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Abstract. We study the complex Ginzburg—Landau equation posed on possibly
unbounded domains, including some singular and saturated nonlinear damping terms.
This model interpolates between the nonlinear Schrédinger equation and dissipative
parabolic dynamics through a complex time-derivative prefactor, capturing the inter-
play between dispersion and dissipation. Under suitable structural conditions on the
complex coefficients, we establish the existence and uniqueness of global solutions. The
analysis relies on the delicate proofs that the maximal monotone operator theory can
be adapted to this framework, even for unbounded domains.
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1. INTRODUCTION

The complex Ginzburg—Landau equation constitutes one of the most fundamen-
tal models in the theory of nonlinear dissipative systems. Originally introduced in
the context of superconductivity, it describes the evolution of a complex order pa-
rameter whose modulus represents the density of superconducting electron pairs,
while its phase encodes macroscopic quantum coherence. Beyond this original setting,
Ginzburg-Landau type equations arise naturally in nonlinear optics, laser dynamics,
superfluidity, Bose—Einstein condensation, chemical reactions, and pattern formation
in systems far from thermodynamic equilibrium (see, for instance, the pioneering
work of Ginzburg and Landau [25] in 1950 in superconductivity, the monographs by
Kuramoto [26], Temam [35] and Levy [27] and some survey papers as, e.g., Battogtokh
and Mikhailov [5], Aranson and Kramer [3]).

From a physical point of view, the relevance of the complex Ginzburg-Landau
equation lies in its ability to capture the coexistence and competition between dif-
fusion, dispersion, nonlinear amplification, saturation and dissipation. This mixture
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of mechanisms makes it a universal amplitude equation governing the modulation of
instabilities near criticality and the emergence of coherent structures such as vortices,
defects and spatio-temporal patterns.

From a mathematical perspective, the equation provides a paradigmatic example of
an infinite-dimensional dissipative dynamical system. As emphasized in the monograph
of Temam [35] (see also Ginibre and Velo [23, 24]), it plays a central role in the
development of the theory of global attractors, asymptotic compactness and long-time
dynamics for nonlinear evolution equations.

In several recent works (see, e.g., [11]), the strong stabilization of a damped nonlinear
Schrodinger equation with saturation effects was established on unbounded domains.
That analysis demonstrates that suitably chosen nonlinear damping mechanisms can
overcome dispersive effects even in the absence of compactness properties typically
available in bounded domains. Such results are particularly relevant for physical
systems modeled in open space, where boundary confinement cannot be assumed. The
main goal of this paper is to extend the general approach taken in the theory presented
in [11] in order to extend previous results in the literature on complex Ginzburg-Landau
equation in which the saturation term is understood as an absorption term (see, e.g.,
Antontsev, Dias and Figueira [1] and [16-20]).

The damped nonlinear Schrédinger equation may be viewed as a limiting or sim-
plified model within the broader Ginzburg-Landau framework. Introducing a complex
coefficient in front of the time derivative allows one to interpolate continuously between
purely dispersive Schréodinger dynamics and purely dissipative parabolic dynamics.
This observation motivates the extension of the stabilization theory developed in [11] to
the complex Ginzburg-Landau equation posed on general domains Q C RY (possible
unbounded), with boundary 99,

_19% ~ Au + a|u|—(1—7n)u + b|u|p_1u + Yu = f in (O, OO) X Q; (11)
Ujpo = 0 on (0, OO) x 082, (1'2)

U(O) = Up in Q, (13>

)

where 0 € (—g g), 0 <m <1and a,b,v € C. Here we write, for generality p € (1, 00
but the physically more often case considered in the literature corresponds to p = 3.
For 0 € [ 5 ’T} and m > 0, we introduce the following set of complex numbers:

T 202
Cy(m) = {z € C; Re(ze!%) > 0 and 2¢/mRe(ze?) > |1 — m| \Im(zeie)|}. (1.4)
In the particular cases in which m € {0,1}, the set Cy(m) becomes,
Cy(0) = {z € C; Re(ze'?) > 0 and Im(ze'?) = O}, (1.5)
Co(1) = {z € C; Re(ze'?) > o}, (1.6)
and actually,

Cy(0) = {z € C; there exists p > 0 such that z = ,ue_ie}. (1.7)
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We note that if 6 = 7,

f € L. ([0,00); L3(€)), then equation (1.1) becomes

loc

0<m<1,a€Cyp(m),b=0,v=-V(z) € L, (Q;R) and

loc

0

ia—? + Au+ V(z)u — alu| "™y = —f. (1.8)
It follows that the nonlinear Schrédinger equation (1.8) is a limit case of the
Ginzburg-Landau equation (1.1), in terms of §. But the Ginzburg-Landau equa-
tion (1.1) may also be considered as an intermediate equation between the nonlinear
Schrodinger equation and the nonlinear heat equation

% — Au+ alu| ™y =
by taking # =0, a € R and b=+ = 0in (1.1). In this last case, a € Cy(m) only means
that a is a positive real number.

We point out that the analysis of the complex Ginzburg-Landau equation on
unbounded domains presents several intertwined difficulties. The complex prefactor
e 1% in front of the time derivative breaks both the purely Hamiltonian structure of
Schrodinger-type equations and the gradient-flow structure of parabolic equations.

The strategy of the proof relies on the use of suitable energy methods, sharpening the
ones presented in the monograph [2]. Those methods capture the effective dissipation
induced by the nonlinear terms, combined with refined energy estimates adapted to
unbounded domains. Singular nonlinearities with 0 < m < 1 require weak formulations
and truncation arguments to control the dynamics near vanishing amplitudes. In
a different paper, [13], we will prove the strong stabilization of solutions in a finite
time under suitable conditions.

The nonlinear terms appearing in the complex Ginzburg—Landau equation intro-
duce amplitude-dependent dissipation that becomes particularly effective in regimes
where linear mechanisms fail. The singular term |u|*(1’m)u acts as a strong damping
mechanism near low-amplitude states, suppressing residual oscillations and preventing
the persistence of small-amplitude coherent structures. From the physical point of
view, this term can be interpreted as a saturation or threshold effect that inhibits the
survival of weak excitations.

The complex prefactor e~ plays a fundamental role in shaping the dynamics.
For 6 # 0, the system no longer conserves energy in the Hamiltonian sense, and the
interaction between dispersive and dissipative components leads to a gradual relaxation
toward equilibrium. This behavior is characteristic of systems far from equilibrium,
where dissipation and dispersion coexist and compete.

In this paper, existence and uniqueness of the solutions are obtained under the
assumption that a € Cy(m), while for the equation (1.8), they are proved in the series
of papers [6, 8-11] under the assumption that —a € C'(m), where

i

C(m) = {z € C; Im(z) > 0 and 2y/mlIm(z) > (1 — m)|Re(z)|}

We note that assuming a € C'z (m) is equivalent to assuming —a € C(m).
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The organization of this paper is the following. Section 2 presents the statements
of the main results concerning the existence and uniqueness of the solutions. Before
to entering into the detailed proofs, we collect in Section 3 a set of notations and
some basic results of Functional Analysis which will be used in this paper. Although
several other alternatives are possible, in our approach to the proofs of the existence
of solutions we will use the abstract theory of maximal monotone operators, according
the well-known theory mainly developed by Haim Brezis and improving the results
presented in Okazawa and Yokota [31]. Section 4 contains the detailed definition of the
operators we will consider proving their monotonicity and the range properties which
show that they are maximal monotone operators. Finally, in Section 5, we present
the proofs of the results concerning the existence and uniqueness of the solutions.

2. EXISTENCE AND UNIQUENESS OF THE SOLUTIONS

Our main assumptions concerning the existence and uniqueness of the solutions are
the following:

Assumption 2.1. We assume the following;:
Q) is any nonempty open subset of RY,

s m
—— <0<,
2 2

(2
(2
m € [0,1] and p € (1,00), (2.
a € Cyp(m) and b€ Cy(p) U{0}, (2
v € C with Re(ve'?) > 0, (2
where Cy is defined in (1.4).

Definition 2.2. Let ¢ C RY be an open subset and let u € L{. (). A function U
is said to be a saturated section associated to u if U € L*>(0), ||U|1=(s) < 1 and
U= TZI’ almost everywhere where u # 0.

Now, let us define the notion of solution.

Definition 2.3. Assume (2.1) and (2.3). Let 6 € [0,27], a,b,y € C,
fe L ([0,00); L3(Q)) and ug € L*(£2). Let us consider the following assertions.

1. Let X, , = L™(Q) N LPT(Q). For ¢ = m or ¢ = p, we have that
q+1
we L ([0, 00); HY(©) N Xinp) O Wi ™ ([0.00): HY + X5,,)  (26)
2. For almost every ¢t > 0, Au(t) € H*.
3. a) If m > 0, then u satisfies (1.1) in 2’((0, 00) x Q).
b) If m = 0, then there exists a saturated section U associated to u such that the
pair (u, U) satisfies
00U
—i6 ™
T
4. We have that u(0) = ug in L?(Q).

