phase and translation which generate the
three dimensional manifold of minimizers of (34). For |v|;2 > |Q| 2, the sign of the energy
is no longer prescribed.

Remark 3 Remark that on the contrary to the subcritical case, the scaling (33) leaves the
L? norm invariant and hence there are no small solitary waves in the critical case.

2.2 The sharp global wellposedness criterion

A generalization of Theorem 1 has been obtained by Weinstein [67]:

Theorem 4 (Global well posedness for subcritical mass) Letuy € H' with |ug|2 <
|Q| 12, the corresponding solution u(t) to (32) is global and bounded in H'.

Proof of Theorem 4

From the conservation of the L? norm, ||u(t)||z2 < ||@||z2 for all ¢ € [0,T), and thus
an a priori bound on ||u(t)||z1 follows from the conservation of the energy and the sharp
Gagliardo-Nirenberg inequality (36) applied to v = u(t). This concludes the proof of The-
orem 4.

A spectacular feature is that Weinstein’s criterion for global existence is sharp. On
the one hand, from (35), ‘
Wt z) = Q(a)e

is a solution to (32) with critical mass |[W{|;2 = ||@||;2. Note that W keeps its shape
in time and does not disperse. A contrario, one should know that for initial data ug € X
with |luo||z2 < ||@Q]|12, the solution can be proved to scatter as t — +oo. One should thus
think of ||Q||z2 as the minimal amount of mass required to avoid complete dispersion of
the wave. The solitary wave is thus the minimal object in L? sense for which dispersion -
measured by the kinetic term- and concentration -measured by the potential term- exactly
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compensate.
The H' group of symmetries of (32) generates in fact a N 4 2 parameter family of solitary
waves -we forget here about Galilean invariance-:

N .
Wowomo (6 2) = AZ Q(Aox + m0)e 0T (X, m9,70) € RF x RN xR, (37)

Now observe that in the L? critical case, all the H' symmetries of (32) are L? isometries.
All the solitary waves (37) thus have critical L? mass:

‘W)\o,wo,’Y0|L2 = ’Q‘LQ-

Moreover, E(Q) = 0 and Im([ VQQ) = 0 imply:
E(Wagapmo) =0, Im( / YW 00 Wanor) = 0.

In other words, the L? criticality of the equation implies the existence of a N + 2 param-
eters family of solitary waves with arbitrary size in H' but equal Hamiltonian invariants.
The consideration of these invariants only is thus no longer enough to estimate the size
of the solution nor to separate within these different solitary waves. -as it would be in
subcritical regimes-

The L? scaling invariance of the solitary waves is a known criterion of instability, see
[65] and [18]. In our case, it may be precised by exhibiting an explicit blow up solution.
The existence of this object is based on the pseudo-conformal symmetry of (32) which
is not in the energy space H' but in the virial space ¥ = H' N {zu € L?}. It has the
following form: if u(t,z) is a solution to (32), then so is

1 1 x

v(t,z) = u(;, ;)ei‘%. (38)

It =

An equivalent but more enlightening way of seeing this symmetry is the following: for any
[T

parameter a € R, the solution to (32) with initial data v, (0,z) = u(0,z)e’ 2 is

|2

! b2 \gomitan, (39)

(3 )
(1+at)2 lt+at'l+at

ve(t,z) =

Note that this symmetry is also a symmetry of the linear equation. Nevertheless, the
fundamental difference between the linear and the non linear equation is that all solutions
to the linear equation are dispersive and go to zero for example in L%OC as t — 400, whereas
the non linear problem admits non dispersive solutions: the solitary waves. The pseudo-
conformal transformation applied to the non dispersive solution now yields an explicit
finite time blow up solution:

Uit (40)




This solution should be viewed as the solution to (32) with Cauchy data at ¢t = —1:

|2

S(—1,2) = Q(z)e’ =+ .
It blows up at time 7' = 0 with the following explicit properties:

e First observe that the pseudo-conformal symmetry (38) is again an L? isometry and
thus |S|;2 = |Q|z2 implies that the global wellposedness criterion of Theorem 4 is
sharp.

e From explicit computation, .S has non negative energy:
E(S)>0 (41)

and thus does not belong to the class of blow up solutions described by the virial
Theorem 3.

e The blow up speed, measured by the L? norm of the gradient -as the L? norm itself
is conserved-, is given by:

1

IVS(#)[2 ~ Tk (42)

e The solution leaves the Cauchy space H' by forming a Dirac mass in L?:
152 — (/ Q2> Soo as t— 0. (43)

Like the solitary wave is a non dispersive global solution, S(t) is a non dispersive blow
up solution in the sense that it accumulates all its L? mass into blow up: no L? mass is
lost in the focusing process.

Remark 4 Note that the existence of critical mass blow up solutions seems to be a delicate
phenomenon. It may be proved to hold in situations when the pseudo-conformal invariance
is lost, typically on a domain with Dirichlet boundary condition, [7]. It may also be proved
not to hold in some cases, see [41], [36].

2.3 Scaling lower bound on blow up rate

In the setting of arbitrarily large initial data, little is known regarding the description of
the singularity formation. This is mainly a consequence of the fact that the virial blow
up argument does not provide any insight into the blow up dynamics. In particular, there
holds no known a priori bound on the blow up speed |Vu(t)|r2, not even of exponential
type, and it thus becomes difficult to analyze the interactions between the regular and the
singular part of the solution in the blow up dynamics. In fact, only a lower bound on the
blow up rate is known in general as a very simple consequence of the scaling invariance of
the problem:
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Proposition 7 (Scaling lower bound on blow up rate) Let ug € H' such that the
corresponding solution u(t) to (32) blows up in finite time 0 < T' < 400, then there holds
for some constant C' > 0:

C
VI —1

Vte [0,T), |Vu(t)|p: > (44)

Proof of Proposition 7

The proof is elementary and based on the scaling invariance of the equation and the
local well posedness theory in H!. Indeed, consider for fixed t € [0,T)

_N
o(7,2) = [Vu(t)] 2* w (¢ + V()| 3, [Vu(t)] 2 2)
vt is a solution to (32) by scaling invariance. We have |Vv!(0)|;2 = 1, [vf|z2 = |uo]pe,
and thus by the resolution of the Cauchy problem locally in time by fixed point argu-
ment, there exists 79 > 0 independent of ¢ such that v! is defined on [0, 79]. Therefore,
t+ |Vu(t)]£227'0 < T which is the desired result. This concludes the proof of Proposition 7.

One of the main open problem in the field is to understand which are the possible
blow up speeds. In particular, a striking open problem is to understand whether a self
similar blow up corresponding to a speed somehow dictated by the scaling invariance of
the equation

C
Vu(t ~ 45
Vu(®lps ~ e (45)
is possible. We shall later come back to this important problem which is connected in
some cases to very fine dispersive properties of the flow.

2.4 The L? concentration phenomenon

A general L? concentration result of blow up solutions has been obtained by Merle, Tsut-
sumi, [49], in the radial case, and generalized by Nawa, [53]. It provides a preliminary
description of the singularity formation: at blow up time, the solution leaves the Cauchy
space H' by forming a Dirac mass in L? and accumulating at least a minimal and universal
quantum of L? mass.

Theorem 5 (L? concentration phenomenon) Let ug € H' such that the correspond-
ing solution u(t) to (32) blows up in finite time 0 < T < 4o00. Then there exists some
continuous function of time x(t) € RN such that:

VR >0, liminf lu(t, ) 2dz > / Q. (46)

=T Jjz—a(t)|<R
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Proof of Theorem 5

The proof is again purely variational. We prove the result in the radial case for N > 2.
The general case follows from concentration compactness techniques, see [52], [20].
Let ug € H' radial and assume that the corresponding solution u(t) to (32) blows up at
time 0 < T < 400, or equivalently:

lim [[Vu(t)| 2 = +oc. (47)

We need to prove (46) and argue by contradiction: assume that for some R > 0 and € > 0,
there holds on some sequence t, — T,

lim [u(tn, y)|*dy < /Q2 —c. (48)
n—-+o0o \yISR

Let us rescale the solution by its size and set:

1 N
Mtn) = o Wn(y) = A2 (t)ultn, A(tn)y),
IVu(tn)l| 2
then from explicit computation:
[Vallzz =1 and E(v,) = A (t,)E(u). (49)

First observe that v, is H' bounded and we may assume on a sequence n — +00:

v, =V in H'.
We first claim that V' is non zero. Indeed, from (47), (49) and the conservation of the
energy for u(t), E(v,) — 0 as n — +o0, and thus:

1 4 1 1 1
2_‘_;\1[/"1)”’2+N = 5/‘an‘2 _ E('Un> = 5 — E(fvn) — 5 as n — +oo.

Now from the compact embedding of Hﬁadial — L2+%, v, — V in L2+ up to a sub-
sequence, and thus ﬁ S |V|2+% > 1 and V is non zero. Moreover, from the weak H'
N

4
convergence and the strong L>T~ convergence,

E(V) <liminf E(v,) = 0.

n—-+o0o

Last, we have from (47), (48) and the weak H' convergence: YA > 0

[ WPy < tminf [ Py < tm [ oty
yl<A n—=+00 Jiy<A n=00 Jjy < s
= lim [u(tn, z)|*dr < /Q2—€.
n—-+4o0o |z|[<R
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Thus [|V]? < [Q? — ¢ which together with V non zero and E(V) < 0 contradicts the
sharp Gagliardo-Nirenberg inequality (36). This concludes the proof of Theorem 5.

The proof in the nonradial case has been simplified by Hmidi, Keraani [20], which de-
rived the following optimal result from concentration compactness - more precisely profile
decomposition- techniques:

Lemma 1 Let a sequence u, € H' with

liIHSUP|VUTL|L2 < |VQ|L27 lim sup |un|L2+% > ‘Q|L2+%v
n—-+o0o n—-+o0o

then there exists ©, € RN and V € H' such that up to a subsequence:
V(- + zn) =V weakly in H*

with
VL2 > [|Q]l 2.

Two natural questions following Theorem 5 are still open in the general case:
(i) Does the function z(t) have a limit as ¢t — T defining then at least one exact blow up
point in space where L? concentration takes place?
(i) Which is the exact amount of mass which is focused by the blow up dynamic?

An explicit construction of blow up solutions due to Merle, [38], is the following: let k
points (z;)1<i<x € R, then there exists a blow up solution u(t) which blows up in finite
time 0 < T' < 400 exactly at these k points and behaves locally near x; like S(t) given by
(40). In particular, it satisfies:

|u(t)|2 - Zl§i§k|Q‘%25m:wi as t — T,

in the sense of measures. Let us observe first that from the construction, one could place
at z; instead of S(t) any pseudo-conformal transformation of an excited ground state so-
lution Q; solution to (35). The solution focuses then at x; exactly the mass |@Q;|r2 which
is quantized but arbitrarily large for N > 2. Second, similarly as for S(t¢), such a solution
is non dispersive as it accumulates all its initial L? mass into blow up.

A general conjecture concerning L? concentration is formulated in [48] and states that
a blow up solution focuses a quantized and universal amount of mass at a finite number
of points in RY, the rest of the L? mass being purely dispersed. The exact statement is
the following:
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Conjecture (*): Let u(t) € H' be a solution to (32) which blows up in finite time
2
0 <T < 4o00. Then there exist (x;)i1<i<r, € RN with L < J Juol and u* € L? such that:

Jer
VR > 0,
u(t) — u* in L*(RN — U B(z;, R))

1<i<L

and |u(t)]? = B1<icymidpms, + [u*|? with m; € [/ Q?, +00).

2.5 Orbital stability of the ground state

We shall from now on restrict ourselves to considering small super critical mass initial
data, that is initial data with L? mass just above the critical mass required for blow up:

Uy € Bor = {ug € H' with /Q2 < /|uo|2 < /Q2 +a”} (50)

for some parameter o > 0 small enough. This situation is conjectured to locally describe
the generic blow up dynamic around one blow up point.

Let us recall that E(Q) = 0 together with the virial blow up result of Theorem 3 imply
the instability of the solitary wave Q(z)e. We claim however that the orbital stability of
@ may be retrieved in some sense. The following theorem generalizes Theorem 2:

Theorem 6 (Orbital stability in the critical case) Let N > 1. For all a* > 0 small
enough, there erxists 6(a*) with 6(a*) — 0 as o — 0 such that the following holds true.
Let ug € H with

/|u0|2 < /Q2+a*, Eu) < a*/\w?, (51)

and let u(t) be the corresponding solution to (32) with life time 0 < T < +oc. Then there
exists a translation shift x(t) € RN and a phase shift y(t) € R such that:

VEE[0,T), [N (@)ult, \t)z + z(t)e D — Q|1 < 5(a*). (52)

Note that a finite time blow up solution with small super critical mass automatically
satisfies (51) near blow up time, and hence it is closed to the ground state in H! up to
the set of H' symmetries. This property is again purely based on the conservation laws
and the variational characterization of (), and not on refined properties of the flow.

Proof of Theorem 6
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Equivalently, we need to prove the following: let a sequence u,, € H' with

il = QL. Timsup - <o (53)
“ x Ival
N . )
Un = Mi u(Apx) with A\, = m, (54)
then there exist z,, € RY, vn € R such that:
Up(-+xp)e™ - Q in H' as n — 4o0. (55)

Indeed, observe from (53) and (54) that

lonllze = l1Qllz2, [IVonllzz = V@22, Timsup E(vn) < 0.
n—-r+od

We now apply Proposition 4 to v,. If vanishing occurs, then up to a subsequence, we have

for n large enough:
V@ 2[

which contradicts limsup,, ., F(v,) < 0. If dichotomy occurs, then there exist wy, 2
and 0 < o < 1 such that

lwrllz = el Q2 llzkllrz — (1 = a)l|Qllz2 and 0 = limsup(E(wg) + E(z1)).

k—+o00
But from the sharp Gagliardo-Nirenberg inequality (36) applied to wy, and z, this implies
[Vwillzz + [Vakllrz — 0 as k — 400

and thus
ankHLQJr% —0 as k — +oo,

and we are back to the vanishing case. Hence compactness occurs and
Up(-+x,) — V strongly in 112‘*'%,L2

up to a subsequence. But then E(v) < 0 and ||[V|z2 = ||Q||z2 imply from (36) and
Proposition 6 that V(z) = Q(x + x¢)e?. This in turns implies E(V) = 0 and thus
|V (- +2n)|22 — [VQ|3, which implies (55) follows. This concludes the proof of Theorem
6.
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2.6 Classification of the critical mass blow up solution

We shall present in this subsection a result which was proved by Merle in 93 and which
has long remained an isolated point in the theory. It gives a characterization of the critical
mass blow up solution S(t) given by (40) as the unique minimal blow up solution and is
our first result which goes beyond variational informations:

Theorem 7 (Classification of the critical mass blow up solution) Letug € H' with
luolz2 = Q|2
Assume that the corresponding solution to (32) blows up in finite time 0 < T' < 4+o00. Then
u(t) = S(t)
up to the symmetries.

