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On the Cauchy problem for a nonlocal,
nonlinear Schrodinger equation occuring in
plasma Physics

T. Colin*
Centre de Mathématiques et leurs Applications,
ENS Cachan et CNRS,

61 avenue du Président Wilson,
94235 Cachan Cedex, France.

Abstract

In this work, our goal is to study the Cauchy problem for some
generalization of the following system.

igr + Ap = —div(|VY[* V),
Ay = ¢.

In particular we shall construct solutions in the energy space associ-
ated to this system. We give some sufficient conditions on the initial
data which ensure that the solutions are global, but we show that in
some cases, finite time blow up occures.

*This work was partially supported by a grant from the Ministere de la Recherche et
de la Technologie, France, Contrat no 90S0315.
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1 Introduction

1.1 Derivation of the equations

In a nonlinear plasma, one can observe two types of motions (see S.L. Musher,
A.M. Rubenchick and V.E. Zakharov [11]): high-frequency electrons oscil-
lations and low-frequency ones involving ions. We confine ourselves to the
consideration of long wave oscillations. This makes it possible to consider
low frequency motions as quasi-neutral. The interaction of high frequency



oscillations will be neglected, which allows us to describe them using lin-
earized hydrodynamical equations for an electron gaz. Using the Maxwell’s
equations, we obtain:

1, 0? N 3v2. w?

— (== + w2)E + curl curlE — —<VdivE + —-§,E = 0,

c2 (8152 + p) + 2 + cnyg

where E is the electric field, ng the density of electron at the state of rest and
w, the pulsation of the plasma. We consider oscillations with a frequency
close to that of the plasma and an electric field of the form:

E = eiwptE7
with %—]? << wa. Neglecting the second derivative, we get:
~OE S L =W
QMPE + c*curl curl E — 3v7, VdivE + nfénE = 0.
0

If we suppose that the characteristic time of the process is large enough,
we may suppose that the electron distribution follows Bolzmann’s law, so
that:

On |E|2

un - 167Tn0(Te + E) .

The equation becomes:

O _ o WEPE
22wp§ + c*curl curl E — 307, VdivE + 167ml())(Te +T;) -

If furthermore we are in the potential case, i.e. E = V), taking the diver-
gence of the above equation, we get:

Wp

di Vi) =

3
A + iréprl/z) +

with rp = %Te characteristic radius.
P
By a scaling argument, we obtain finally:



A =¢ (1)
(;5(17, O) - Gbo(l‘)

The goal of this article is to study from the mathematical point of view a
larger class of equations:

{ ir + A = —div(|Vy[*Vi))

A= ¢ (2)
¢(z,0) = do(x),

where ag; = ay, are real constants, the matrix (ay;) being nonsingular and
o> 0.

{ o +Zkl 1ak’l8zk8a: = —dZ’U(|V@/J|OV@D)

1.2 Conservation laws

If ¢ is a solution of (2), one can show that the following quantities are in-
variants of the motion:

m(t) = /R V(1) Pdz = m(0), 3)

D= [ G AV - e = B0,

where ¢ is the following hermitian form:

3
u) = Z AUy

k=1

Indeed, multiplying the first equation of (2) by 1 leads, after integration,
to:

8277& 32¢ :/|V¢|0+2.

- / thvw + /akl 8xk8xl 8%261’1

(5)

But [ ay 83252 af:gzl is real, indeed an integration by parts gives:



oy 0% oy 0%
i 6@8901 8xk6ml N akl aZL‘Za’El al'kal‘,

Hence, taking the imaginary part of (5) leads to:

Re/wt.w —0

and we obtain (3). On the other hand, multiplying the first equation of
(2) by 9, and using the same method, we arrive at (with the summation
convention):

. - PPy %Y U _
_Z/v¢t'th+/aklaxk8xl Ox;0x; _/|V1’Z}| V- Vi, (6)
But: _ _
/a Py Py _ Y 0P
M Ow0n; 00z, a 0x;0x; Or,0z;’
therefore,
0% 0%y 1 rd 0% 0%
Re(/ aklaxi&ci axkax,) N 2/dtaklax,-8:ci 0x1,01;
2dt/ Z 5’%
Since

Re(/|w|0w.wt) (0+2)% /|V¢|"+2

we now obtain (4) using (6). All these calculatlons are somewhat formal, we
shall return to this point later on and make them rigorous.

1.3 Statement of the results

In this work, our goal is to study the Cauchy problem (2). In particular we
shall construct solutions satisfying the conservation laws (4) and (3) (The-
orem 1, 2, 3 and 4). We give sufficient conditions on the initial data which
ensure that the solutions are global (see Theorem 4), but also we show that
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in certain circumstances, some initial data can lead to finite time blow up
(Theorem 5).

We introduce K = {¢ € L° Vi € L?} endowed with the norm |[V)|z2 (see
also section 2.1.1).

Theorem 1. Let 0 < 0 < 3 and 1y € K. Let r be such that 2 = 3(5 — =3)
then there exists a unique maximal solution on [0,T*[, T* > 0 to:

{ i(V)e + L(VY) = V(=A) " div(|[ V|7 V)
?b(l“» 0) = wo(.’ﬂ)

such that ¢ € C([0, T*[, K) N L"(0,¢, L72) for all t < T*.

Moreover, Vi € L1(0,t, LP) for every (q,p) satisfying % = 3(% — %) with
2<g<ooandt<Tr.

If 0 < o < 2, the solution is unique in C([0,T*[, K).

Remark 1. For o > 2/3, the uniqueness statement holds in
{¢ € L*(0,T,K), Vi € L"(0,T, L")}
and not in C([0, T, K). This theorem will be proved in third section.