—Au+aU+bufPlut+yu=f, in 2'((0,00) x Q). (2.7)



Damped nonlinear Ginzburg—Landau equation with saturation. Part I... 157

We shall say that u is a strong solution if u is an H?-solution or an H}-solution. We
shall say that u is an H?-solution (respectively, an H{-solution) to (1.1)—(1.3), if u
satisfies the assertions 1-4 with H = L?(Q)(respectively, with H = H}(Q)).
We shall say that u is an L2-solution or a weak solution to (1.1)—(1.3) if there exists
a pair,

(s fulnert © C(10,50) L2()) x L (0, 00); (), (2.8)

such that for any n € N, u,, is an H2-solution to (1.1)—(1.3) where the right-hand side
of (1.1) is fy,, and if

C([0,T);L* () L' ((0,7);L* (%))
Uy ——————— u and f, ———
n—oo n—oo

f, (2.9)

for any T > 0. Sometimes, we shall write (u, f), (u,U) or (u,U, f) to designate
a solution with the obvious meanings.

Remark 2.4. Below are some comments about Definition 2.3.

1. If @ € Cy(0), then by (1.7) there exists p > 0 such that a = pe™'. It follows
that (2.7) may be rewritten as

efio% —Au+pe U +bluff'u+yu=f in 2'((0,00) x Q). (2.10)

2. The assumption (2.6) is made to have that any solution belong to C([0, 00); L(12)).
Indeed, we have by [8, Lemma A.4] and [11, Theorem 5.3] that for any ¢ € [0, o0],

loc loc

LI ([0, 00); H&(Q)mxm,p)mwl’%l (10,00); HH(Q)+ X}, ) = C([0,00); L*(9)),

and then any strong solution belongs to C([0,00); L?(€2)). As a consequence,
(2.8) and 4 of Definition 2.3 make sense and any weak solution also belongs
to C([0,00); L*(2)).

3. Assume m = 0. Let (u,U) be a weak solution. It is clear from (2.7) that if u is
unique in 2’((0,00) x ), then so is U.

4. We easily deduce from Definition 2.2 and (2.9) that if u is a weak solution, then
each term of equation (1.1) belongs to @'((0, 00) X Q), except possibly blu|P~1u.
It follows that the existence of a strong solution implies the existence of a weak
solution when b = 0. Otherwise, we have to show that blu[P~'u € 2'((0,00) x Q).

The goal of the next result is to clarify in which way the weak solutions satisfy the
equation (1.1) in the unsaturated case and without the presence of the superlinear term
(m # 0 and b = 0). This permits to give a result without assumption on the parameters
0, a and y. Note that if § = 47, then equation (1.1) becomes the nonlinear Schrodinger
equation, and we recover the result by [10] (Proposition 2.5). Nevertheless, in the
presence of this superlinearity and in the unsaturated case (b # 0 and m # 0), we may
give a sense to the equation (1.1) better than in 2’((0,00) x ) with the additional
assumptions (2.2), (2.4) and (2.5). A weaker statement holds in the saturated case.
See Theorems 2.9 and 2.10 below.
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Proposition 2.5 (The unsaturated case). Let 2 C RN be an open subset,
€ [-2,2],0<m <1, av€C,b=0 and f € L ([0,00); L*(Q)). Let u
be a weak solution to (1.1). Let (un, fn)nen be any sequence of H?-strong solutions

to (1.1)~(1.2) satisfying (2.9). Then,

w € Wiz ([0,00); H=2(@) + L7 (), (2.11)
and u solves (1.1) in L ([0,00); H~%(Q) + L%(Q)) and so in 2'((0,00) x ). In ad-
dition,
W((O,T) H 2 () +L 7 (2)
Un, u. (2.12)

n—oo

for any T > 0.

Proposition 2.6 (Uniqueness and continuous dependance). Let Assumption 2.1 be
fulfilled, let f, f € Li ([0,00); L*(2)) and X = H{(Q) N L™T(Q) N LPTH(Q). Finally,

loc

let 1 < q <00 and let

u,@i € L _([0,00); X) N WL ([0,00); X*) < C([0,00); L3(R)),  (2.13)

loc loc

be solutions in 2'((0,00) x Q) to

e uy — Au+ alu| "™y 4+ bluP e 4+ yu = f,

e 00, — AU+ ala|~ ™ a + blaPla + ya =

respectively. Then,

[u(t) — a(t)][L2(0) < [lu(s) —uls)llL> @) +/Hf(0) — f(0)llz2()do, (2.14)

for any t > s> 0. Finally, (2.14) also holds true for the weak solutions.

Remark 2.7. If m = 0 then it is understood in Proposition 2.6 that |u|~( ="y = U,
where U is a saturated section associated to u.

Theorem 2.8 (Existence and uniqueness of L2-solutions). Let Assumption 2.1 be
fulfilled and let f € L} ([0700);L2(Q)). For any ug € L?(R2), there ewists a unique

loc

weak solution to (1.1)—(1.3).

Theorem 2.9 (Properties of the L2-solutions). Let Assumption 2.1 be fulfilled, let
ug € L*(2), f € L} ([0,00); L*(2)) and u be the unique weak solution to (1.1)~(1.3)

given by Theorem 2.8. Then,

u € L, ([0,00); Hy (2)), (2.15)
u € LT[0, 00); L™TH(Q)) N LEF ([0, 00); LPH (), (2.16)

loc loc
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and for anyt > s >0,

1
()32 e +cos / IVu(0) |2y do
+Re ae /Hu ?Ijl(Q)dO'—FRe be10 /HU ||Lp+1(Q)

+ Re(7e” /Hu ) 3a(0yd0 < 5 u(s) ooy + Re | e / §(0,2) ul(o,2) da do
s Q
(2.17)

Finally, setting Y, , = H3(Q) N L™ Q) N LPFL(Q), if m > 0 and if (un, fn)nen s
any sequence of H?-strong solutions to (1.1)—(1.2) satisfying (2.9), then:

w € Wigz (10,00):Y;5,), (2.18)

O, Lhe(0:50) )0 9

e —Ty (2.19)
u satisfies (1.1) in Liy.([0,00); Y, ) < 2'((0,00) x Q). (2.20)

Due to the lack of separability of L>°(2), we encounter some difficulties about the
measurability of the saturated nonlinearity U : [0, 00) — L>°(2). To avoid this, we
introduce a sequence (Y;,)nen, of L-approximating sequence of RNP-spaces: (Y,,)nen,
is a sequence of Banach spaces such that for any n € No, 2(Q) < Y,, <= Y, 11 < LY(Q)
with dense embeddings, Y,, is separable and reflexive when n > 1, Y,, # Y,,.1 # L*(Q)
and for any f € Yo, [[fllzi@) < fllv, and Tim [[flly, = [[f]|z1(@)- This sequence

exists with the help of [11, Lemma 5.8]. For more details, see [11, Section 5].

Theorem 2.10 (The saturated case). Let Assumption 2.1 be fulfilled with m = 0,
let ug € L*(Q), let f € LY, ([0,00); L2(2)) and let (u,U) be the unique weak solution
o (1.1)~(1.3) given by Theorem 2.8. Let (Yy)ien, be any L'-approzimating sequence
of RNP-spaces. Finally, let (upn,Un, fn)nen be any sequence of H?-strong solutions
to (1.1)~(1.2) satisfying (2.9). Then for any £ € No,

u € Wig ([0,00); Z7,,), (2.21)

aun L ((OvT)§Zz,p)W ou

_ 2.22

ot n—s00 ot’ (2.22)
(u,U) satisfies (1.1) in Ly ([0,00); Z ) < 2'((0,00) x Q), (2.23)

for any T > 0, where Zy, = H} () NY, N LPTYQ). In addition,

L°°((0,T)XQ2) wx
U, U, (2.24)

n—r oo
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for any T > 0. Finally, there exists Ny C (0,00) with |[Ng| = 0 such that for any
t € (0,00) N N,

W(t) € HY(Q) + L=(Q) + L7 (). (2.25)
In particular, equation (1.1) makes sense in H=1(Q) + L>=(Q) + L%(Q), for almost
every t > 0.

Remark 2.11. Below are some comments about Theorem 2.10.

L. If [Q] < oo, then the spaces Zj , may be replaced with H () + L%(Q) See the
end of the proof of Theorem 2. 10 for the details.

2. Whether or not «’ : (0,00) — H~1(Q) + L>®(Q) + L%(Q) is measurable is
an open question.

3. It follows from the properties of (Y7)sen, that for any ¢ € Ny,

1U| 2o ((0,00)7;) < Ul Lo ((0,00)x2) < 1.

