| SEMINAIRE

Centre de
Mathématiques

Laurent Schwartz E qu ations aux
ECOLE

POLYTECHNIQUE Dér i_ vees
Partielles

2005-2006

Pierre Raphaél

Blow up of the critical norm for some radial L? super critical non linear Schrédinger
equations

Séminaire E. D. P. (2005-2006), Exposé n° XVIII, 15 p.
<http://sedp.cedram.org/item?id=SEDP_2005-2006__ _A18_0>

U.M.R. 7640 du C.N.R.S.
F-91128 PALAISEAU CEDEX

Fax : 33 (0)1 69 33 49 49
Tél : 33 (0)1 69 33 49 99

cedram

Article mis en ligne dans le cadre du
Centre de diffusion des revues académiques de mathématiques
http://www.cedram.org/


http://sedp.cedram.org/item?id=SEDP_2005-2006____A18_0
http://www.cedram.org/
http://www.cedram.org/

Blow up of the critical norm for some radial L? super critical
non linear Schrodinger equations

Pierre Raphaél

1 Introduction

The aim of this note is to present a joint work in collaboration with Frank Merle concerning
the blow up of the critical Sobolev norm for the nonlinear Schrédinger equation

iy = —Au— |u|P~tu, (t,x) €[0,T) x RY
in dimension N > 3 with
l<p< N2
p N_3

From a result of Ginibre and Velo [4], (1.1) is locally well-posed in H! = H*(R") and thus,
for ug € H', there exists 0 < T' < 400 and a unique solution u(t) € C([0,T), H') to (1.1)
and either T' = 400, we say the solution is global, or T' < 400 and then lim7 |Vu(t)|r2 =
400, we say the solution blows up in finite time.

(1.1) admits the following conservation laws in the energy space H':

L? — norm : f|u ) = [ fuo(z);
Energy : E(u(t,z)) = 3 [ |Vu(t,z)* — p+1 [ u(t,z)[PT = E(u).

The scaling symmetry )\p%lu(A2t, Az) leaves the homogeneous Sobolev space H*¢ invariant
with
N2 L)
Ty T 1 (L
It is classical from the conservation of the energy and the L? norm that for s, < 0, the equa-
tion is subcritical and all H' solutions are global and bounded in H'. The smallest power
for which blow up may occuris p =1+ % which corresponds to s, = 0 and is referred to

as the L? critical case. The case 0 < s. < 1 is the L? super critical and H! subcritical case.

We focus from now on onto the case 0 < s. < 1. The existence of finite time blow
up solutions is a consequence of the virial identity, [14]: let an initial condition ug € ¥ =
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H!' N {zu € L?} with E(ug) < 0, then the corresponding solution u(t) to (1.1) satisfies

u(t) € ¥ with:
d2
dt?

165,

[ laPlute, ) = NG~ 1)Bu) ~

/\Vu]z < 16E(ug) (1.3)

and thus the positive quantity [ |z|?|u(t,z)|? cannot exist for whole times and u blows up
in finite time.

Recall now from Cazenave and Weissler [2] that given ug € H*:, there exists a max-
imum time T'(ug) > 0 and a unique maximal solution u(t) € C([0,T(ug)), H*) to (1.1).
More generally and following the same procedure, given s. < s < 1 and uy € Hs,
there exists T'(s,ug) > 0 and a unique maximal solution u(t) € C([0,T(s,uq)), H*)
to (1.1), and as the problem is now subcritical with respect to H®, T(s,ug) < +oo iff

lmy g0 [U(t)| s = +o00.

Let now uy € H* N H!, then there exists a maximum time 7" > 0 and a unique
maximal solution u(t) € C([0,T), H*) to (1.1). Indeed, the life times given by the local
Cauchy theory in H® and H® N H! are the same from a standard argument. Moreover,
if u(t) blows up in finite time 0 < 7' < 400, then there holds the scaling lower bound:

C(N,p,s)

Vse < s <1, |u(t)lgs >
T -ns

(1.4)

Indeed, let s, < s < 1, t € [0,7) and consider v(7,z) = A%(t)u(t + A2(H)1, A(t))
with A*7%(t)|u(t)| ;. = 1 so that |v;(0)|z. = 1, then from the local Cauchy theory in H®
which is subcritical, there exists 79(s) > 0 such that v is defined on [0, 79(s)] from which
t+ A2(t)7o(s) < T, this is (1.4).