Remark 2. We can not apply this theorem to the initial system (1). We find
here the classical critical value o = % for Schrodinger equations, see T.Kato

[8].

We now suppose that the initial value Vi), is more regular. We introduce
H={yeL°NCy(R*,Vy € H'},

endowed with the norm ||V||g: (see next section).

Theorem 2. Let 0 < 0 < 4.
xLet g € H, then there exists an unique mazimal solution on [0, T ()]

¢ € O([O’ T(¢0)[7 H) to:

{i(Vw)tJrL( V) = V(=A) " div(|[VY |7V
U(x,0) = Po()



«Moreover, ¢ = Ay € L"(0,t, L) with 2 4+ 25 =3 for allt <T.
xThe function 1 is a solution to:

i¢r + Lo = —div(|[V|7Vi))
Vi =0¢
¢(2,0) = do(x)

and if 0 < o < 3, it is the only solution in C([0,T[, H).

« The solution 1 depends continuously on vy in C([0,T], H) in the follow-
ing sense: if Ui — o in H then for all T < T'(1y), if n is sufficiently large,
the corresponding solutions exist on a common interval [0, T] and 1, — ¥ in

c((o, 1], H).
Remark 3. This theorem applies in the physical case (1).
We have a result of regularity:

Theorem 3. If )y € H with Vo € H?, then the solution given by Theorem
2 satisfies
Vi € C([0, T ()], H?).

However, the expressions of m(t) and E(t) in (3) and (4) make sense for
solutions which take their values in H. We exploit this fact in the following
theorem.

Theorem 4. a)Let 1)y € H, then the solution of (2) satisfies:

m(t) = /R  IVe(t)Pdz = m(0),

3
1 o+2 .
D= [, G E AV — 5ITul s = £()

2
where q 1is the following hermitian form:
3
U) = Z Ap Ul .
k=1

b)If the matriz (ag) is negative, then ||[¢||g remains bounded and the
solution s global in time.



c)If the matriz (ay) is positive, then if o < 3, ||||y remains bounded

and the solution is global in time. If o > 3, then if |[Yo||m is sufficiently
small, ||Y||g remains bounded and the solution is global in time.

d)If ¢ is a solution of (1), if Viby € H™ A W™LS for m > 4, then
there exists 0 > 0 such that, if

Vo[ mer + IV o] i <6,
then the solution is global in time and there exists ¢ satisfying
iy +_A€5_: 0
Ay = ¢,

such that:

||v1/)||Wm72,6 < %

||V¢H£—[m+l S C
IV — Vol gmer < 5.

Remark 4. We restrict ourself to equation (1) in the last part of Theorem
4 to avoid technicalities in the estimates in the different spaces WmLg

Theorem 3 and 4 will be proved in the next section.
We have the following finite-time blow-up result:

Theorem 5. Let 1)y € H be such that [ |x|*|Vi|? < oo, then the solution of
(2) with L = A satisfies

2| V| € L=(0, ¢, L2) N L7(0, 1, L7*2),

for all t < T'(t)).
There exists some radial initial values such that the corresponding solu-
tions blow up in finite time.

This theorem will be proved in next section using the ”Virial identity”.
The results of this paper were announced in [3].



2 The Cauchy problem with Vi, € H'.

We are going to solve the local and global Cauchy problems using the stan-
dard methods for Schrodinger-type equations (see T. Kato [9] and Ginibre
and Velo [7]). However, the nonlinear term here is nonlocal and the equation
is for vector valued functions; therefore (2) does not enter directly in the
framework of [8] or [9].

2.1 Local Cauchy problem.

Through this section, we take 0 < o < 4.

2.1.1 The nonlocal term and the fixed point equation.

We need to solve the Poisson equation Ay = ¢ in all R®. For this purpose,
we use:

Lemma 1. The completion of D(R®) for the Dirichlet norm (J |[Vv[2)2 is
ezactly {v € L5 Vv € L?}.

This result is due to Barros-Neto [1], for the sake of completeness, we
give the proof in the Appendix.
Lemma 2. Let E = {¢ € L?, % € L*}.

Then, if ¢ € E, then there exists a unique function ¢ € Co(R*) N L® such
that Vi € H* and Ay = ¢.

Moreover, there exists C > 0 such that (|¢|ps + ¢~ + |V m) < C|o|E.

We give the proof of this lemma in the Appendix too. This lemma claims
that
H={y e L°NCy(R*),Vy € H'}

is exactly the space in which we can solve Ay = ¢ with ¢ given in E.
We now introduce:
V={fe (DR’ IecD(R)Vy=f}

We have the well-known characterization of V: f € V' if and only if Vv €
(D(R?))? with div(v) = 0, we have < f,v >= 0. With this characterization
of V, it is clear that the intersection of V with all "reasonable” functions
space is closed. We can now state:



Lemma 3. We define:
G={feH"),WeD VY= f}

Then G = {V,¢y € H}.
Moreover, if ¢ € D' with Vi € H', then there ewists v € H and a
complex number a such that 1 = a + .

The proof of this lemma is left in the appendix too.
In order to solve (2):

iy + 3 1o angat = —div(| V|7 Vi)
Ay = ¢
¢<£L',0) = ¢0($),

we will solve the following ”equivalent” system

{ (V) + L(VY) = V(=A)"div([VY|7 Vi)
Ay = ¢ (7)
U(,0) = tho(x).
Now we give a precise signification to the term V(—A)"!div and to the
equivalence between both systems.

Lemma 4. xThere exists an operator B continuous on every LP for 1 < p <
00, such that for f € D(R?) we have Bf = V(—=A) " divf.
xFor f € LP, we have divBf = divf and Bf € V.