Theorem 2.12 (Additional regularity of the weak solutions). Let Assumption 2.1
be fulfilled, let f € Lloc([O,oo);Lz(Q)), let ug € HY(Q) and let u be the unique weak
solution to (1.1)—(1.3) given by Theorem 2.8. Then we have that

{UGC w([0,00); H} (),

Au e 12, (0,00): L2(S). (226)

In addition, for anyt > s >0,

t t
1
V()220 + cos6 / 80}yl < V() Fa(0) + / 1£(0) 12 do
S

(2.27)

Case m > 0. Then uEVVli’Cq([O, 00); L2(Q)+L "5 (Q)—I—L%(Q)) and u satisfies (1.1) in
mt1 p+l 2, ifb=0
e (0, 00): 260) + 15 () + 14 (@) where g = {+ A

Case m = 0. Assume further that || < oo, let ¢ be as above and let U be the saturated
section associated to w. Then
w € Wil (10, 00): L*(©) + L”T“(Q» Ue L (00,5 L), (2:28)

L.([0,00); L2(Q) + L%(Q)) Finally, the map
t— |lu(t )HLQ(Q belongs to W,- 1([ ); R) and for almost every t > 0,

and u satisfies (1.1) in L
loc

1d

5 00 32 ) + oS0V ul®) gy + Re(ae®) [u(®) i o

+ Re(be'”) [u(t) 7341 () + Re(re’)|u(t)|72(q) = Re eia/f(tax)U(t’w) dz ),

(2.29)
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Theorem 2.13 (Existence and uniqueness of Hi-solutions). Let Assumption 2.1 be
fulfilled and assume that one of the following assumptions holds.

b=0, (2.30)
p(N—2)<N+2, (2.31)
9] < oc. (2.32)

If m =0, then assume further that |Q] < oo. Finally, let

feLd ([o,oo);LQ(Q))mL%([o,oo);H—l(Q)+LT“T*1(Q)+L"%1(Q)). (2.33)

loc loc

For any ug € HE(Q), there exists a unique H}-solution u, and u satisfies (2.6) with

qg=m, if (2.30) or (2.31) is satisfied,
qg=0p, if (2.32) is satisfied.

Finally, w is also a weak solution, the map t — ||u(t)||2L2(Q) belongs to Wl})"cl ([0, 00); R)

and (2.29) holds for almost every t > 0.

Theorem 2.14 (Existence and uniqueness of H2-solutions). Let Assumption 2.1 be
fulfilled and f € Wl’l([O, 00); L*(2)). Then for any uy € HE(2) N L>™(Q) N L* ()

loc

with Aug € L%(Q), there exists a unique H?-solution u to (1.1)~(1.3). Furthermore, u
satisfies (1.1) in Lg2 ([0,00); L2(Q)) and the following properties.

loc

1. We have that

u € C([0,00); Hy (€2)) N W, ([0, 00); L*()) N Lis. ([0, 00); L7(R2)),

loc

and, in addition, if m > 0, then u € Lﬁfc([O,oo);LQW(Q)), If m = 0 then the
saturated section U associated to u satisfies (2.28).
2. We have Au € Cy([0,00); L*(2)) and

Ju(t) —u(s)ll2@) < lluellpoe((s,0);2)lt — sl (2.34)
[Vu(t) — Vu(s)|| L2y < M|t — 5|2, (2.35)

t
[wtll Lo (0,00 22(0)) < e A uo — f(0)[| L2 + / £ (@)lz2(@ydo,  (2.36)
0

for anyt > s >0, where

M? = 2| Lo ((s,0); 2 ) | A2 oo (500322 ()

and
e_wAB"uo = —Aug + aluo|™ tug + blug [P up 4+ yuo

(79 AQuo = —Aug + at™ Ly, 20} + bluo|P~tug + yuo, if m = 0).

[uol
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3. The map t — ||u(t)||%2(ﬂ) belongs to Wli)’coo([O, 00); R) and (2.29) holds for almost
every t > 0.
4. The map t — ||Vu(t)H%2(Q) belongs to VVI})’:O([O,OO);R) and

d
T IVe®)Z2 ) + cos bl Au(®)|[7z o) < 1F (01172

(309

for almost every t > 0.
5. If f € WHH((0,00); L2(9)), then Au € L™ ((0,00); L*(2)) and

u € Cy([0,00); Hy(Q)) N W ((0,00); L*(€2)) N L ((0, 00); L*(9)),
u € L‘X’((O,oo);LQm(Q))7 ifm>0 and U € LOO((O, oo);L2(Q)), if m=0,

where U is the saturated section associated to u.
Remark 2.15. Theorem 2.14 appeals to some comments.
1. Since f € I/Vli)cl([(), 00); L2(Q)) <= C([0,00); L*(£2)), estimate (2.36) with f(0)
makes sense.
2. By Hoélder’s inequality,
||UHIZE1(Q) < ||uHI£2p(Q)||U||L2(Q)
and then u € C ([0, 00); LP**(Q2)). Furthermore, if v is also an H?-solution, then
by Hélder’s inequality,
™= o0l e < € (ullobsgy + 05ty ) e = vl o,
so that |u[P~!u € C([0, 00); L%(Q))
3. In the same way, if m > 0, then u € C([0,00); L™"(2)) and |u|" 'u €
C([0,00); L5 () (8, Lemma A.1]). Therefore, [[u(.)[|2.q, € C*([0,00);R)
and (2.29) holds true for any t > 0. We then infer by the equation (1.1) that

O € Cu((0,00): L2() + L5 (@) + L5 (),
u e CL([0,00); H-H(Q) + L™ (Q) + L7 ().

4. Due to the regularity of H?solutions, it follows that u satisfies (2.6) with ¢ = m
and g =1p

Remark 2.16. All the results in this section remain valid without the presence of

the superlinear term b|u|P~!u, which amounts to taking b = 0. In this case, one must

ignore all Lebesgue and Sobolev spaces that involve p. In particular, if w is a strong
solution in the sense of the Definition 2.3, then (2.6) reads:
1, m+1 m41

we L (10, 00); Ho () N L™ (@) N Wig, ™ (10,00) H* + L7 (Q)),  (237)

loc

as in the series of papers [6, 8-11].
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3. NOTATIONS AND SOME RESULTS OF FUNCTIONAL ANALYSIS

We collect here some notations that will be used along with this paper. Throughout
this section, X is a real Banach space, (2 is an arbitrary open subset of RV and I is
an interval. The set of positive integers is denoted by N, and Ng = NU {0}. Unless if
specified, all functions are complex-valued and all the vector spaces are considered
over the field R. For 1 < p < oo, p’ is the conjugate of p defined by % + % =1. X*is
the topological dual of X and (-, -)x+ x € Ris the X* — X duality product. The

scalar product in L?(£2) between two functions wu, v is, (u, v)2(0) = Re [, u(z)v(z)dz.
For p € (0,00], u € L}, ([0, 00); X) means that u € L}, ((0,00); X) and for any T > 0,
uj0,7) € Lp((O, T); X). In the same way, we will use the notation u € Wf;f([(), 00); X).
If p € (0,00] and 7 = 0, then L¥(Q) = L>®°(Q) and WH¥(Q) = Wh>°(Q). LO(Q) is
the space of measurable functions u : & — C such that |u| < oo, almost everywhere
in Q. The Lebesgue measure of a measurable set A C RY will be denoted by |A].
C\w(I; X) is the space of continuous functions from I to (X, o (X, X*))(= X,). Finally,
we denote by C auxiliary positive constants, and sometimes, for positive parameters
ai,...,an, write as C(aq,...,a,) to indicate that the constant C' depends only and
continuously on ay,...,a, (we will use this convention for constants which are not
denoted merely by “C”).

Throughout this paper, we shall always identify L?(Q) with its topological dual.
Let us recall some important results of Functional Analysis that we will use without
necessarily referring to them. Let £ and F' be locally convex Hausdorff topological
vector spaces. If £ — F with dense embedding, then F* — E*, and for any L € F*
and z € E, (L,x)p+ g = (L, z)p+ . Moreover, if E and F are Banach spaces, then
soare ENF and E 4 F and if EN F is dense in both E and F, then (ENF)* =
E*+ F* and (E+ F)* = E*XNnF*. If 2(2) — X with dense embedding then
Ll ([0,00); X*) < 2'((0,00) x Q). Let p € [1,00). If X is separable, then so is
LP(I; X), and if X is reflexive, then L?(I; X)* = L¥ (I; X*). Let X — Y be Banach
spaces and u € C\,(I;Y). Assume that there exist C' > 0 and a null set Ny C I such
that for any t € I\ No, u(t) € X and |u(t)||x < C. If X is reflexive, then for any
tel, ut) € X, |ult)x < C and u € Cy(l;X). Let u € C% 1 < p < oo, and
(Un)neny C LP(Q) be bounded. If u, — u, as n — oo, a.e. in §, then u € LP()
and u, — u, as n — 00, in LP(Q), if p < oo, and in L™>(Q) ., if p = co. Finally, we
recall that an operator (A, D(A)) on L?(f2) is maximal monotone if, and only if, it is
m-accretive. For more details, see Bergh and Lofstrém [14], Brezis [15], Droniou [21],
Edwards [22], Strauss [33, 34], Treves [36] and Bégout [7].