This result should be understood as a Liouville type result. As we shall see, what is
special with a critical mass blow up solution is that it does not disperse in the sense that
it focuses all its mass at blow up time:

uf2(t) — (/|u0|2> Su as t—T

in the weak sense of measures. In fact, Weinstein observed in 83 that the flow of critical
mass blow up solutions is compact up to the symmetries in the sense that there exist
A(t), z(t),y(t) such that

/\%(t)u(t, Atz +z(t)e?"™ - Q in L? as t —T. (56)

Let us say that the understanding of the non dispersive objects is at the heart of many re-
cent breakthroughs in the description of singularity formations, see for example [51], [35],
[46]. Tt is somehow the simplest problem to understand which then governs the intuition.
See Theorem 16 below for a super critical mass version of Theorem 7 -which proof is much
more delicate-.

In a recent work [24] on the energy critical (NLS), Kenig and Merle also understood
the role played by this kind of classification result to prove global well posedness and

scattering. There is indeed a deep conceptual and technical connection between the proof
of the Liouville theorem in [24] and the proof of Theorem 7 as we now present it.

Proof of Theorem 7

The original proof by Merle [40] has been further simplified by Banica [1] and Hmidli,
Keraani [19], and it is the proof we present now.
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step 1 Compactness of the flow in H' up to scaling.

Let u as in the hypothesis of the Theorem with blow up time 0 < T < co. Let

VQ| 2
M) = —F——F— —0 as t—T.
0= ),
Then N
v(t,x) = N2 (t)u(t, \(t)z + x(t))
satisfies:

Vo(t)lz2 = [9Qlzz, Jim E(w) =0, Jo(®)]ra = Qlzz.

Arguing as for the proof of Theorem 6, we conclude from standard concentration com-
pactness techniques and the variational characterization of the ground state that:

v(t,z+z(t)e" - Q in H' as t —T.

Note that this automatically implies (56).
step 2 A refined Cauchy-Schwarz for critical mass functions.

For |w|;2 < |Q|2, the energy controls the kinetic energy from (36). This controls fails
for |w|r2 = |Q|r2 but can be retrieved in some weak sense. Indeed, Banica observed the
following: let a smooth real valued 1 and w € H' with |w|;2 = |Q|}2, then:

1
[Im(V4 - Vuw) 2 < Cy/E(w) (/ ‘W’mw'?) - o
Indeed, for any a > 0,
|weiw’L2 = Q|2 and thus E(wemw) >0

and the result follows by expanding in a.
step 3 L? compactness of u and control of the concentration point.

We now claim that u is L? compact: Ve > 0, 3R > 0 such that
vt € [0,T), / lu(t, z)|%de < . (58)
[z|>R

T

Indeed, pick ¢ large enough, For R > 0, let xgr(z) = x(%) where x is a smooth radial cut
off function with x(r) = 0 for r < 3, x(r) = 1 for r > 1. Then integrating by parts in (32)
and using (57), we get:

1
ld 2| _ _ 2,122
i el = 11m(Vxe - vun) < B ([ 19xaPluP) <
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where we used the conservation of energy and L? norm in the last step. Integrating in
time on [0, 7] and using T' < +o0 yields (58).
Now observe that (56) and (58) automatically imply a localization of the concentration
point:

vVt e [0,7), |z(t)] < C(ug). (59)

step 4 u € .
From (59) and up to a translation in space, we may consider a sequence of times t,, — T

such that
z(t,) — 0 € RV,

From (56), (58):
(b, 7)[2 — (/ |Q|2> 5o as ty— T. (60)

This means that at time 7', all the mass is at the origin. Even though there is no finite
speed of propagation for (NLS), the idea is to integrate backwards from the singularity to
conclude that this implies that there was not much mass initially at infinity, that is

up € ¥ = H' n{zu} € L2 (61)

This step is very important and corresponds to a non trivial gain of regularity for the
asymptotic object which is a direct consequence of its non dispersive behavior.

Let a smooth radial cut off function ¥ (r) = r2 for r < 1, (r) = 8 for > 2 and such that
|V|? < Cy. Let A > 0 and ¢a(r) = A%¢(%), then:

IVYal* < Coa. (62)

Then integrating by parts in (32), we have using (57) and (62):

1d 9
‘2dt/1/)A|U|

or equivalently:

= [Im(Vipa - V)| < OBy (/!WJAI?!uF); < CVE (/W'u‘z);

d
i vt

/¢A\U(tn)|2 —0 as t, —T.

< CVEo. (63)

Now observe from (60) that

Integrating (63) on [¢,t,] and letting t,, — T, we thus get:
v e 0.7), | [ walu(®l? < CE)T - 1),
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Note that the right hand side of the above expression is independent of A. We may thus
let A — oo and conclude to an even more precise version of (61):

Vt€[0,T), u(t) €X with /]a:\Q]u(t, z)?de — 0 as t — T. (64)
step 5 Pseudo-conformal transformation.

The conclusion of the proof is pure magic. It relies on the following completely general
fact. Let u(t) be a solution to (32) leaving on [0,7), then

N
2

T tT Tx Zﬁ
v(t,x) = U e THD

T+t T+t'T+t

is a solution to (32) with
L. 2 2
folle = e and Bw) = i [ faffutt, ).

Applying this to u and using (64), this implies that
[vllz2 = llullzz = |Q|r2 and E(v) =0.

From Proposition 6, v = @) up to the symmetries of the flow, and this concludes the proof
of Theorem 7.

Let us conclude this section by introducing a result by Merle which is a consequence
of the uniqueness of the critical mass blow up solution.
Consider the critical mass blow up solution S(¢) given by (40). Observe that it blows up
at t = 0 but is perfectly well defined for ¢ # 0. If we view S(¢) as the solution to (32) with
nice and smooth initial data S(—1), we can ask whether we can define a continuation of
the solution after blow up time. This kind of question is connected to the stability of the
singularity formation.

A way of reformulating the problem is as follows. Pick ¢ > 0 and consider the sequence
of initial data for € > 0:

g

QI 2

Then from |u:.(—1)|r2 < |Q|r2, the corresponding solution wu.(t) to (NLS) is global. We
ask for the behavior of u.(1) as € — 0. The striking result proved by Merle [39] shows a
chaotic behavior of u.(1) as e — 0.

us(—1) = (1— )éS(—l), e —0.
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Theorem 8 (Chaotic behavior of the continuation of S(t)) There holds for some
phase shift 0.:

Moreover, for any 6 € R, there exists a subsequence €, — 0 such that:

ue(1) —eiefS(l)HH1 —0 as ¢ —0.

0, — 0 as k — 4o0.

It would be very interesting to be able to extend this kind of result to super critical
mass blow up solution and understand there the possible continuation properties of the
solution.

2.7 Explicit construction of blow up solutions

Let us now ask the question of the construction of blow up solutions with prescribed blow
up dynamics for super critical mass initial data. The question of which dynamics are
possible is wide open in general. Observe however that for small super critical mass initial
data ug € B(a*), the conservation of the Hamiltonian implies that all blow up solutions
satisfy (51) of Theorem 6 near blow up time. We may thus rewrite (52) by saying that u
admit a decomposition

w(t. o) = 1 r — .Z‘(t) ei,y(t)
(12) = oo (@)t e (65)
where
le(®)|m < 6(a”)
and )
A(t) ~ W (66)

The main point of this non linear decomposition is that it now allows a perturbative
analysis by studying the equation governing the H' small excess of mass £(t). Indeed, to
describe the blow up dynamic is now equivalent to understand in the perturbative regime
how to extract from the infinite dimensional dynamic of (32) a finite dimensional and pos-
sibly universal dynamic for the evolution of the geometrical parameters (A(t),z(t),y(t))
which is coupled to the dispersive dynamic which drives the small excess of mass (t).
To estimate for example the blow up speed is now equivalent to estimating the size of
A(t), or to prove the existence of the blow up point is equivalent to proving the existence
of a strong limit z(t) — 2(T) € RN as t — T. Similarly, the structure in space of the
singularity relies on the dispersive behavior of ¢ as t approaches blow up time.

As it allows a perturbative approach of the blow up problem, the existence of the

geometrical decomposition (65) is a first step for the construction of blow up solutions to
(32). We already mentioned a blow up construction by Merle, [38], which build non L?

30



dispersive blow up solutions. There are two other fundamental results of construction of
blow up solutions.

A first natural question is the existence in the super critical case of a blow up dynamic
similar to the one of the explicit critical mass blow up solution S(¢). In [6], Bourgain and
Wang construct indeed in dimension N = 1,2 solutions u(t) to (32) which blow up in
finite time and behave locally like the explicit blow up solution S(t) given by (40). More
precisely, given a limiting profile u* € H' sufficiently decaying at infinity -for technical
reason- and flat near zero -this is not a technical point...- in the sense that for some A4 > 0
large enough,

di

dzt
they build a solution to (32) which blows up in finite time 0 < 7' < 400 at x = 0 and
satisfies:

w(0)=0, 1<i<A, (67)

u(t)—S(t—T) —u* in H' as t —1T. (68)

Note that the flatness assumption (67) is not open in H!, and this statement ensures thus
the stability of the S(¢) dynamic on a finite codimensional manifold -we refer to [25] for a
discussion on the finite codimensional nature of this set of blow solutions-.The meaning of
this flatness assumption is to decouple in space the regular part of the solution which will
evolve to u*, and the singular part which will consist of S(¢) only. As a corollary, these
solutions have the same blow up speed like S(¢):
1

IVu(t)|r2 ~ T ¢ (69)
Now this rate of blow up turns out not to be the “generic” one. They are never observed
numerically and are thus believe to be unstable. In fact, these solutions are obtained by
constructing a global solution to (NLS) such that

v(t,z) - Q in L2 as t— 400

and then applying the pseudo-conformal transformation. The outcome is a form of finite
codimensional stability of the ground state solution, see Krieger and Schlag [25] for a fur-
ther discussion of this approach.

Now because it is related to the scaling symmetry of the problem, on which in other
instances formal arguments indeed rely to derive the correct blow up speed, the scaling
lower bound (44) has long been conjectured to be optimal. Yet, in the mid 80’s, numerical
simulations and very clever formal arguments, see Landman, Papanicolaou, Sulem, Sulem,
[27], have suggested that the correct and stable blow up speed is a slight correction to the
scaling law:

Vu(t) 12 ~ \/ tos 1051~ 1) (70)
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which is referred to as the log-log law. Solutions blowing up with this speed indeed ap-
peared to be stable with respect to perturbation of the initial data. Quite an amount of
formal work has been devoted to understanding the exact nature of the double log cor-
rection to the scaling estimate. We refer to the excellent monograph by Sulem, Sulem,
[63], for further discussions on this subject. In this frame, for N = 1, Perelman in [56]
rigorously proves the existence of one solution which blows up according to (70) and its
stability in some space strictly included in H'.

These two constructions of blow up solutions thus imply the following: there are at
least two blow up dynamics for (32) with two different speeds, one which is a continuation
of the explicit S(¢) blow up dynamic with the 1/(7T"—t) speed (69), and which is suspected
to be unstable because it is not seen numerically; one with the log-log speed (70) which is
conjectured to be stable from numerics.

2.8 Structural instability of the log-log law

We have so far exhibited two important features of the blow up dynamics for (NLS):
(i) there exists a critical mass blow up solution;
(ii) there are at least two blow up speeds.

These two facts are somehow fundamental difficulties for the analysis. The existence
of the critical mass blow up solution implies that the set of initial data which yields a
finite time blow up solution is not open, and thus blow up is not a stable phenomenon a
priori. On the contrary, only one blow up regime is from numerics expected to be stable.

These facts are somehow believed to be closely related to the very specific algebraic
structure of (32), and in particular to the existence of the pseudo-conformal symmetry.

An important result in this direction is the so called structural instability of the log-log
law in the following sense. Consider in dimension N = 2 the Zakharov system:

{ g = —Au+ nu (71)

%ntt = An + Alul?

for some fixed constant 0 < ¢y < +oo. In the limit ¢y — +00, we formally recover (32) -see
[63] for an introduction to the Zakharov equations-. This system displays a variational
structure like (32). In particular, a virial law in the spirit of (31) holds and yields finite
time blow up for radial non positive energy initial data, see Merle, [43]. Moreover, a one
parameter family of blow up solution may be constructed and should be understood as a
continuation of the exact S(¢) solution for (32), see Glangetas, Merle, [16]. These explicit
solutions have blow up speed:

C(uo)

T-t

[Vu(t)| 2 ~
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They moreover appear to be stable from numerics, see Papanicolaou, Sulem, Sulem, Wang,
[55]. Now from Merle, [42], all finite time blow up solutions to (71) satisfy

C(uo)

Vu(t)] 2 > 2.

In particular, there will be no log-log blow up solutions for (71). This fact suggests that
in some sense, the Zakharov system provides a much more stable and robust blow up
dynamics than its asymptotic limit (NLS). This fact enlightens the belief that the log-log
law heavily relies on the specific algebraic structure of (32), and some non linear degeneracy
properties will indeed be at the heart of our understanding of the blow up dynamics.

3 Blow up dynamics of small super critical mass initial data

In this section, we restrict ourselves to initial data with small super critical mass, that is:
w € Bo = {uo e H' with [ Q*< [luof* < [@*+a%),

for some parameter a* > 0 small enough. We present the results on the blow up dynamics
obtained in the series of papers [44], [45], [58], [46], [47], [48] and which allow a precise
understanding of the blow up dynamics in this setting. The description of the blow up
dynamic involves two different type of questions:

e In [44], [45], we consider non positive energy initial data and address the question
of an upper bound on the blow up rate. In [58], the dynamically richer case of non
negative energy is addressed together with the issue of the stability of the blow up
regimes.

e In [46], using as a starting point the point of view and the estimates in [44], [45], [58],
we investigate the question of the shape of the solution in space and the existence
of a universal asymptotic profile which attracts blow up solutions. These questions
rely on Liouville type of theorems to classify the non dispersive dynamics of solitary
waves. Further understanding of these issues will then allow one as in [47], [48], to
prove sharp lower bounds on the blow up rate related to the expected log-log law
and then quantization results on the focused mass -or equivalently Conjecture (*)
for data ug € Byx-.

