On well-posedness, regularity and ill-posedness
for the nonlinear fourth-order Schrodinger
equation

Van Duong Dinh

Abstract

We prove the local well-posedness for the nonlinear fourth-order Schro-
dinger equation (NL4S) in Sobolev spaces. We also study the regularity of
local solutions in the sub-critical case. A direct consequence of this regular-
ity is the global well-posedness above mass and energy spaces under some
assumptions. Finally, we show the ill-posedness for (NL4S) in some cases of
the super-critical range.

1 Introduction

We consider the Cauchy problem for the fourth-order Schrodinger equation posed
onR%,d > 1, namely

. 2 - v—1 d
{zatu(t,x)—i-A u(t,x) = —plultultx), (Lx) ERXRE )

u(0,x) = up(x), xeR%

where v > 1and u € {£1}. The number u = 1 (resp. 4 = —1) corresponds to
the defocusing case (resp. focusing case).

The fourth-order Schrodinger equation was introduced by Karpman [Kar96]
and Karpman and Shagalov [KS00] taking into account the role of small fourth-
order dispersion terms in the propagation of intense laser beams in a bulk medium
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with Kerr nonlinearity. The study of nonlinear fourth-order Schrédinger equation
has been attracted a lot of interest in a past decade (see [Paul], [Pau2], [PS10],
[HHWO6], [HHWO07], [H]J05], [Din2] and references cited therein).
It is worth noticing that if we set for A > 0,
uy(t,x) = )L_%u()f‘lt,)flx), (1.1)

then (NL4S) is invariant under this scaling. An easy computation shows

d_ 4 _
[r(O) I gr = A2~ 71 Mol o,

where H7 is the homogeneous Sobolev space. From this, we define the critical
regularity exponent for (NL4S) by

d 4
Ye = 5~ . (1.2)

One said that H" is sub-critical (critical, super-critical) if v > vc (v = Ve, ¥ < Y0)
respectively. Another important property of (NL4S) is that the mass and energy
are formally conserved under the flow of the equation,

M(u(t)) :/|u(t,x)|2dx, E(u(t)) :/%|Au(t/x)|2+V'Mﬁ|u(t,x)|v+1d36.

The main purpose of this note is to study the well-posedness and ill-posedness
results for (NL4S) in Sobolev spaces. In [Dinl], the local well-posedness for the
nonlinear fractional Schrédinger equation including the fourth-order Schrodinger
equation in both sub-critical and critical cases are showed. We shall review the
local well-posedness for the nonlinear fourth-order Schrédinger equation below.
These results are very similar to the nonlinear Schrédinger equation given in
[CW90]. We also give the local well-posedness in the critical Sobolev space H%/?2.
The global well-posedness in L? is then a direct consequence of the local existence
and the conservation of mass. We also recall (see e.g. [Paul] or [Din1]) the global
well-posedness in the energy space H> under some assumptions. We next show
the regularity of local solutions in the sub-critical case. As a consequence of this
regularity, we obtain the global well-posedness above the mass and energy spaces
for (NL4S) under some assumptions. The second part of this note is devoted to
the ill-posedness of (NL4S). It is easy to see (e.g [LS95]) that (NL4S) is ill-posed
in H? for ¢ < 7.. Indeed if u solves (NL4S) with initial data uy € H?, then the
norm ||, (0)]| ;, and the lifespan of 1, go to zero as A — 0. Using the technique
of Christ-Colliander-Tao given in [CCT03], we are able to prove the ill-posedness
for (NL4S) in HY with

{ 7 € (0o, —d/2]U[0,7c)  when7e >0, (13)

v € (=00, —d/2] N (—o0,7.) otherwise.

This ill-posed result is similar to the nonlinear semi-relativistic equation given in
[Din3]. Note that for the nonlinear Schrodinger equation, the ill-posedness holds
in H” for v < max{0, 7.} (see [CCT03]). The main difference is that the non-
linear Schrodinger equation has the Galilean invariance while (NL4S) does not
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share this property. The Galilean invariance plays a crucial role in the proof of the
ill-posedness in the range v € (—d/2,0). Recently, Hong and Sire in [HS15] used
the pseudo-Galilean transformation to show the ill-posedness for the nonlinear
fractional Schroédinger equation in Sobolev spaces of negative exponent. Unfor-
tunately, it seems to be difficult to control the error of the pseudo-Galilean trans-
formation in high Sobolev norms, and their result (see [HS15, Theorem 1.5]) only
holds in one dimension. We finally note that the well-posedness, regularity for
(NL4S) given in this note can be applied for the nonlinear fractional Schrédinger
equation of order greater than or equal to 2 without any difficulty. Moreover, the
ill-posedness argument can be adapted for the nonlinear fractional Schrodinger
equation of any order.

Before stating our results, let us introduce some notations (see e.g. [GV85, Ap-
pendix], [Tri83, Chapter 5] or [BL76, Chapter 6]). Giveny € Rand 1 < g < oo,
the generalized Sobolev space is defined by

H = {u e | lullyg = | (A) ulls < oo}, A=V,

where (x) = /1 + |x|? is the Japanese bracket and .’ is the space of tempered
distributions. The generalized homogeneous Sobolev space is defined by

= {ue | fullgy = | A7u]1s < co},

where .7 is a subspace of the Schwartz space .# consisting of functions ¢ satis-
fying D*$(0) = 0 for all « € INY with * the Fourier transform on .#, and .7 is its
topology dual space. One can see .7 as .’/ & where & is the set of all polyno-
mials on R?. Under these settings, H) and H, equipped with the norms ||u| H]

and |[|ul| gy are Banach spaces. In the sequel, we shall use H” := H,), H” := HJ.
We also have for y > 0, H/ = LN H].
Throughout this note, a pair (p, 9) is said to be admissible if

2

(p.q9) € 2,07, (p,q,d) # (2,00,2), 5+ gg.