4. MAXIMAL MONOTONE OPERATORS

Throughout this paper, we shall use the following notations and conventions. Let m > 0.
Since ||| =™ 2| = |2|™, we extend by continuity at z = 0 the map z — |2[~(1=™)2
by setting |2|~(*=™ 2z =0 if m > 0 and z = 0. To solve (1.1), we rewrite the equation
as fi—? + Af'u = f, where A" is defined below, and use the theory of maximal operators



164 Pascal Bégout and Jestis Ildefonso Diaz

in L2(Q). But the nonlinearities |u|~*~")v and |u[’~'u do not belong to L?(£2). To
this end, we regularize the damping term around u = 0 and truncate the superlinearity

for large values of u. As a consequence, we define the operators below. Let € > 0, p > 1
and M > 0. For u € L°(Q), we define

gl (w) = ([u® + &)~ = u, m+e >0,
Ah () = [uP~ Ml o ary + MP " ul sy

0 u
0 |ul

Obviously, for any e > 0, M > 0 and u € L°(Q), gl(u) = h
section, we suppose (2.1), (2.2) and (2.5). Let a,b € C, 0 <m
Let us define the following operators on L?((2).

1/(u) = u. In all this
<1l,p>1lande>0.

Yu € D(L def {ue Hj(Q); Aue L*(Q)}, Lu= —el% Au + vel¥u,

D(B;”):LQ(Q), e>0orm=1, D(A™) = D(L), € > 0,
Vu € D(B™), BM"u = ae?g™(u) + bel? Y, (u), Yu € D(A™"), A = Lu + BMu,

{D(BS) = L*(Q),

Vu € D(BY), Blu = {U € L?(Q); U is a saturated section associated to u},

D(A) = D(L) N L*(Q),
Vu € D(AD), AJu = {Lu + aeU + be'gf (u); U € Blu},

D(AD) = D(L) N L*™(Q) N L*(Q), m > 0,
Yu € D(AF), Al'u = Lu + ae® g (u) + bel? gf (u).

We begin by establishing some preliminary lemmas on the monotonicity of the functions
defined at the beginning of this section.

Lemma 4.1. Let 0<m <1,p>1,e>0 and M > 0. Then,
g Wy € O(L2(): IA(9)) 1 C(H (@) HY(Q)) 1 O (HY (9): HY(S).
In addition, for any u € H (),

Vg™ (u) = (m — DRe(@Vu)([ul? + )" u+ (juf2 + €)= Vu, (4.1)
Vil (u) = Vb (u)Lgjuj<ary + MP7 ' Vul o> a3,

almost everywhere in Q, where Vgh (u) in (4.2) is given by (4.1) with m = p and ¢ = 0.
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Remark 4.2. Let p and M be as in the lemma. For z € C, we set
hh(z) = |2/P 2L ey + MP T 20 5 0y

Since hY, is globally Lipschitz continuous, we would like to prove (4.2) with the help
of the theory of Nemytskii superposition operators. But the set on which k%, seen as
a function from R? to R?, is not C! is infinite, since it is {|z| = M}. Therefore, the
formula

Vit (u) = DR, (u)Vu,
is not valid, and we have to proceed in another way.

Proof of Lemma 4.1. Let m,p,e and M be as in the lemma. A straightforward calcu-
lation shows that for any u,v € L(),

192" (u) — 92" (V)| + [hly (w) = I (v)| < C(M, p,m, )|u — v,
so that g™, nh, € C(L*(Q);L*(Q)). Let u € H'(Q). By Meyer—Serrin’s Theo-

rem and the partial converse of the dominated convergence Theorem, there exist
(un)nen C HY(Q) N C>(Q) and T € L?(Q;R) such that

H'(Q e.in Q e.in Q a.e.
Up, # Uy Uy ~Z 5w, Vi, 2225 Va and for any n € N, |[Vau,| < T. (4.3)
n—o0 n—oo n—oo

Let n € N. A straightforward calculation gives that Vg™ (uy), VA, (u,) € L*(Q) and

Vg (un) = (m — DRe(@n Vn) ([unl? +€)“ up + (Junl? + )7 Vu,,  (4.4)

-1 7n n np73 n np71 n; if n Mv
TR, () = (p — DRe(@n Vun) |[un [P~ up + |un|P~ Vu 1 [un| < (45)
MP=1Vu,, if |, | > M.

We use (4.3), the dominated convergence Theorem, and we let n 7 co in (4.4). We then
obtain that g™ : H(Q) — H'(Q2) and (4.1). Now, let us recall that if v € H'(Q),
then |v| € HY(;R), V|v| = 0, a.e. in {Jv| = M}, and thus Re(vVv) = |v|V|v| = 0,
a.e.in {|v] = M} (see, for instance, Theorem 6.17, p.152, in Lieb and Loss [28]).
It follows that,

Vhﬁ’w(un) = Vgg(un)ll{|un|<M} + MP_1VunIl{‘un|2M}, (4.6)

Using (4.3), (4.5) and the dominated convergence Theorem, we may let n * oo in
(4.6). We get that hf,(u) € H'(Q) and (4.2). With the same arguments, we show
that g™, hY, € C(H'(Q); H'(Q)). Now, let us show that hlj, € C(Hg(2); Hj(2)). Let
u € Hi(Q). It is enough to show that hh,(u) € Hg (). Let (¢n)nen C 2(R2) be such
that ¢, — u, as n — oo, in Hj (). Since (hh,(¢n))nen € HY(Q) and supp bk, (¢n)
is compact for any n € N, it follows that (AL, (¢n))nen C H}(2) and, by continuity,
that k%, (u) € H}(Q) and hh,(p,) — hh,(u), as n — oo, in H}(2). We show in the
same way that g™ € C'(H{(Q); H}()). This ends the proof of the lemma. O
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Lemma 4.3. Let g, > 0 and let Q' C RN be measurable (not necessarily open).
Assume that there exists A : HY(Q)) — HY(Q) such that for any u € H'(Q'),

VA(u) = (¢ — DRe(@Vu)(|u® + €)= u+ (ju]> +£) = Vu, (4.7)

almost everywhere in ', where both terms belong to L*(Y'). Then,

|1 — q|Re /Vu.VA(u)dx > 24/q |Im /Vu.VA(u)dx , (4.8)
Q/ Q/
for any u € H* ().

Proof of Lemma 4.3. Let the assumptions of the lemma be fulfilled. By (4.7), we have
that

2 —
def/v T A) [Vul?(Jul* + €) — (1 — ¢)Re(aVu). uVudx’

(Jul? + )=
Using that |Vul?|u|? = |[Re(@Vu)|? + [Im(uVu)|?, we get that

2 _ 2\ (e )
Re([)zg/ﬂdx+/Q|Re(“vu)| +Im@va)?

3—q 3—4g

g (P ey o4 (Jul* +e)=
t1) = (1 — ) [ FUTIET g,

—4q

(|uf? +¢)=*

In particular, this gives the result if ¢ = 0, so that we now assume that ¢ > 0.
By Young’s inequality,
[Tm(uVu)|?

_ _ SEND
2|Re(@Vu)| [Im(aVu)| < \/q |[Re(@Vu)|” + NG

It follows that
2,/q |Re(uVu)| |Im(uVu)|
2 |m(D)] < |1 - |/ Ve s

(lul®* +e)=

dz S ‘1 *(]|R€(I),

3—q

|/ q|Re(uVu)|? + \Im(uVu)|
(lul? +¢)™=

which gives (4.8). O

The lemma below concerns the accretivity of the operators defined at the beginning
of this section. A part of these results (estimate (4.10) below) can be found in
Pazy [32] (proof of Theorem 3.6, p.215-216; see also Okazawa [30]), but for the sake
of completeness, we give the full proof.
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Lemma 4.4. Letm>0,e>0, M >0,p>1 andu € D(L).
1. Suppose m = 0. Let U € LL_(Q) be such that U =

e a.e.in {u # 0}.
IfUAu € L'(9), then

U
Jul”

Re (—Au)Udz | > 0. (4.9)
/

In particular, if a € Cy(0), then Re (aeie /(Au)de) > 0.