First, we introduce for notational purpose the following invariant which sign is pre-
served by the H' symmetries:

Fo(u) = Bu) — - (Im(fv““))g. (72)

2 |u| 2

Next, we will assume in all our results a Spectral Property which amounts counting the
number of negative directions of an explicit Schrodinger operator —A + V' where the well
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localized potential V is stationary and build from the ground state. This property was
proved in dimension N = 1 in [44] using the explicit formula for the ground state @, and
checked numerically in dimension N = 2, 3,4 to which we will thus restrict ourselves, see
Proposition 9. Note that this property is the only part of the proof where the restriction
on the dimension is needed.

3.1 Finite time blow up for non positive energy initial data

In this subsection, we address the question of the blow up dynamics for non positive energy
solutions. The result is the following:

Theorem 9 ([44],[45]) Let N = 1,2,3,4. There exist universal constants o*,C* > 0
such that the following holds true. Given uy € By with

Eg(uo) < O,

the corresponding solution u(t) to (32) blows up in finite time 0 < T < 400 and there
holds for t close to T':

(73)

log |log(T — t)|>5
T—1t ’

IVau(t)] 2 < CF (

Theorem 9 provides the first known upper bound on the singularity formation which is
the key towards the decomposition of the solution into a singular part and a regular part.
Moreover, it removes for non positive energy solutions the possibility of S(t) type of blow
up as the log-log upper bound (73) is below the 1/(T'—t) speed. We will indeed later prove
that there is in this case only one blow up regime which speed is given by the exact log-
log law (70). An important corollary of Theorem 9 obtained using the pseudo-conformal
transformation is the instability of S(¢) in a strong sense. S(t) is the critical mass blow up
solution, so it is unstable in a trivial sense: any H' neighborhood of S(—1) contains initial
data u(—1) which solution u(t) is global in time, it suffices to take subcritical mass initial
data. We claim a much stronger statement which is that the blow up dynamic of S(t)
itself is unstable in the following sense: any H' neighborhood of S(—1) contains initial
data u(—1) which solution u(¢) blows up in finite time but with the log-log speed.
Indeed, let the initial data at time ¢ = 1: u,(1,2) = (1 4+ n)Q(x) for n > 0 and small, and
uy(t) the corresponding solution to (32). From explicit computation, F(u,) < 0 and thus
u,, satisfies the hypothesis of Theorem 9. It thus blows up in finite time 1 < T}, < +o0.
We now apply the pseudo-conformal symmetry and consider the solutions

1 -1 el®
'Un(t) Uge (t, if) e Y T,

Tk

First observe that
vy(=1) = S(=1) as n—0
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in some strong sense. Next, from its definition, v, (t) blows up in finite time T7’7 = ;—nl < 0.
Now T'(n) < 0 and the uniform space time bound on |zuc(t)|;2 given by the virial law

(31) ensure that v, (t) satisfies upper bound (73) for ¢ close enough to 7} as desired.
3.2 H! stability of the log-log law

Let us now investigate the dynamics for positive energy initial data. In this case, three
different dynamics are known to possibly occur:

e S(t) behavior: the results in [6], [25], yield the existence of finite time blow up
solutions u(t) satisfying ug € B+, E§ > 0 and |Vu(t)|z2 ~ 7~ near blow up time.

e log-log behavior: Using the pseudo-conformal symmetry and Theorem 9, one can
exhibit strictly positive energy solutions satisfying the log-log upper bound (73), see
[58].

e Global solutions: Given u(t) € ¥ a solution to (32) which blows up at 0 < T' < 400,
the pseudo conformal symmetry (39) applied with parameter a = % yields a solution
v(t) to (32) globally defined on [0, +00).

There certainly is a poor understanding in general of which conditions on the initial
data are enough to select one of the above dynamics. Nevertheless, we have the following:

Theorem 10 ([58]) Let N = 1,2,3,4. There exist universal constants C*,C} > 0 such
that the following is true:

(i) Rigidity of blow up rate: Let ug € By with
Eg(U()) > 0,

and assume that the corresponding solution u(t) to (32) blows up in finite time T < +o0,
then there holds for t close to T either

10g|1og<T_t>|>%

Vu(t)|p2 < O ( e

or

o
Veltle 2 7 Bty

(ii) Stability of the log-log law: Moreover, the set of initial data ug € Bo such that u(t)
blows up in finite time with the upper bound (73) is open in H?'.

(74)

Comments on Theorem 10
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1. Size of the log-log set: Let us denote O the set of log-log blow up solutions. It is
known to contain non positive energy initial data from Theorem 9. Then the pseudo-
conformal invariance allows one to obtain non negative energy solutions in O. One
can prove that this procedure does not describe all O, and that there exist initial data
ug € XNO with non negative energy which cannot be obtained using the pseudo-conformal
symmetry from a non positive energy initial data, see [58].

2. Stability versus instability: Let us recall that the existence of critical mass blow up
solution S(t) implies that the set of initial data which lead to a finite time blow up solution
is not open in H'. In this setting, the fact that the blow up speed is a sufficient criterion
of stability in the energy space is a new feature in the non linear dispersive setting. Now
if stability of the log-log regime is proved, instability in the strong sense of solutions satis-
fying the lower bound (74) is proved only for S(t) itself. The dynamical instability in this
sense of these solutions is open. A simpler result would be to prove the strong instability
of the solutions build in [6], this is also open.

3. Universal upper bound on the blow up speed: The upper bound (73) corresponds to
the stable blow up dynamic, while the lower bound (74) is obtained from the assumption
that the solution is escaping the stable blow up regime. In this sense, these estimates
correspond to two different asymptotic blow up regimes which each require a specific
analysis. This is why no general upper bound on the blow up rate of any type holds so
far. Let us recall that the solutions build in [6] satisfy the exact law

C(uo)

Vu(t)] 2 ~ s

Whether these two regimes are the only ones is open. Let us remark that this would imply
from the pseudo-conformal symmetry that blow up in ¥ always occurs in finite time, this
is also an open problem.

We have not addressed so far the question of the blow up dynamics of zero energy
initial data. This question turns out to be very fundamental but requires different type
of ideas. Note that the solitary wave Q(x)e is a global in time zero energy solution to
(32). We will come back later to the issue of classifying this dynamic among the set of
zero energy solutions.

3.3 Universality of the blow up profile

We now turn to the question of the dispersive properties of the blow up solutions to (32).
Recall from (65) that blow up solutions admit near blow up time a decomposition:

wlt ) = L z — (b)) i)
(t,z) 0 (Q+e)(t, ) )e”

N4
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for some H' small excess of mass £(t). We ask the question of the dispersive behavior
of e(t) as t — T. Equivalently, we ask whether asymptotic stability holds. This type
of questions goes beyond blow up issues and is related to a wide range of problems re-
garding the asymptotic stability of solitary waves in non linear dispersive PDE’s. Let us
recall that in the subcritical case, this is a very delicate issue connected to the socalled
Fermi Golden Rule dispersive effect. A similar phenomenon will be at hand here, but of
degenerate type. One should also have in mind an important simplification of the prob-
lem in the L? critical case: even though we are dealing with a pure power nonlinearity,
there are no small solitary waves because a solitary wave must have at least L? mass |Q|z2.

Our angle of approach towards this problem is to first walk in the steps of the break-
through analysis by Martel and Merle, [35], for the study of a similar problem for the
generalized critical equation:

g+ (Uge +u°)e =0, (t,2) €[0,T) x R,

u(0,7) = ugp(z), € H' up: R — R. (75)

(Critical KdV) {
This equation shares a lot of the variational structure of (32), and in particular finite time
blow up solutions admit a geometrical decomposition similar to (65). In [35], Martel and
Merle prove the asymptotic stability of () as the blow up profile, but not in a dynamical
way. The proof is based on an argument by contradiction: assuming that asymptotic
stability does not holds, they are able using monotonicity arguments to extract from the
problem an asymptotic object which generates a non dispersive solution to (32). They
then prove that this object does not exist.

This Liouville type strategy turns out to be a very powerful tool to study the qualita-
tive properties of the long time dynamics. This approach has been recently used by Kenig,
Merle [24], to prove global well posedness and scattering for the energy critical (NLS) in
the focusing case.

In the setting of the L? critical (NLS), the result is the following:

Theorem 11 ([46]) Let N =1,2,3,4. Let up € B+ and assume that the corresponding
solution u(t) blows up in finite time 0 < T < +o00. Then there exist parameters \o(t) =

%, zo(t) € RN and yo(t) € R such that
, N
eONZ (H)u(t, o(t)z + z0(t)) — Q in LE. as t —T.
In the variables of the decomposition (65), this means:
e(t) =0 as t—»T in L2 .

Let us observe that this is the typical dispersive behavior for Schrédinger group: the L2
mass is conserved, so L? convergence to zero is forbidden, but it happens locally in space
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meaning that the excess of mass is dispersed away. This theorem thus asserts that in
rescaled variables, blow up solutions admit a universal asymptotic profile in space which
is given by the ground state @ itself.

The question of the dispersive behavior of € is deeply connected to the one of the
existence of self similar blow up solutions. Such an object is ruled out near the ground
state by the asymptotic stability:

Theorem 12 ([46]) Let N =1,2,3,4. Let up € B+ and assume that the corresponding
solution u(t) blows up in finite time 0 < T < 4o00. Then:

IVu(t)|p2VT —t — +o00 as t — T. (76)

An important fact which will enlighten our further analysis is that there do exist self
similar solutions, but they never belong to L%. More precisely, a standard way of exhibiting
self similar solutions is to look for a blow up solution with the form:

1 e .log(T—t)
U = -t 2b
i{f:) (26(T — )T @ < 20(T — t)) ‘

for some fixed parameter b > 0 and a fixed profile () solving the elliptic ODE:

(N 4
AQy = Qutib (5 Qv+ yYs) + QT =0, (77
Now from [60], solutions @y never belong to L? from a logarithmic divergence at infinity:
C_(b
QWi ~ TJ as Jyl — +oo
y 2

and thus always miss the energy space. Nevertheless, for any given parameter b > 0 small
enough, one can exhibit a solution to (77) which will be in H' and will satisfy:

Qy—Q asb—0 in H'NL},.

In other words, one can build self similar solutions to (32) which on compacts sets will
look like a smooth solution, but then display an oscillatory behavior at infinity in space
which induces a non L? tale escaping the soliton core.

Now to prove Theorems 11 or 12, one needs to understand how to use the information
that the solution we consider is in L?, and one thus needs to exhibit L? dispersive esti-
mates on the solution. Recall that L? is the scaling invariant space for this equation, and
thus any dispersive information in L? is in fact a global information in space. Now the
only given global information in L? is the conservation of the L? norm, and somehow the
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task here is to be able to use the conservation of the L? norm in a dynamical way.

We will precisely describe in section 5.1 the reduction to the Liouville theorem and the
role played in particular by zero energy solutions.

Remark 5 The existence or non existence of self similar solutions seems to be a quite del-
icate issue. Astrophysical models like the gravitational relativistic Viasov-Poisson system
-[29]- or the compressible Euler equations -[33]- indeed exhibit a critical type variational
structure and admit explicit self similar blow up solutions. The stability of these objects is
even known sometimes, see [29].

3.4 Exact log-log law and the mass quantization conjecture

The L? dispersive estimates needed for the proof of Theorem 11 are exhibited for the
asymptotic object in the setting of a Liouville theorem. In this sense, these estimates are
not proved for a “true” blow up solution but are exhibited as specific properties of a non
dispersive blow up solution. In other words, Theorem 11 relies on a qualitative approach
to asymptotic stability but does not provide any quantitative estimate on the rate of dis-
persion.

A more refined study of the structure of the flow near ) will in fact allow us to obtain
direct dispersive estimates in L? on a blow up solution. More specifically, let a finite time
blow up solution u(t) € O. We exhibit a global in space information on the solution by
proving that in rescaled variables, the space divides in three specific regions:

(i) on compact sets, the solution looks like @ in a strong sense;

(i) a radiative regime then takes place where the solution looks like the non L? tale of the
explicit self similar solutions to (77);

(iii) this regime cannot last forever in space because the tale of self similar solutions is
not L2, while the solution is. We then exhibit a third regime further away in space -a
form of free boundary in some sense- where a purely linear dispersive dynamic takes place.

Another way of viewing the picture is the following: the non linear dynamic repre-
sented by () on compact set is connected to a linear dispersive dynamic at infinity in space
by a universal radiative regime given by the tale of explicit self similar solutions. This
radiation is the mechanism which takes the L? mass out of the soliton core on compact sets
to disperse it to infinity in space: this is an “outgoing radiation” process corresponding
to the so-called dynamical metastability of self similar profiles @ solutions to (77). Such
a picture is typical to the so-called Fermi-Golden rule which provides a phenomenological
description of the coupling between finite and infinite dimensional systems, see [62], [12].
Now the rate at which the mass is extracted is submitted to one global constraint in time:
the conservation of the L? norm. Moreover, this mechanism quantifies how the L? con-
straint implies the non persistence of the self similar regime, that is how the radiation is
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connected to the dispersive dynamic at infinity. And we have seen that this is related to
obtaining lower bounds on the blow up rate.

The outcome of this analysis is the following sharp lower bound on blow up rate.

Theorem 13 ([47]) Let N = 1,2,3,4. There exists a universal constants C5 > 0 such
that the following holds true. Let ug € Bo+ and assume that the corresponding solution
u(t) blows up in finite time 0 < T < +o0, then one has the following lower bound on blow
up rate fort close to T':

1
log | log(T —t)|\ 2

Va2 > 05 (“EEE

In the log-log regime, the blow up speed may in fact be exactly evaluated according

to:
|Vu(t)|r2 T—1 2 1
st (ogoa o) ~ v = 1T ™)

It is a surprising fact somehow that the analysis needed to obtain lower and upper
bounds in the log-log regime requires different type of informations:
(i) The proof of the upper bound on blow up rate (73) requires only local in space infor-
mation on the soliton core, and global in H'. But nothing is needed in L? and indeed
explicit self similar profiles solutions to (77) in H' would fit into this analysis.
(ii) The proof of the lower bound on blow up rate (78) requires global in space dispersive
informations in L2, that is estimates on the solution in the different regimes in space.
One may then estimate the flux of L? norm in between these different regimes which is
submitted to the L? conservation constraint. This yields the exact log-log law.

Moreover, and this certainly is the main motivation to go through the whole log-log
analysis, the precise understanding of the L? structure in space of the solution in rescaled
variables now allows us to investigate the behavior of the solution in the original non
rescaled variables.

