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1 Introduction

When one considers reaction diffusion problems with nonlinear boundary (flux) conditions
one typically faces problems in which, in a natural way, two different nonlinear mecha-
nisms, of very different nature, compete. Namely, interior reaction and boundary flux. In
this context it is therefore a natural question to understand which is the nonlinear bal-
ance between these two competing nonlinear mechanisms. From the mathematical point
of view a delicate technical problem is also to determine a large class of initial data for
which the problem can be solved. Once this is done the balance between the nonlinear
terms will determine the subsequent behavior of the solutions.

Let us consider the following problem
ut −∆u+ f(u) = 0 in Ω

∂u

∂~n
= g(u) on Γ

u(0) = u0

(1.1)

∗†Partially supported by Project MTM2009–07540, MEC and GR58/08 Grupo 920894, UCM, Spain.
†Supported by Marie Curie IEF 252078 ULD3DNSE, EU
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in a bounded domain Ω ⊂ RN , N ≥ 1. The prototype nonlinearities we consider behave
like

f(s) ∼ cf |s|p−1s, g(s) ∼ cg|s|q−1s

for |s| → ∞, with cf , cg > 0. More precisely, we suppose that f and g satisfy

pcf |s|p−1 − A0 ≤ f ′(s) ≤ pCf |s|p−1 + A1, qcg|s|q−1 −B0 ≤ g′(s) ≤ qCg|s|q−1 +B1,
(1.2)

for some cf , cg, Cf , Cg > 0, A0, A1, B0, B1 > 0, 1 < p, q <∞.
These assumptions imply that there is an actual competition in (1.1) between nonlinear

terms. On one hand, f has a dissipative character and tries to make solutions global and
bounded. On the other hand g has an explosive nature and tries to make solutions blow
up in finite time; see [8, 11]. As it is currently known, and explained below, the nonlinear
balance between these two terms in (1.1) is given by by the relationship between p + 1
and 2q. In fact when

p+ 1 > 2q (1.3)

the dissipative character of f dominates the explosive one of g; see below.

We now review some results already known for (1.1). First, concerning local existence
it was shown in [4] that considering initial data in Lr(Ω), (1.1) is locally well posed
provided

p ≤ pc = 1 +
2r

N
, q ≤ qc = 1 +

r

N
(1.4)

with q < qc = 1 + r, if N = 1.
The numbers pc and qc above are the so-called critical exponents. The problem (1.1)

is said to be subcritical if p < pc and q < qc, and critical otherwise. See [15, 16, 7] for
related results.

It was also proved in [5] that in general supercritical problems, i.e. either p > pc or
q > qc, are ill posed.

As for the asymptotic behavior of solutions, (1.1) is studied in [11] in a subcritical
H1(Ω) setting (with suitable critical exponents pc = 1 + 4

N−2
and qc = 1 + 2

N−2
for

this space). Assuming the nonlinear balance condition (1.3) and using a natural energy
estimate involving the gradient, it was proved that (1.1) is dissipative and the asymptotic
behavior of solutions is described by a global compact attractor in H1(Ω) which typically
has a precise geometrical structure, since the problem has a gradient structure. Note that
in this case the energy acts as a Lyapunov functional along solutions, which simplifies a
lot the dynamics.

On the other hand if p+1 < 2q the problem is not dissipative and it was shown in [11]
that there always exists solutions that blow up in finite time. The case when p + 1 = 2q
depends on the balance of the coefficients of the leading or even lower order terms in f
and g. See also [2].

In [3], (1.1) was studied in a subcritical regime and assuming a linear balance between
nonlinear terms. However for (1.1) under assumptions (1.2) and (1.3) no such linear
balance holds.

In [9] the subcritical and critical problems in Lr(Ω) (i.e, 1 < p ≤ pC , 1 < q ≤ qc)
were considered. Again under the balance conditions (1.2) and (1.3) it was shown that
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(1.1) is dissipative and has well defined asymptotic behavior in terms of a global compact
attractor. In the critical case a less conclusive result is obtained. See Theorem 2.1 below
for a precise statement.

Note that for the setting in Lr(Ω), r 6= 2, the main difficulty is to obtain gradient
estimates to obtain compactness of solutions. In this case no natural energy seems to be
available.