Q
2. Assume that m > 0. If u™Au € L*(Q), then we have

11— m|Re ( / (—Au)ggn(u)da:) > 2/ [Im ( / (—Au)gg)"(u)dx) (4.10)

Q Q

If a € Cy(m), then Re (aeie /(—Au)ggn(u)dx) > 0.
Q
3. Assume that m € [0,1]. We have

(1—m)Re (/(—Au)ggl(u)dx) > 2y/m |Im (/(—Au)gg”(u)dx) . (4.11)

Q Q

If a € Cy(m), then Re (aeie /(—Au)g;"(u)dx) > 0.

4. We have

(p—1Re /(—Au)h?w(u)dx >2y/p |Im /(—Au)hlj\/l(u)dx . (412)
Q )

If b € Cy(p), then Re | bel? /(—E)hfw(u)dw > 0.
O

Proof. We first establish (4.11) (and so m < 1). By Lemma 4.1, we may apply
Lemma 4.3 with ¢ = m, Q' = Q and A = ¢7*, from which (4.11) follows since

[-swgEtiar = [ vu T
Q Q

Letting ¢ N\, 0 in (4.11) with the help of the dominated convergence Theorem,
we obtain (4.10) for 0 < m < 1. We continue with the proof of (4.12). Still by
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Lemma 4.1, we may apply Lemma 4.3 with ¢ = p, @' = Qp = {|u| < M} and A = 1.
It follows that

(p—1)Re /Vu.Vhﬁ/[(u)dx =(p—1)Re / Vu.Vgh(u)dz + MP~! [ |Vu|*dz
o) )

c
M Q5

> 2,/pIm /vu.Vgg(u)dx+MP*1 |Vu|?da
Qo Q%

=2y/plm /Vthﬁ/[(u)dx ,
Q

from which (4.12) follows since by Lemma 4.1,

/ (—Au)T (u)ds = / Vu. VAT, (u)dz.
Q Q

With the help of the dominated convergence Theorem, we let M ' oo to the above,
and we get (4.10) for m > 1. Now we turn out to the proof of the last inequalities
of Properties 2-4. Let a € Cy(m) and let I be the integral in (4.10). By (4.10), we
have that

2v/mRe(ae’T) = 2y/mRe(ae'?)Re(I) + 2¢/mIm(ae')Im(T) > 0,

which is the last inequality of Property 2. The last inequalities of Properties 3—4 are
obtained in the same way. To conclude the proof of the lemma, it remains to establish
Property 1. Assume that m = 0 and let U be as in the lemma. Set w = {u % 0}. Since
uw € D(L), then u € HZ_(Q) and it follows that Au = 0, a.e.in w. It follows that
the integrals in (4.9) and (4.11) are the same if we replace Q with w. Then, applying
(4.11) applied with m = 0, and using Lebesgue’s Theorem, we let € N\, 0 in (4.11) and
obtain (4.9), while the last inequality is obvious. O

Lemma 4.5. The operator (L, D(L)) is mazimal monotone on L*(Q).

Proof. By (2.2), (2.5) and the Lax—Milgram Theorem, L is monotone and
R(I+L)=L*Q). O

Lemma 4.6. Let (0 <m <1 ande >0) or (m>0ande=0), and let u,v € L ()
be such that (g7 (u) — g7 (v)) (u—=v) € LY(Q). If a € Cy(m), then we have

Re aeig/(ggl(u) — g (v))(u=v)dz | > 0.
Q
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Proof. Let u,v € Li () be such that (g7 (u) — ¢ (v)) (u—v) € L*(2), and let I be
the integral in the lemma. We have by Liskevich and Perel’muter [29, Lemma 2.2]
(m > 0and e =0), [9, Lemma 5.6] (m € [0,1] and € > 0) and (2.4) that

2v/mRe(ac®I) = 2¢/m (Re(ae®)Re(I) — Im(ae'?)Im(I))
and
2v/m (Re(ae'?)Re(I) — Im(ae'?)Im(I))
> (2v/mRe(ae”) = |1 —m| IIm(ae )I) Re(1) >
Hence, the result. O

Lemma 4.7. Let p > 1 and M > 0. Let for z € C, ¢pn(z) = |2[P7 2l jcny +
Mpflz]l{wZM}. Then for any (21, z2) € C2,

(p— DRe ((¢ar(21) — dnr(22)) (21 — 22))

4.13
> 25 I (Ba1(2) — br(z2)) (5= 22) | e

In addition, if b € Cy(p), then
Re beie/(hlfw(u) — Wb, (v))(w=wv)dz | >0, (4.14)

Q
for any u,v € Li, (Q) such that (hh,(v) — kY, (v))(u—v) € L(Q).
Proof. Let the assumption of the lemma be fulfilled. We begin by proving (4.13). This
result is obvious if z129 = 0 or if |21, |22| > M. If |z1|, |22| < M, then (4.13) due to

Liskevich and Perel’'muter [29, Lemma 2.2]. So, without loss of generality, we may
assume that 0 < |z2] < M <|z|. Let

[Im(Zar)|

Zu = (du(z1) = dnr(22)) (31 = 22) and F(t,s,0) = Re(Zn) -

(By [9, Lemma 5.3], Re(Zys) > 0.) Setting ¢ = |z1|, s = |22| and 0 = Arg(z122), we
have to show that

— 1)2
2 (p ) .
Fu(t,s,0)° < i (4.15)
We have that
t2s2((MP~1 — sP=1)2(1 — cos® 0) det A(1 — cos?0)

FM(t, S, 9)2 =

((MP=142 4 sp+1) — t5(MP~1 4 s~1) cos 9)2 (B —Ccos)?’
where we have used that Re(z1%3) = tscosf and Im(Z722) = tssinf. We claim that

tQSQ(Mp—l _ 5p—1)2

2
FM(t,&e) < (t2 — 82)(M2p72t2 _ 82p).

(4.16)
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We write ¢ = cosf and g(o) = Fu(t, s,0)%. Note that since t > M > s > 0 and
Re(Zp) > 0, we have A > 0, and B — Co > 0, for any o € [—1,1]. Since

(o) C A
max =g|l=) ===
UE[—al,l]g 7)=9\ B B2 - C¥

A
2
zlelng(th»e) < B2 _ (2

which gives (4.16). Moreover, by Cauchy—Schwarz’ inequality, we have

it follows that

2 2

M M

Mp—l _ p—1)\2
((18)2) = /Up_2d0 = /op_%o_%da
p—
M ! | 2 2 ;2 -2 2 2
< /sz*lda/ofigda: (M7 —s7)(s " —t77) < Fos (M2p72t2—82p)
- 4p = 4pt2s? '

Putting together (4.16) with above, we get (4.15), and then (4.13). Now we turn out
to the proof of (4.14) by using (4.13). Let (21, 22) € C?. We have that

2/pRe (beie (dar(21) — dar(22)) (21 — 22))
= 2\/13<Re(beiG)Re ((¢M(z1) - ¢M(22)) (21 — zz))
— Im(be!?)Re ((par(z1) — dm(22)) (21 — 22)) )

> (2y/pRe(be”) — (p — 1)[Im(be’”)]) Re ((éar(21) — dnr(22)) (71 = 22)) 2 0,
from which we get (4.14). O

Now, let us prove the monotonicity of the operators introduced at the beginning
of this section.

Lemma 4.8. Let (m,p) € [0,1] x (1,00) and (a,b) € Cp(m) x Cy(p). Then
(AT, D(A7")) is monotone.

Proof. If m > 0, then the result comes from Lemmas 4.5 and 4.6. Now, assume that
m = 0. Since a € Cy(0), we have by (1.7) that a = pe™? for some positive real
number p. Let up,us € D(AY) and (Vi, Va) € AJus x AJus. Then for each j € {1,2},
there exists U; € Biu; such that V; = Luj + pUj + be'’ g (u;). By accretiveness of the
operator L (Lemma 4.5) and Lemma 4.6,

(Vi = Va,ur —u2) 2y = u(Ur — Uz, ur — uz)r2(q)-
By [11, Lemma 6.1], we have for any n € N that

Re / (U1 — Ug)(ul — U2)dﬂf Z 0.
QNB(0,n)

The result follows from Lebesgue’s Theorem. O
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Proposition 4.9. Let M > 0, (m,p) € [0,1] x (1,00), (a,b) € Cy(m) x Cy(p) and
e > 0. Then the operators (A™, D(A™)), with m < 1, and (A}, D(A})) are mazimal
monotone on L*(Q).