Let us remark that this argument does not apply for the critical H#e norm. Numerics
suggest at least in the radial case that finite time blow implies:

I 1oe = 00, 1.
Lim u(t)] jgec = +o00 (1.5)

We conjecture that given ug € H®, 0 < s, < 1, if the corresponding solution to (1.1)
blows up in finite time, then (1.5) holds true. Note that this is in sharp contrast to the
L? critical case where the L? norm is conserved and thus (1.5) breaks down.

Note that such kind of critical problems and behavior of the critical norms have been
adressed in other settings, see for example [3] for the 3D Navier-Stockes problem.
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1.1 A general strategy: reduction to a Liouville theorem

Let us present a general and robust strategy to attack the proof of (1.5) which is inspired
form the works in Martel, Merle [8] and Merle, Raphaél [9]. This idea is to first argue
by contradiction and use compactness arguments to extract from a renormalized version
of the solution an asymptotic object which generates a global in time nonpositive energy
solution to (1.1). Here the arguments are quite general and could be extended to a wider
class of solutions and problems. In a second step, one concludes using a Liouville type
blow up result for nonpositive energy solutions.

More precisely, let ug € H® N H' with radial symmetry and assume that the corre-
sponding solution u(t) to (1.1) blows up in finite time 0 < 7' < oo or equivalently from
[2]:

tlln% |Vu(t)| 2 < +oo.

Let a sequence t,, — T such that

tiiLnT |Vu(ty)|rz = +o0

and
Yn>1, Vtel0,t,], |Vu(t)rz <C|Vulty)|r2 (1.6)

for some universal constant C' > 0. We now assume that:
Vn>1, |u(ty)|gs < +oo (1.7)

and look for a contradiction.
Let the sequence of rescaled initial data

n(0,2) = Aa(tn) 7Tt M (t)7)

with

1 e
Au(t) = (W) so that |V, (0] = 1. (1.8)

From the scaling invariance, (1.7) and the conservation of the energy, we have:
()] jroe = lulta) froe <€ and E(w(0) = Au(ta) ) B(ug) 0 (L9)
as n — 400 and in particular
un(0) = v(0) in H*NH" as n — +o0 (1.10)

up to a subsequence. From the compact radial embedding H% N H' < LPT! we have up
to a subsequence
U, (0) — v(0) in LPT' as n — 400
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and thus
E(v(0)) <0.

Observe now that the solution u,(7) to (1.1) with initial data u,(0) is explicitly
2
Un (T, ) = A (t) P2ty 4+ Aa(t0)?T, Ay (t0) ), (1.11)

and thus (1.6) and (1.8) imply:

2
[Vulty + Au(tn)* D2 _ (1.12)

tn
V7 € (— o, 0], [Viun(7)| 2 = [V u(tn)| L2 -

As(tn)’
Let now v(t) be the solution to (1.1) with initial data v(0) and (=13, 0] its maximum time
interval existence on the left in time in H® N H!, then one may adapt the Lemma of
stability of weak convergence in H', see Glangetas, Merle [5] and also Lemma 3 in [9], to
conclude:
V7 <0, un(t) —=o(r) in H*NH' as n— 400

and thus from (1.12):
|Vo(T)|2 <C and —T, = —o0.

In other words, (1.7) implies the existence of a global in time radially symmetric nonpos-
itive energy solution to (1.1) in H% N H1.

Our main result is that the existence of such an object may be ruled out in some cases
from the following Liouville type result:

Theorem 1 (Finite time blow up for non positive energy solutions in Hse Hl)
Assume

N >3 and %§80<1.
Let ug € H% N H' with radial symmetry and
E(up) <0,
then the corresponding solution u(t) to (1.1) blows up in finite time 0 < T < +o0.