Indeed, let us make the following simple observation. From (65), we may write a blow
up solution wu(t) near blow up time:

u(t, ) = Qsing(t, ) + u(t, x)

with
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Qsing is the singular part of the solution. We address the following natural question: does
the excess of mass 4(t,z) remain smooth up to blow up time? A first answer to this
question has been obtained in rescaled variables. Indeed, Theorem 11 asserts:

et) =0 as t—T in L.

But as A(t) — 0 as t — T, this is very far from obtaining regularity control on u(t). In
particular, it does not prevent a priori the excess of mass @ from focusing some small mass
at blow up time. The regularity of @ is thus deeply related both to the shape in space
of e(t) and the rate at which it is dispersed. In other words, we need to describe the
scattering structure of € as the rescaled time s — +oc0. This issue is now precisely the one
addressed in the proof of Theorem 13. Further use of the obtained estimates allow one to
prove the following result.

Theorem 14 ([48]) Let N = 1,2,3,4. Let ug € By~ and assume that the corresponding
solution to (32) blows up in finite time 0 < T < +oco. Then there exist parameters
(A®),z(t),7(t)) € R: x RN x R and an asymptotic profile u* € L? such that

u(t) — 1 z—2(t) e’ oyt in L2 as t—
) A(t)iQ( G ) I as t—T. (80)

Moreover, the blow up point is finite in the sense that
z(t) - 2(T) eRY as t —T.

In other words, up to a singular part which has a universal space time structure, blow
up solutions remain smooth in L? at blow up time.

A fundamental corollary is the so called quantization phenomenon for (32): blow up
solutions in B+ focus the universal amount of mass [ Q2 into blow up, the rest is purely
dispersed, or in other words:

() — ( / Q2> bpmatry + 0P as £ T with [l = [ @2+ [1af?

This is in contrast with the Zakharov model (71) where explicit blow up solutions build
by Glangetas, Merle, [16], accumulate a continuum of mass into blow up, see also [29].

A second outcome of Theorem 14 is the fact that the formation of the singularity is
a well localized in space phenomenon. Indeed, blow up occurs at a well defined blow up
point x(7T) where a fixed amount of mass is focused, but outside z(T'), the solution has
a strong L? limit. It means in particular that the phase of the solution is not oscilla-
tory outside blow up point, whereas the phase 7(t) of the singularity is known to satisfy
~v(t) — +oo as t — T. This strong regularity of the solution outside the blow up point
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was not expected. From the proof also, one can prove that the blow up point z(7) and
the asymptotic profile u* are in the log-log regime continuous functions of the initial data.

Observe now that Theorem 14 includes both blow up regimes which would in particular
be characterized by a different law for A(¢) in the singular part of the solution. We now
claim that the difference between the two blow up regimes may be seen on the asymptotic
profile u* which in fact connects in a universal way depending on the blow up regime the
reqular and singular parts of the solution.

Theorem 15 ([48]) Let N = 1,2,3,4. There exists a universal constant C* > 0 such
that the following holds true. Let ug € Bo» and assume that the corresponding solution
u(t) to (32) blows up in finite time 0 < T < +oo. Let x(T) its blow up point and u* € L?
its profile given by Theorem 14, then for R > 0 small enough, we have:

(i) Log-log case: if ug € O, then

1 cr

< uw(z)]Pde < ————— 81
C*(log | log(R)[)2 = /|H(T)<R () < (log [log(R)|)? 81)
and in particular:
u* ¢ H' and u* ¢ LP for p>2. (82)
(ii) S(t) case: if u(t) satisfies (74), then
/ u*|? < C*EyR?, (83)
lz—2(T)|<R

and
u* e H'.

The fact that one can separate within the two blow up dynamics and see the different
blow up speeds on the asymptotic profile u* is a new unexpected feature for (NLS). This
results strengthens our belief that S(t) type of solutions are in some sense on the boundary
of the set of finite time blow up solutions:

e The stable log-log blow up scenario is based on the ejection of a radiative mass
which strongly couples the singular and the regular parts of the solution and induces
the singular behavior (81) of the profile at blow up point. The universal singular
behavior (81) is the “trace” of the radiative regime in the rescaled variables which
couples the blow up dynamic on compact sets to the dispersive dynamic at infinity.

e On the contrary, the S(t) regime corresponds to the formation of a minimal mass
blow up bubble very decoupled from the regular part which indeed remains smooth
in the Cauchy space. This blow up scenario somehow corresponds to the “minimal”
blow up configuration. Observe that in this last regime, (83) in dimension N =1
implies ©*(0) = 0. Now in [6], Bourgain and Wang construct for a given radial
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profile ©* smooth with %u*(r)‘,:o =0,1 <13 < A, asolution to (32) with blow
up point z = 0 and asymptotic profile u*. In their proof, A is very large, what is
used to decouple the regular and the singular parts of the solution. In this sense,
the estimate (83) proves in general a decoupling of this kind for the S(¢) dynamic.
It is an open problem to estimate the exact degeneracy of u*.

4 Log-log upper bound on the blow up rate

This section is devoted to a presentation of the main results needed for the proof of the
log-log upper bound on blow up rate in the non positive energy case, that is Theorem 9.
We will in particular focus onto the proof of the key dispersive controls in H! which are
at the heart of the control from above on the blow up speed. More detailed proofs are to
be found in [44], [45].

The heart of our analysis will be to exhibit as a consequence of dispersive properties
of (32) close to Q strong rigidity constraints for the dynamics of non positive energy
solutions. These will in turn tmply monotonicity properties, that is the existence of a
Lyapounov function. The corresponding estimates will then allow us to prove blow up in
a dynamical way and the sharp upper bound on the blow up speed will follow.

In the whole section, we consider a data
ug € Ba*

for some small universal a* > 0 and let u(t) the corresponding solution to (32) with
maximal time interval existence [0,7) in H', 0 < T' < 4+o00. We further assume Eg(ug) <
0. According to Comment 1 of Theorem 9, we equivalently have up to a fixed Galilean
transformation:

Ey <0 and Im (/ Vumm) =0. (84)
For a given function f, we will note
N
Af = f+y-VF.
Note that from integration by parts:

(Af7g) = _(f7 Ag)

4.1 Existence of the geometrical decomposition

Let an initial data ug € B(a*) with Eg(up) < 0. First observe that up to a fixed Galilean
transform, we may equivalently assume

E(up) <0 and Im(Vuug) = 0. (85)
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Proposition 6 thus applies and implies for ¢ € [0,7") the existence of a geometrical decom-
position
x — xo(t)

o e ol < (0%,

1
u(t,r) = —x—(Q + €o)(t,
Ag (1)

Let us observe that this geometrical decomposition is by no mean unique. Nevertheless, one
can freeze and regularize this decomposition by choosing a set of orthogonality conditions
on the excess of mass: this is the so-called modulation theory which will be examined later
on. Let us so far assume that we have a smooth decomposition of the solution: V¢ € [0,7),
1 x — x(t)
Q+e)t, ——

At TOA®)

u(t,z) = e (86)
with o
At) ~ ———— and |e(t)|g1 <0(a”) =0 as a* — 0.
[Vu(t)|L2

To study the blow up dynamic is now equivalent to understanding the coupling between
the finite dimensional dynamic which governs the evolution of the geometrical parameters
(A(t),y(t),z(t)) and the infinite dimensional dispersive dynamic which drives the excess
of mass €(t).

To enlighten the main issues, let us rewrite (32) in the so-called rescaled variables. Let

us introduce the rescaled time:
todr

= [ ——.
0= ¥
It is elementary to check that whatever is the blow up behavior of u(t), one always has:

s([0,7)) =R™.

Let us set:
N
2

v(s,y) = TN Tu(A(t)z + 2(t)),
then from direct computation, u(t, ) solves (32) on [0,7) iff v(s,y) solves: Vs > 0,

As (N . Tg -
.l (21) +y- Vv) +z% - Vv + 450, (87)

Zl~

s + Av — v+ v|v| 3

where ¥ = —y — s. Now v(s,y) = Q(y) + (s,y) and we linearize (87) close to ). The
obtained system has the form:

As (N . Ts
ies + Le = 27 <2Q +y- VQ) +%Q—|—1% -VQ + R(e), (88)

R(e) formally quadratic in €, and L = (L4, L_) is the matrix linearized operator closed
to () which has components:

L+:—A+1—<1+§)Q§, L_=-A+1-QF.
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A standard approach is to think of equation (88) in the following way: it is essentially
a linear equation forced by terms depending on the law for the geometrical parameters.
The classical study of this kind of system relies on the understanding of the dispersive
properties of the propagator €L of the linearized operator close to Q. In particular,
one needs to exhibit its spectral structure. This has been done by Weinstein, [66], using
the variational characterization of (). The result is the following: L is a non self adjoint
operator with a generalized eigenspace at zero. The eigenmodes are explicit and generated
by the symmetries of the problem:

N
L. (2Q +y- VQ) = —2@Q (scaling invariance),

L. (VQ) =0 (translation invariance),
L_(Q) =0 (phase invariance), L_(yQ)= —2V(Q (Galilean invariance).

An additional relation is induced by the pseudo-conformal symmetry:

N
L-(jy*Q) = =4(5Q +y - VQ),
and this in turns implies the existence of an additional mode p solution to

Lip=—[yl*Q.

These explicit directions induce “growing” solutions to the homogeneous linear equation
i0s¢ + Le = 0. More precisely, there exists a (2N+3) dimensional space S spanned by the
above directions such that H' = M @ S with |e*Le|;1 < C for e € M and |e®Fe|p1 ~ 53
for e € S. As each symmetry is at the heart of a growing direction, a first idea is to use the
symmetries from modulation theory to a priori ensure that ¢ is orthogonal to S. Roughly
speaking, the strategy to construct blow up solutions is then: chose the parameters \,y, x
so as to get good a priori dispersive estimates on ¢ in order to build it from a fixed point
scheme. Now the fundamental problem is that one has (2N+2) symmetries, but (2N+3)
bad modes in the set S. Both constructions in [6] and [56] develop non trivial strategies
to overcome this intrinsic difficulty of the problem.

Our strategy will be more non linear. On the basis of the decomposition (86), we will
prove dispersive estimates on € induced by the virial structure (31). The proof will rely on
non linear degeneracies of the structure of (32) around Q. Using then the Hamiltonian
information Ey < 0, we will inject these estimates into the finite dimensional dynamic
which governs A(t) -which measures the size of the solution- and prove rigidity properties
of Lyapounov type. This will then allow us to prove finite time blow up together with the
control of the blow up speed.
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4.2 Choice of the blow up profile

Before exhibiting the modulation theory type of arguments, we present in this subsection
a formal discussion regarding explicit solutions of equation (87) which is inspired from a
discussion in [63]. This corresponds to a finite dimensional reduction of the problem which
actually computes the leading order terms of the solution.

First, let us observe that the key geometrical parameter is A which measures the size

of the solution. Let us then set
Ay
-

and look for solutions to a simpler version of (87):
N
zvs—i—Av—v—i—zb(v—i—y Vv> +U|U’% = 0.

From the orbital stability property, we want solutions which remain close to Q in H!. Let
us look for solutions of the form v(s,y) = Q) (y) where the mappings b — @, and the
law for b(s) are the unknown. We think of b as remaining uniformly small and Qp—o = Q.
Injecting this ansatz into the equation, we get:

4

9 No Q
< gf) + AQy(s) — Qys) + ib(s) (QQb(S) +y- VQb(s)) + Qy(s) | Qus) |V =

To handle the linear group, we let Fb(s) = ei@‘w@b(s) and solve:

oP _ db 2 .
ds < abb> + APy~ P + (G +80)) Py + P P ¥ =0, (89)

A remarkable fact related to the specific algebraic structure of (32) around @ is that (89)
admits three solutions:

e The first one is (b(s), Pys)) = (0,Q), that is the ground state itself. This is just a
consequence of the scaling invariance.

e The second one is (b(s), Pys)) = (1, Q). This non trivial solution is a rewriting of the
explicit critical mass blow up solution S(¢) and is induced by the pseudo-conformal
symimetry.

e The third one is given by (b(s), Py(s)) = (b, Py) for some fixed non zero constant b
and P}, satisfies:

N
APy — Py + — [y Py + Pyl Pyl ¥ = 0. (90)
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The solutions to this non linear elliptic equation are those who produce the explicit
self similar profiles solutions to (77). A simple way to see this is to recall that we

have set b = —%, so if b is frozen, we have from % = %:
As .
b= - = =\ ie A(t) =/2b(T —t),

this is the scaling law for the blow up speed.

Now a crucial point again is -[60]- that the solutions to (90) never belong to L? from
a logarithmic divergence at infinity:

C(P
B~ S o 1y o

Y 2

This behavior is a consequence of the oscillations induced by the linear group after the

vyl .
4

turning point |y| > %. Nevertheless, in the ball |y| < %, the operator —A +1 — is

coercive, and no oscillations will take place in this zone.

Because we track a log-log correction to the self similar law as an upper bound on the
blow up speed, the profiles Q, = e*i%IyIQﬁb with Py solving (90) are natural candidates as
refinements of the @ profile in the geometrical decomposition (65). Nevertheless, as they
are not in L2, we need to build a smooth localized version avoiding the non L? tale, what
according to the above discussion is doable in the coercive zone |y| < %.

Proposition 8 (Localized self similar profiles) There exist universal constants C >
0, n* > 0 such that the following holds true. For all 0 < n < n*, there exist constants
v*(n) >0, b*(n) > 0 going to zero as n — 0 such that for all |b| < b*(n), let

2
Rb: m\/l— s Rb_ = \/l—an,
Br, = {y € RY, |y| < Ry}. Then there exists a unique radial solution Qy to

AQy—Qu+ib (FQu+y- VQ) +QslQsl ¥ =0,

Py=Que" " >0 in Bp,,
Qu(0) € (Q(0) —v*(n), Q(0) +v*(n)), Quv(Rp) =0.

Moreover, let a smooth radially symmetric cut-off function ¢p(x) = 0 for |z| > Ry and
op(x) =1 for |x| < R, , 0 < gp(x) <1 and set

Qu(r) = Qu(1) (1),

then

Qy—Q as b—0
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in some very strong sense, and Qp satisfies

AQy — Qp +ib(Qp)1 + Qb‘@b‘% =-v (91)

with
_c

Supp(¥) C {R, <|y| < Ry} and |Vpler < e T,

FEventually, Qb has supercritical mass:
/|@b12 - /Q2 +eob® +o(b?) as b— 0 (92)
for some universal constant co > 0.