Observe that if we assume (1.3) and define

r0 = max

{
N

2
(p− 1), N(q − 1)

}
=
N

2
(p− 1) (1.5)

then r0 > 1 if p > 1 + 2
N

and if r > r0 problem (1.1) is subcritical in Lr(Ω) while it is
critical if r = r0, and supercritical if 1 < r < r0. Thus if r ≥ r0, given u0 ∈ Lr(Ω) we
know that there exists a unique global solution of problem (1.1) and moreover there exists
a global compact attractor.

Therefore in this paper we will assume hereafter that

p > 1 +
2

N

and the main goal is the to prove that under assumption (1.3), for the supercritical case
1 < r < r0 still we have global bounded solutions and a global compact attractor for
(1.1). Moreover this attractor coincides with the one for r > r0.

Since the problem is supercritical in Lr(Ω) for 1 < r < r0 we must then define
suitable solutions of (1.1). Then we need to obtain suitable and strong estimates on the
solutions which guarantee enough compactness (or smoothing) to prove the existence of
an attractor. This estimates will show that solutions of (1.1) enter into spaces in which
the problem is subcritical and then they are attracted to the attractor of the subcritical
case. As before the main difficulty is to obtain gradient estimates on the solutions.

Our last contribution is to show that within the global attractor there exist extremal
equilibria as in [12]. These equilibria have the property that the asymptotic behavior of
any solutions lies below the maximal one and above the minimal one. In particular any
other equilibria lies in between these two. Also the maximal equilibria is order stable from
above and the minimal one is order stable from below. Hence, they are the “caps” of the
global attractor. So far such equilibria have been shown to exists in problems like (1.1)
but in which a suitable linear balance as in [3] holds; see [12]. For (1.1) under assumptions
(1.2) and (1.3) no such linear balance holds and [12] does not apply.

The paper is organized as follows. In Section 2 we recall known results concerning
existence of solutions of (1.1) in subcritical or critical cases in Lr(Ω). Observe that these
results only take into account the growth of nonlinear terms and not the signs of f and
g. Then, assuming (1.2) and (1.3) we also recall the results on the asymptotic behavior
of solutions of (1.1) in subcritical or critical cases; see Theorem 2.1 below.

Then in Section 3 we construct suitable solutions of problem (1.1), assumed (1.2) and
(1.3), starting at u0 ∈ Lr(Ω) for 1 < r < r0 with r0 as in (1.5), so that the problem
is supercritical in Lr(Ω). For this, we start by proving the existence and uniqueness of
solutions in Lr(Ω) for an approximated problem in which we truncate the nonlinear term
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in the boundary in such a way that the resulting problem is supercritical in the interior
while subcritical on the boundary, see Theorems 3.1 and 3.3. Since the supercritical
nonlinear term has a good sign, we will be able to obtain suitable uniform bounds for
these solutions that will allow us to construct a solution of (1.1). See Propositions 3.5, 3.7
and 3.14, Definition 3.15 and Theorem 3.16. Observe we could only guarantee uniqueness
of solutions in the case of nonnegative initial data in (1.1), see Proposition 3.12 but not
for general sign changing solutions.

Then in Section 4 we use the strong smoothing estimates obtained in Section 3 to
show that all solutions of (1.1), regularize into an space in which (1.1) is subcritical and
then the asymptotic behavior of solutions is described by the global attractor in Theorem
2.1. We also show the existence of the extremal equilibria in the attractor as discussed
above; see Theorem 4.1. Note that the result in Section 4 improve the known result in
Theorem 2.1 for the critical case r = r0.

2 Known results for the subcritical or critical cases

We recall now the results in [4] concerning existence of solutions in subcritical or critical
cases in Lr(Ω). These results only take into account the growth of nonlinear terms and
not the signs of f and g. Thus, we assume momentarily that f, g ∈ C1(R) and satisfy

lim sup
|s|→∞

|f ′(s)|
|s|p−1

<∞ and lim sup
|s|→∞

|g′(s)|
|s|q−1

<∞

and p, q satisfy (1.4), i.e.

p ≤ pc = 1 +
2r

N
, q ≤ qc = 1 +

r

N
, 1 < r <∞.

We will also make use of some Bessel spaces in Lr(Ω) of order 2θ, H2θ
r (Ω); see [4, 1, 14].