Proof: If f € D(R?), we define (—A)"'divf by:

di
(_A)fldz-vf — C/ ( va)(y)d
|z =y
where ¢ is a constant. Moreover, Bf = V(A) !divf makes sense and

divBf = divf. Now thanks the Calderén-Zygmund theorem (see Folland
[5] p138), since V(—A)"!div is homogeneous of order zero in Fourier vari-
able, we have:

| Bfllze < C||f]]ze
for 1 < p < oo and for all f € D(R?). We can now extend B to all LP by
continuity, and since the relationship divBf = divf is true in D(R?), it is
still true in the distribution sense. Now since V' N LP, is closed in LP, for all
f € L? we have that Bf € V. [

10



Lemma 5.
There exists an operator C such that if f € D(R?) then

V(=) =cf

and
C:LP— 1

1 1
f0r1<p<3anda: -3

1
p
If g € L9 and divg € LP then C(divg) = By.
Proof: «If f € D(R?), we define:

(z — y)-f(y)d

w—yp Y

V(-A)f = /
Using the Riesz potential theory (see Stein [13]), we get that

V(=) fllze < ClIfllze,

for ¢ and p as in the lemma. So that we can extend V(—A)~" in C on all L?
into L9.

*Now the property V(—A)"!divg = Bg is true on D(R?), by density it
still true for g with the convenient properties. [ |

Of course, from now on, we do not use the letters B or C', but the ex-
pressions V(A)~!div or V(—A)~L.
We have:

Proposition 1. xIfv¢ € C([0,T], H) satisfies

{ i(VY) + L(V) = V(=A) " div(|Vy|7V)
AY=¢
¢($a 0) = ¢0(x)’

then 1 satisfies

A= ¢
¢(x,0) = ¢o(x).

xThe converse is true if 0 < o < 3.

{ iy + Lo = —div(|Vy[7VY)

11



Proof: The first part is easy, we just have to take the divergence of (7).

For the second part, we have to verify that we can apply V(—A)~! on
div(|V|7V), i.e that div(|Vy|7V) € LP for one 1 < p < 3. We fix now
0 < o < 3. We have that #;xjﬁb = R;R;(Av), where R; is the Riesz trans-

form (see Stein [13]), which is continuous from L? into itself for 1 < p < oo;
so that we may say that div(|V|7V) is a sum of terms which behave, in L?

norm, like |V|? Atp. Holder’s inequality implies that div(|V|7V)) € Lo+s,

Now since |V¢|7Vy € L7+ and otl — 283 _ L we may apply the preceding

lemmas and v satisfies (7). |

Now in order to solve (7), we transform it into an integral equation:
Vi = S5(t)Vipo + AVA(Y)(t) (8)
where Af(t) = —i [y S(t — s)f(s)ds, A(Y) = (=A) " div(|V|"Vp) and S(t)

is the group generated by the linear Schrodinger equation:
The following proposition prove that (8) and (7) are equivalent.

Proposition 2. Let ¢ € L>(0,T, H), then v satisfies

Vi = S(t)Viy + AVA() (1)
if and only if 1 satisfies

{ i(VY) + L(VY) = V(=A) " div(|V|7Vi)
AY =
¥(x,0) = Yo(x).

Proof: Vi € L>(0,T, H') implies that Vi) € L>(0,T, L°NL?) and |Vy|" ™ €
L=(0,T, L#+7).
If ¢ <2, then |V¢|°*! € L? and

V(=A)"tdiv(|Vy|7V) € L=(0,T, L?).
If o > 2, then g < Uiﬂ < 2 and there exists 0 < s < 1 such that L#+1 ¢ H—*.

Therefore V(—A)"tdiv(|Vy|[7V) € L>(0,T, H™*).
In both cases, there exists a s < 0 such that

12



V(=A) " div(|[Vy|7Vp) € L=(0,T, H®).

Now:

(—)If ¢ is a solution of (7), then lemma 1.3 of Kato [8] implies that
Vi € AC([0,T], H*=%) and 1 satisfies (8).

(<) If 9 is a solution of (8), then lemma 1.1 of Kato [8] implies that:

i(S(t)Vho)e + L(S(t)Viby) = 0,
with S(0)Vi)y = Vb, and
AVA(p) € C([0,T), H*) N AC([0, T, H*™?),

with
i(AVA(W)): + L(VA(Y)) = VAY).

Furthermore, we have

AVA($))(0) = 0,
therefore V) satisfies (2). |

2.1.2 Resolution of the integral equation

The basic idea of the proof is now to use contraction type arguments in spaces
such as L"(0,7, L9). These arguments are based on LP — L7 estimates for
the free propagator (i.e. S(t)) of the linear equation. A few notations are in
order.
Let (r,p) two real numbers satisfying 1 < r < oo and 1 < p < oo. The
1

pair (r, p) is said to be admissible if 2 < p < 6 and 2 = 3(% — ;). 1 (r,p)isa

pair of numbers, we denote by (17, p') its dual pair, i.e. %—l—% =1 and zlo+z% =
1. The following lemma is due to Strichartz [14] for the classical Schrodinger
equation, and to Ghidaglia-Saut [6] for the linear equation corresponding to
problem (2). For the proof see also Ginibre and Velo [7] or Cazenave and

Haraux [2].

Lemma 6. Let (r,p) and (p,v) two admissible pairs, then:
Al eroaery < Cr oI e 0,0,

13



1SC)gllero.,ery < Clgll e

The constants are independent of T and one may replace L>°(0,T, L?) by
C([0,T], L?).