= |

We also denote for (p,q) € [1,]?,

Tra=5= 27" (1.4)

Since we are working in spaces of fractional order 7y or 8, we need the nonlin-
earity F(z) = —pu|z|"~!z to have enough regularity. When v is an odd integer,
F € C*(C,C) (in the real sense). When v is not an odd integer, we need the
following assumption

[yl or [B] <v, (15)

where [7] is the smallest integer greater than or equal to v, similarly for B. Our
tirst result concerns the local well-posedness of (NL4S) in both sub-critical and
critical cases.
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Theorem 1.1. Let v € [0,d/2) be such that v > vy, and also, if v > 1 is not an odd
integer, (1.5). Let

O 8w+1) Cd(v+1)
T D@27 TTarv—1y

(1.6)

Then for all uy € HY, there exist T* € (0, 00| and a unique solution to (NL4S) satisfying

ueC(0,T"),H")NL!

loc

([0, T*), H)).
Moreover, the following properties hold:

(i) u € L{ ([0, T*), H)) for any admissible pair (a,b) with b < oo and vy, = 0.

loc
(i) M(u(t)) = M(ug) forany t € [0, T*).
(iii) If v > 2, E(u(t)) = E(up) forany t € [0, T*).
(iv) If v > ycand T* < oo, then ||u(t)|| g, — ocast — T*.

(U) If’)/ = Yc and T* < 09, then ||uHLP([O,T*),HgC) = 00,

(vi) u depends continuously on ug in the following sense. There exists 0 < T < T*
such that if ug, — ug in H" and if u,, denotes the solution of (NL4S) with initial
data ug, then 0 < T < T*(uq,,) for all n sufficiently large and u,, is bounded in
L*([0, T], H)) for any admissible pair (a,b) with 7, = 0 and b < co. Moreover,
up, — win L°([0, T],L?) as n — co. In particular, u, — uin C([0, T], HY~€) for
all0 < e < 7.

(vii) If v = e and ||ug|| g < € for some & > 0 small enough, then T* = oo and the
solution is scattering in H<, i.e. there exists uar € H7 such that
itA?

lim ||u(t) —e

+ —
Am uy ||gre = 0.

We also have the following local well-posedness in the critical Sobolev space
H4/2,

Theorem 1.2. Let v = d/2 be such that if v > 1 is not an odd integer, (1.5). Then for
all ug € H?, there exists T* € (0, co] and a unique solution to (NL4S) satisfying

ueC([0,T*),H/*)nLF

loc

([0,T7), L%),

for some p > max(v — 1,4) when d = 1 and some p > max(v —1,2) when d > 2.
Moreover, the following properties hold:

(i) uc L{ ([0, T*),Hg/z)for any admissible pair (a,b) with b < co and y,, = 0.

(ii) If T* < oo, then ||u(t)|| a2 — o0 ast — T*.

(iii) u depends continuously on ug in the sense of Theorem 1.1
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The continuous dependence can be improved (see Remark 2.8) if we assume
that v > 1is an odd integer or [d/2] < v — 1 otherwise. Concerning the well-
posedness of the nonlinear Schrodinger equation in this critical space, we refer
to [Kat95] and [NO98]. Note that in [NO98], the global well-posedness with
small data is proved with exponential-type nonlinearity but not the local well-
posedness without size restriction on the initial data.

It is well-known that (see [Caz03, Chapter 4], [Kat95] or [Tao06, Chapter 3])
that for v > d/2, the nonlinear Schrodinger equation is locally well-posed pro-
vided the nonlinearity has enough regularity. It is not a problem to extend this
result for the nonlinear fourth-order Schrodinger equation. For the sake of com-
pleteness, we state (without proof) the local well-posedness for (NL4S) in this
range.

Theorem 1.3. Let v > d/2 be such that if v > 1 is not an odd integer, (1.5). Then
for all ug € HY, there exist T* € (0, 00] and a unique solution u € C([0,T*), H”) to
(NL4S). Moreover, the following properties hold:

(i) u € LE ([0, T*), H]) for any admissible pair (a,b) with b < oo and 7y, = 0.

loc

(it) If T* < oo, then ||u(t)||gr — oo and limsup ||u(t)||pe — oo as t — T*.

(iii) u depends continuously on ug in the following sense. There exists 0 < T < T*
such that if ug,, — uo in H7 and if u, is the solution of (NL4S) with the initial
data u ,, then u, — win C([0, T], H").

Corollary 1.4. Let v € (1,1+8/d). Then for all ug € L?, there exists a unique global
solution to (NL4S) satisfying u € C(R,L2) N L} (R,L1), where (p,q) given in (1.6).

In the energy space H2, we have the following global well-posedness result.

Proposition 1.5 ([Paul] or [Dinl]). Letv € (1,1+8/(d —4)) ford > 5and v > 1
for d < 4. Then for any ug € H?, the solution to (NL4S) given in Theorem 1.1,
Theorem 1.2 and Theorem 1.3 can be extended to the whole IR if one of the following is
satisfied:

(i) u=1

(i) y=-1,v<1+8/d
(iii)) w = —1,v=1+8/d and ||ug||;2 is small.
(iv) w = —1and ||ug|| g2 is small.