The meaning of this proposition is that one can build localized profiles Qp on the ball
Bpg, which are a smooth function of b and approximate @) in a very strong sense as b — 0,
and these profiles satisfy the self similar equation up to an exponentially small term W,
supported around the turning point %. The proof of this Proposition uses standard vari-
ational tools in the setting of non linear elliptic problems. In fact, the implicit function
theorem would do the job as well, see [56].

Now one can think of making a formal expansion of Qb in terms of b, and the first
term is non zero: R
0Qw

0@ _ iy
b |b=0 4!y\ @

However, the energy of Q) is degenerated in b at all orders:

o)

|E(Qp)| < e T, (93)

for some universal constant C > 0.

The existence of a one parameter family of profiles satisfying the self similar equation
up to an exponentially small term and having an exponentially small energy is an algebraic
property of the structure of (32) around @ which is at the heart of the existence of the
log-log regime.

4.3 Modulation theory

We now are in position to exhibit the sharp decomposition needed for the proof of the
log-log upper bound. From Theorem 6 and the proximity of @ to @ in H', the solution
u(t) to (32) is for all time close to the four dimensional manifold

M ={e"\20(My+ 1), (\7v,2,b) € RE x RxRY xR},
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We now sharpen the decomposition according to the following Lemma. In what follows,
we let
€ =¢€1+ 169

be the real and imaginary parts decomposition.

Lemma 2 (Non linear modulation of the solution close to M) There exist C' func-
tions of time (\,7,z,b) : [0,T) — (0,4+00) x R x RN x R such that:

Wt € [0,T), e(t.y) = TN (Du(t, )y + 2(t) — Qorry(¥) (94)
satisfies:
(i)
(51(8), ASy) ) + (22(8), MOy ) =0, (95)
(EI(t)ayEb(t)) + (52(t>7y@b(t)> =0, (96)
— (21(0), A%6)) + (22(8), A%5y4) =0, (97)
— (2100, A8y ) + (22(8), ABy) =0, (98)
where € = €1 + iea, Qp = Ty + 1Oy, in terms of real and imaginary parts;
i) 1= Oz 4 )] < (%) with 6(a*) — 0 as af — 0.

VQ| L2

Let us insist onto the fact that the reason for this precise choice of orthogonality con-
ditions is a fundamental issue which will be addressed in the next section.

Proof of Lemma 2

This Lemma follows the standard frame of modulation theory and is obtained from
Theorem 6 using the implicit function theorem.
From Theorem 6, there exist parameters 7o(t) € R and xo(t) € RY such that with

Vo
Mo(t) = \vu(tﬁzz ’

N
2

W e (0,7), |Q— e (t)Tu(ho(t)r + zo(1))

o < 5(a®)
with 6(a*) — 0 as @ — 0. Now we sharpen this decomposition using the fact that
Qy — Qin H' as b — 0, i.e. we chose (A(t),v(t),z(t),b(t)) close to (Ag(t),0(t), zo(t),0)
such that

elt,y) = TON(B)u(t, M)y + () = Qury (y)
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is small in H! and satisfies suitable orthogonality conditions (95), (96), (97) and (98).
The existence of such a decomposition is a consequence of the implicit function Theorem.
For 6 > 0, let Vs = {v € HY(C); |v—Q|g < d}, and for v € HY(C), A\ > 0, 11 € R,
z1 € RV, b € R small, define

. N ~
€A17’}’1,117b(y) = eMA v(Ay + 1) — Q. (99)

We claim that there exists 6 > 0 and a unique C! map : Vs — (1 - A1+ x (=7,79) x
B(0,%) x (—b,b) such that if v € Vj, there is a unique (A1, 71,21, b) such that ex, 4, 0,6 =
(Exty,e1,0)1 + 1(Ex; 41 ,1,0)2 defined as in (99) satisfies

P () = ((Ex;m1,21.6)1, AZ6) + ((Exy71,01,0)2: AOB) = 0,
PP (V) = ((Exg1,00,0)1Y50) + (€ 71,21,6)2,¥Op) = 0,
pP(v) = — ((5A1,71,x1,b)17A2@b) + ((5)\1,71,901,b)27A22b) =0,
P (0) = ((Exr 121,001 AO) = ((Ex4 0,1,0)2, ATp) = 0.

Moreover, there exists a constant C1 > 0 such that if v € V5, then |ex, 4y 2, [g1 + A1 — 1|+
|y1| 4 |z1| + |b] < C16. Indeed, we view the above functionals p', p?, p?, p* as functions of
(A1,71,x1,b,v). We first compute at (A, 71, 21,b,v) = (1,0,0,0,v):

OEN 1 21,b Oexiviomp N Oeximap . Oexiyianp Qs
s 11,01, :v , 1,71,%1, E—— 'v , 1,71,%1, — , 1,71,%1, — .
O, Y TN g VTV T T o b )\

Now recall that (Qb)‘bzo =@ and (aé@bb>|b*0 = —i%@. Therefore, we obtain at the
pOint ()\lvlylal‘labvv) - (]-aOaOaOaQ)v

o =N gL =0 gr =055 =0
=0 T e % o,
gﬁjﬂ» 2’; ~AQI3, m:o,%f;:o’
=0 G =0 e =0 = el

The Jacobian of the above functional is non zero, thus the implicit function Theorem
applies and conclusion follows. This concludes the proof of Lemma, 2.

Let us now write down the equation satisfied by ¢ in rescaled variables. To simplify
notations, we note

Q=%+0
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in terms of real and imaginary parts. We have: Vs € Ry, Vy € RV,

)Y As N E
b+ Ouer — M_() + by = (A + b) AS+5,0+22.V8 (100)
As - Ts
+ <A+b> A€1+7362+7-V61
+ Im(\Il) — Ry (6)
00 As - s
65% + 0sea + My () + bAey = <>\ +b) AAO — 4,3 + % VO (101)
A - x
+ (/\s+b>A€2—’)/s€1+)\s'V€2
— Re(9) + Ry(e),
with 5(s) = —s — 7(s). The linear operator close to Q) is now a deformation of the linear

operator L close to @ and is M = (M, M_) with

432 ~ 4 450 - 4
My(e) = —Aey +e1 — ( +1> Q| ¥er — < ’Qb|f4v>€2,

N|Qy? N|Qy?
40?2 - 4 450  ~ 4
M_(6) = -Aeg+e9g— [ —— +1 Neg — | —=2—1Op|7 | &1.
“ e <N|Qb!2 )lQb‘ ? <N!Qb\2’Qb‘ )61

The formally quadratic in € interaction terms are:

~ 4 ~ 4 2 ~ 4 ~ 4
Ri(e) = (e1 + D)le + Qu|¥ — Z[Qp|¥ — (NT?QI)IQ | 1) |Qp| Ve — <42~®|Qb\N> €2,

~ 4 ~ 4 2 ~ 4 by ~ 4
Ry(e) = (e2+ O)[e + Q| ¥ — O|Qp|V — (NT?%P + 1) |Qv|Ve2 — < 9 \Qb’N> €1

Two natural estimates may now be performed:

e First, we may rewrite the conservation laws in the rescaled variables and linearize
the obtained identities close to (). This will give crucial degeneracy estimates on
some specific order one in € scalar products.

e Next, we may inject the orthogonality conditions of Lemma 2 into the equations
(100), (101). This will compute the geometrical parameters in their differential form
%, ¥s, 5, bs in terms of e: these are the so called modulation equations. This step
requires estimating the non linear interaction terms. A crucial point here is to use
the fact that the ground state () is exponentially decreasing in space.

The outcome is the following:
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Lemma 3 (First estimates on the decomposition) We have for all s > 0:
(i) Estimates induced by the conservation of the energy and the momentum:

(@l <) ([ 19+ [lepe) + e frcviml, oo

(2, VQ) < C(a”) ( [ 1VeP + [[ePe —'y) (103)

(ii) Estimate on the geometrical parameters in differential form:

1
As : 2 2011\ % 4 o~
3 + 0|+ |bs| + |7s| < C |Vel“+ [ |e|“e +e T, (104)

< §(a )(/|V5\2+/|e|26_|y|>§ +eT, (105)

where §(a*) — 0 as o — 0.

Ts

Remark 6 The exponentially small term in the degeneracy estimate (102) is in fact re-
lated to the value of E(Qy), so we use here in a fundamental way the non linear degeneracy
estimate (93).

Comments on Lemma 3:

1. H' norm: The norm which appears in the estimates of Lemma 3 is essentially a
local norm in space. The conservation of the energy indeed relates the [ |Ve|? norm with
the local norm. These two norms will turn out to play an equivalent role in the analysis.
A key is that no global L? norm is needed so far.

2. Degeneracy of the translation shift: Comparing estimates (104) and (105), we
see that the term induced by translation invariance is smaller than the ones induced by
scaling and phase invariances. This non trivial fact is an outcome of our use of the Galilean
transform to ensure the zero momentum condition (84).

4.4 The virial type dispersive estimate

Our aim in this subsection is to exhibit the dispersive virial type inequality at the heart of
the proof of the log-log upper bound. This information will be obtained as a consequence
of the virial structure of (32) in X.

Let us first recall that the virial identity (31) corresponds to two identities:
9 d
dt2 || |u|? = 4d Im( | x - Vuu) = 16Ey. (106)
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We want to understand what information can be extracted from this dispersive informa-
tion in the variables of the geometrical decomposition.

To clarify the claim, let us consider an € solution to the linear homogeneous equation
i0se +Le =0 (107)

where L = (L4, L_) is the linearized operator close to ). A dispersive information on €
may be extracted using a similar virial law like (31):

1dlm(/y -Veg) = H(e,e), (108)

where H(e,e) = (L1£1,e1) + (Leg,e2) is a Schrodinger type quadratic form decoupled in
the real and imaginary parts with explicit Schrodinger operators:

Li=-at o (5 1) QY Ve L L=+ S0ty v,
Note that both these operators are of the form —A + V for some smooth well localized
time independent potential V' (y), and thus from standard spectral theory, they both have
a finite number of negative eigenvalues, and then continuous spectrum on [0,+00). A
simple outcome is then that given an ¢ € H' which is orthogonal to all the bound states
of L1, Ly, then H(e,¢) is coercive, that is

H(e,e) > do (/ Vel + / \5|2ey|)

for some universal constant g > 0. Now assume that for some reason -it will be in our case
a consequence of modulation theory and the conservation laws-, € is indeed for all times
orthogonal to the bound states -and resonances...-, then injecting the coercive control of
H(e,e) into (108) yields:

Satm( [y VeR) 2 0 (/|v5|2+/|526—|y). (109)

Integrating this in time yields a standard dispersive information: a space time norm is
controlled by a norm in space.

We want to apply this strategy to the full € equation. There are two main obstructions.

First, it is not reasonable to assume that € is orthogonal to the exact bound states of
H. In particular, due to the right hand side in the € equation, other second order terms
will appear which will need be controlled. We thus have to exhibit a set of orthogonality
conditions which ensures both the coercivity of the quadratic form H and the control of
these other second order interactions. Note that the number of orthogonality conditions
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we can ensure on ¢ is the number of symmetries plus the one from b. A first key is the
following Spectral Property which has been proved in dimension N = 1 in [44] using the
explicit value of @ and checked numerically for N = 2,3, 4.

Proposition 9 (Spectral Property) Let N = 1,2,3,4. There exists a universal con-
stant 8o > 0 such that Ve = 1 +ieo € H!,

Heo) = o [19ef+ [1efe) - 5 {(60QP + (21,4000 + (1,9@)°
+ (e2,AQ)7 + (£2,A%Q)% + (22, VQ)? }. (110)

To prove this property amounts first counting exactly the number of negative eigen-
values of each Schrodinger operator, and then prove that the specific chosen set of orthog-
onality conditions, which is not exactly the set of the bound states, is enough to ensure
the coercivity of the quadratic form. Both these issues appear to be non trivial when @
is not explicit.

Then, the second major obstruction is the fact that the right hand side Im( [y - Veg)
in (109) is an unbounded function of € in H'. This is a priori a major obstruction to the
strategy, but an additional non linear algebra inherited from the virial law (31) rules out

this difficulty.

The formal computation is as follows. Given a function f € X, we let ®(f) =
Im(fy-Vff). According to (108), we want to compute d%@(s). Now from (106) and the
conservation of the energy:

Vt € [0,7), ®(u(t)) = 4Eot + co

for some constant ¢g. The key observation is that the quantity ®(u) is scaling, phase and
also translation invariant from zero momentum assumption (84). Using (94), we get:

Vi€ [0,T), ®(c+ Qp) = 4Eot + co.
We now expand this according to:
O(c + Qy) = D(Qy) — 2(e2, AT) + 2(e1, AO) + B(c).
A simple algebra yields:
O(Qy) = —g\be\g ~—Cb

for some universal constant C' > 0. Next, from the choice of orthogonality condition (98),

(e2,AX) — (e1,A®) = 0.
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We thus get using % = A2

(®(e)), ~ 4\?Ep + Cbs.

In other words, to compute the a priori unbounded quantity (®(e)), for the full non linear
equation is from the virial law equivalent to computing the time derivative of by, what of
course makes now perfectly sense in H'.

The wvirial dispersive structure on u(t) in X thus induces a dispersive structure in

L2 .0 H' on e(s) for the full non linear equation.
The key dispersive virial estimate is now the following.

Proposition 10 (Local viriel estimate in €) There exist universal constants dg > 0,
C > 0 such that for all s > 0, there holds:

2 2 2 -%
bs > 8o (/yvd —|—/|e| e_y|>—>\ Eg—e T, (111)
Proof of Proposition 10

Using the heuristics, we can compute in a suitable way bs; using the orthogonality
condition (98). The computation -see Lemma 5 in [45]- yields:

i‘yQ’%bs = H(e,e) + QAZ‘EO‘ — % {(e2, VAY) — (1, VAO)} (112)
_ (i\s + b) {(82,A22) - (81,A2@)} — 3 {(e1,AX) + (£2,AO)}

— (&1, ReAV)) — (g2, Im(AY)) + (l.0.1),
where the lower order terms may be estimated from the smallness of € in H':

Lot| < 6(a*) (/yve\2+/\e|26yl>.

We now explain how the choice of orthogonality conditions and the conservation laws allow
us to deduce (111).

step 1 Modulation theory for phase and scaling.

