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NONLINEAR DAMPED SCHRODINGER EQUATION IN TWO
SPACE DIMENSIONS

TAREK SAANOUNI

ABSTRACT. In this article, we study the initial value problem for a semi-linear
damped Schrodinger equation with exponential growth nonlinearity in two
space dimensions. We show global well-posedness and exponential decay.

1. INTRODUCTION

Consider the initial value problem for a damped semilinear Schrodinger equation
0+ Au — au + wAG — pi = ef (u),
ult=0 = o, (1.1)
U|aQ =0.
This equation arises for instance in plasma physics [I5] or in optical fibers models
[]. Here and hereafter (a,p,w) € R and € € {£1}. The set O C R? is a
bounded smooth domain and u(t,z) : Ry x Q@ — C. The nonlinearity f satisfies

the Hamiltonian form f(z) = zF'(|z|?), where F' € C*(R,) and vanishes on zero.
Moreover, we assume that for all a > 0, there exists C, > 0 such that

1£(21) = F(z0)]? < Calz1 — 22 (21" — 1 4 e — 1), vz, zeC. (1.2)
We define the energy of a solution u to (L.1)) by

B(t) = Ea(u(t)) = /Q (IVu®I + afu(®)? + eF (u(t) ) ) d.
The decay of the energy formally satisfies
E(t) = —w|| V|72 — pl]7-.

If e = —1, the energy is positive and is said to be defocusing, otherwise it is
focusing.

In the monomial case f(u) = u|u[P~!, local well-posedness in the energy space
holds for any 1 < p < oo [8, [6]. Moreover, the solution is global if 1 < p < 3 or
in the defocusing case [5]. So it is natural to consider problems with exponential
nonlinearities, which have several applications, as for example the self trapped
beams in plasma [10]. Moreover, the Moser-Trudinger estimate [I] provides another
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motivation to consider exponential type nonlinearity in order to study semilinear
Schrédinger equation in two space dimensions.

The two dimensional Schrodinger problem with exponential growth nonlinearity
was studied in [I4], where global well-posedness and scattering were proved. Later
on, the critical type nonlinearity was considered in [7]. In fact, global well-posedness
for small data in the subcritical and critical cases holds. Moreover, scattering in
the subcritical case was established. The author [I8] obtained a decay result in
the critical case. Recently [I7], global well-posedness and scattering in the energy
space without any condition on the data, for some weaker exponential nonlinearity,
were proved (the associated wave problem was treated in [11], [12]).

It is the aim of this article is to extend previous results about global well-
posedness of the classical Schrédinger problem in two space dimensions with expo-
nential type nonlinearity to the damped case.

he rest of the article is organized as follows. The second section states the main
results and gives some tools needed in the sequel. The third section deals with local
well-posedness of . In the last section we prove global well-posedness of
in the focusing case and an exponential decay of the energy.

We mention that C' will be used to denote a constant which may vary from
line to line. We use A < B to denote an estimate of the form A < CB for some
absolute constant C. We denote Lebesgue space LP := LP(Q2) and Sobolev space
Hg := Hg(Q) endowed with the complete norm || - || := [V - [[z2. Finally, if
T > 0 and X is an abstract space, we denote Cr(X) := C([0,T], X) and LE(X) :=
L7 (0,71, X),

2. RESULTS AND BACKGROUND

In this section, we give the main results of this paper and some technical tools
needed in the sequel. For u € H}, we define the quantities

(= [ (1Val? + aful ~ afw) do
m:= inf {E(u), I(u) =0}, N:={0#ucH;:I(u)=0}

OFucH}
N :={uec H}:I(u)>0}U{0};
(u,v)s = w(Vu, Vo) 2 + p(u,v) 2, || -2 = (u,u)..
Er = Cr(Hg) endowed with the norm ||« |7 := || || oo (sr2y- If u = u(t), we denote

for simplicity I(t) = I,(u(t)). The first result is about the existence of a unique
local solution to (|1.1}).