Comments on Theorem 1

1. On the assumption ug € H3NH': Let ug € ¥ with Ey < 0, then finite time blow up
follows from the virial identity (1.3). If ug € H' radial with Ey < 0, a simple localization
argument allows one to conclude also, see Ogawa, Tsutsumi [12]. Now if ug € H' radial
with Ey = 0, then finite time blow up also follows. The key here is first the conservation
of the energy and a Gagliardo-Nirenberg inequality:

2 selp— ) (p—
Vult)lze = =l < OV
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which implies from the conservation of the L? norm the uniform lower bound:

C

l—sc *

‘u0|L;C

Vu(t)|2 >

This together with a space localization of the virial identity (1.3) yields the claim.

Let us insist onto the fact that our need to work with low regularity ug € H N H' comes
from the renormalization procedure before the extraction of the asymptotic object and
a major difficulty is thus that we may no longer used the L? conservation law. Arguing
by contradiction, we in fact need to rule out the possibility of a non linear self similar
vanishing |Vu(t)|;2 — 0 as t — +oo in the case when Ey = 0. This difficulty already
occured in [9], [10]. Our main tool is that for radial functions and s, > 3, we may replace
the role of the L? norm by a suitable scaling invariant Morrey-Campanatto norm, see the
definition (2.16), for which uniform bounds in time are derived which somehow mimic the
L? conservation law. The key here is a new kind of monotonicity statement based on a
localized virial identity. Here the techniques are thus restricted to radial solutions. The
assumption s. > 1 arises to control some momentum terms in the time integration of the

2
virial identity, see in particular (2.19).

2. On the sharpness of the result: We expect the assumptions on the initial data to
be sharp in the following sense. One may obtain exact self similar blow up solutions by
looking for solutions of the form

X

1
A(t)7 T g (A(t)

for some parameter b > 0 and some stationary profile P satisfying the non linear elliptic
equation:

u(t, ) = )e“Og(T—t) with A(t) = \/2b(T —t)

2

Rigorous existence results of finite energy radially symmetric solutions to (1.13) are known
only for p close to the L? critical value, see Kopell and Landman [6]. The obtained pro-
files are in H' and have zero energy but always miss H% due to a logarithmic growth at
infinity. Such solutions, when they exist, thus provide explicit examples of zero energy
solutions which blow up on the right in time but are global on the left.

3. On the range of parameters: The proof of Theorem 1 is complete only for N > 3
and % < s. < 1. This covers in particular the physically relevant case N = 3, p = 3 which
is 3 critical. We expect the result to in fact hold true in the whole super critical range
0 < s < 1. Here we encounter a technical difficulaty related to the estimate of some
localized momentum terms, see (2.19). For N = 1,2, another difficulty would arise for
p > 5 -while p < 5 is implied by the assumptions of Theorem 1-. Indeed, the proof of
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Theorem 1 in particular requires that the singularity formation takes place at the origin
for the radial solution. This can be proved to be necessary for p < 5 -because p = 5 is
the one dimensional L? critical exponent-, but one can construct for p = 5, N = 2, a
radial finite time blow up solution blowing up on a sphere, see Raphaél [13]. The intuition
developped for the proof of Theorem 1 would not be well adapted for such an object.

The reduction procedure together with the Liouville Theorem 1 thus imply the follow-
ing blow up result of the critical norm:

Theorem 2 (Blow up of the critical Sobolev norm) Assume
1
N >3 and §§sc<1.

Let ug € H* N H' with radial symmetry and assume that the corresponding solution to
(1.1) blows up in finite or infinite time 0 < T < +o0, then

lim sup |u(t)| gs. = +00. (1.14)

t—

In fact, by pushing further the arguments developped here and in particular for the
proof of Theorem 1, one can obtain a much sharper understanding of the structure in space
of the rescaled sequence u, (7) given by (1.11) which eventually implies a logarithmic lower
bound on the blow up rate of the critical norm -which is optimal in some sense-, see Merle,
Raphaél [11]:

Theorem 3 (Lower bound for the critical Sobolev norm) Assume
1
N >3 and §§sc<1.
There exists a constant v = v(N,p) > 0 such that the following holds true. Let uy €

Hse N H' with radial symmetry and assume that the corresponding solution to (1.1) blows
up n finite time 0 < T < +o00, then

[u(®)ggse = Nlog(T' =) (1.15)

for t close enough to T'.