In order to apply the contraction principle on (8), we will use the LP — L7
estimates on VA(v). We take r such that (r,0 + 2) is admissible, and we
improve the method of Kato [9]. We introduce the following spaces:

X ={Vy e L>0,T,L*NV)NL"(0,T,L°*NV)},

X ={Vy e L"(0,T,L7 nV)},

Xo={Vy € L*(0,T,L*NV)NL>(0,T, L°*NV)},

endowed with their natural norms.
With these notations, we may state:

Lemma 7. VA maps Xy in X' and, with o = % —
IVA(ih2) = VA1) x: < CT||Vip1 — Vibal|xsup(|[Vir %, [[Viba[%,)-

S =

Proof: The Calderén-Zygmund theorem implies that:

[IVA(¥1) — VA(%)HL% < Ol V|V — [V |7V

o+2 .
LoF1
Using Holder’s inequality, we obtain that this expression is smaller than:

Csup(|Vihy|Tosz, [Va|Tov2)|Vihy — Viba|po-2.

Integrating this last inequality with respect to the time, we obtain that:

IVA@W) - VAW,

o2
(0,7, Lo+T)

< CSUP(|V?/)1|%OO(LG+2)a |V¢2|iw(m+2))|v¢l - V¢2|Lr'(O,T,LU+2)'
Furthermore we have that L7(0,T, L°+?) ¢ L"(0,T, L°*?), the norm of the

injection being Ti v = T%; the lemma follows. [

14



This lemma leads to:

Corollary 1. AVA maps Xq into X continuously and boundedly. On each
ball Br(Xo), AV A is a contraction in the X norm if T is sufficiently small.

We now state:
Lemma 8. If ¢y and vy are two solutions of (8) in Xy, then Vb = Vibs.

Proof: We take R sufficiently large such that Vi, Vs € Bgr(Xj), then
Vi1 — Vipy = AV A1) — AVA(¢hy) and AV A is a contraction in the X
norm if 7" is sufficiently small. Therefore uniqueness is proved. |

With these results, we can prove:

Proposition 3. Let vy € H, then there exists a unique ¢ € C(]0,T], H),
solution of (7) and (8) if 0 < o < 4. Moreover, v is a solution of (2) and it
1s the only one if o < 3.

Proof: Let us introduce:
Y ={Vy € X,D*) € L*(0,T, L*) N L"(0, T, L°*%)}
C L0, T,H") C L=(0,T,L° >N V),

Y' = {Vi € X', D% € L"(0,T, L++1)}.
We need:
Lemma 9. VA maps Y in Y’ boundedly and

IVA@W)Ily < CTI5.

Proof: Lemma 7 and the fact that Y C X, imply that

IVA@W)|x < CT|VYIT V| o7,10+2)-

On the other hand, using the Calderén-Zygmund theorem and the conti-
nuity of the Riesz transform in the LP spaces, we get that
0
| e
Holder’s inequality in space and time show that this last expression is smaller
than

VA@W)||x < ClIVY|"Ag[x.

cTe | V¢|§(0 |A¢ | L7 (0,T,Lo+2)"
The definition of Y and the fact that Y C Xy complete the proof of the
lemma. [ |

15



For 1y € H, we note ||S(t)Violly < Cllwollw = R'.

Lemma 10. Choose a real number R such that R > R'. If T is sufficiently
small, the map T (V) = S(t)Vibg + AVA(Y) maps Br(Y) into itself and is

a contration in the X norm.

Proof: First we have, using lemma 9:
T (V)lly < Clltolle + CT =[5 < R+ CT'"*R7

and this last quantity is smaller than R if T is sufficiently small.
On the other hand, if Vi1, Vibs € Br(Y'), then Corollary 1 and the fact
that Y C X, implies

T (Vi) — T (Vibo)||x < K[l — ¢a||x
thereby proving the lemma. [

Using the contraction principle, we find a solution of
i((V)e + L(Vp) = V(=2) " din(|Vy[7V),

with V¢ € C([0,T], H'). Lemma 8 implies that this solution is unique.
Since we have worked with functions which take their values in V, V) is the
gradient of ¢ € S” and Lemma 3 implies that we can choose ¢ € H, and the
proposition is proved. |

To finish the proof of Theorem 2, we have to show the continuous depen-
dence with respect to the initial data. We refer to Kato [9], the estimates
that we need for this proof being roughtly the same as in [9].

2.2 The global Cauchy problem

The goal of this section is to prove Theorem 4.

2.2.1 Conservation laws

In the introduction, we made some formal calculations to obtain conservation
laws. We want now make this calculations rigourous. Take v € D(R?), the
solution of (2) given by Theorem 2 satisfies:

i < ¢y, v >+ < Lo,v >= — < div|V|°Vip,v > .

16



An integration by part leads to:

0% 0*v
Ox0x; 0x,07;

—1 < Vi, Vo > 4+ < ay >=< V¢V, Vv > (9)
with the summation convention and since ¢ € C'([0,7], H"?). Let now
v, € D(R?) such that Vv, — V¢ in H'(R?), then passing to the limit and
taking the imaginary part of (9) leads to (3).

If we try to apply the same method for the second conservation law (4),
then we have to approximate Vi, by v, and then to pass to the limit in
the term < Vt;,v, > and this is not possible since V1), is only in H~!.
However, the expression of the conservation law in itself make sense for the
solution that we found in Theorem 2. We are going to apply the following
method: we take a regularization ¢§ € D(R?) of 1, we show that the
corresponding solutions are regular and that the existence time is the same
as for the solution given by Theorem 2; then we pass to the limit using the
continuous dependence with respect to the initial values. Let us begin with
the regularity.

We introduce:
7Z ={y € L, Vy € H?},

endowed with the norm |V)|g2 and

~

8:{¢,3¢GZ,A¢:¢}:{¢GH1,|ZeLQ},

endowed with the norm |V¢|2 + \%\ r2. The following proposition proves
Theorem 3:

Proposition 4. For all vy € Z, there exists T > 0 depending only on ||z
and there ezists a unique ¢ € C([0,T[,E) such that:

ior + Lo = —div(|Vy[7Vy)
A= ¢
¢(x,0) = ¢o(x).