These spaces are Bessel spaces associated to ∆ with Neumann boundary conditions in
Lr(Ω). Hence, if 2θ > 1 + 1

r
these spaces incorporate Neumann boundary conditions.

From [4], for each u0 ∈ Lr(Ω), there exist R = R(u0) > 0 and τ = τ(u0) > 0 such that
for any u1 ∈ Lr(Ω) with ‖u1−u0‖Lr(Ω) < R there exists a solution of (1.1), with initial data
u1, u(·;u1), in the sense that it is a continuous function u : [0, τ0]→ Lr(Ω) with u(0) = u1,
such that u ∈ C([0, τ ];Lr(Ω)) ∩ C((0, τ ];H2ε̄

r (Ω)) and supt∈(0,τ ] t
ε̄‖u(t)‖H2ε̄

r (Ω) < ∞, for
some ε̄ > 0 and satisfies the variation of constants formula

u(t;u1) = S(t)u1 +

∫ t

0

S(t− s)(−fΩ(u(s;u1)) + gΓ(u(s;u1)) ds, 0 ≤ t ≤ τ,

where S(t) is the semigroup generated by ∆ with Neumann boundary conditions in Lr(Ω),
fΩ denotes the Nemitsky map of f acting on functions defined in Ω, and gΓ the Nemitsky
map of g acting on functions defined on Γ.

This is the so called ε−regular solution of (1.1) starting at u1. This solution is unique
in the class C([0, τ ];Lr(Ω)) ∩ C((0, τ ];H2ε̄

r (Ω)) and, by a bootstrapping argument, it is
classical for t > 0.
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In addition, this solution satisfies, for some γ > ε and for all 0 < θ < γ,

u ∈ C((0, τ ];H2θ
r (Ω)), sup

t∈(0,τ ]

tθ‖u(t)‖H2θ
r (Ω) ≤M(R, τ), tθ‖u(t)‖H2θ

r (Ω)
t→0+

−→0. (2.1)

Moreover, if u1, v1 ∈ BLr(Ω)(u0, R) the following holds true for t ∈ (0, τ ], and 0 ≤ θ ≤
θ0 < γ,

sup
t∈(0,τ ]

tθ‖u(t;u1)− u(t; v1)‖H2θ
r (Ω) ≤ C(θ0, τ)‖u1 − v1‖Lr(Ω). (2.2)

Note that we can always take γ ≥ 1/2 which allows to perform a bootstrap argument to
prove that solutions become classical for positive times.

If both of the nonlinearities are subcritical, i.e. p < pc and q < qc in (1.4), then
R can be taken arbitrarily large and so, the existence time can be taken uniform on
bounded sets of Lr(Ω). As a consequence, and following a standard prolongation argu-
ment, when f and g are subcritical in Lr(Ω), if the solution exists up to a maximal time
T < ∞ then limt→T ‖u(t)‖Lr(Ω) = ∞. However, when f or g are critical, if T < ∞ then
limt→T ‖u(t)‖Hδ

r (Ω) = ∞ for any δ > 0. Therefore, in the subcritical case to prove global
existence it is enough to obtain bounds on the Lr(Ω)–norm of the solution while in the
critical case stronger estimates must be obtained.

On the other hand, if we assume now (1.2), that is,

pcf |s|p−1 − A0 ≤ f ′(s) ≤ pCf |s|p−1 + A1 and qcg|s|q−1 −B0 ≤ g′(s) ≤ qCg|s|q−1 +B1,

for s ∈ R and some cf , cg, Cf , Cg > 0, A0, A1, B0, B1 > 0, and (1.3), i.e.

p+ 1 > 2q,

we can obtain information on the asymptotic behavior of the solutions of the problem.
The next result summarizes the results in [9]. Note that condition (1.3) implies that

the dissipative character of f dominates the explosive nature of g. As a result of this
nonlinear balance, (1.1) is dissipative as the next theorem shows.

Theorem 2.1 Assume that f and g satisfy (1.2) and (1.3) and define r0 as in (1.5).
Then we have,
i) Problem (1.1) is well-posed in Lr(Ω) for any r ≥ r0, and the solutions are globally
defined, and classical for t > 0.
ii) For r ≥ r0, there exists an absorbing ball in Lr(Ω) and the orbit of any bounded set of
Lr(Ω) is bounded in Lr(Ω), for t ≥ 0.