2 Proof of the Liouville Theorem 1

Our aim for the rest of this note is to present a mostly self contained presentation of the
Liouville Theorem 1.
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2.1 Some technical tools

Before detailing the proof of the Liouville Theorem 1, we recall two technical tools which
proofs are standard. We refer to [11] for the details.

Let the scaling invariant Morrey-Campanatto norm

1
u, R) = sup 7/ ul?. 2.16
plu, B) Ri>R (R)?5 R’g\x\SZR" | (2.16)

We claim the following elementary estimates.

Lemma 1 There exists a universal constant C > 0 such that for all u € HSC,

VR >0, p(u,R)<Cluf?,, (2.17)
and )
Rlirfm s /x<R lu* -0 as R — +oo. (2.18)

Moreover, let 1 be a smooth radially symmetric cut-off function supported in |x| < 2, then
there exists a constant Cy > 0 such that for all uw € H®:

‘(/ v¢(%) : Vuﬂ)‘ < Cyluly, R (2.19)

Note that (2.19) relies on our assumption 3 < s. < 1.

Next, recall the standard Gagliardo-Nirenberg inequality :

[t < et ([ reae).

For radially symmetric distributions, we may sharpen this inequality by using the fact
that for N > 3,
N +2
<5

< ,
P<=NT2

and thus the nonlinearity is L? subcritical away from zero. We claim:

Proposition 1 (Radial Gagliardo—Ni.renberg inequality) For alln > 0, there exists
a constant Cy, > 0 such that for all w € H® with radial symmetry, for all R > 0,

C 2(p+3) pt1
2

/ S Vs + gy | (o ) (0, )

i (2.20)
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2.2 Proof of the Liouville Theorem 1

We now prove the Liouville Theorem 1.
Proof of Theorem 1.

Let ug € H* N H' with radial symmetry and F(ug) < 0, we argue by contradiction
and assume that the corresponding solution u(t) to (1.1) is globally defined on [0, 4+00) in
H N H'.

step 1 Localized virial control.

Let a smooth radially symmetric cut-off function ¢ with ¢ (r) = % forr <2, ¢"(r) <1
and 9(r) = 0 for » > 3. For a given R > 0, let

Yr(r) = R*YR(r).
We claim the following localized virial control:

Lemma 2 (Localized virial estimate) There holds for some constant C = C(N,p,v):
VR >0, Vt >0,

d |
/\w? <c ——Im(V¢R-VuH)+/ \u|p+1+—2/ w2l (221)
dt 2|>R R? Jap<|z|<3r

Proof of Lemma 2

Let x be a smooth radially symmetric compactly supported cut-off function. We
recall the following standard localized virial identities which up to standard regularization
arguments are obtained by integration by parts on (1.1):

1d

2 RN
S xlu|® = Im (Vx - Vuu), (2.22)
1 (V- Vum) = / YVl = 1 / Ay’ — (2 - /AXWH (2.23)
2dt p+ 1
Note that we used here that u has radial symmetry. Applymg (2.23) with x = ¥R, we get:
1d
iafm (Vg - Vuu)

= [ IVl - g [ A - (———) [ vy
C 1 1
Vu2+—/ u2—N<———)/up+1+C' ulPr.
/\ =3 5——) [l mz
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Now from the conservation of the energy:

1
St =25 [19up -+ )y

from which

1 1 N(p—1) 2s
Vul2 - N +1 c Va2
- -~ - - p - E - .
/| u (2 p+1>/‘u| 2 0 N—QSC/| u

(2.21) follows from 0 < s. < 1 and Ey < 0. This concludes the proof of Lemma 2.

step 2 A monotonicity statement.

We now come to the crux of the proof which is a monotonicity type of result derived
from (2.21). The outcome is a uniform control of the scaling invariant Morrey-Campanatto
norm p.

Consider ¢ > 0 small to be fixed later. From (2.18), there exists A(e) such that:

1 €
VA > Ale), —/ u(0)]? < —. 2.24
©): MSM\ (0)] 0 (2.24)

We claim:

Lemma 3 (Uniform control of the scaling invariant p norm) There exists B(e) >
A(e) such that
Vi >0, p(u(t),Ble)vV1+t)<e. (2.25)

Moreover, we have the dispersive estimate:
t
VE >0, / FVu(r) | padr < C(1 + )1+ (2.26)
0

for some constant C = C(ug, N,p) > 0.