The choice of orthogonality conditions (97), (95) has been made to cancel the two
second order in € scalar products in (112):

(AA 4 b) {(22.4%8) — (e1,0%0) } + Fx {(61,A) + (e2,40) } = 0.

step 2 Elliptic estimate on the quadratic form H.
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We now need to control the negative directions in the quadratic form as given by
Proposition 9. The directions (1, AQ), (e1,yQ), (g2, A2Q) and (g2, AQ) are treated thanks
to the choice of orthogonality conditions and the closeness of Q, to Q for |b| small. For
example,

(e2,AQ)° = [{(e2,AQ — AX) + (£1,A0)} + (£2,AT) — (21, AO)?
= |(e2,AQ — AZ) + (e1, AO)|?

so that

(2, AQ)% < 3(a)( [ Vel + [ ei2e ).
Similarly, we have:
(1, 9Q) + (62, 4%Q)% + (1, AQ) < 8(@")( [ Vel + [ JePer).  (113)
The negative direction (1, Q)? is treated from the conservation of the energy which implied

(102). The direction (g2, VQ) is treated from the zero momentum condition which ensured
(103). Putting this together yields:

2 2 2 2 2 -%
(61.Q)% + (62, VQ)? < 8(a") (/|v5| + [lefPet+x ]Eo\) eI,
step 3 Modulation theory for translation and use of Galilean invariance.

The Galilean invariance has been used to ensure the zero momentum condition (84)
which in turn led together with the choice of orthogonality condition (96) to the degeneracy
estimate (105):

y | < C(a /yv5\2+/\5|2 )3 4 o,

Therefore, we estimate the term induced by translation invariance in (112) as

I {(e2, VAY) — (e1, VAO)} ‘< Co(a </|v5|2+/|512 |y) i,

step 4 Conclusion.

Injecting these estimates into the elliptic estimate (110) yields so far:
2 2~y 2 -6 1.9
bs > 9o |V€| + |€| e W) —2X\°Ey —e Bl — 67()\ Eo) .
We now use in a crucial way the sign of the energy Eq < 0 and the smallness A2|Eg| < 6(a*)

which is a consequence of the conservation of the energy to conclude. This ends the proof
of Proposition 10.
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4.5 Monotonicity and control of the blow up speed

The virial dispersive estimate (111) means a control of the excess of mass £ by an expo-
nentially small correction in b in time averaging sense. More specifically, this means that
in rescaled variables, the solution writes Qp + ¢ where Qy is the regular deformation of Q
and the rest is in a suitable norm exponentially small in b. This is thus an expansion of
the solution with respect to an internal parameter in the problem: b.

This virial control is the first dispersive estimate for the infinite dimensional dynamic
driving e. Observe that it means little by itself if nothing is known about b(¢). We shall
now inject this information into the finite dimensional dynamic driving the geometrical
parameters. The outcome will be a rigidity property for the parameter b(t) which will in
turn imply the existence of a Lyapounov functional in the problem. This step will again
heavily rely on the conservation of the energy.

We start with exhibiting the rigidity property which proof is a maximum principle
type of argument.

Proposition 11 (Rigidity property for b) b(s) vanishes at most once on R.

Note that the existence of a quantity with prescribed sign in the description of the
dynamic is unexpected. Indeed, b is no more then the projection of some a priori highly
oscillatory function onto a prescribed direction. It is a very specific feature of the blow up
dynamic that this projection has a fixed sign.

Proof of Proposition 11

Assume that there exists some time s; > 0 such that b(s;) = 0 and bs(s1) < 0, then
from (111), e(s1) = 0. Thus from the conservation of the L? norm and Qb(sl) = Q, we
conclude [ |ug|? = [Q? what contradicts the strictly negative energy assumption. This
concludes the proof of Proposition 11.

The next step is to get the exact sign of b. This is done by injecting the virial dispersive
information (111) into the modulation equation for the scaling parameter what will yield

As
—— ~b. 114
. (114)
The key rigidity property is the following;:
Proposition 12 (Rigidity of the flow) There ezists a time sy > 0 such that

Vs > sg, b(s) > 0.
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Moreover, the size of the solution is in this regime an almost Lyapounov functional in the

sense that:
VSQ Z S1 Z S0, )\(82) S 2)\(81). (115)

Proof of Proposition 12
step 1 Equation for the scaling parameter.

The modulation equation for the scaling parameter A inherited from choice of orthog-
onality condition (95) implied control (104):

1
As W\ e
’)\+b‘gc</\v5|2+/yay% |y|)2+e ol

which implies (114) in a weak sense. Nevertheless, this estimate is not good enough to
possibly use the virial estimate (111). We claim using extra degeneracies of the equation
that (104) can be improved for:

A el
’; + b‘ <C </ |Vel? + / |s|2e—|y) + e Tl (116)
step 2 Use of the virial dispersive relation and the rigidity property.

We now inject the virial dispersive relation (111) into (116) to get:

_c

A
‘;er‘ < Chs +e Tl
We integrate this inequality in time to get: V0 < 51 < s9,

'log (igiii) + /3152 b(s)ds

The key is now to use the rigidity property of Proposition 11 to ensure that b(s) has a fized
sign for s > 89, and thus: ¥Ys > §p,
s2
/ b(s)ds
s1

52 ¢
/ e 1) ds
S1

step 3 b is positive for s large enough.

1 2 __¢
< - +/ e Pelds. (117)
4 51

1
< = . 11
<3 (118)

Assume that ‘f0+°° b(s)ds‘ < +00, then b has a fixed sign for s > 5y and |bs| < C, and
thus: b(s) — 0 as s — 400. Now from (117) and (118), this implies that |log(\(s))| < C
as s — 400, and in particular A(s) > Ag > 0 for s large enough. Injecting this into virial
control (111) for s large enough yields:

bs > —|Eo|A\2.

N —
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Integrating this on large time intervals contradicts the uniform boundedness of b. Here we
have used again the assumption Fy < 0.

We thus have proved: ‘f0+°° b(s)ds‘ = +o0o. Now assume that b(s) < 0 for all s > 5,
then from (117) and (118) again, we conclude that log(A(s)) — 0 as s — +o0o. Now
from A(t) ~ m, this yields |Vu(t)|;2 — 0 as ¢ — T. But from Gagliardo-Nirenberg

inequality and the conservation of the energy and the L? mass, this implies Ey = 0, con-
tradicting again the assumption Fy < 0.

step 4 Almost monotonicity of the norm.

We now are in position to prove (115). Indeed, injecting the sign of b into (117) and
(118) yields in particular: Vsp < s1 < s9,

A(s2)
A(s1)

11 e 1 52
-+ f/ b(s)ds < —log ( ) < -+ 2/ b(s)ds, (119)
4 2 /4 4 1

and thus:

A 1
Vsg < 51 < 59, —log (/\Esz > T

what yields (115). This concludes the proof of Proposition 12.

Note that from the above proof, we have obtained [;"> b(s)ds = +oc0, and thus from
(119):
A(s) = 0 as s — oo, (120)

that is finite or infinite time blow up. On the contrary to the virial argument, the blow up
proof is no longer obstructive but completely dynamical, and relies mostly on the rigidity
property of Proposition 11.

Let us now conclude the proof of Theorem 9. We need to prove finite time blow up
together with the log-log upper bound (73) on blow up rate. The proof goes as follows.

step 1 Lower bound on b(s).

We claim: there exist some universal constant C' > 0 and some time s; > 0 such that

Vs > 51,
1

% Tog [log(A\(s))|’

Indeed, first recall (111). Now that we know the sign of b(s) for s > sg from Proposition
12, and we may thus view (111) as a differential inequality for b for s > s¢:

Cb(s) (121)

bs

c c <
by > —e v > —bPe"® e — b—Qe% < 1.

\%
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We integrate this inequality from the non vanishing property of b and get for s > §; large
enough:

"7 < s+ 3T < 2Cs de b © 122
et < s4eb@ <2Cs ie b(s) > og(s)" (122)
We now recall (119) on the time interval [y, s]:
1 A(s) 1
b < -1 — < —2log(A
3 [ b= —log( o) + 1 < ~2log(A(s)

for s > 39 large enough from A(s) — 0 as s — +o00. Inject (122) into the above inequality,
we get for s > 53

s s Cdr 1 /s . s
Toa(5) < ., Toa(r) < Z 1 b < —log(A(s)) ie |log(A(s))| > Clog(s)

for some universal constant C' > 0, and thus for s large

C

log(s)

l\.’)\»—\

log [log(A(s))| = log(s) — log(log(s)) =

and conclusion follows from (122). This concludes the proof of (121).
step 2 Finite time blow up and control of the blow up speed.

We first use the finite or infinite time blow up result (120) to consider a sequence of
times t,, — T € [0, 4+o00] defined for n large such that

Atn) =27

Let s, = s(t,) the corresponding sequence and ¢ such that s(f) = sg given by Proposition
12. Note that we may assume n > 7 such that ¢, > ¢. Remark that 0 < t,, < t,41 from
(115), and so 0 < s, < Sp4+1. Moreover, there holds from (115)

Vs € [sn, sny1), 27771 < A(s) <2771, (123)

We now claim that (73) follows from a control from above of the size of the intervals
[tn, tnt1] for n > 7.
Let n > m. (121) implies

Sn+1 C 5n+1
/sn log [log(A(s))| log /

(119) with s; = s, and sy = sp,41 yields:

1 Sn+1
TG

- Qg <

»M»—‘
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Therefore,

3

Vn > T, /”“dS’gc.

log [log(A(s))

Now we change variables in the integral at the left of the above inequality according to

% = /\%(S) and estimate with (123):

C> / o ds / e dt > ! "
~ Js, logllog(A(s))l i, A%(t)log|log(A(t))] T 10A%(ty)log [log(A(ta))] Je,

so that
b1 — ty < C’)\Z(tn) log | log(A(ty))]-

From A(t,) = 27" and summing the above inequality in n, we first get

T < +o0
and
C(T—t,) < Y 27 %logk)= Y 27 %log(k)+ > 2 *log(k)
k>n n<k<2n k>2n
< C27%log(n) 4+ 27" log(2n) Z 2*2kw

= log(2n)
< C27log(n) + C2 % log(n) < C272"log(n) < CA%(t,) log|log(A(t,))).

From the monotonicity of A (115), we extend the above control to the whole sequence
t >t Let t >, then t € [t,,tn41] for some n > 7, and from FA(t,) < A(t) < 2A(L,), we
conclude

N2 () log | log(A(1))| = ON*(ts) log [log(A(tn))| = C(T —t,) > C(T —1).

Now remark that the function f(z) = 2%log|log(x)| is non decreasing in a neighborhood
at the right of x = 0, and moreover

cl T\ @ T\
! <2\/10g|10g(T_t)> 1 log logT — 0] | <C\/logllog(T—t)\>‘ =

for t close enough to T', so that we get for some universal constant C*:

Y S NV e TR
FO®) = 1 (C ¢ 1oguog<Tt>|> M= \/loguog(Tm

and (73) is proved.

This concludes the proof of Theorem 9.
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5 Log-log lower bound on the blow up rate

We outline in this section the proof of the log-log lower bound on blow up rate (78). We
will first prove a weaker result which is the nonexistence of self similar solutions which
relies on an obstructive argument and the reduction to a Liouville theorem. We shall stress
here the specific role played by zero energy solutions. We then outline the main steps of
the proof of the sharp log-log lower bound which relies onto a dynamical understanding
of the L? conservation law.

5.1 Reduction to a Liouville theorem

We outline in this subsection the proof of Theorem 11. We in particular stress the role
of Liouville theorems which amounts classifying the non dispersive dynamics of the flow.
The reference for more details is [46]

For simplicity, let us consider an initial data uy € H' with
Im(/ Vuoug) =0, E(ug) < 0. (124)

Then from Theorem 9, u(t) blows up in finite time 0 < 7' < +oo with a log-log upper
bound on blow up rate. Let us introduce the geometrical decomposition

1 x — Ty (t)
u(t,z) = g(@ +eu)(t, N

where €,(t) satisfies the orthogonality conditions (95), (96), (97) with b = 0. At this stage
we do not need the refined modulation on b. We need to prove

)eim (t)

eu(t) =0 as t =T in L.
We argue by contradiction and assume that there exists a sequence t,, — 1" such that
)\u(tn)%u(tn,)\u(tn)x + 2y (tn))e () <~ 4(0) in H' and v(0) # Q.

The whole problem reduces to the following: what information can we extract from the
knowledge that v(0) is obtained as a limit of a renormalized sequence of a blow up solu-
tion? The answer is somewhat universal: v(0) generates a non dispersive solution to the
(NLS) flow. The Liouville theorem to prove then becomes roughly: the only non dispersive
solution of the flow near () is the solitary wave, and the contradiction will follow.

stepl Stability of weak convergence.

Let the renormalized object

|z

Un(o, x) = )‘u(tn) 2 u(tna Au(tn)$ + SCu(tn))e_M“(t”),
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then
[Vun(0)|p2 ~ [VQ|L2

and our assumption is
u,(0) = v(0) in H' and v(0) # Q.

Let us then consider w, (7, z) and v(7) respectively the solutions to (NLS) with initial data

u,(0) and v(0). Then first by rescaling
(125)

Un (75 2) = Au(tn) Tultn + N2 (6)7, Au(tn)T + 2 (t) e 00,
In particular, the life time of u,, is
T—1t,
T, = . 126
X2 (0) (120

Let (T,,T,") € [—00,0] x [0, +0c] be the lifetimes of v respectively on the left and on the
right in time. A very simple general Lemma -which has nothing to do with blow up but

simply with the H' local Cauchy theory- is the stability of the weak convergence in the
(127)

following sense:
T, < liminf T,
n—-+o0o
and
V1 €[0,T,), un(t)—v(r) in H. (128)
Equivalently, if we introduce the geometrical decompositions
1 7 ) N 1 T —To(T)\ v (r
un(r2) = (@ + 2)(r, T o) () = L@ 4 e, T D),
A2 n(T) A2 Ao(T)
then: V7 € (T,70,T.1),
()\n (7_)7 Tn (7_)7 ’YTL(T)) - ()‘U (7_)’ Ty (7_)’ Yv (T)) (129)
and
en(T) = &y(7) in H.