For r = r0, orbits of compact sets in Lr0(Ω) remain compact in Lr0(Ω).
iii) If r > r0, (1.1) has a compact global attractor A in Lr(Ω) which attracts bounded sets
of Lr(Ω).

For r = r0, there exists a maximal, compact, invariant and connected set A in Lr0(Ω)
which attracts a neighborhood of each initial data in Lr0(Ω) (and, in particular, compact
sets of Lr0(Ω)).

For r ≥ r0 the attractor can be described as the unstable set of the set of equilibria of
(1.1), E, which is nonempty; that is

A = W u(E).
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iv) For r ≥ r0, the attractor A belongs to Hα
s (Ω) and it attracts in the norm of Hα

s (Ω)
for any s ≥ 1 and 0 ≤ α < 1 + 1

s
and in Cβ(Ω) for any 0 ≤ β < 1.

In particular, if r > r0 there is an absorbing set in Hα
s (Ω) and, for every ε > 0, the

orbit of bounded sets in Lr(Ω) is bounded in Hα
s (Ω) for t ≥ ε.

Observe that this result is proved in [9] using in a critical way the energy estimate
(2.3) below, which is the only estimate available in a non Hilbertian setting. In [11], (1.1)
is studied in a subcritical H1(Ω) setting (with suitable critical exponents pc = 1 + 4

N−2

and qc = 1 + 2
N−2

for this space) using a different energy estimate involving the gradient.
For the setting in Lr(Ω), r 6= 2, the main difficulty is to obtain gradient estimates to
obtain compactness.

Also observe that the estimates in [9] leading to Theorem 2.1 are not known to be
uniform with respect to certain classes of nonlinear terms f and g. Should this be true,
some arguments below in Section 3 could be made simpler, see Remark 3.9.

Below we present some of the basic tools needed to prove Theorem 2.1, see [9]. First
we have the following Poincaré lemma.

Lemma 2.2 There exists a constant c0(Ω) such that for any ϕ ∈ W 1,1(Ω)∥∥∥∥ϕ− 1

|Γ|

∫
Γ

ϕ

∥∥∥∥
L1(Ω)

≤ c0(Ω)‖∇ϕ‖L1(Ω).

Another key tool to prove Theorem 2.1 is the following estimate that holds for any
suitable smooth solution of (1.1). This result explains in a precise form the nonlinear
balance (1.3) between nonlinear terms in the problem (1.1). Note that the result in [9]
is adapted below to (1.1) with f and g satisfying (1.2) and (1.3). We include the proof
since it will be important in what follows.

Proposition 2.3 For a sufficiently smooth solution of (1.1) with f and g satisfying (1.2)
and (1.3) we have

1

σ

d

dt
‖u(t)‖σLσ(Ω) +

2(σ − 1)

σ2

∫
Ω

∣∣∇ (|u|σ/2)∣∣2 + A

∫
Ω

|u|σ+p−1 ≤ B (2.3)

with A depending on the constants appearing on (1.2) but not on σ and B > 0 depending
also on σ.

Proof. For a sufficiently smooth solution of (1.1), multiplying (1.1) by |u|σ−2u and
integrating by parts, we get

1

σ

d

dt
‖u(t)‖σLσ(Ω) +

4(σ − 1)

σ2

∫
Ω

∣∣∇ (|u|σ/2)∣∣2 +

∫
Ω

f(u)|u|σ−2u−
∫

Γ

g(u)|u|σ−2u = 0.

The last two terms can be rewritten as∫
Ω

(
f(u)|u|σ−2u− |Γ|

|Ω|
g(u)|u|σ−2u

)
+
|Γ|
|Ω|

∫
Ω

(
g(u)|u|σ−2u− 1

|Γ|

∫
Γ

g(u)|u|σ−2u

)
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and Lemma 2.2 gives, for some c(Ω)∣∣∣∣ |Γ||Ω|
∫

Ω

(
g(u)|u|σ−2u− 1

|Γ|

∫
Γ

g(u)|u|σ−2u

)∣∣∣∣ ≤ c(Ω)‖∇(g(u)|u|σ−2u)‖L1(Ω).