Our next result concerns with the regularity of solutions of (NL4S) in the
sub-critical case.

Theorem 1.6. Let B > v > 0 be such that v > vy, and also, if v > 1 is not an odd
integer, (1.5). Let ug € H" and u be the corresponding H" solution of (NL4S) given in
Theorem 1.1, Theorem 1.2, Theorem 1.3. If ug € HPB, thenu € C([0, T%), HP).

The following result is a direct consequence of Theorem 1.6 and the global
well-posedness in Corollary 1.4 and Proposition 1.5.
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Corollary 1.7. (i) Let v > Oand v € (1,1+ 8/d) be such that if v is not an odd
integer, (1.5). Then (NL4S) is globally well-posed in H7.

(i) Let v+ > 2, v € [14+8/d,1+8/(d—4)) ford > 5and v € [1+8/d,c0)
for d < 4 be such that if v is not an odd integer, (1.5). Then (NL4S) is globally
well-posed in H" provided one of conditions (i), (iii), (iv) in Proposition 1.5 is
satisfied.

In [PS10], the authors proved the global existence for the L2-critical (NL4S)
in higher dimensions d > 5. More precisely, they proved that the equation is
globally well-posed in L?

e for any initial data in L? in the defocusing case,

e for initial data in L? satisfying ||uo|| ;2 < ||Q||;2 in the focusing case, where
Q is the solution to the elliptic equation

AQ+Q=QlQ. (1.7)

Moreover, in both cases, the following uniform bound holds true

5. < C([luollr2)-

ol 205 g,

With this uniform bound, we have the following global existence for the
L%-critical (NL4S) in dimensions d > 5.

Proposition 1.8. Let d > 5v = 1+8/dand B > 0. Let ug € HP be such that
if u = =1, |luoll;2 < ||Qll 2, where Q is the solution to (1.7). Then the L?-critical
(N'L4S) is globally well-posed in HP.

Our final result is the following ill-posedness for (NL4S).

Theorem 1.9. Let v > 1 be such that if v is not an odd integer, v > k + 1 for some
integer k > d /2. Then (NL4S) is ill-posed in H" with -y satisfying (1.3). More precisely,
ify € (—oo, —d /2] U (0, yc) when . > 0ory € (—oo, —d /2] N (—o0,.) otherwise,
then for any t > 0 the solution map . > u(0) — u(t) of (NLAS) fails to be continuous
at 0 in the H7 topology. Moreover, if y. > 0, the solution map fails to be uniformly
continuous on L2,

The proof of Theorem 1.9 is based on the small dispersion analysis given in
[CCTO03]. Note that when v = 3 and = 1 corresponding to the defocusing cubic
nonlinearity, Pausader in [Pau2] proved the ill-posedness for (NL4S) in H?(IR%)
withd > 9.

This note is organized as follows. In Section 2, we recall Strichartz estimates
for the inhomogeneous fourth-order Schrédinger equation and the nonlinear frac-
tional derivatives. We end Section 2 with the proof of local well-posedness given
in Theorem 1.1 and Theorem 1.2. In Section 3, we give the proofs of the regularity
for solutions of (NL4S) in Theorem 1.6 and Proposition 1.8. Finally, the proof of
the ill-posedness result is given in Section 4.
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2 Well-posedness

In this section, we will give the proofs of local well-posedness in Theorem 1.1 and
Theorem 1.2. Our proofs are based on the standard contraction mapping argu-
ment using Strichartz estimates and nonlinear fractional derivatives (see Subsec-
tion 2.2).

2.1 Strichartz estimate

In this subsection, we recall Strichartz estimates for the fourth-order Schrodinger
equation.

Proposition 2.1 ([COX11]). Let u be a (weak) solution to the inhomogeneous fourth-
order Schrodinger equation, namely

: t
u(t) = ™y -|—/ el (=) F(5)ds,
0
for some data ug, F. Then for all (p,q) and (a,b) admissible with q < co and b < oo,
el (r oy S Ml grwa + IFll o g por)s (2.1)

provided that

’)/p’q = ’)/a/’b/ —|— 4 (22)
Here (a,a’) is a conjugate pair and similarly for (b,1’).

Remark 2.2. The estimate (2.1) is exactly the one given in [Paul] or [Pau2] where
the author considered (p, q) and (a, b) are Schrodinger admissible, i.e.

p’qe [2’00]2’ (p,q,d)#(Z,OO,Z), %—i_é:é

q 2
We refer to [COX11] (see also [Dinl]) for the proof of Proposition 2.1. Note
that rather than using directly a dedicate dispersive estimate of [BKS00] for the
fundamental solution of the homogeneous fourth-order Schrédinger equation,

one uses the scaling technique which is similar to those of wave equation (see
e.g. [KT98]).

We also have the following local Strichartz estimates (see again [Dinl]).

Corollary 2.3. Let v > 0 and I be a bounded interval. If u is a weak solution to the
linear fourth-order Schrodinger equation for some data ug, F, then for all (p, q) admissible
satisfying q < oo,

||u||LP(I,H;77p/q) S ||u0||H7 + ||F||L1(I,H7)’ (2'3)



422 V. D. Dinh

2.2 Nonlinear fractional derivatives

In this subsection, we recall some nonlinear fractional derivatives estimates
related to our purpose. Let us start with the following fractional Leibniz rule
(or Kato-Ponce inequality). We refer to [Gral4] for the proof of a more general
result.