The whole question is now to understand what specific qualitative dynamical infor-
mations hold on v as a consequence of the fact that is extracted as a limit of a blow up

dynamic.
step 2 Control of the invariants of v.
A first very simple observation is that
. (130)

[@ < [1hoP < [10P+a", BO) <0
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First observe that v(0) is non zero. Indeed, from A,(0) — 0 as n — +o0, we can find
A > 0 such that:

Vn >0, 22(0) + Q2 (y),

un(O)F = [
|z[>A [An (0)y+zn(0)|2A

so that for o > 0 small enough: Vn >0, [, 14 [up (0)2 > 2 [ Q% and by (128):

@< [rors [@+ar (131)
and v(0) is non zero. To control the energy, let us first observe from (124) that
E(un(0)) = N (t,)E(u(0)) < 0. (132)
Let us now define a radial cut-off function p such that
0<p<1, p(x) =1for x| <1, p(z) =0 for || > 2, /p,/1— peC?
and for k € N, pi(z) = p(%) First by direct computation:

E(un(0)) = E(un(0)y/pr) + E(un(0)y/1 — pr) + R

. 4, 1+2 2
whit R = =5 [ [un(O)PIVorl” (5 + 50 + 5 [ lun(O)F 2 (o N (1= pi) 4 1),
4, 1+%
so that R,y — Ri = —3% [v(0)?|Vpx|? (%ﬁﬁ) + ot SOV (o Y+ (1 -

pk)H% — 1) as n — +oo. Second, observe that Vn > 0, |u,(0) — Q|2 < 3|Q|p2, and
thus, there exists ko > 0 such that Vk > ko and Vn > 0, |u,(0)v/T — pi|r2 < |Q|r2. This
implies by Gagliardo—Nirenberg inequality F(u,(0)y/1 — pr) > 0. We now pass to the
limit n — +o0 using (132) and obtain

Tty 00 B (un (0)y/P5) + Ry, < 0.

But limy o0 E(un(0)/pr) = E(v(0)y/pr) so that E(v(0),/p) + R < 0. Letting k — +o0
yields E(v(0)) < 0. (130) now follows from the variational characterization of Q) and (131).

step 3 v has zero energy and momentum.
We now claim the first nontrivial information on the asymptotic object v:
E(v) =0 and Im(/ Vouv) = 0. (133)
Indeed, we compute:

A (tn + A2 (tn)T)

An(T) = M)
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We then use the monotonicity of A, in the log-log regime, see (115), which implies:

V1 <0, (1) >

N =

Passing to the limit n — +o0 in (129), we get:
V1 e (T,,0], A\(1)> % and thus |Vo(r)|2 < C.
This implies that v is globally defined on the left in time
T, = —o0. (134)

But from Theorem 9 and (72), this implies:

—\ N\ 2

and now (130) implies (133).
Observe that as announced, we are reduced to understanding zero energy solutions.

step 4 v blows up in finite time on the right in time.

We now reach the core of the argument and claim that v blows up on the right in time:
T.F < +oo0. (135)

This is a completely non trivial information which relies on the results of section 3. The
following preliminary Liouville type theorem may indeed be extracted from this analysis,
see [46], and is very much a direct consequence of the rigidity of the flow provided by
Proposition 11.

Proposition 13 (First Liouville Theorem) Let v(0) € B(a*) with
E(vg) =0 and Im(/ Vuotg) = 0.
If v(0) # @, then v blows up on the right or on the left in time.
(134) and (133) now yield (135).
step 5 Continuity of the blow up time.

We may now apply the log-log analysis to v which blows up in finite time and in
particular obtain a geometrical decomposition

x — Ty(T)

1 )
_ v (T)
v(T, x) )\Ug (Qb(‘r) + &)(T, Xo(7) )e :
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Proposition 11 will then yield a time 7y such that
by(10) > 0.
But then from the stability of weak convergence, we will conclude that
Vn > n(ry), Y7 >10, bp(T) > 0.

But then again the control of the singularity formation provided by the log-log analysis
will allow us to control the blow up time T, of u, with respect to the blow up time of T,.
In other words, because the log-log analysis provides a control of the blow up dynamics
by quantities which are local in space and pass to the weak limit, we can prove that the
blow up time is a continuous function of the initial data in a strong enough sense. We
may thus sharpen (127) and prove:

T, — T, as n — +oc. (136)
Let us insist again that this claim is non trivial and uses the whole log-log machinery.

Remark 7 From (126) and (136), we conclude that

)\u(tn) Z Ov V Tu - tn

and thus together with the scaling lower bound (44):

C C
)\u(tn) \% T— tn ‘

We thus see the intimate link between asymptotic objects and self similar blow up dynamics.

[Vu(tn)|r2 ~

step 6 Existence of the limiting focusing measure.

Let us introduce the limiting measure of a blow up solution which is the object which
will allow us to measure in which sense v is a non dispersive object:

Lemma 4 (Existence of a weak focusing measure at blow-up time) Letuy € B(a™")
with E(ug) < 0 and assume that the corresponding solution u(t) blows up in finite time
0 < T < 4o00. Then there ezists a continuous function x(t) : [0,T[— R such that the
limiting focusing measure

() = Jig [uP(t, 2+ (1)

is well defined, and the concentration point has a finite limit at blow-up time, ie x(t) —
z(T) ast — T for some finite z(T) € RV,
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Proof of Lemma 4

Let an initial condition ug € B(a*) with E(ug) < 0 and assume that the corresponding
solution blows up in finite time 7. Note that the upper bound (73) holds from Theorem
9. Let the geometrical decomposition e(t,y) = e”(t))\%(t)u(t, At)y + z(t)) — Q(y). Let
U € C3°(R) real valued and compute

& V@l + a0

_ ‘xt . /V\Il(:c)|u]2(t,:c+x(t))dx

v 2Im ( / VU(z) - Vu(t, z + x(t))dx)
< Cy (|lze] + [Vu(t)|2) -

Now observe from (105) that Vs € [0, +00), < C for some universal constant C, so

that from 48 = sz, there holds for ¢ close enough to T |z¢| < C|Vu(t)|2. It thus suffices

to observe from (73) that

Zs
A

T
/ Vu(r)|2dr < +oc.
0

This concludes the proof of Lemma 4.
step 7 v does not disperse.

We now come to the very heart of the proof. The main information that we can extract
from the fact that v is asymptotic to a blow up dynamic is that its limiting measure is a
Dirac mass, or in other words:

n() = ([ O ) 62-0. (137)

Proof of (137): The key is to observe that the limiting focusing measure is again a con-
tinuous function of the initial data which passes to the weak limit. In other words, let u,
be the limiting focusing measure associated to u,, then:

() = p(v) (138)
in the weak sense of measures. Indeed, fix ¢ € C3°(R) real valued and let x,(7,) be

the finite concentration point of w,(t). First estimate as for the proof of Proposition 4:
vVt €10,T5,),

d

[ 6@t 4 wa(0)do| < ColTun(B) 2

Thus, from the stability of weak convergence and the continuity of blow time (136), we
get: Vt € [0,Ty)

limsup |2,(Th) — 20(To)] < limsup (|2 (Th) — 20 (t)] + |2a(t) — 2o (8)| + |20 (t) — 20(T0)])

n—-+00 n—-+00

< QC’U (Tv - t)

|(@n )| +
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Letting ¢t — T, ensures z,(T},) — x,(T,) as n — +oo. The continuity of p,(¢) follows
similarily.

It now remains to identify the limit of u,, and here we use the fact that wu, is just a
rescaled version of a blowing up u. Indeed, we claim:

VR>0, VYn >0, pn(liz<r) = tu(lizj<ra(tn)R)- (139)
To wit, first compute from (125): V7 € (=T, ,T.F),
a(7) = Au(lm {aultn + alta)?r) — 2ulta)}
so that:
/|ng funl*(7,2 + 20 (7)) = /|ng M (tn) [ (b + X2 (6)T, A (tn) (3 + 20 (7)) + 20 (tn))

= /I . A (t) |2 (tn + A2 (t)T, M (tn) T 4 T (tn + N2 (8)T))

- [/|x§Au(tn)R |u|2(t’ T+ %(t))] (t =t, + )\z(tn)f)

— ason) 85 T T

from Tf = %, and (139) follows.

Observe now that the function f(r) = pu(1)4<,) is a nondecreasing positive function of
r > 0, and let m = lim,_of(r), then (139), A\, (t,) — 0 as n — 400 and (138) imply:
w(v) = mdy—g. (140)

Now using that for any function 1, there holds:

4 [obP

we conclude that v(7) is L? compact in the sense that

T
< Cy|Vu|g2 and / |Vo(T)|p2 < +o0,
0

Vn >0, 3A >0 suchthat V7€ [0,T))), / lo(T)|* < n.

lz—zv (£)|> A B

Thus (140) and the conservation of the L? norm force v(7) to accumulate its whole L?-mass
into blow-up and (137) follows.

5.2 An overview of the Liouville theorem

(137) expresses the fact that the asymptotic object v does not disperse because it accu-
mulates all its L? mass into blow up. Another solution with this behavior is actually the
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critical mass blow up solution. Our Liouville theorem which finishes the proof of Theorem
11 states that this solution is actually the only one in B(a*). In other words, it is the

super critical mass version of the classification of the critical mass blow up solution by
Merle [40]:

Theorem 16 (Liouville theorem) Let v(t) € B(a*) be a finite time blow up solution
to (32) which is non dispersive in the sense that

p(v) = </Iv(0)2) 0z=0, (141)
then v(t) = S(t) the critical mass blow up solution up to the symmetries of the flow.

This concludes the proof of Theorem 11 because E(S) > 0 while E(v) < 0, a contra-
diction.

We shall not give the details of the proof of Theorem 16 and refer to [46], part B. We
simply want to reformulate the problem in a more manageable frame.

Let v as in the hypothesis of Theorem 16. Up to a translation in space, we may assume
that v blows up at z(T") = 0. First one can easily deduce from (141) by integrating the
L? fluxes of mass backwards from the singularity -using the upper bound (73)-:

o(t) €% with /|x|2|v\2 0 ast—T. (142)

This corresponds to a gain of regularity on the asymptotic object. From this, one can use
the pseudo conformal symmetry to map v to a global in time zero energy solution to (32).
This is a purely algebraic computation where the variance estimate (142) plays a crucial
role. Then the proof reduces to the following dynamical classification of the solitary wave:

Theorem 17 (Dynamical classification of the solitary wave) Let ug € B(a*) N3
with
Assume that

UO¢Q7

then the corresponding solution to (32) blows up in finite time both on the left and on the
right in time.

In other words, the solitary wave is in B(«*) the only zero energy solution to (32) in
¥ which leaves on an infinite time interval.
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As we have seen, the zero energy condition naturally emerges for asymptotic objects.
The main difficulty with zero energy solutions and that there may exist a dynamic where
the solution is global and obeys a nonlinear vanishing

[Vu(t)|2 — 0 as t — +oo.

Such a dynamic can be proved to necessarily occur at the scaling rate

C
Vit
but is very delicate to rule out. This relies on very fine dispersive properties of the flow.

Actually, it is the comprehension of this Liouville theorem which allows one to sharpen
the analysis once more and derive the exact log-log blow up speed.

[Vu(t)] 2 ~

5.3 The sharp log-log law

This section is devoted to the proof of the sharp log-log law (79) of Theorem 13. For the
sake of simplicity, we restrict ourselves to the case

Ey <0, Im(VumTo) = 0.

Our analysis is just in the straight continuation of section 4.
Let us summarize the results of section 4 as follows. We have a decomposition

_ 1 L= .ZL‘(t) iy (t
u(t,x) = I (Qu(r) +)(2, W)e ®

with the following bounds:

e Dispersive control of € in time averaging sense:

bs > C (/ |Ve|* + / 5\26|y|> _ e, (143)

e Lower bound on b for s large enough:

b(s) > 1023' (144)

e The asymptotic stability of () as a blow up profile, Theorem 11, may be rephrased
as follows:
b(s) = 0 as s — +oo. (145)

To prove the sharp exact log-log law, we need two new estimates:
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e A pointwise lower bound on b which quantifies (145):

C
< .
bls) < log s

(146)

e A pointwise upper bound on ¢ which improves the averaged control (143):
/]Vs\Z—i—/\e\Qe_ly' <e %, (147)

5.4 The outgoing radiation

The basic intuition is that we need to refine the dispersive estimate (143) to sharpen our
understanding of the law for b. In particular, the first question we may ask is: where does
C
© in (143) come from?

the negative contribution —e™
This is easily answered by looking at the equation for ¢ which roughly speaking has a
structure:
105 + Le + ibAe ~ —.

The right hand side ¥ is the leading term which contains the exponentially small error in
b. Let us recall that this term is generated by the cutting procedure in the construction
of the profiles Qj, Proposition 8, and is a reflection of the fact that the solutions to the
self similar equation

AQp — Qp +ibAQy + Qy| Q¥ = 0

never belong to L?.

A natural expectation is then that away from the soliton core |y| > % where nonlinear
effects and the influence of the ground state should be negligible, the solution ¢ will want
to look like the solution to the linear equation:

Al — Cp + ibAG = .

Let us first solve this linear ODE. The following Lemma is elementary and relies on the
so called WKB method, see [46], [47]

Lemma 5 (Linear outgoing radiation) See Lemma 15 in [46]. There exist universal
constants C > 0 and n* > 0 such that YO < n < n*, there exists b*(n) > 0 such that
Y0 < b < b*(n), the following holds true: let U given by (91), there exists a unique radial
solution (p to

Al — G+ ibAG =T
14
{ [ VG2 < +oc. (148)
Moreover, let
= lim MG, (149)
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then:

_2n(14n)

Ipy~e "5 as b—0. (150)

Let us give a brief insight into the proof of Lemma 5.
Proof of Lemma 5

Let us first note that letting

bly|?
& = Qe 1,
we equivalently solve:
N -1 b2r? ~ a2\ |2
&+ ——& &+ TT&, =¥ and /‘v (§b6—2b4)‘ < 400 (151)

bly|?

where U = We'" 1. We view this linear equation as an ODE on & = &(r), r € [0, +00).
Consider first the linear equation for Z = Z(r) on (0, +00):

N-1 b?r?
'+ =2 ~-Z+>Z=0. (152)

Let Z,qq be the solution to (152) with Z,,4(0) = 1, Z.,(0) = 0. Using a simple fixed
point argument, we can construct a solution after the turning point % with:
1 O (br)

2
Zi(r) ~ e for r> — 153
:I:( ) T‘¥ (1_ bgzrg) = ( )

where O4(r) ~ £ [7 /1 — %ds is the WKB phase. We then pick the outgoing behavior

Zou(r) = Z4(r) (154)

and use the variation of the constant to construct a solution to (151) with

&p(r) ~ C1(0)(Zouty V) Zyaq(r) for r <

I

5[,(7") ~ CQ(b)(Zrada @)Zout(r> for r > (155)

SHNNEES S

where (f,g) denotes the L?(R”) inner product. Observe from (153) and (154) that

bly|?

Cb(’l“) =e "4 éb(’l“) € H!

and thus using also (155):

Ly = lim r¥G(r)]* = [C2(0)*(Zraa, ¥)*.

T
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The constant Ca(b) is a linear constant and corresponds to the non vanishing Wronskian
between Z,.,q and Z,y, It can easily be proved to satisfy

_rm(1+£n)

Cy(b) ~ e b as b— 0.