Taking derivatives and arranging terms, the right hand side above can be written as

c(Ω)

∥∥∥∥( 2

σ
g′(u)u+

2(σ − 1)

σ
g(u)

)
|u|σ/2−1

∣∣∇|u|σ/2∣∣∥∥∥∥
L1(Ω)

which can be bounded by

ε‖∇|u|σ/2‖2
L2(Ω) +

c2(Ω)

4ε

∥∥∥∥( 2

σ
g′(u)u+

2(σ − 1)

σ
g(u)

)
|u|σ/2−1

∥∥∥∥2

L2(Ω)

for any ε > 0. Therefore, we get

1

σ

d

dt
‖u(t)‖σLσ(Ω) +

(
4(σ − 1)

σ2
− ε
)∫

Ω

∣∣∇ (|u|σ/2)∣∣2 +

∫
Ω

Hσ(u)|u|σ−2 ≤ 0 (2.4)

where

Hσ(u) = f(u)u− |Γ|
|Ω|

g(u)u− c2(Ω)

εσ2
(g′(u)u+ (σ − 1)g(u))

2
.

From (1.2) we have that,

f(u)u ≥ D0|u|p+1 −D1, g(u)u ≤ D2|u|q+1 +D1

(g′(u)u+ (σ − 1)g(u))2 ≤ 2(|g′(u)|2u2 + (σ − 1)2|g(u)|2) ≤ D3(|u|2q + 1)

and so,

Hσ(u) ≥ D0|u|p+1 −D2
|Γ|
|Ω|
|u|q+1 −D3

c2(Ω)

εσ2
|u|2q −D4

for some D1, . . . , D4 > 0 where D0, D1, D2 do not depend on σ. Since p+ 1 > 2q then we
have Hσ(u) ≥ D5|u|p+1−D6 for some positive constants D5 < D0 which depends only on
p, q and the constants in (1.2) and D6 depends also in σ and ε. From this we get

Hσ(u)|u|σ−2 ≥ A|u|σ+p−1 −B, u ∈ R

with A not depending on σ. Then taking ε = 2(σ−1)
σ2 in (2.4), we get (2.3).

Also, we will use below the following Lemma.

Lemma 2.4 For any smooth enough function in Ω, we have, for any δ > 0∫
Γ

|ϕ|r ≤ δ‖∇(|ϕ|r/2)‖2
L2(Ω) + c(Ω,Γ, δ)‖ϕ‖rLr(Ω) (2.5)

Proof. We know that for any δ > 0, there exists Cδ > 0 such that∫
Γ

|ξ|2 dx ≤ δ

∫
Ω

|∇ξ|2 dx+ Cδ

∫
Ω

|ξ|2 dx

for any ξ ∈ H1(Ω). Taking ξ = |ϕ|r/2 we obtain (2.5).
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3 Existence in Lr(Ω), 1 < r < r0

The goal of the section is to prove the existence of a solution of problem (1.1), assumed
(1.2) and (1.3), starting at u0 ∈ Lr(Ω) for 1 < r < r0 with r0 as in (1.5), so that the
problem is supercritical in Lr(Ω). For this, we start by proving the existence of solutions
in Lr(Ω) for an approximated problem in which we truncate the nonlinear term in the
boundary in such a way that the resulting problem is supercritical in the interior while
subcritical on the boundary. Since the supercritical nonlinear term has a good sign, later,
suitable uniform bounds for these solutions will allow us to construct a solution of (1.1).

3.1 A supercritical truncated problem

Notice that for f satisfying (3.1) there exists L > 0 such that

f ′(s) ≥ −L for all s ∈ R. (3.1)

In fact, it is enough to take L = A0 with A0 from (1.2).
Also notice that we can construct functions gK satisfying the following properties

1. sgK(s) is increasing in K, i. e., for any K2 > K1 > 0,

sgK1(s) ≤ sgK2(s) ≤ sg(s) for all s ∈ R (3.2)

and

2. gK is C1(R) and
−B0 ≤ g′K(s) ≤ K for all s ∈ R, (3.3)

with B0 as in (1.2).