Then ¢ € CY([0, T[, H ™).
Moreover, the existence time as a solution given by Theorem 2 is equal to
T.

17



Proof: We split the proof in two parts:
i) Existence and uniqueness.
We are going to solve the integral equation.

Lemma 11. Let G : £ — £ defined by:
G : ¢ —div(|V|7V),

where A = ¢. G maps & into itself and is Lipschitzian on the bounded
subsets of €.

Proof: H?(R?) is an algebra, hence V|V € H?. On the other hand

(o .
\é‘fﬁ < Vil e 2

and G(¢) € £.

We take ¢y, € € with |¢;l¢ < A for i = 1,2 where A is a positive
number. The map = — ||z||72 in R? is localy Lipschitz and since H?(R3) C
L>=(R3), we have:

V1|7 Vihy — V| "Vibo|? < K(A)|Vipy — Vibe|?
whence:

g F(Glon) = Clon)lEs < K(4) [ 1V = P

where F is the Fourier transform.
The same method leads to:

JIEPIFG 1) - GNP < [IE*K(AIF(T - TP

< K(A)/|V¢1 — Vu|*.

The lemma follows. |
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By the result of Segal [12], there exists a unique maximal solution of (2),
¢ € C([0,T(¢o)[,E) and if T(¢y) < 00, then

limsup [[6(2)| e = +oc,
t—T(¢o)
thereby proving the first part of the proposition.

ii) Existence time.

Since a solution in Z is a solution in H, we have to show that the solution
given by the proposition exists, as long as the solution given by Theorem 2
exists. Let T"(¢p) the existence time given by Theorem 2. If T"(¢g) > T'(¢o)
then Vi € L>=(0,T(¢o), L) and ¢ € L"(0,T(¢g), L72). Moreover

lim |Vo|re(s12) = 0.
SHT(%)' Pl oo (0,5,L2)

We take 7 < T' < T(¢pp). Then V = V¢ satisfies:

V(t)=S@)Ve(r) +alt) + FO)[V], (10)
with:
att)= | " S(t — 5 — 7)[sum of terms like ajjng afji [Vl ds
and
FV) = | "S(t — s — 7)sum of terms like |v¢|UR,-Rj[£k¢]]ds

where R; is the Riesz transform (see Stein [13]) which is continuous on ev-
ery LP for 1 < p < oo, and we can confine ourselves to the consideration
of the terms |¢|?|V|°~! and |V4|°Vé in the definition of a(t) and F(t)
respectively.

We define P = L"(7,T, L°"%) N L*°(7,T, L?), endowed with its natural
norm.
i)For the linear part, we have

1SHV(T)|p < CIVS(T)|12- (11)
ii)Estimate for a(t):

la(®)lp < C| 16 IV|7 ]

a+2
L™ (r,T,LoFT)
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o—1

< C<T - T)a’vwlLoo(ﬂT,Lm-Q)‘¢|LT(T,T,L"+2) ’¢‘L°°(T,T,LU+2)7
where we have used Holder’s inequality in space. Now since

Vi € L0, T(¢o), L72)

and
¢ € L"(0,T(¢o), L7T*) N L>(0,T(¢y), L?),

we obtain that:
la(t)|p < C(T — 1) (K + |V¢l|p), (12)

where the constants C' and K do not depend on 7" and 7.
iii) Estimate for F":

FOV]r < C[VOI6],

7,T,Lo+T)

< O(T = 7)Y T (1, po+2) | VO Lr (77,1 +2) -

Since Vi € L>(0,T(¢o), L°T?), there exists a constant C independent of T
and 7 such that:
[F()V]p < C(T—71)%|Vlp. (13)

Therefore (10), (11), (12), (13) imply:
Vip < CIVO(T)|2 + C + C(T — 1) Vo|p,
which is equivalent to:
1=C(T =m)")|V]p < C+ CIVS(7)]r2. (14)
We choose 7 such that 1 — C(T'(¢o) — 7)* > 0, hence (14) leads to:
VLo (rr,r2y) < C.

Letting " — T'(¢0), we obtain a contradiction and the proposition is proved.

Remark 5. Of course if Vo € H™ for a m > 2, one can prove that
Vy e H™.

We can prove:
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Proposition 5. For all g € Z, the solution ¢ given by Proposition 4
satisfies the conservation of energy (4).

Proof: For v € D(R?), we have:

0% %
Ox0x;” 0x,0%;

—1 < Vb, Vo > +ay < >=<|Vy|”V¢,Vv>. (15)

We choose v, € D(R?) such that Vv, — Vi, in L2. Then 2t — 00t

o0x;0x; o0x;0x;
in H~1. Passing to the limit in (15) and taking the real part gives the result.
|

We can now show that the second conservation law is satisfied for the
solution given by Theorem 2. Let 1) € H and 9 be the solution given by
Theorem 2. We take 1§ € D(R?) such that ¢7 — 1y in H, and we denote
by 9™ the corresponding solution. Then:

3 awn

1
2 = |, 524V

as long as ¥™ exists. Since 1 — 1y in H, the solutions in H (and hence in
Z) exist on a common interval [0,7]. The result of continuity with respect
to the initial data implies that:

1
- n|o+2 :En
)~ e = (),

T

E(t) — E"(t) = E"(0) — E(0)

on [0,7] as n — oo. We conclude that E(t) = F(0) and a) in Theorem 4 is
proved.
In order to prove b) in Theorem 4, we remark that if the matrix (ay) is
negative, E(t) controls the L? norm of A, so that ||y remains bounded
and the solution is global in time.