Theorem 2.1. Assume that u > 0, the nonlinearity satisfies (1.2)), and ug € Hg.
Then there exists T > 0 and a unique local solution to the Cauchy problem (1.1)),
in the energy space

C([0,T], Hy)-
Moreover,

(1) the solution satisfies decay of the energy;
(2) the solution is global in the defocusing case.
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In the next result, we assume that the nonlinearity satisfies the supplementary
condition: There exist rg,a > 0 such that

F(rg) >0 and rf(r) > (14+a)F(r) foral reR,. (2.1)
In the focusing case, we give a result of global existence and exponential decay.

Theorem 2.2. Assume that ¢ = —1, w > 0 and the nonlinearity satisfies (|1.2))
with (2.1)). Let ug € NT such that E(0) < m. Then the solution u given by the
previous result is global and satisfies

(1) u(t) € N* for any time;
(2) for 0 < « large enough, there exists v > 0 such that

0 < fu(®)ls Se ™, VteR,.
Remark 2.3. The following function satisfies conditions of Theorem

) = g1+ ) 7 (07 e+ uf?)3).

1
Proof. We have F(r) = e1+7* — £(r +2) = e* — £(#? 4 1), where ¢ :== I+ 7.
From direct computations, we have
, 1 9y €
rF(r) = 5(*1+t )(7 —e);
1
ba(t) :=2(rF'(r) — (1 +a)F(r)) = (t — T 2(1+ a))e! + ea(l + t2) + 2¢;
1 1
() = (t — e 1—2a+ t—2)et +2eat, ¢q(1)=0=¢,(1);
1 2 2 .
¢Z(t) = (t - g + tfz - t73 - 2(1)6 + 2601, ¢Z(1) = 07
3 6 6 "

qs;“(t):(t—%+t—2—t—3+t—4+1—2a)et, ¢ (1) =2(2 - a)e.
Now, taking ¢(t) = (¥ (t) + 1 — 2a)e!, where t*ep(t) =5 — 3 +3t2 —6t +6 > 0
for t > 1. Which implies that is satisfied for any a € (0,1/2). O
In the two-dimensional space, we have the Sobolev injections [2],
H3<—>Lp, for any 2 <p < oo,

and it is false for p = co. The critical Sobolev embedding is described with the so
called Orlicz space [3], which is given by the following Moser-Trudinger inequality
[T, (13, [19).

Proposition 2.4. Let o € (0,47). Then there exists a constant C, such that for
all w € H} satisfying |Vul|p: < 1, one has

/ (ea|u(-b)|2 — 1) dr < CO(||UH%2
Q

(1) the above inequality is false when o > 4m;
(2) a = 4m becomes admissible if we consider |[u| gz < 1 rather than [|[Vul[z2 <
1. In this case, one has

sup / eAm@ gy < o
Q

u <1
H HH[%_

Moreover,
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and this is false for o > 4w [1].

3. PROOF OF THEOREM [2.1]

We prove well-posedness of the Cauchy problem (|1.1)) in the energy space. We
take in this section € = 1, in fact the sign of the nonlinearity has no local effect.

3.1. Local well-posedness.

Lemma 3.1. Let T > 0, ug € H} and uw € Cp(H}). Then there exists a unique
v € ET such that

i0+ Av — av + wAD — po = f(u) on [0,T] x Q,

vlt=0 = uo, (3.1)
1}|aQ =0.
Proof. Let Wy, := (wq,...,ws), where {w;} is a complete system of eigenvectors of

—A in H} such that ||wj||z2 = 1. Then, {w;} is orthogonal and complete on L?
and Hj. Denote the associated eigenvalues {)\;}. Let

ug :-i?}?(/QVuOij)wj.

Then, ult € W), and u® — ug in H}. For h > 1, we seek for h functions v2,..., v
in C?[0, T] such that vy (t) := 2?21 Y (t)w; solves, for any n € W, the problem

/Q [i'[}h(t) + Avp(t) — avp, + wAD,(t) — pin(t) — f(u)} n=0,

v (0) = ul.