Proposition 2.4. Let v > 0,1 <r < ocoand 1 < py,p2,q1,q2 < o0 satisfying

1 1 1 1 1
+

r o om P2 4
Then there exists C = C(d, vy, 1, 1,91, P2,92) > 0 such that for all u,v € .7,

1A (wo)ller < CIATullin [0l + Il | ATl 52 )
We also have the following fractional chain rule (see [CW91] or [Sta95]).
Proposition 2.5. Let F € C'(C,C) and G € C(C,R") such that F(0) = 0 and
[F'(0z+ (1= 0)0)| < u(0)(G(2) +G(2)), zfeC, 0<0<1,

where y € LY((0,1)). Then for v € (0,1) and 1 < r,p < 00,1 < q < oo satisfying

there exists C = C(d, u,y,1,p,q) > 0 such that forallu € .,
IAYE(u)||rr < CIIF () | al| A u]| o

Combining the fractional Leibniz rule and the fractional chain rule, one has
the following result (see [Kat95, Appendix]).

Lemma 2.6. Let F € CK(C,C),k € N\{0}. Assume that there is v > k such that
ID'F(z)| < Clz|"™!, zeC, i=1,2,..,k

Then for vy € [0,k] and 1 < r,p < o0, 1 < q < oo satisfying 1 =
C=C(d,v,v,1,p,9) > 0such that forallu € .,

% + %, there exists

IATE(u)|l1r < Cllullys [ AYu] 1. (2.4)

Moreover, if F is a homogeneous polynomial in u and U, then (2.4) holds true for any
v =0.

Remark 2.7. By Lemma 2.6, we see that the condition (1.5) ensures the nonlin-
earity to have enough regularity in order to apply the fractional derivatives.
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2.3 Proof of Theorem 1.1

We are now able to prove Theorem 1.1. Let us firstly comment about the choice
of (p,q) given in (1.6). It is easy to see that (p,q) is admissible and 7, , = 0 =
Yy, +4. This allows us to use Strichartz estimate (2.1) for (p,q). Moreover, we
choose (m, n) so that

1 1 v—1 1 1 v—-1
— = —+ , —=—--+ . (2.5)

p'om p g q n

Thanks to this choice of 1, we have the Sobolev embedding H, < L" since

<n=—1
T=1 "0y

Step 1. Existence. Let us consider
X o= {u € LP(LH)) | 1]l oy ) < M,
equipped with the distance
d(u,v) = [Ju — UHLP(I,L'i)r
where I = [0,T] and M, T > 0 to be chosen later. It is easy to verify (see e.g.

[CW90] or [Caz03, Chapter 4]) that (X,d) is a complete metric space. By the
Duhamel formula, it suffices to prove that the functional

Du)(1) = g + i [0 u(s) P u(s)ds = thom(6) + k(1) 26

is a contraction on (X, d).
Let us firstly consider the case v > .. In this case, we have 1 < m < p and

11 v-)d-2)
m p 8
(

=:0> 0. (2.7)

Using Strichartz estimate (2.1), we obtain

1PN oy S ol + IEG) L gy

[P () = D)L (1,10 S 1) = F@) 1yt 1 107

where F(u) = |u|'"'u and similarly for F(v). It then follows from Lemma 2.6,
(2.5), Sobolev embedding and (2.7) that

WOITORS TNl 1,7 (2.8)

IFG8) = F©) gy S T (0250 )+ 100258 e Yt = @l 29)



424 V. D. Dinh

This shows that for all u,v € X, there exists C > 0 independent of T and up € H”
such that

197 < Clluoll o +CTMY,

d(®(u), ®(v)) < CT'M"1d(u,v).

If we set M = 2C||u|| j7, and choose T > 0 so that

CTGMV—l

N =

then @ is a strict contraction on (X, d).
We now turn to the case v = y.. We have from Strichartz estimate (2.1) that

||uhom||Lp(1,HgC) S luoll gae-

This shows that [|unom | s, ey <€ for some ¢ > 0 small enough provided that T

is small or ||ug|| . is small. We also have from (2.1) that
HuinhHLp(],HgC) S HF(u)HLp’([,H;,C)'

Lemma (2.6), (2.5) and Sobolev embedding (note that in this case m = p) then
yield that

[F ()|l e (L) S S Wl g ey (2.10)
HF(H) - F(U)HLP/(I’L‘I) ~ (HuHLp IH’YC + ||v||Lp IH’YC )Hu - UHLP(I,L'?)' (211)

This implies that for all u,v € X, there exists C > 0 independent of T and
ug € H7 such that

||q)(u)||LP([,H;YC) <e+CM’,
d(®(u),®d(v)) < CM1d(u,v).

If we choose ¢ and M small so that

cMV—1 < €+ % <M,

N~

then @ is a contraction on (X, d).

Therefore, in both sub-critical and critical cases, ® has a unique fixed point in
X. Moreover, since ug € H" and u € LP(I, H; ), the Strichartz estimate shows that
u € C(I,H7) (see e.g. [CW90] or [Caz03, Chapter 4]). This shows the existence
of solution u € C(I, HY) N LF(I, H]) to (NL4S). Note that in the case v = 7, if
| t40]| gyve is small enough, then we can take T = oo.
Step 2. Uniqueness. It follows easily from (2.9) and (2.11) using the fact that
||u||LP(I,H;Y) can be small if T is small.