Proof. Let u,v € L*(Q). By Lemmas 4.6 and 4.7, the operators (B™, L?(f2)) and
(B}, L*(2)) are monotone. In addition, B™, Bj € C(L*(Q); L?(2)) (Lemma 4.1)
and we then deduce that (B™,L2?(Q)) and (B§,L*())) are maximal mono-
tone (Brezis [15, Corollary 2.5, p. 33]). With the help of Lemma 4.5 and

Brezis [15, Corollary 2.7, p. 36], we obtain the desired result. O

Proposition 4.10. Under Assumption 2.1, the operator (AJ*, D(A§")) is mazimal
monotone.

Proof. By Proposition 4.9, we may assume that m € [0,1). In addition, by Lemma 4.8,
we only have to show that R(I + A7) = L*(Q). Let F' € L*(Q). We proceed with the
proof in four steps.

Step 1. Let € > 0. There exists u. € D(AT") satisfying
—e% Au, + ae g™ (u.) + beieh’;,1 (ue) +ve'u. +u. = F, in L*Q). (4.17)

Since (A™, D(A™)) is maximal monotone (Proposition 4.9), we have R(I+ A™)=L*(Q).
Step 2. The family (u:)eso is bounded in HE(f2), and the families (Aug)eso,
(g7 (ue))eso and (he-1(ue))eso are bounded in L?(€). In addition, there exist
au € D(AJ") and a decreasing sequence (€, )nen C (0, 1) converging toward 0 such that,

Ue, — U, (4.18)
n—roo

e, 2em2 (4.19)
n— 00

m 2'(9) m
gsn (U‘En) ::;? 90 (u)v m > 07 (420)
2'(Q
W (ue,) = gf(u). (4.21)

Let £ > 0 and Q. = {Juc| <e7'}. We take the L?-scalar product of (4.17) with w..
We get

2
cos HHVUEH%Q(Q) + Re(ae'?) / Lmdx
(luel? + €)=
(4.22)
+ Re(be'?) /hi’,l(us)uidm + (Re(ve'?) +1) Hu5||2L2(Q) = Re/Fuidx,
Q Q
Applying Cauchy-Schwarz’ and Young’s inequalities to (4.22), we obtain that
2 i0 |ue[*
COSHHUEHH&(Q) —|—Re(ae ) (|2—Hnd$
g (el +2)7= (4.23)

i 1 —(p—
+ Re(bel®) (w5 hy o) + e~V lluclBagr) ) < 1F 1320
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Repeating the process with —Awu,, we get with the help of Lemma 4.4 that
cos 0| Auc |72y < [1F(I72(q)- (4.24)

Taking the L2-scalar product of (4.17) with g (u.), we obtain,

Re [ e / (—Au) g (u)dz | + Re(ae) g™ (ue)|22 0
Q

+ Re beie/hg,l(ue)gg‘(ug)dm + (Re(’yeie)ﬁ-l)/—mdx (4.25)
2
o)

= Re /Fgg“(us)dx
Q

Since Re(be'?) > 0 and
- p+1 2
/hg,l(us)g;"(ug)dx :/(wlmdx"‘g_(p_l)/(lu“dw >0,

Q Q. lue|> +¢) 2 Qe lue|? + )72

we get from (4.24), (4.25) and the Cauchy—Schwarz and Young inequalities that

sup [|gZ" (ue )| L2() < oo (4.26)
e>0

It then follows from the equation (4.17), (4.23), (4.24) and (4.26) that,

sup ||h‘:,1(u8)||Lz(Q) < 0. (4.27)
e>0
By (4.23) and (4.24), there exist v € D(L) and a decreasing sequence &, \, 0
satisfying (4.18)—(4.19). By (4.19), we have that hﬁ,l (ue,) % gh (u), which gives
n n oo

with (4.27) that v € L??(Q) and (4.21). Note that if m = 0, we have shown that
u € D(L)N L? () = D(A)) and Step 2 is ended. Assume m > 0. By (4.19), we
have that _

g2 (e, ) 22 g (). (4.28)

n—oo

By (4.26) and (4.28), we obtain that u € L™ () and (4.20), so that u € D(AJ).

Step 3. If m = 0, then there exists U € Bu such that, renumbering the sequence if
0 2'(Q)

necessary, ge (ue, ) — U.

We have for any n € N, [|g2 (uc,)||L=(0) < 1. Then, renumbering the sequence if

necessary, there exists U € L>(Q) such that |U| @) < 1 and ¢2 (uc,)— U,

as n — 00, in L>(Q)y.. Hence, g2 (uc,) — U, as n — oo, in 2'(Q). By (4.19),

92 (uc,) — go(u), as n — oo, a.e. where u # 0. It follows from [12, Lemma 6.1] that
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U = g§(u), a.e. where u # 0. Finally by Step 2, (¢°(uc))e>0 is bounded in L?(£2). Tt
follows that U € L*(Q) and ¢° (uc,) —— U, in L*(Q). Hence, U € Blu.
n—oo

Step 4. Conclusion.
By (4.17) and Steps 2 and 3, if m = 0, then U € Biu and

—e % Au+ ael®U + be'’ |u[P " u + yel’u + u = F,

in 2'(Q), so in L?(Q), since (u,U) € D(AY) x Blu. In other words, u € D(AY)
and (I + AJ)u > F. In the same way, if m > 0, then by Step 2, u € D(AJ") and
(I + Ap)u=F,in L*(Q). O

5. PROOFS OF THE THEOREMS OF EXISTENCE AND UNIQUENESS

Proof of Proposition 2.5. Let (u, f) be a weak solution and let (uy, fn)nen be a se-
quence of strong solutions to (1.1) satisfying (2.8)—(2.9). By Remark 2.16, each w,, satis-
fies (2.37) with H = L2(Q). Set Y = H2(Q)N L7 (Q). Then Y* = H=2(Q) + L= (Q),
and by [8, Lemma 6.2], we have for any T > 0,

C([OvT];H72(Q)) Au and gm(u )
? 0 n

n—roo n—oo

2
Au, C([0,7; L™ (2))

90" (- (5-1)
It follows from the equation satisfied by each u,, (2.9) and (5.1) that for any 7' > 0,
(tun)nen is a Cauchy sequence in W1t ((O,T);Y*)7 so that (2.5) hold true. We use
(2.9), (2.12) and (5.1) to pass to the limit in the equation satisfied by each u,. Then,
u satisfies (1.1) in L{ ([0, 00); Y*). O

loc

Proof of Proposition 2.6. The embedding in (2.13) comes from [8, Lemma A.4]
(1 < ¢ < o0) and [11, Theorem 5.3] (¢ = 1 or ¢ = o0). We make the difference
between the two equations satisfied by u and u, respectively. It follows that u — u
satisfies the equation obtained in L{. . ((0, o0); X *). We take the X* — X duality product

with e7%(u — @). By [8, Lemma A.5], [11, Theorem 5.3, Lemma 6.1}, Lemma 4.6 and
Cauchy—Schwarz’ inequality, we get,

1d - = ~
5&”“ —allF2q) < If = fllz@llu = Ul 2@,

almost everywhere on (0, 00). Integrating over (s, t), we obtain (2.14). Finally, we note
that the strong solutions satisfy (2.13) with g =m+1 or ¢ = p+ 1, and that (2.14) is
stable by passing to the limit in C ([0, T]; L*(Q2)) x L((0,T); L*()), for any T' > 0.
By using (2.9), we then deduce that (2.14) still holds true for the weak solutions. [

Proof of Theorem 2.14. Let the assumptions of the theorem be fulfilled. With the help
of Proposition 4.10, we may apply Barbu [4, Theorem 4.5, p. 141] (and also Vrabie [37,
Theorem 1.7.1, p. 23]). Tt follows that there exists a unique u € W,>° ([0, 00); L2(92))
satisfying u(t) € D(Ap") and (1.1) in L%(Q), for almost every ¢t > 0, u(0) = ug and
(2.36). This last estimate yields (2.34). Let us take the L2-scalar product of (1.1)



174 Pascal Bégout and Jestis Ildefonso Diaz

with e~ %u. Since u € W,;>° ([0, 00); L?(2)), we may apply [8, Lemma A.5] to obtain
(2.29), for a.e.t > 0. By (2.29), the Cauchy—Schwarz inequality and integration, we
get that

vt >0, flu(®)llz2@) < lluollz2 (o) +/Hf(8)IIL2<mds, (5:2)

cos 0| Vu(t) |72 () + Re(ae”) [u(t)[| 75 o) + Re(be) [u(®) 7141 o
< (ue@®ll 2y + IF Ol 2) lul®) 220,

for a.e.t > 0. We have by (5.2)—(5.3) that u € L2 ([0, 00); H} (Q)NL™F(Q)NLPT(Q))
and that u is an H2-solution. In particular, u € Cy([0,00); H}(€2)). Now, we take
the L2-scalar product of (1.1) with —e ™" Au. Using Lemma 4.4 and Cauchy-Schwarz’
inequality, we get that