The key is now that R

%ir% ‘(Zrad7 \II)’ > 0. (156)
~ bly|? ~
Indeed, let Z,qq(r) = e &p(r), then from the construction of @, Proposition 8, both
Zrad and ¥ are real valued and thus:

(Zraas®) = Re(Zrad, ¥) = Re(Zraa, AQy — Qi + ibAQ, + Qb| Q| V)
= (Zrad>Qb|Qb|%) - (J7 Ql—‘r%) as b—0

where J is the solution to AJ —J =0, J(0) =1, J'(0) = 0. Hence J > 0 and

(1.Q'N) >0,
cqfd. This concludes the main steps of the proof of Lemma 5.

Remark 8 The meaning of (156) is a nonlinear nonvanishing property. It states that
some singular projection related to () on the continuous spectrum of the operator —L +
ibA is non wvanishing, and the corresponding constant is driving the anomalously slow
convergence of the solution to Q. This structure is reminiscent to the socalled Fermi
Golden Rule for metastability of periodic structures, see [62], [12]. This way of computing
the log-log law with the beautiful observation that the constant (156) is non trivial is due
to Galina Perelman, [56].

5.5 The refined virial estimate

We now aim at refining the dispersive virial estimate by giving a more precise description
of the nonpositive contribution —e~%. A natural idea would be to consider a new variable
€ = e — (p and to try and get better estimate for £. The difficulty is now the same like for
self similar solutions: (p is not in L2.

What we are facing here is a form of free boundary problem. We aim at finding the
right size of A = A(b) such that for |y| < cA(b), the radiation ¢ is a good approximation
of €, but no longer for |y| > C' A(b) because our solution is L? why (j is not. It turns out
that a correct choice for A -which can be proved at the end of the day to be essentially
sharp, [47]- is

Ab) =eb, 0<a<<1.
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Note that similar kind of free boundary problems already appeared for the study of the
singularity formation for the nonlinear heat equation, see Merle and Zaag [51].

We thus introduce a localized version of the radiation: let a radial cut off function
xa(r) = x (%) with x(r) =1for 0 <r <1 and x(r) =0 for r > 2, we let
g = XACb = ére + Z&zm
The equation satisfied by ( is :
AC—C+ibAC =T + Fy
with
Fa=(Axa) +2Vxa -V +iby - Vxalp. (157)

We introduce the new variable 3
E=e—(
and claim the following refined virial dispersion:

Lemma 6 (Virial dispersion in the radiative regime) There holds for some univer-
sal constants 61 > 0, ¢ >0 and s > 0:

2A
(e z o ([19eP+ [lePet) ety oXEy — 5 [Tl 59

with .
fi~ QL. (159)

Let us compare the two dispersive relations (143) and (158). The main difference is
the presence of the I'y term -to the power one- with the good sign. The price to pay is the
presence of the boundary term fjA |e|? which cannot be directly estimated. Why this is a
gain will be discussed in the next subsection.

The proof of Lemma 6 relies on tedious integration by parts and algebraic formulas,
and we refer to [47] for a proof. Let us simply outline the main issues.
Recall that (143) is a consequence of the virial identity (112) which schematically is:

bs = H(e,e) — Re(e, AV) + lot. (160)

The leading order term in this relation is the linear term —Re(e, A¥). The radiation has
precisely been introduced to remove this term. But it cannot be removed completely, all
we can do is replace ¥ which was the error to the self similar equation for Q; localized
around % by Fa given by (157) which is the error to equation for the radiation and is
localized around A. Schematically, (160) becomes for é:

bs = H(Z,&) — Re(&,AFy) + lot.
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Let us focus onto the linear term and try to estimate it. The simplest thing to do is

Cauchy-Schwarz:
! :
crol<c([Er) ([irr)"

Now a simple computation from (149) and (157) reveals that

2A 9
/A |[Fal” ~ T (161)

independently of A. This is a reflection of the fact that the radiation just misses L? by
a log and seems to indicate that there is not much to gain a priori by taking larger and
larger A -unless one has uniform decay estimates on ¢ like in the setting of the proof of
the Liouville theorem (17)...-.

The key is now to remember that A is the zone where (; is no longer a good approximation
of the solution. We thus come back to € and split:

—Re(é,AFy) = —Re(e, AF) + Re((, AFy).
The first term is explicit from (149 ) and is the fluz term:
Re((,AFy) ~ Ty

thanks to the fact that A >> %. We then treat the second term from Cauchy-Schwarz and
(161), and (158) follows.

5.6 Estimate of the outgoing flux of L? norm

We now need to control the term fjA le|? in the RHS of (158). The key is a localization
in space of the L? conservation law.

Let a radial non negative cut off function ¢(r) such that ¢(r) = 0 for r < %, o(r)=1
forr >3, 1 < ¢/(r) <1pourl<r<2 ¢(r)>0. Let ga(s,7) =¢ (ﬁ), then:

Lemma 7 (L? dispersion at infinity in space) There holds for some universal con-
stant C' > 0 and s > 0:

b 2A a
{[oalel} = g5 [ 1ef—rire -1 [ (et (162)

The meaning of (162) is that in the blow regime where b(s) > 0, some L? mass is
ejected to infinity from the soliton core. This process is measurable around A.

Proof of Lemma 7

75



Take the inner product of (100) with ¢4e; and of (101) with ¢4e and integrate by
parts. Note that the supports of (Qp, ¥) and ¢4 are disjoints. We thus get a linear identity
decoupled from the non linear dynamic |y| < %:

{/¢ le |2}8— 8¢A| 2+ 2/y Voulel2+ Im (/w)A Vea) (163)
5 () [y voulep = 55 [ TouleP

First observe from the choice of ¢:

0 [ o (4)1eP= 5 [uevo(L)lerz o [0 (%) ez g0 [TRR 6

The main term in (163) is:

5 [y voulst= o [0 (%) 1P

The H3 coming from the linear Shrodinger flow is treated thanks to the choice of a large

| ’m (/vm-v&-) - ’Im (/ %w (y) -Vee)
< (1w ¢ (%) 1Pt < oz [1veP+ o [0 (5) P,
< 100/¢ ( >|5|2+F2/V5|2 (165)

The other terms are estimated using the control of the modulation parameters (104), (105),
and (162) follows. This concludes the proof of Lemma 7.

5.7 Derivation of the Lyapounov function and computation of the log-
log law

The virial estimate (158) corresponds to non linear interactions on compact sets. The
L? linear estimate (162) measures the interactions with the linear dynamic at infinity
and quantifies the mechanism of mass ejection. We now couple these two informations
with a global information in space: the conservation of the L? norm. The outcome is the
derivation of a Lyapounov function:

Proposition 14 (Lyapounov functional in H') There holds for some universal con-
stant C,cq > 0 and for s > 0:

(T}, <—Cb (Fb+/|Vé\2+/\é|2 vl +/ |5|2> (166)
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with
T(s) = cob® + o(b?) + 2(¢1, %) + 29, ©) + /(1 — el (167)

Proof of Proposition 14

Multiply (158) by 2% and sum with (162). We get:

800
51b
2 010 2 2¢-lul) /
>
[[onel) + oy, > S 1vep+ [lere v+ b
co1b C a
+ Wl)o b—?VEO—rg/\VaF, (168)

f1 given by (159). Integrating by parts in time and using (104) yields:
b{fi}, = {bf1(b)}s + lot.

We now inject the conservation of the L? norm:

/|5]2 +/!Qb\2 +2(e1,2) + 2(e2,0 /|u0\2
Writing [ @ale? = [ |e|*> — [(1 — ¢4)|e|?, we compute:
{Jourt} =={([1@k - [@)+20e09) +220)+ [0 -onle] -
Now recall from (92) that @ has super critical mass:
/|C~2b|2 - /Q2 = cob® + o(b?) as b— 0.
We thus get from (168):
(=7} = 800 /!V >+ / &2l +/ % - b%AZ o (169)
. /yVe|2+1ot

where J is given by (167).
We now have:

r§/|v5|2 <T; (r;0"+/|v512) <1, ti +r§/|vgy2

for a > Cn. Injecting this into (169) yields (166). This concludes the proof of Proposition
14.
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Let us explain the meaning of (167). Recall from (143) that

(o
b

|v5\2+/\5|2e—|yl <e (170)

in time averaging sense. If we could derive such an estimate pointwise, then (167) would
imply
J (s) ~ b(s)

and hence (166) becomes a pointwise differential inequation for b:
bS < _Obrbv

and the upper bound (146) immediately follows by integration in time.

In other words, the log-log law corresponds to the dispersive mechanism which bal-
ances the mass ejection process described by Lemma 7 with the global constraint of the
conservation of the L? norm.

From the technical point of view, to derive a pointwise bound on ¢ at the H' level is
not obvious. There is an algebraic miracle which will save us here and which is hidden in
the exact structure of the Lyapounov function (167).

Proof of the exact log-log law (79)
step 1: Asymptotic stability.

We first claim (145):
b(s) - 0 as s — +oo.

Note that this could in fact be assumed from Theorem 11. Indeed, from (166), one has
Vs > sp:

S
[ o< T6s0) - 7).
50
Remark then that from its explicit value (167),

Jl<c

“+o00
/ bI'y < +o0.

S0

and thus

Since |bs| < C from (104) , (145) follows.

step 2 Estimate on J.
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From energy type of estimates, we claim the following control on J: Vs > s1,

> Ty 00 & ([IVeP + [ |ePe o),
()~ Falb(s)) 2 ey See T
< CA%log A ([ |Vef? + [ |ef?elol) +1)-C,
where fa(b) ~ b? satisfies
df2
— 172
< db? p2=0 (172)

Remark 9 The main point is that the dominant term in e in (167) is 2(e1,X) +2(e2,0) +
(1 —¢4)|e|? which also appears in the conservation of the energy. Now the orthogonality
conditions on €, which in our analysis are related to the virial relation that is dispersion
on compact sets, are also adapted to the coercive structure of the linearized energy, see

also [44]. Indeed, let
4 4 4
L+:_A+1_<1+N>QN’ sz—A—Fl—QN

the linear operator close to Q, recall that the quadratic form which appears when linearizing
the energy close to Q is (Lye1,e1) + (L_e2,62) — [|e|?. There holds from [65], [34] and

Lemma 8 [65], [34], [32]] There exists a universal constant 62 > 0 such that the following
holds true. Let py < 0 the lowest eigenvalue of Ly and ¢4 a corresponding eigenvector
with ||¢ ||z = 1, then for all v = vy +ivy € H!,

(Lvi,v1) + (L-vg,v2) = Gafoffn - 51 {0162 + (01, VQ + (2,Q}  (173)

A simple localization argument then implies: 393 > 0 such that:

(Licr,e1) + (L_c9,c9) —/qu]e\Q > 53(/|v5|2+/|5126—|y\) (174)

1

= 5 {0 QP+ PR + 1,y + (02, @)}

It now suffices to inject the conservation of the energy:

2e1, %) + 2(e0,0) + /(1 —ba)lel = /(1 —da)|el + (Loer,e1) + (I_e, e9) + lot

into the definition of 7 (167). The upper bound in (171) follows from the following general
Hardy type estimate:

/(1 —¢a)lel* < CA%log A (/ |Vel? + / ]526_“/) .
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The lower bound in (171) follows from from the coercivity property (174) and the fact tha
our choice of orthogonality conditions and the conservation laws allow one to treat all the
scalar product terms in (174). This concludes the proof of (171).

step 3: Pointwise control of € by b.

We now turn to the core of the proof and the derivation of the pointwise bound on &
(147). Let s > 0, we consider two cases.
Case 1: bs(s) <0, then (147) follows from (143).
Case 2: bs(s) > 0. First observe from b(s) — 0 as s — +oo that we may assume without
loss of generality that s € (s7, s3) with:

bs(s]) =bs(s3) =0 and bs >0 in [s7,s5],

and thus:
b(s7) < b(s) < b(s3). (175)

Case 1 applies at s = s7:

(/|v5|2+/|5126—|y\)(51) <1l o, (176)
Next, from the Lyapounov monotonicity property (166):
J(s3) < T (s) < T(s1),

and injecting (171) into this inequality, we get:

1
Fa(b(s) + </|v5|2 +/|5|2e—ly) (s) < J(s) + DL 0"
< Fa(b(st) + Th ™ + TS < falblsi)) + 2055,

where we used (175) for the two last steps. Now from the monotonicity property (172) of

f2(b),
Ja(b(s7)) < f2(b(s)),

and (147) follows.
step 4 Pointwise uniform control of the scaling parameter.
The proof of the sharp log-log law is now a simple consequence of (166) and (147). We

first claim the following uniform estimate for s > s9 large enough:

1

<7
Cbs) < LogTlog 2]’

(177)
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for some universal constant C' > 0. Indeed, from (167), (147) and (171), we have for

S > S9:
2

b
— < J < COv.
C_J_

Thus from (166) , g = /J satisfies the following differential inequation:
(T )s C _c 1 5 _2¢ ( 20)
= <——ge 9 < ——g°% 9 ie |evs >1,
gs N gg > 209 L C
and thus we have for s > sy large enough:

P > 5 e b(s) < Cg(s) < ¢ .
- - ~ log(s)

Now observe from (104) and (147) that:

As 1

)\+b’§F§
and thus " N

— < 15 < 9p.

2 b

We integrate this in time on [sg, s] using b > 0 to derive for s > sy large enough:

s

dr < Cs.

—mmMWSzgwﬂWSCsﬂ%m

Taking the log of this inequality and injecting (179) yields:
C
log [log(A(s))| < C'log(s) < b)

and (177) is proved.

step 2 Conclusion.

(178)

(179)

(180)

We differ here from the strategy of integration on doubling time intervals of the norm.
We claim that the pointwise bound on ¢ (147) yields a pointwise differential inequality for

A(t): VE > t,

1 2
&<~ (NloglogW)]), <,

for some universal constant C' > 0.
Indeed, we compute:

_ ()\2 log | log()\)|)t = —A\log|log(N)] <2 + [ Tog(\)] 110g | log()\)|>

A 1
= —Zlog|log(A <2+ )
x 08 1oV 2+ 13 T Tog THog ()
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Thus from (180), we have:

b
7 los logW)] < — (Xlog log(\)[), < 4blog |log(M)];

and (181) now follows from (121) and (177). Integrating (181) in time ¢ yields::

VE > b, % < \2(1)log | log(\(1))| < C(T — 1).

The lower bound

IVu(t)|r2 > C\/IOg | I;gil;— D)l

now easily follows for ¢ close enough to T'. The proof of the exact convergence (79) is now
a simple technical issue, see [47]. This concludes the proof of the exact log-log law (79).
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