Step 3. Item (i). Letu € C(I, H") N LP(I,H]) be a solution to (NLFS) where
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I =1[0,T] and (4, b) an admissible pair with b < co and 7, ; = 0. Then Strichartz
estimate (2.1) implies

lollgo . < Mool + Il g oy 212)
gy S Nl + IO 213)

It then follows from (2.8) and (2.10) that u € L*(I, H)).

Step 4. Item (ii) and (iii). The conservation of mass and energy follows similarly
as for the Schrodinger equation (see e.g. [CW90], [Caz03, Chapter 4] or [Gin98,
Chapter 5]).

Step 5. Item (iv). The blowup alternative in sub-critical case is easy since the time
of existence depends only on ||ug|| .

Step 6. Item (v). It also follows from a standard argument (see e.g. [CW90]).
Indeed, if T* < oo and ||u|| LP([0,7%),H]¢) < then Strichartz estimate (2.1) implies

that u € C([0, T*], H"). Thus, one can extend the solution to (NL4S) beyond T*.
It leads to a contradiction with the maximality of T*.

Step 7. Item (vi). We use the argument given in [CW90]. From Step 1, in the sub-
critical case, we can choose T and M so that the fixed point argument can be car-
ried out on X for any initial data with H” norm less than 2||ug|| 5. In the critical
case, there exist T, M and an H< neighborhood U of ug such that the fixed point
argument can be carried out on X for all initial data in U. Now let ug ,, — ugin H7.
In both sub-critical and critical cases, we see that
T < T*(up), ||”||LP([0,T},H[{) < M, and that for sufficiently large n, T < T*(uq)

and Hun||Lp([O,TLHg) < M. Thus, (2.12) and (2.13) together with (2.8) and (2.10)

yield that u, is bounded in L?([0, T], H]') for any admissible pair (a,b) with b < oo
and 1y, , = 0. We also have from (2.9), (2.11) and the choice of T that

1
d(un,u) < Cllug, — ol 2 + Ed(un,u) or d(uy, u) < 2Cllug,, — || 2-

This shows that u, — u in LP([0, T],L7). Again (2.13) together with (2.9) and
(2.11) implies that u,, — u in L*([0, T], L?) for any admissible pair (a,b) with b <
co and 7y, = 0. The convergence in C(I, H?~¢) follows from the boundedness in
L*(I, H") and the convergence in L (I, L?) and that ||| gy < ||1/1H;,_,,7 ||u\|z2

Step 8. Item (vii). As mentioned in Step 1, when ||u¢]| 1, is small, we can take
T* = oo. It remains to prove the scattering property. To do so, we make use of
the adjoint estimate to the homogeneous Strichartz estimate, namely L? > ug

e85 € LP(R, LY) to obtain

—ityA2 it A2 [ a2
le™"2% u(ta) —e 1% u(ty)| e = ||ip € F(u)(s)ds
1

H’Yc

; 2 —isA?
= [in |~ A5 (g ) F () (5)ds
1

L2

S [[F(u) (2.14)

I ey ey
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Similarly,

le™ 28 u(ty) — e 1 u(ty) |12 S | F(u) (2.15)

I (e, 821,20

Thanks to (2.10) and (2.11), we get
He—itzAzu(tz) - €_it1A2u(t1)HH’rc -0,
as t1,tp — +oo. This implies that the limit

+._ T —itA?
Uy = tgrfooe u(t)

exists in H7¢. Moreover,
- +oo s
u(t) — e ud = —iy/ e (=M F(4(s) ) ds.
t
Using again (2.14) and (2.15) together with (2.10) and (2.11), we have

. A%+ _
tgrfooﬂu(t) "> ug || gre = 0.

This completes the proof of Theorem 1.1. m

2.4 Proof of Theorem 1.2

We now turn to the proof of the local well-posedness in H*/2. To do so, we firstly
choose p > max(v —1,4) whend = 1 and p > max(v —1,2) whend > 2 and
then choose g € [2, %) such that

2,4 _
P 9

N =

Step 1. Existence. We will show that ® defined in (2.6) is a contraction on

(¢ d/2— ,
X := {u € L™(LHY2) AL (L Hy ™ ™) | [t poo 1 prare) + 1ll g yrzrmay < M}/
equipped with the distance
d(u,v) = |lu— Z)||L°°(I,L2) + |lu— U“LP(LH*VP,Q)/

where I = [0,T] and M, T > 0 to be determined. The local Strichartz estimate
(2.3) gives

PG 10y + 1RO 2y S ol s + 1) 11 oy,

q

1) = (0)[1or,12) + [1P(1) = RO ) yway SNE@) = E@)11(1,12)-
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Thanks to the assumptions on v, Lemma 2.6 implies

HF(u)HLl(I,Hd/Z Sl Lv— L (I,L®) [[2a]] oo (LH/2) N TGH“‘ LP( ILoo H“HLOO(I,HWZ)/
(2.16)

||F(1/l) - F(v)HLl(I,LZ) ~ <||u| Lv=1(I,L*) + ||U| Lv— 1 (I,L® )Hu - v||L°°(I,L2)
ST (lly s oy + W10 g I8 = 2l 217)
where § = 1 — % > 0. Using the fact that d/2 — v, , > d/q, the Sobolev

embedding implies Hg /2700, [ Thus,

1PC) o (1, p1ar2) + 2@, /20

0 1
S Wl + TNy sy

6 -1 1
(), @) ST (] e IO )i
Thus for all u, v € X, there exists C > 0 independent of u( € H%/2 such that
1D ()| oo (1, a2y + [[@(0)

d(®(u), ®(v)) < CT'M" 1d(u,v).