We now prove c) in Theorem 4. If the matrix (ay) is positive, then we
can use A instead of L and (4) becomes:

Lo [VeP
JGlof = g = M.

But using Gagliardo-Nirenberg’s inequality, one obtains
30 2-¢
J 18P < M C(f [80P)F Vil
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this leads to an upper bound for [ |A¢|? if o < 3.

If o > 3, we introduce f(y) = —C|Vibolr2 Yy +y2—M. Moreover if |Vibg|y is
sufficiently small, then there exists a,b > 0 such that f(x) < 0for 0 < z < a,
f(x) > 0if a < x < b. Since f([|AY|*) < 0 if |Ath|z2 is sufficiently small
then |At|.2 remains bounded, and c) in Theorem 4 is proved.

2.2.2 Scattering

The aim of this subsection is to prove d) in Theorem 4. We will need the
following lemma which is taken from S. Klainerman and G. Ponce [10].

Lemma 12. If X(t) is the Schrodinger’s group on R* then:

S(ulp < — Sy
(141)2

=1 andq > 2.

) ||y vp e
q

Ly

with N, > 32-p) 1
P 7 p

1
q

Proof: the 3-dimensional group splits into three one-dimensional ones; since
the one-dimensional group satisfies |S(¢)|z~ < & |u|;1 and since it is unitary
t2

in L2, the lemma follows by interpolation and the Sobolev imbedding theorem
(see [10]). |

In our case, we take ¢ =6, p = % and N, = 3. We then have:

¢t C .
|plwm-s6 < m|¢0|wm,6/5 +/0 m|dw(|v¢|2v¢)|wm76/5d3 (16)

for m > 3. In order to use (16), we state:

Lemma 13.
|div(|[V YY) ymorsnpm < Clolam Vi [fym-2
form > 4.

Proof: Let z be a multi-index of length between 0 and m. Then:

((waﬂ/_}wi)(z) — Z C¢ (k1) w ’lb ks)_

ki+ko+kz=z
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i) We first estimate the norm in W™/5; )
#If ko, |ks| < m — 2 then ¢™) € L2 ¢{F2) € L8 and ¢ € L5 and

|6EYED YLD Loss < Cllrm| Ve [fym-so.

«If |ks| or |ko| > m — 1 (for example |ks|) then ¢¥1) € LS by Sobolev
imbedding, ngf?) € L% and 1[):2’;3) € L°® and

|6t P 65 < Cllim [V [fymoss

and the first estimate of Lemma 13 is proved.

ii)Now, we estimate the norm in H™:

*If [ky| = m then ¢(™ € L? ,,,1,, € L™ and since for m > 3, W™=26 C
L, we obtain:

|6* 0, ;|12 < Cllm [V fym2o.

«If |k1| <m —1 and |ksl, |k3| < m — 2 then:
p*) € L5 4p*2) ¢ [0 and ¢F2) € L6 and

[0 I 2 < Ol |Vl mss.

*If [kz| or |ky| > m — 1 (for example |ky|) then ¢ € L*® by Sobolev
imbedding, ¢{*2) € L* and ¢{*) € L> and

[N G 2 < Oll i [Vlim -

and the second estimate of Lemma 13 is proved. |

On the other hand, since X(¢) is unitary in H™:

Bl < [dolam + [ Idiv([Ve[*V0) s,

hence .
6l < [olizm +C [ 18]1n [ Velnmsods.

We define: M(T) = supo<i<r(l + t)|VY|yym-26. With this notation, we
obtain:
M(t)*

t
|plm < |po|mm +C/O \¢|Hmmd3
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t M(T)?
< m C/ m—--—d
< |o| g + ) || (I +s) s
Therefore Gronwall’s lemma implies:
|Gl am < |go|mexp(CM(T)?). (17)

Together with (16), (17) implies:

C t  C
[Blwn-ss < T lbolwmars + [ 77— [VUlinmssldolimeap(C M(T))ds
(18)
If we suppose |¢o|gm + |Vibo|pymires < 6, we get:

(?—?2)26@9(0 M(T)*)ds.

C t  C
m—3, <7 m, 5
Bln-so < T ldolwmors + [ 77—

In order to conclude, we have to estimate |V)|ps; we recall that Vi satisfies
the integral equation (8):

Vi = S(1) Vi + AV (—A) " div([VE[2V) (1),

Using the same estimates than above, we obtain:

C tC
|V¢|L6 < m’v¢0‘w3,6/5 +/0 mw Hm™ v¢|Wm—2’6d57
this last estimate and (18) leads to:
CoM(T)?

C t
[Vilwn-so < = Violymerors +/ serp(CM(T)?)ds.

o (1+t—s)(1+s)

Thus:
M(T) < o6 + CSM(T)2eap(CM(T)?),

for all T' such that the solution exists on [0,7]. We define:
f(z) = cod + Coz’exp(Ca?) —

if ¢ is sufficiently small, then there exists n > 0 such that f(z) > 0 on [0, 7]

and f(z) < 0 on an interval |n,n + €]. Since f(M(T)) > 0 and M(0) =

|V o |wm-36.Therefore, if 0 is sufficiently small, M(T") < n for all T'> 0 and
C

Vb pmze < ——
Vislwn-zo < 1
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V[ gmir < C

and the solution is global.
We define a function ¢ by

¢0+/ (t — 8)div(| Vo> Vi)ds
Dido+ [~ S(=s)div(|TYEVe)ds),

so that ¢ satisfies ) )
igy + Agp =0
and

Ww - V'QMH""'H S/t ’ |vw‘sz|Hm+1d5
S

o ds C
< p— ﬁ
< (Atsp 14t "

and Theorem 4 is proved. |

2.3 Finite time blow up.

2.3.1 Radial solutions and Virial indentity.

Let us return to the general system in nonlocal form with L = A:
(V) + A(VY) = V(=A) " div([VY[7V).