(3.2)

Taking n = w; in (3.2, we obtain
(=i 4 wXj + A} () + (@ + M)]H(E) = - /Q fu(t))w; de,

vr(0) = Aﬂ‘%(/2 Upw, dx).

Since [, f(u(t))w; dz € C[0,T], we have a unique solution ’yh to the prev1ous
problem. ThlS yields to a solution vy defined as above and satlsfylng In
particular, v, € C%([0,7T], H}). Taking n = v, in ), yields

t
IVon(®)l[72 + allon (@72 + 2/0 [on ()12 ds

= [IVug |72 + ollug |z - 2/0 %(/Q f(ul(s))on(s) dx) ds.

Now, by Moser-Trudinger inequality, via the identity 2|ab|] < 6|a|?+ 4[b[?, for § > 0
near to zero, we have

/ /f )R (s dx ds<5/ /|f |2dxds—|—5/ /|’Uh (5)|? dx ds
0
§70T+5//|1)h(s)\2dxds
d 0 Ja
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t
<Crt [ fin(o)las

In fact, with Moser-Trudinger inequality, for any 0 < a <

HUII2 ’

/|f W2de < C / auu\lT(‘l;‘ﬂf;‘f _1) da
<c, / ju(s)[ d < Callull3 = Cr-

Thus, |Jon|% + fo lon()]]2 < C’T So {vn} is bounded in H}((0,T) x Q) Then,
taking the weak limit v, — v in , we obtain a weak solution v to . Since
v € H}((0,T) x Q), we obtain v € C([0,7], H}(2)). The existence part of the
Lemma is proved.

Now, for two solutions vy, v of and w := v1 — v, subtracting the equations
and testing with 1, we obtain

t
IVw )72 + alw®)Z: + 2/0 lw(s)|f% ds = 0.

The proof of Lemma [3.1] is complete. O

We are ready to prove local well-posedness of (1.1). We denote Ry := ||Vuo|| L2,
and for R > 0 define the closed subset of the complete metric space Ep,

Xr:={u € Er: |lul|lr <R, u( ) = uo}-

Take the function ¢(u) := v, the solution to . We shall prove that, for some
T,R > 0, ¢ is a contraction on Xp. Recall the identity

t
IVo®)22 + aflo()]2s +2 / lis) 2 ds

= IVl +afuol ~2 [ 0 [ Tt ar) ds

Moreover, for any 0 < § < min{u, 47/R?}, by Moser-Trudinger inequality

2 [ [ s as

—5//“ Pds+5/ /|v (s)|?ds
37‘5/0/9 e‘”“‘z—l ds+6/0 /Q|z')(s)|2ds
< Cﬁ// u<s>|2ds+5/t/ o(s)]2 ds

TR2 / |0(s)]|? ds < TR2 / |on(s)]|2 ds.
This implies
C
IVo(®)ll72 + allo(®)]7: < CaRf+ TR,
Taking R? > 2CaR3, yields

Ioli3 < (5 + )R
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So ¢(Xr1) C X for small T > 0. Let prove that ¢ is contractive. Take uq,us € X7,
v; := ¢(u;), v = vy — vy and u = u; — uz. Then, for any n € H} and almost every
te[0,1],

/ (iim —avn — VoVn —wVoVn — m'm) dr = /
Q Q

(£0u) = Fluz) )

Taking the real part in the previous identity for n = v, via (1.2) yields, for any
e >0,

IVo@)lz.

IN

t
IVe@)lZ2 + allv(®)l1Z: + 2/0 [o(s)1]% ds

_ 2/0t§R</(f(u1)f(u2))z’;da:> ds

Q
< [ [ [Eftn - st + et v as
s/ )12 ds+i/ot/ﬂlfwn—f(uz)fdzds

t t
1
< 6/ 9172 ds + 7/ [/ IUP(eE‘“llQ — 14 el _ 1) dg;} ds.
0 €Jo Q

Now, for 0 < § < £z, with Moser-Trudinger inequality via Sobolev embedding, we
have

1 (e = 1 e 1) de < s (Je = 1+ e - 1)2)
Q
2 1 2 1
< Jalfd (1e2h = 17, + el — 113,

< Collull3 (Nurllze + uz 22 ) S Rljull3-
Finally, taking 0 < ¢ < min{2, £}, yields

p(u1) — d(uz)llr S VRT|Jur — uz 7

Thus ¢ is a contraction of Xp for 7" > 0 small enough. With Picard Theorem, there
exists a unique fixed point u which is a solution to . Uniqueness follows arguing
as previously and applying the precedent inequality for two solutions to , which
belong to X1 with a continuity argument for some T > 0 small enough.