Proof of Lemma 3

Proof of (2.25): From u € C([0,+00), H** N H'), there exists a time t;(¢) > 0 such
that
vVt € [0,t1(e)], YA> A(e), p(u(t),AV1+t) < 10e. (2.27)

We claim that there exists B(e) > A(e) large enough such that:

vt € [0,t1(¢)], p(u(t), A(e)V1+1t) < (2.28)

N ™
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what proves (2.25).
Proof of (2.28): Let tg € [0,t1(¢)], A > B(e) to be chosen and set

R = R(A,ty) = AV1 + ty. (2.29)
We claim that: o | ‘2 )
1 9 e 1+ U0 | 775,
— u(t < —4+ —
o MR < 5+

This estimate being uniform with respect to A > B(e) and tg € [0,¢1(g)], (2.28) follows
for B(e) large enough.

To prove (2.30), consider the localization (2.21) for R given by (2.29) and estimate the
terms of the right hand side. First observe from the monotonicity of p and (2.27) that:

(2.30)

vt € [0,t0], p(u(t), R) < p(u(t), B(e)v1+1t) < 10e. (2.31)

Thus:

1 2 1 1
t)|” < R < ———. 2.39
R? /2R<x<3R @I < R2(1—8c)’0(u( ), R) < R2(1—s¢) ( )

The non linear term in (2.21) is estimated from the refined Gagliardo-Nirenberg estimate
(2.20) provided n > 0 has been chosen small enough and (2.31): V¢ € [0, 0],

1 C 2(p+3) p+1
o f < 5 190 g (o), ) otate), 1)
) 1 1
< 5 [IVuOP + s (2.33)

provided € > 0 is small enough. We now inject (2.32) and (2.33) into (2.21) and integrate
in time, we get: Vt € [0, %],

Clm (/V¢R Vu > / ‘VU ’deT < Clm </VQpRVU(O)W> +%

Ct
2S¢ 0
HScR + RQ(lfsc)

IN

Clug?

where we used (2.19). We integrate once more in time from (2.22) and get:

/ brluto)? + /0 V() 2adr < C / Srlu(0) (2.34)

Cct3

2 2S¢
+ C”IL()’ toR + (i—s0)"

Now observe from the definition of ¢ that

2 R_2 2
[Pz 5 [ o)
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We thus divide (2.34) by R2(M¢) and get : Vi, € [0, to),

1 / 2 1 / 2 s to Ot}
u(to < u(0 +CU0-SC——|——
PO < g [ O+ ol 7+ G
£ +C(1+|U0\§;56)
10 B2(¢)

<

where we used (2.24) and (2.29) in the last step. This is (2.30).
Proof of (2.26): We come back to (2.34) with ¢ > 0 fixed and A = B(e) which implies:
vtO > Oa

0

o 1+sc
R2(1_SC)(t0) S C(u()vap)(l +t0)

to
/ HVu(t)2adt < Clug, N, p) | toRZ (to) +
0

from (2.29). This concludes the proof of (2.26) and Lemma 3.

step 3 Control of the local L? norm.

Let
1
)\(t)—( ! >_ (2.35)
V()] 2 ’ '
then from (2.26), there exists a sequence t,, — +oo such that:
t
Vn >0, |[Vu(t,)|p2 £ ————=- or equivalently 2+ <O (2.36)
(1+tn) 2 A2 (tn)

for some constant C' = C(ug, N,p) > 0. We now claim a scaling invariant control of the
local L? norm of u on the sequence t,:

Lemma 4 (Scaling invariant control of the local L? norm of u(t,)) There exists By >
1 large enough such that: YB > By, Vn > 0,

T Lo S sy [ O ey @3
for some constant C' = C(ug, N, p).
Proof of Lemma 4
Let n > 0, D > Dy large enough and set
R, = D\(t,). (2.38)
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Fix £ > 0 and B(e) such that (2.25) holds true. Observe from (2.36) that:

D
Vt € [0,tn], Rn = DA(tn) > FOF Ft,> Ble)WI+t
for Dy large enough. We conclude from (2.25):
Vn >0, Vte|0,t,], plu(t),R,) <p(u(t),BlE)V1+1t) <e. (2.39)