From now on, we call this equation NLSV.
First, we remark:

Lemma 14. The operator P = —V(—A)"Ydiv is the projector on the set of
the gradients of (L*(R?))3.

Proof: The set of grandients is closed and contains the range of P. If we
take Vv € (L*(R?))3, then:

< V(=A)"div u, Vo >= — < (=A) 'div u, Av >
=< div u,v >= — < u, Vo >,

the lemma follows. |
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Now every radial vector in (L?(R3))? is a gradient; and so, if we restrict
N LSV to radial functions, we obtain

(Vi) + A(VY) = = |Vy|7Vy, (19)
with Vi (0) = %woer, where e, is the radial unit vector.
Lemma 15. The solutions of (19) satisfy
d2
dat?
where E is the energy defined by (4).

16 30

[ 2P [Vefde = ~16E(Ven) + —5 (1= ) [ Vel

The proof is a direct calculus using numerous integrations by part. If o > %
and if the initial value is such that F(V1)y) > 0, then the solution blows up
in finite time. In order to make this argument rigorous, we have to show that
the quantity [ |z|?|V4|? persists, wich will complete the proof of Theorem 5.

2.3.2 Persistance of [ |z|*|Vy|%.

Following Ginibre and Velo [7], we introduce the operators

These operators commute with the Schrédinger group S(¢):

Ity o

Ji(t)S(t)=— = S(t —).

(DS 5,° = S(Bn,”)

We use the notation of the proof of Theorem 2 and we denote by 7 the
following map:

(20)

T(V0) = SWT0o + [ S(t = $)V(=A) din(T4I7V0).
Also,
7 ={V¢ €Y, |z| |Vy| € L"(0,T, L°*) N L>(0,T, L?)},

endowed with the norm

Vibly + Z | Tk, | Lr(0,7,L5+2) Lo (0,7,L2)-
ik

The relevance of this kind of space was pointed out by Ginibre and Velo [7].
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Lemma 16. Let R’ > ||x||Vol|rz. If T is sufficiently small then T maps
Br(Y) N A{l x| [VY] |22 < R’}
into itself and is a contraction in the X -norm.

Proof: We consider:

Je()T (V) = S(t)z Vi

+ [0 = 5)isy— (—PITUI V) + (= PV Vlds.

In order to have an estimate in L"(L°"?) N L>®(L?) we need to study three
terms:
i)The linear term:

|S(t)(x1 Vo) | Lr (0,1, Lo+2)nL 0,1,2) < ClziViho| 12

ii) The term:

t o .
| /0 2isS(t — 5) (= P) VA Vs ooy

0 o
< ClsaTjk((—P)(IVQﬂl Vo)l

Using the Calderén-Zygmund theorem and Holder’s inequality, we obtain
that this last quantity is smaller than

a+2 .
(0,T,Lo+1)

CTT*|Vy ’%oo(o,T,LaH) ’AWU(O,T,LH?);

WhereOz:%—l

iii) The ferm:
t
|/0 S(t - 3)[%(_]3)|V1/)|Uv¢]dS|Lr(0,T,Lv+2)me(o,T,L2)

< Cinf{lan(=P)VOIVYl o s o =P) VY Veloran}.
We need to estimate the commutator of x; and P, wich we do in the following
lemma.
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Lemma 17. We have:

infilzn(=P)[VY[7VY| orpEd) |2 (=P)IVYI"V 01,02}

v (0,T,Lo+1
< CTIVYITE oz my + CT V| T oo 0,1, 1042y [V Lr 0.1, 10 +2)
+CT* VY| T o711y [TV Y| Lr 0,1, L0+2).-

Assuming this lemma, we get that
|Jk(t)T(v77Z)>|LT(O’T’LU+2)QL00(O7T’L2) S O| |I| |v¢0| |L2

+CT VY| Too 0.0,y (2] [VO] Lr 0,1, 10+2) + [AY[ 10,7, 00+2) );
and the proof of Lemma 16 is now complete. [

We still have to prove Lemma 17.
Proof of lemma 17 :
Set R = F(|V¢|”V1). Now the jth component of F(xi(—P)|V|7V)) is

KRSISLION lgiRi_ngRz‘ 51‘51‘%31'_2&53‘&31‘
ENE el e €2 GE

Since we are interested in the LP norm of this quantities, it is sufficient
(modulo the use of the Riesz transforms) to estimate the three terms

( )

(=A) " div([Ve|7VY), [VY[7VY and x| V|7V,
i) [ V|7V

, ot2
L (0,T,Lo+T)
< ’VW‘Z%(O,T,L% ’vwlL“(O,T,LU“)

< TYVY|Too0.1,12) | VO Lr0.1,L0+2)
i) | 2] V|7V

< C‘V¢‘%W(O,T,LU+2)‘xkvw‘L’“(O,T,Lf’“)-

iii) (—A)tdiv(|Ve|"V); we know that

L (0,T,Lo+2)

IV|°Vip € L=(0,T, L8/).

28



On the other hand,
/()]

[z —y|?

(=8) divf ()| < [ 22 sd.

The theory of Riesz potentials (see Stein [13]) implies that:

(A) ' divf|za < C|f] 1w,

for 1 < p < 3 and % = Here, we take p = 6/5 and ¢ = 2 and we obtain

1_1
p 3
(=) div([ V) om0 < CIVHIE g
thereby proving Lemma 17. |

Proposition 6. Let Vg € H' such that [ |z]*|Vibo|* < oo then the solution
Vi of NLSV satisfies:

lz| V| € L*°(0,t, L*) N L"(0,t, L72) Yt < T (vy).