(5.3)

cos 0| Aull 2 ) < (lluell o) + 1f112 ) » (5.4)

a.e.on (0, 00). Therefore, there exists C' > 0 such that for a.e.£ > 0, [[Au(t)| r2(q) < C,
and since Au € Cy([0,00); H(2)), we infer that Au € Cy([0,00); L*(£2)). Taking
the L2-scalar product of (1.1) with e™g}(u), we obtain,

Re /utgg(u)dm +Re | e /(—Au)gg(u)dx + Re aeig/ggl(u)gg(u)dm
O ) o)

+%@me@+@mWHU/MWM=M(mewww

But Re(ae'’) > 0 and [, gi"(u)gh(u)dz = [, |u|™"Pdz. We then deduce from the
above estimates and the Cauchy—Schwarz and Young inequalities that

()1 720 () < C (lue®)ll2() + 1f (Ol 22() - (5-5)

for a.e.t > 0. In particular, u € LS, ([0,00); L?P(£2)) and we infer with the help of
(1.1) that if m > 0, then u € L{2,([0,00); L?™(€)), and if m = 0, then the saturated
section U associated to u satisfies (2.28). Since we have for any ¢t > 0,

IVut)Zai@) < lu®)llzz@) | Au®)llL2 (), (5.6)

we get (2.35) with the help of (2.34) and (5.4). In particular, u € C([0,00); H}(2)).
Taking the L2-scalar product of (1.1) with —e? Aw, it follows from [8, Lemma A.5],
Lemma 4.4 and the Cauchy—Schwarz and Young inequalities that for almost every t > 0,

2&HVU(W%nm**D“WAU@W%%m

cos
< NfF®llz2@ lAu) || 220

< 5O sy + S 1w 3
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from which we get Property 4. It remains to prove Property 5. This comes from (1.1),
(2.36), (5.2) and (5.4)—(5.6). This ends the proof of the theorem. O

Lemma 5.1. Let Assumption 2.1 be fulfilled, let (u, f) and (un, fn)nen satisfy (2.9),
where (Un, fn)nen ((Un, Un, frn)nen, if m = 0) is any sequence of H?-strong solutions
to (1.1)-(1.2). Then u is a weak solution to (1.1)—(1.2) and satisfies (2.15), (2.16)
as well as

Uy —— U, in L2((O,T);H§(Q))W, (5.7)
n—oo

Auy —— Au, in L*((0,T); H (), (5.8)

n—oo
. a+1 at1

go(up) mgg(u), in L ((0,T);L (Q))W, q >0, (5.9)
L°°((0,T)XQ2) wx

U, —— """, ifm =0, (5.10)

n—oo
Ay, ou . /
N Tairnd-re L 2'((0,T) x Q), (5.11)

for any T > 0 and q € {m,p}, where U is the saturated section associated to u when
m = 0. Finally, u satisfies (2.17), for s =0 and any t > 0.

Proof. Let (u, f) and (un, fn)nen be as in the statement of the lemma. Let T > 0
and ¢ € {m,p}. By (2.9) and the diagonal procedure, there exists a subsequence
(tny ) ken C (un)nen satisfying

a.e.in (0,00)xQ

Upy ——————— U, (5.12)
k—oo
from which we get
a.e.in (0,00)xQ
90 (tny.) g5(u), ¢ >0, (5.13)

k—o0

U, — Un, aeinw U Cifm =0, 5.14
k ’

where w = {(¢,z) € (0,00) x Q;u(t,z) # 0}. By (2.29), we have for any n € N,

T T

1 .

(D + 058 [ [Tun(Olfiade + Relae?) [ un(0)]7 11
0 0

T T
+Ree”) [ ua (Ot + Re(re?) [ fun (0] (.15
0 0
1 T
= §||un(0)||2Lz +Re | " fu(t, ) un(t, z) dadt

0Q
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We infer with the help of (2.9) and Cauchy—Schwarz’ inequality that

(un)nen is bounded in L*((0,T); H}(9)), (5.16)
(un)nen is bounded in LT ((0,T); LT (), (5.17)
(9¢(un))nen is bounded in L ((0,7); L%(Q)), q>0. (5.18)

We claim that u satisfies (2.15), (2.16), (5.7), (5.8), (5.9) and

N

Vu, —— Vu in L*((0,T); L*(Q)) . (5.19)
T n%oo T
[ 10125 oyt < timint [ (O oy (5.20)
0 0
for the whole sequence. Indeed, first of all, since for any r € [1, 00),
L™((0,T); L™(2)) = L"((0,T) x Q), (5.21)

we have by (5.12), (5.17), (5.21) and Fatou’s Lemma that u satisfies (2.16) and (5.20).
Next, we notice that

C([0,T]; L*(Q)) = 2'((0,T) x Q), (5.22)

and that the spaces involved in (5.7) and (5.9) are reflexive and also continuously
embedded in 2'((0,T) x Q). We deduce from (2.9), (5.16) and (5.18) that (2.15) holds
true and, for a subsequence, that u satisfies (5.7) and (5.9). But if (5.7) does not
hold for the whole sequence, by density of L2((0,7); L*(€2)) in L((0,T); H*(Q)),
we obtain, for a subsequence, that u, —=u, as n — oo, in LQ((O, T); LQ(Q))W, which
contradicts (2.9). Hence, (5.7) holds for the whole sequence, from which (5.8) and (5.19)
follow. In addition, if (5.9) does not hold for the whole sequence then by (5.21), there
exists a sequence (ng)geny C N for which we have that gd (u,,)=—=¢d(u), as £ — oo, in
LITL((0,T)x Q) ., Still by (2.9) and the diagonal procedure, there exists a subsequence
(ne;)jen C (ne)een such that Un,, — U, as j — 00, a.e.in (0,00) x £, and so we
have gg(umj) — gd(u), as j — 00, a.e.in (0,00) x . This yields, with (5.18) that
gg(umj) — g6(u), as j — oo, in LIT1((0,T) x Q) , a contradiction. Therefore, (5.9)
holds true. Hence, the claim. Moreover, (5.11) comes from (2.9) and (5.22). Finally, by
(2.9), (5.19), (5.20) and the weak lower semicontinuity of the norm, we obtain (2.17)
for any t =T > 0 and s = 0, with the help of (5.15). Now, assume that m = 0 and let
us establish (5.10) for a subsequence. Since sup,, ey [|[Unl| £ ((0,00)x0) < 1, there exists
U € L*((0,00) x ) such that, renumbering (ny)ren if necessary, we have

L ((0,T) X Q) wa
U ————— U (5.23)
k—>00
By (5.14) and (5.23), we get that U is a saturated section associated to u ([12,
Lemma 6.1]). Now, we return to the general case m € [0, 1]. Using (2.9) and (5.8)—(5.11)
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with the sequence (ng)ren in (5.23) to pass to the limit as k — oo in the equation
(1.1) satisfied by (un, )ken, we obtain that (u, f) (or (u,U, f), if m = 0) satisfied (1.1)
in 2'((0,00) x 2), so that u is a weak solution to (1.1)—(1.2). Finally, assume that
m = 0. Writing that for any n € N,

ou  Ouy,

Uy —U=¢"1" <8t — m) — (Au— Auy,)

+b(g6 (u) = g5 (un)) +v(u = un) = (fo = f)

and passing to the limit in 2’((0,00) x ), we again obtain thanks to (2.9),
(5.7)-(5.9) and (5.11), that U, —— U, in 2/((0,00) x ), and therefore (5.10)
n— oo

is also true. The proof is ended. O

Proof of Theorem 2.8. Apply the densities of Z((0,00); L*(Q2)) in Li, ([0, 00); L2(2))
and 2(12) in L?(Q2), Theorem 2.14, Proposition 2.6, completeness of C([0,T]; L*())
and Lemma 5.1. O

Proof of Theorem 2.9. Let (u, f) be a weak solution and let (uy, fn)nen be an any
sequence of H2-strong solutions to (1.1) satisfying (2.8)—(2.9). We first establish (2.17).
By Lemma 5.1, (2.17) holds on any time interval [0,T], T > 0. Let t > s > 0. For
o> 0, let g(o) = f(o + s) and let (v,g) be the weak solution to (1.1) such that
v(0) = u(s). By uniqueness of weak solutions, v(c) = u(c+ s), for any o > 0. Applying
(2.17) on the time interval [0,t — s] to (v, g), we obtain the general case (2.17). By
Lemma 5.1, it remains to prove (2.18)(2.20). Let 7> 0 and let v € L*((0,T); Yonp)-
It follows from (1.1), (2.9), (5.8) and (5.9) that

. <—i08un >

lim (e ¥ —,v
oo O [ (0, ) L ((0,T)Yim )
= (Au, v) L1((0,7);H-1), L2 ((0,T); H})