We now apply (2.22) and (2.23) for some smooth nonnegative radially symmetric cut-off
function xg, (r) = x(5-) where x(r) = 1 for 7 < 1 and x(r) = 0 for r > 2. We first get
from (2.23): Vt € [0, t,],

3

d C 1
—Im (Vxg, - Vuu)| < —/Vut2+— ut2+/ u(t) [Pt
7 (Vxr ) 72 [Vu(t)| 72 Rn§|x|§2Rn‘ (t)] \x\an‘ (t)]

< Rz /\Vu(t)\ +W]

where we used (2.20) and (2.39). Integrating twice in time from (2.22) and using (2.19),
(2.26) and (2.38), we estimate:

| C
[ xwadul? < [, u0)F + o |1 (T, - VuORa®) | + 15 [ HYu):
n J0
2 Clugl?.. tn 1+sc 2
b [ oy e GO O
Rn( —se)+ |z|<2R, Rn( —se) R Rn( —se)t
- tn (14 t,) e t2

2
N
< /|z|<2Rn [u(0)]” + C(uo, N, p) [ DI (1) | DEAZ(ty) | D BeniBoe(t,)
We divide by A?*(t,) and have from the choice of x:

—_ u(ty)|” < XR,, |u(tn
)\Qsc(tn) ‘x‘SRn‘ ( )| )\Qsc(tn) R | ( )|

1 5  Clug,N,p) |1+t 1T+t,\ e 1+t,\>
< -
—Ammmﬂqmm@' Do | Xy T \ewy) e

1 C(ug, N, p)
< O 2 ) )
= A2se(ty) /IS2Rn [u(0)]* + T2 s

from (2.36). This concludes the proof of (2.37) and Lemma 4.

step 4 Contradiction from the conservation of the energy.

XVIII-12
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We now are in position to obtain a contradiction to the global existence of u(t) which
is based on (2.37).
Let

Vn(y) = AP () u(ta A (tn)y),

then from (2.35) and the conservation of the energy:
B(vy) = N5 () E(u(tn)) = N7 (t,) E(ug) <0, and |[Vu,|2 =1 (2.40)

and thus )
/ o [Pt > 1%. (2.41)

Pick an € > 0 to be fixed later. We claim on the one hand that there exists Dy(e) large
enough such that for all D > Dgy(e), Vn > 0,

/ o [P < 2e (2.42)
ly|>D

Indeed, from (2.39):
p(n, Do) = p(u(tn), A(tn) Do) < &
and thus using (2.20) and (2.40):
Cle)

Pl
/|y>D [onl™ < e+ panmay <%

for D > Dy(e) large enough, this is (2.42).
On the other hand, from the localization of the L? mass of v,, we claim that there exists
Dy () such that for all D > Dy (e), there exists N(g) such that:

Vn > N(e), / lun [P < CeP~D(=se), (2.43)
lyl<D

Taking £ > 0 small enough and n large enough, (2.42) and (2.43) now contradict (2.41)
and conclude the proof of Theorem 1.
Proof of (2.43): We have from (2.37):

1 / 1 C
vnQ — utn)QS / u(0)2+
/|y<2D‘ | A%5e(t) Jiz|<2DA(n) fultn)] A25¢(t) Jiz|<aDA(tn) [(0) D2(1=s¢)
1

< - w(0)]? + ¢
AZse (t,) /|m|<4D)\(tn) [(0)

for D > D;(e) large enough. Next A(¢,) — 400 as n — oo from (2.36) and we thus
conclude from (2.18):

/ lua|? < 2¢ for n > N(e) large enough. (2.44)
ly|<2D
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Recall now the Gagliardo-Nirenberg inequality

— 1 C 2 1
/ ol < Cluo| @ D0 | g 20D

which we may localize to get:

1 )(1—se 2+(p—1)se +1 1) (1—s.
/|<D‘” P4 < Clunl gy <oty IVenlzs ™" + Clunlffy cap) < O 007
Y

from (2.44) and (2.40). This is (2.43).

This concludes the proof of the Liouville Theorem 1.
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