3.2. Global existence in the defocusing case. We recall two important facts.
First, the time of local existence depends only on the quantity ||Vugl|p2. Second
the energy dominates the H} norm. Let u be the maximal solution of (I.1]) in
the space Ep for any 0 < T < T™* with initial data ug, where 0 < T* < 400 is
the lifespan of u. We shall prove that u is global. By contradiction, suppose that
T* < +00, we consider for 0 < s < T, the following problem
i+ Av — av + wAD — pv = f(v),
v(s,.) = u(s,.), (3.3)
'U|3Q =0.

By the same arguments used in the local existence and taking

0<5§min{p7%},
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we can find a real 7 > 0 and a solution v to on [s,s + 7]. According to the
section of local existence and using decay of the energy, 7 does not depend on s.
Thus, if we let s be close to T™ such that s + 7 > T*, we can extend v for times
higher than 7™. This fact contradicts the maximality of T*. We obtain the result
claimed in Theorem 2.1

4. PROOF OF THEOREM

We are interested on the focusing case associated to the problem (1.1)), so here
and hereafter, we fix e = —1. By (2.1) we have [9], m = J(¢) > 0 where ¢ is the
ground state solution of

—Ap+ap = f(p).
If there exists to > 0 such that u(ty) ¢ N, then I(ty) < 0. With a continuity
argument, there exists a time t1 € (0, tg) such that I(¢1) = 0 and E(¢;) < m which
contradicts the definition of m. Let us prove that u is global. For any real number
O0<e<l,

E(t) = allulZ: + [Vulli: */QF(IUIQ)de

=mmﬁp+ﬂvm&r+u—smuw—amm;+1Aaﬂwd@

- [ F(u?) o
> aellullZs + | Vul2s + (1 — £)I(t) + (1 — )(1 + a) — 1)/QF(|u\2)dx.

Thus, using the fact that f satisfies ([2.1]), we have for any 0 < e < T4ar

E(0) > E(t) > aelju||2: + || Vul|2: + 5/ F(|ul?) dz. (4.1)
Q

Thus ||Vu(t)| 2 is bounded and u is global.

Now, we prove an exponential decay of the solution to . Note that since
u(t) € N and f satisfies (2.1)), we have E > I > 0. We denote, for some 0 < & <
min{a, 57, } (so satisfying), the real function

L) = 1(1) + %2 /Q Vu(t)? de.

By (4.1), we have E < L < E. Taking account of (1.1)), we compute, for 0 < & <
o

14+p?

L:E_4ww;+ww§iLWMM%Aymmw%@mm)

< —plli2 —s(E+/QF(|u|2)dx—/Qaf(u)dm/ﬂ[mﬁ(aa)—s(au)] )
< —plalz, — B+ s/Q |uf(u)| dz + %(1 + ) (e + llulz-)
<

—eB-+e [ fuf(wlde+ 51+ )l
Q
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With (4.1), we have E > 6Hu||§{é, thus, using Moser-Trudinger inequality, for any

0<d< é’{g),
/ luf(u)|de < CE/ (65‘“'2 = 1) dx
Q Q
Lul
< cs/ (eé”“”i’%(““”ﬂs " 1) da
Q
< Cellul|Z-.
So,
Jr
<—(E- —E)lul3:).
Now, also with (1)), for a > 2[££ + C.], we have
I+u
B (ol > S

Finally, we conclude with a Gronwall argument via the inequalities
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L(t) S —E(t) S —L(t).
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