0
HLP(I,HZ/Z*W,Q) < CHuOHHd/Z +CT° MY,

If we set M = 2C||ug|| ya/2 and choose T > 0 small enough so that CT?M¥~! < 1,
then @ is a contraction on X.

Step 2. Uniqueness. It is easy using (2.17) since ||u|| 11 1) is small if T is small.
Step 3. Item (i). It follows easily from Step 1 and Strichartz estimate (2.3) that for
any admissible pair (a,b) with b < co and y,;, = 0,

||u||L“(I,HZ/2) 5 ||MO||H”’/2 + ||F(u)||L1(I,Hd/2)'

Step 4. Item (ii). The blowup alternative is obvious since the time of existence
depends only on ||ug|| /2.

Step 5. Item (iii). The continuous dependence is similar to Step 7 of the proof of
Theorem 1.1 using (2.17). n

Remark 2.8. If we assume that v > 1isan odd integer or [d/2]| < v —1 otherwise,
then the continuous dependence holds in C(I, H%/2). Indeed, we consider X as
above equipped with the following metric

A(,0) = = 0l oy + 0= 0l o

Thanks to the assumptions on v, we are able to apply the fractional derivatives
estimates (see e.g. [Kat95, Appendix] or [Dinl, Corollary 3.5]) to have

IF(u) = (@)1 (1,072 S (el ooy + 107 ooy )t = 2l oo a2y

+ (2 ) ) D Ulel oo (1, a2y + 1[0l oo (1, mar2) ) 1 = 0l o1 1,109
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The Sobolev embedding then implies that for all u, v € X,
d(®(u), ®(v)) < TMYd(u,v).

The continuous dependence in C(I, H%/2) follows as Step 7 of the proof of
Theorem 1.1.

3 Regularity

The main purpose of this section is to prove the regularity of solutions of (NL4S)
given in Theorem 1.6 and Proposition 1.8.

3.1 Proof of Theorem 1.6.

We follow the argument given in [Caz03, Chapter 5]. To do so, we will split -y into
three cases y € [0,d/2), vy =d/2and v > d/2.

The case v € [0,d/2) LetB > 7. If ug € HP, then Theorem 1.1 or Theorem 1.2
or Theorem 1.3 shows that there exists a maximal solution to (NL4S) satisfying

u € C([0,T),HF) N LE ([0, T),Hf) for any admissible pair (a,b) with b < oo

loc
and 7, = 0. Since H P-solution is in particular an H7-solution, the uniqueness

implies that T < T*. We will show that T is actually equal to T*. Suppose that
T < T*, then the blowup alternative implies

u(t)||pyp — c0ast —T. (3.1)
Moreover, since T < T*, we have

lellLo 0,7, 7y + sup [[(8)|lr < oo,
0<t<T

where (p,q) given in (1.6). Using Strichartz estimate (2.1), we have for any
interval I C (0, T),

el oo 1,02y + ttlleereny < Nuollz + IIE@) g s

el o1, 1) + 12l g ) S Nwollizs + NEGO (1)
Now, let (m,n) be as in (2.5). Lemma 2.6, (2.5) and Sobolev embedding then give

||F(u)||L,,/ LL7) N ||”||Lp IL") ||“||Lm I,L1) S iy, P EY ]| (I,L7) S ||“||Lm (I,L9)7
(I, L IH

||F(u)HLp/(I’H,B < HuHLP [Ln ||uHLm IH’B N HuHLp IH'Y HuHLm IH‘B ~ ||uHLm IH‘B)
Here we use the fact that [|u|,, ((0,T),H]) is bounded. This shows that

el mey + el g gy S Ntolliae + el
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for every interval I C (0,T). Now let 0 < € < T and consider I = (0, 7) with
€ < T <T.Wehave

[l upy < Ce+€°llu]

m IH/S = ||uHLm (0,T—¢), )Hﬂ) Ly IH‘B)

where 6 given in (2.7). Here we also use the fact that u € L’ ([0, T), Hqﬁ ) since

loc
Yp,q = 0. Thus,

||uHL°° IH/S + HuHLP IH/S) < C—l—Ce—i-eGCHuHLp IHﬁ)

where the various constants are independent of T < T. By choosing € small
enough, we have

||uHL°°(I,H5) + ||uHLP(I,H5) < C’

where C is independent of T < T. Let T — T, we get a contradiction with (3.1).

The case v = d/2 Since uy € H%/2, Theorem 1.2 shows that there exists a
unique, maximal solution to (NL4S) satisfying u € C([0, T*), H*/?) N Lf oc([0,T),
L*) for some p > max(v — 1,4) whend = 1 and p > max(v —1,2) whend > 2.
This implies in particular that

e LV 1([0, T*),L*™). (3.2)

loc

Now let B > 7. If ug € HP, then we know that u is an HP solution defined

on some maximal interval [0, T) with T < T*. Suppose that T < T*. Then the

unitary property of ¢"A* and Lemma 2.6 imply that

t t
()| < l[uoll s +/0 [E(u)(s) | s ds < [luoll s +C/0 () =" (5) | o s,

forall 0 <t < T. The Gronwall’s inequality then yields

t
4 (Ollge < llnollgs exp (C [ [lu(o)]lz="ds)

forall0 <t < T. Using (3.2), we see that limsup ||u(t)| s < coast — T. Thisis
a contradiction with the blowup alternative in HP.