— e m41 — (bgP P
{ago (u)’v>L1((o,T);L ) Lo ((0,T); L) <gO(u)’U>L1((O,T);L%l)7L°°((0»T)§LP“)

— (YU, v) L1 ((0,7):L2), Lo ((0,7):£2) F {f3 V) L1((0,1):L2), L ((0,T):L2)

from which (2.18)-(2.20) follow, by embedding L' ((0,7);Yy ) < 2'((0,T) x Q)

) m,p

and (5.11). O

Proof of Theorem 2.10. Let (u,U, f) be a weak solution and let (u,, Uy, fn)nen be
any sequence of strong solutions to (1.1) satisfying (2.8)—(2.9). Let (Y¢)sen, be any
L'-approximating sequence of RNP-spaces ([11, Lemma 5.8]). Let 7 > 0 and let £ € N.
Since Y; — L'(Q) with dense embedding, it follows that

L= ((0.T):Y) = LM ((0.7):¥0)) = L((0.7): L) = L((0.) x 9), (.24

with dense embeddings. By duality, since Y; is reflexive, we obtain that
L2((0.7) % Q) < L((0.7): ) & L¥((0.T):%7) = LH((0.T): 7). (5.25)
LY((0,7);Y7)" = L=((0,T); Yz). (5.26)
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It follows that for any v € L>((0,7);Yy) and n € N,
(Un = U,0) oo 0,1y x0), 21 (0.1 x2) = (Un = U, v>L1((O,T);Ye*),LOO((O,T);Yg) (5.27)
from which we deduce that with the help of (5.10) that

L0 )
U, ———— "\ (5.28)
n—=o0

Using (5.8), (5.9), (5.11), (5.28) and that for any T' > 0, L*((0,T); Z} ) = 2’ ((0,T) x
Q), we prove (2.21)~(2.23) in the same way as for Theorem 2.10. Finally, (2.24) comes
from (5.10), and (2.25) comes from the equation (1.1) and Lemma 5.1. Notice that
2(Q) — Y, with dense embedding and that Y;* < Y, so that (2.21)—(2.23) hold true
for ¢ = 0. Finally, if |2] < oo, then H}(Q)NL'(Q)NLPT(Q) = HE (Q)NLP+Y(Q), which
is reflexive and separable. In this case, the above arguments work for Hg (Q) N LPT1((2)
in place of Z; . O

Proof of Theorem 2.12. Let ug € H§(2) and f € L ([0,00); L*(£2)). Let u be the

loc
unique weak solution to (1.1)—(1.3) given by Theorem 2.8. Let (¢, )nen € 2(£2) and
2 Hy(Q) L2((0,T);L?)
(fn)nen C @((07 o0); L (Q)) be such that ¢, — and f, — f, for

any T' > 0. For each n € N, let (uy, f,,) be the unique H2-solution to (1.1) such that
ur(0) = @, given by Theorem 2.14. By Proposition 2.6, we have for any T > 0,

72 -1 N -2
w, C([0,T];L7()) u, Vu, C([0,T;H™ () Vu and Au, C([0,T;H™ () A
n—oo n—oo n—oo

(5.29)
Since each wu,, satisfies Property 4 of Theorem 2.14, we get after integration that for
any n € Nand t > 0,

t t
1
V0 ) 30y + <050 [ 1800 (5) B2y < ¥l + oy [ 1(6) oo
0 0

(5.30)
We infer with the help of (5.29) and (5.30) that for any T' > 0, (un)nen and (Aup)nen
are bounded in C([0,T]; H}(2)) and in L?((0,T); L*(R)), respectively. It follows from
(5.29) that for any T > 0,

u € Cy([0,00); Hy(2)) and Au € Li, ([0, 00); L*(£2)), (5.31)
Up ——u, in L®((0,T); Hy (), (5.32)
Vu,(t) — Vu(t), in L*(Q)Y, vt e [0,T], (5.33)
Au, —— Au, in L*((0,7); L*()) - (5.34)

n—oo

Using (5.33), (5.34), and the weak lower semicontinuity of the norm to pass to the
limit in (5.30), we obtain (2.27) with s = 0, for any ¢t > 0. Now, we fix s > 0. Let
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(v, f(. + 8)) be the weak solution to (1.1) such that v(0) = u(s). By uniqueness of
weak solutions, v(t) = u(t + s), for any ¢t > 0. We then obtain the general case (2.27).
Now, if m > 0, then by (2.16), (5.31) and (1.1), we get that

u € WE([0,00); L2(Q) + L™ () + L (2)),
where q is as the statement of the theorem. Finally, if m = 0 and || < oo, then U €
L>((0,00) x Q) < L2 ([0, 00); L*(2)), so that U : [0,00) — L?*(£2) is measurable

and satisfies (2.28). Using again (2.16), (5.31) and (1.1), we get the desired regularity
for u which allows to apply [8, Lemma A.5], from which (2.29) follows. O

Proof of Theorem 2.13. Let the assumptions of the theorem be fulfilled. Let ug €
H}(Q) and let u be the unique weak solution to (1.1)—(1.3) given by Theorem 2.8.
We begin With the case b = 0. By (2.16), (2.26), (2.28) and (1.1), we have that
u € VV1 ([0 oo) X*), where X = Hj () N L™"(2). Hence, u satisfies (2.6) with
g=m and is an H}-solution. Now, assume that we have (2.32). If we have (2.31) with
m > 0, then by (2.26) and Sobolev’ embedding, we have for any 7' > 0,

/Hgo || p+1( dt = /||u ||L:D+1(Q)dt<C(N p)T”uHLoc((OT) S H(Q))

while if m = 0, then U € L% ([0,00); L*(2)) by (2.28). Hence with (2.16), (2.26)
and (1.1), u satisfies (2.6) with ¢ = m and is an H}-solution. Now, assume that we
have (2.32). If m > 0, then we have by Holder’s inequality that

i p+1
/Ilgo ’;+ dt = / lu(t,z)|™ % dtdz
()

(0, T)xQ

s |3

pP—m
< (TIe)’ / Ju() 75 ot |

for any T > 0, while if m = 0, then U € Lf% ([0,00); L?(£2)) by (2.28). We infer
with (2.16), (2.26), (2.28) and (1.1), that u satisfies (2.6) with ¢ = p and is an
H}-solution. So, in these three cases, u is an H}-solution, which is unique with
the help of Proposition 2.6. It remains to show that the map ¢t — ||u(t)||%2(m
belongs to Wli’cl([(),oo);]R) and that (2.29) holds for almost every ¢ > 0. Let
Y = HHQ) N L™TH(Q) N LPT1(Q). By the regularity of u, we may take the Y* — Y
duality product of (1.1) with eu. Then [8, Lemma A.5] gives the desired result. [

Remark 5.2. The assumptions f € L? ([0,00); L*(Q2)) in Theorem 2.12, and (2.33)
in Theorem 2.13, may be replaced with

f € Lioe([0,00); HY () N Lz ([0 00); H‘1(9> + L7

loc
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respectively, as for the Hl-solutions of the Schrédinger equation in [9-11] (which
corresponds to § = £7 in (1.1)). In this case, (2.29) is no more valid and (2.27) has
to be replaced by

t
1
SIVu(D)F2(0) +cosf / 800y lor
(5.35)

1
§||VU( M7z + | IVu(s)l 2@ +/Hf o)|lL2(do /||f N z2edo,

for any t > s > 0. In addition, the regularity of u is no more wh? but Wt

loc loc
and the equation is no more satisfied in L _ but in L] . We proceed as follows.

We use the notation of the proof of Theorem 2.12, but with the assumption that
1 Lyl
(fa)nen C 2((0,00); H}(Q)) with f, L (O, f, for any T" > 0. Taking the
—

L?-scalar product of (1.1) with —e % Aw,,, we obtain for any n € N and a.e. t > 0
([8, Lemma A.5] and Lemma 4.4),

2dt”vu”( MZ2() + cos Ol Auy (1)l 720y < IV Fu(®)llz2@)IVun(®) 2(0),  (5-36)

from which we get,
Vun ()2 < IVenllL2@) +/van(s)HL2(Q)d5> (5.37)
0

for any n € N and ¢ > 0. Putting (5.37) in (5.36) and integrating the result, we get

1
3 Vun (0 + <050 [ [18un ()]0
0 (5.38)

1
< 519eulBaey + | 1Venllzaier + [ Wals)lzzards | [ 106} lzoqeyds
0 0

for any n € N and ¢ > 0, instead of (5.32). Finally, we proceed as in the proof of
Theorem 2.12 to obtain (5.35), whereas the proof of Theorem 2.13 is unchanged. In the
same way, we get from (5.37) that

IVu®)llz2@) < IVuls)llL2@) +/\|Vf(0)IIL2(Q)dU, (5.39)

for any t > s > 0.
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