Proof: We only have to prove that the existence time of the solution in
the space Z is the same as the time given by Theorem 2. Let us suppose
the contrary, ie lim; 7 [ |z|?|V¢|*(t)dz = +oo for some T' < T(1)g). Taking
7 <T and € <T — 7, we have that

V(T —€) = S(T — e — 7)Vi(r) — i /T_e S(T — e +7— 8)(—P)|V|"Vepds.

Applying J(T — €), we obtain that
| |z| VY| [Lo(rr—e,12)nLr (rr—e,po+2) < O 2| [VY(T)] |12
T—e¢
+| / Jo(T — €)S(T — e+ 7 — ) (=P)|VY|"VYAS| 1r (77—, Lo+2)nLo0 (r,7—e,12)

=1 + II.

Now using the estimate in the proof of Lemma 16, we see that

I < CIT —e=7*(| 2] [VY] + |AY] | (rir—e,oe2)) [V Lo (rr e 12)- - (21)
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On the other hand, since

|AY|pr(r0—e,po+2) < |AY|pro,r,00+2) < 00

and
|V¢|L°o(T,T—e,L2) < |V¢|Loo(0,T,L2) < o0,

we can choose 7 such that
C|IT — 71%|VY|peor,r2y < k < 1.
Then (21) implies
(L= R)| 2] [V Lo (r1—e.L2)nLr (7,7 —e, Lo +2)
< Ol 2| [VY(T)] |2 + k[AY[pr 0,1 10+2).
Letting € — 0, we obtain
| |z| [V ’Loo(T,T,LZ’)er(T,T,LH?) < 00,

which is a contradiction, and the proposition is proved. |

Remark 6 In [}/, we prove that for 0 < o < 4, for all w > 0 there exists
a radial function (1) such that e“')(r) is solution to (2); Theses solutions
are called standing waves. We also prove that NLSV restricted to the ra-
dial functions with o = 4/3 satisfies the pseudo-conformal concervation law.
Therefore we can build radial initial data such that the corresponding solu-
tions blow up in finite time, at any prescribe time tg.

3 Local Cauchy problem with Vi, € L°.

The goal of this section is to prove Theorem 1. We will use the same technics
as for Theorem 2. We recall that

X ={Vy € L>*(0,T,L*)NnL"(0,T, L")}

and s
X' ={V¢ e L"(0,T, L)},
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where % = 3(% — %H) As for Theorem 2 we introduce the integral equation

associated to problem (7):
t
(INT) T(V) = S(t) Vi — i / S(t — s)V(—A) " div| V| Vipds = Vi
0
Now, as in the proof of theorem 2, Vi) € X is a solution of (INT) if and
only if ¢ is a solution of (7).
Lemma 18 We have:
[V (=A) " div([VY[ Vi) [x < CTY[VY|EH
and
[V (=A) 7 div([V |7 Vipe — [Vih |7V x
< CTV(|Vih[% + [Ve2l5) Ve = Vi |x,

withy=%—”+1>0.

T

Proof: It is just Holder’s inequality in space and time, and v > 0 since
4

o< 3. |
3

Now we take R such that |S(t)Viy|x < Cliyo|x = R. We choose R’ > R

and we have:

Proposition 7 If T is sufficiently small, T maps Br(X) into itself and is
a contraction.

The proof is easy using LP — L7 estimates and the first part of Theorem
1 is proved.

Now if 0 < o < % and if ¥ € C([0,T[,K) is a solution of (7) then
(VoY € L>®(0,t, L5/5%€) for an ¢ > 0 and for all t < T. With this
regularity, we may deduce that Vi satisfies (INT), and L — L% estimates
imply that Vi € L"(0,¢, L°"?) for all ¢ < T and therefore it is the only
solution. |
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Appendix.

A Proof of lemma 1.

Lemma 1. The completion of D(R?) for the Dirichlet norm ([ |Vo|?)z is
exactly {v € L% Vv € L*}.

Proof:
We first note the Sobolev imbedding:
W|ps < CIVY|Le (22)

for ¢ € D(R?). From this inequality, it is clear that the completion of D(R?
is inclued in {v € L5 Vv € L?}. For the converse assertion, we have to
proceed by truncation and regularization. [

B Proof of lemma 2.

Lemma 2. Let E = {¢ € LQ,% € L*}.

Then, if ¢ € E, there exists a unique function ¢ € Co(R*) N L® such that
Vo € H' and A = ¢,
Moreover, there exists C' > 0 such that (|t|ps + ||~ + |VY|m) < C|d|E.

Proof:
We set as in section 3: K = {1 € L° Vi € L?} and take ¢ € E. We study
the following variationnal problem:
Find % such that, for all v € K,

/w.w - —/m.

If v € D(R3), then [ ¢v = [ ¢0 and since ¢ € E,
[ é0l =1 [ el | < 1615170l
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so that v — [ ¢v is a linear form on K. The Lax-Milgram lemma implies
that there exists ¥ in K satisfying Ay = ¢. Moreover using the Fourier
transform, it is easy to see that ¢ is in F~1L!, and Lemma 2 is proved. W

C Proof of lemma 3.

Lemma 3. We define:
G={feH"),IeD V= [}

Then G = {V¢,¢ € H}.
Moreover, if ¢ € D" with Vi € H?' then there exists 1 € H and a complex
number a such that ¢ = a + 1.

Proof:
We take f € G, if g = Ay = divf, then g € F and thanks to lemma 2, there
exists an unique ¢ € H such that g = At. It follows that A(¢) — ) = 0 and
Lemma 3 is proved. [ |
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