The case v > d/2 Letp > . If uyg € HP, then Theorem 1.3 shows that there
is a unique maximal solution u € C([0, T), HP) to (NL4S). By the uniqueness, we
have T < T*. Suppose T < T*. Then

sup ||u(t)[[gs < oo,
0<t<T

and hence
sup |[u(#)[[L < co.
0<t<T
This is a contradiction with the fact that limsup ||u(f)|[i» = oo ast — T. The
proof of Theorem 1.6 is now complete. m
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3.2 Proof of Proposition 1.8

Let us now give the proof of Proposition 1.8. Let 8 > 0 and uy € HF be such that
if u =—1, |luoll;2 < ||QJl;2, where Q is the solution to (1.7). We learn from the
result of Pausader-Shao [PS10] that the L?-critical (NL4S) is globally well-posed
in L?. Moreover, the unique solution enjoys the uniform bound

< .
ol 215 g 208, < Cllolz2)

Since uy € HP, we have from Theorem 1.1, Theorem 1.2 and Theorem 1.3 that
there exists a maximal solution to the L?-critical (NL4S) satisfying C([0, T), HP) N

L? (][0, T),Hf) for any admissible pair (a,b) with b < oo and 7,;, = 0. By

loc
the blowup alternative, it suffices to show that [[u| e~ ) psy < oo Letp =

2 +8/d. It is easy to see that (p,p) is a admissible pair with 7, , = 0. Since
[ullzr((0,T),Lr)y < o0, we decompose (0, T) into a finite number of subintervals Iy
so that ||u[pp(;,1r) < € for some € > 0 to be chosen later. By Strichartz estimates,

<
1]l o g 6y + ||“”Lp(1k,H§) S luoll s + ||F(u)HLp/(Ik,H§,)

8
S lluoll e + ||“||zv(1k,m)“””Lp(lk,Hﬁ)

8
5 ||u0||HI5 + €d ||u||Lp(Ik,H5).

By choosing € > 0 small enough, we get |||, gy < C for some constant C in-
dependent of I;. By summing over all subintervals I, we obtain ||u|| L((0,T),HF) <
co. The proof is complete. m

4 lll-posedness
In this section, we will give the proof of Theorem 1.9 using the technique of

[CCTO03]. We follow closely the argument of [Din3]. Let us start with the small
dispersion analysis.

4.1 Small dispersion analysis

Let us consider for 0 < 6 < 1 the following equation

{ i0ip(t, x) + *N2p(t,x) = —ulp|" ot x), (tx) € R xR,

$(0,x) =go(x), xecRL (4.1)

Note that (4.1) can be transformed back to (NL4S) by using

u(t,x) := ¢(t,ox). 4.2)

Lemma 4.1. Let k > d/2 be an integer. If v is not an odd integer, then we assume also
the additional reqularity condition v > k + 1. Let ¢y be a Schwartz function. Then there
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exists C,c > 0 such that if 0 < & < c sufficiently small, then there exists a unique
solution ¢\ € C([—T, T], H¥) of (4.1) with T = c|log |° satisfying

¢ (t) = 9@ (B) 1 < C&°, (43)
forall |t| < c|logd|¢, where
¢ (8 x) = po(x) exp(—intlpo (x)"") (4.4)
is the solution of (4.1) with § = 0.
Proof. The proof of Lemma 4.1 is essentially given in [Pau2, Lemma 4.1] where
the author treated the cubic fourth-order Schrédinger equation. The extension
to the general power-type nonlinearity here is completely similar. Note that H*

with k > d/2 is an algebra. m

Remark 4.2. By the same argument as in [CCT03], we can get the following better
estimate

1@ (t) — O () || yox < C&°, (4.5)

for all |t| < c|log 6|, where H** is the weighted Sobolev space

k
1l s = Y [ ()% Dol .

|a|=0
Now let A > 0 and set
ul@N (¢, x) i= A1) (A4, A 15x). (4.6)

It is easy to see that u(®!) is a solution of (NL4S) with initial data u(®})(0) =
A_%gbo(/\_ldx). We have the following estimate of the initial data u(®})(0).

Lemma4.3. Let y € Rand 0 < A <6 < 1. Let ¢pg € .~ be such that if y < —d/2,

$o(5) = O(|¢[*) as & — 0,

for some x > —v — d /2, where * is the Fourier transform. Then there exists C > 0 such
that

[N (0) ]| v < CATe=75774/2, 4.7)
The proof of this result follows the same lines as in [CCT03, Section 4] for

the nonlinear Schrodinger equation. We also refer to [Din3, Lemma 3.3] for the
nonlinear half-wave context.
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4.2 Proof of Theorem 1.9

We now give the proof of Theorem 1.9. We only consider the case t > 0, the one
for t < 0 is similar. Let € € (0, 1] be fixed and set

AV v57=4/2 —. ¢ (4.8)
equivalently
a/2—v
Ve
hence 0 < A < § < 1. We note that we are considering the super-critical range,
i.e. v < 7y.. We will split the proof into several cases.

A~ 59, where 0 = >1,

The case 0 < v < 7. We firstly have from Lemma 4.3 and (4.8) that
[u®M) (0)[|pr < Ce.

Since the support of ¢() (¢, x) is independent of t (see (4.4)), we see that for ¢ large
enough, depending on 7,

9@ )1y ~ £,
whenever v > 0 provided either v > 1 is an odd integer or y < v — 1 otherwise.
Thus foré < 1and 1 < t < c|log/|, (4.3) implies

1@ (£) || 1 ~ 7. (4.9)
Next, using
WOD () = AT (A0 ) P (D] (A6E),
we have
[N (A3 = /(1 + PN A (@)PdE
=AY [ (@ )l () (@) P
> AP [ el (] (@) P

g1>1
_ 8 — —
> AP (A2 (e (1) B — Cllg @ (1) )
We also have from (4.9) that ||¢®) (t)||;2 < ||¢'®)(£)|| g+ for t > 1. This yields that
[ A0 [ = A1 (A5 [ 9O () |1y 2 cet?,

for 1 < t < c|logd|°. We now choose t = c|logd|° and pick § > 0 small enough
so that

et >e 1, AMt<e
Therefore, for any & > 0, there exists a solution of (NL4S) satisfying

Ju(O)|gr <& [Ju(t)||pr > e

for some t € (0,¢). Thus for any ¢ > 0, the solution map . > u(0) — u(t) for the
Cauchy problem (NL4S) fails to be continuous at 0 in the H”7-topology.
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The case v < —d/2 and v < .. Using again Lemma 4.3 and (4.8), we have
[l (0) || r < Ce,
provided 0 < A <4 < 1and ¢ € .7 satisfying
Po(¢) = O([¢]*) as ¢ — 0,
for some x > —y — d/2. We recall that

90 (¢, x) = po(x) exp(—ipt|go(x)|" ).

It is clear that we can choose ¢ so that

[ 990,00 2 cor 9O WF0)] 2 ¢,

for some constant ¢ > 0. Since ¢(%)(1) is rapidly decreasing, the continuity
implies that

[ (WIE) =,
for || < ¢ with 0 < ¢ < 1. Since H** controls L! when k > d/2, (4.5) implies

) (V](E) = (9 (DI(Q)] < &,
and then
PN > ¢, (4.10)
for |¢| < c provided ¢ is taken small enough. We now have from (4.6) that
u(6A) (A4,x) _ 7\_%49(5)(1,)\_1596),

and

N AHE) = AT T (A 9O (1)](As16).
The estimate (4.10) then yields
PN AHNE) = A 7T,

for |¢] < cA716.
In the case v < —d /2, we have from (4.8) that

DAY ||y > A1 (A1) = ce(A51)1H/2,

Here 0 < A <6 < 1, thus (A6~ 1)7+4/2 — 0. We can choose ¢ small enough so
that A — 0 and (A6~1)7+9/2 > ¢2 or

[ @M (A% ||y > 7L
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In the case v = —d /2, we have

/
(1 +lghag)

= A 71(A6 1) (log(cA~15))1/2
= ce(log(cA18))1/2.

OA) (A4 > cAm (A8 /
u - c

By choosing ¢ small enough so that A — 0 and log(cA~16) > €4, we see that
[ A g0z = €7
Combining both cases, we see that the solution map fails to be continuous at 0 in

H7-topology.

The case v = 0 < 7. Leta,a’ € [1/2,2]. Let gb(“) be the solution to (4.1) with
initial data

¢(9)(0) = agy.

Then, Lemma 4.1 gives
1) (£) = O (8) | e < C&°, (4.11)
for all |¢| < c|log 8|, where
PO (¢, x) = agy(x) exp(—ina’ " t|Po(x)|" 1) (4.12)

is the solution of (4.1) with § = 0 and the same initial data as ¢(*?). Note that
the constant C, c above can be taken to be independent of a since a belongs to a
compact set. We next define

u(@M) (1, x) 1= A =1p@0) (A4, A o). (4.13)

Thanks to (4.2) and the scaling (1.1), we see that u(*%}) is also a solution of
(NL4S). On the other hand, using (4.12), a direct computation shows that

||4)(a,0)(t) _ ¢(a’,0)(t)||L2 >c>0,

for some time t satisfying |a —a’| 7! < t < c|logé|® provided that 6 is small
enough so that c|log §|° > |a — a’| 1. This estimate and (4.11) yield

9@ (1) = g1 (1) 2 = ¢,

for all |a —a’|~! <t < c|logd|°. Now, let € be as in (4.8), i.e.
AT (A2 =g, (4.14)
or A = 8% with 6 = % > 1. Moreover, using the fact

@M (A](E) = A~ 1 (A8 ) @) (1] (A6 71E),
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we obtain
@D (A4 — w BN (A1) 12 = A5 (A8 V29l (1) — D (1)) 12 2 ce.

Similarly, using
_ 4 —1\d 2 —
eSO () = ah~ 1 (A5 go(A57 ),
the choice of € in (4.14) gives
[N (0)[| 2, [P (0)]| 2 < Ce,

and /
1@ (0) — 1@ 2N (0)|| 2 < Cela — d'|.

Since |a — a’| can be arbitrarily small, this shows that for any 0 < €, < 1 and for
any t > 0, there exist uy, up solutions of (NL4S) with initial data u1(0), u2(0) € .
such that

11 (0)[[ 2, [u2(0) |2 < Ce,  [[u1(0) — u2(0)[| 2 < Co,  [Jur () — ua(t)[[ 2 = ce.

This shows that the solution map fails to be uniformly continuous on L2. This
completes the proof of Theorem 1.9.
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