3. gK coincides with g in an interval IK = [aK , bK ] with

aK → −∞, bK →∞ as K →∞. (3.4)

Given K > 0 we consider the following truncated problem
ut −∆u+ f(u) = 0 in Ω

∂u

∂~n
= gK(u) on Γ

u(0) = u0

(3.5)

with initial data in Lr(Ω). Notice that the reaction terms in (3.5) satisfy (1.2) and (1.3)
with q = 1 and

sf(s) ≥ −|f(0)||s| − L|s|2, sgK(s) ≤ |g(0)||s|+K|s|2 for all s ∈ R (3.6)

The next results show that (3.5) is globally well posed in Lr(Ω). Since (3.5) is super-
critical in Lr(Ω) because 1 < r < r0, even local existence does not follow from previous
results in Section 2.
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Theorem 3.1 Let 1 < r < r0 and u0 ∈ Lr(Ω). Then there exists a function vK, such
that for every T > 0,

vK ∈ C([0, T ];Lr(Ω)) ∩ Lr((0, T );Lr(Γ)), vK(0) = u0,

and vK ∈ C([ε, T ]× Ω), for every ε > 0, with

|vK(t, x)| ≤ C(T,K) + t−
N
2rC(T,K)‖u0‖Lr(Ω), 0 < t ≤ T for all x ∈ Ω,

for some constant C(T,K) ≥ 0, which is a global solution of (3.5) in the sense that for
all t ≥ 0 satisfies the variation of constants formula

vK(t) = S(t)u0 +

∫ t

0

S(t− s)
(
−fΩ(vK(s)) + (gK)Γ(vK(s))

)
ds

where S(t) denotes the semigroup generated by ∆ with Neumann boundary conditions in
Lr(Ω).

Moreover, vK ∈ C1((0,∞);C2(Ω)) and is a classical solution for t > 0 of (3.5).

Proof. We proceed in several steps.

Step 1. Approximate the initial data
Let un0 ∈ Lσ(Ω) for some σ > r0, with r0 as in (1.5), such that un0 → u0 in Lr(Ω) as

n→∞ and consider the solutions of
ut −∆u+ f(u) = 0 in Ω

∂u

∂~n
= gK(u) on Γ

u(0) = un0

(3.7)

as in Section 2, which we will denote by uKn (t). Since f, gK satisfy (1.2) and (1.3) with
q = 1, by part i) in Theorem 2.1, these solutions are global and classical for t > 0.

Denote vKn,m(t) = uKn (t)−uKm(t). Subtracting equations for uKn and uKm and multiplying
by |vKn,m(t)|r−2vKn,m(t) we have

1

r

d

dt
‖vKn,m(t)‖rLr + c‖∇|vKn,m(t)|r/2‖2

L2(Ω) +

∫
Ω

[
f(uKn (t))− f(uKm(t))

]
|vKn,m(t)|r−2vKn,m(t)

≤
∫

Γ

[
gK(uKn (t))− gK(uKm(t))

]
|vKn,m(t)|r−2vKn,m(t).

Now, observe that from (3.1), (3.3)∫
Ω

[
f(uKn )− f(uKm)

]
|vKn,m|r−2vKn,m ≥ −L‖vKn,m‖rLr(Ω)

and ∫
Γ

[
gK(uKn )− gK(uKm)

]
|vKn,m|r−2vKn,m ≤ K

∫
Γ

|vKn,m|r.
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Hence, from (2.5), for any δ > 0∫
Γ

[
gK(uKn )− gK(uKm)

]
|vKn,m|r−2vKn,m ≤ δ‖∇(|vKn,m|r/2)‖2

L2(Ω) + c(K, δ)‖vKn,m‖rLr(Ω).

Thus, with a suitable choice of δ we have

d

dt
‖vKn,m(t)‖rLr(Ω) + c1‖∇(|vKn,m(t)|r/2)‖2

L2(Ω) ≤ C(K)‖vKn,m(t)‖rLr(Ω). (3.8)

Given T > 0, by Gronwall’s Lemma, from (3.8) we have that for any 0 ≤ t ≤ T ,

‖vKn,m(t)‖rLr(Ω)+c1

∫ t

0

‖∇(|vKn,m(s)|r/2)‖2
L2(Ω) ds ≤ C(K,T )‖vKn,m(0)‖rLr(Ω) → 0 as n,m→∞

and so, uKn is a Cauchy sequence in C([0, T ];Lr(Ω)). Also using (2.5)∫ T

0

∫
Γ

|vKn,m(t)|rdt ≤
∫ T

0

‖∇(|vKn,m(t)|r/2)‖2
L2(Ω)dt+ c(Ω,Γ)

∫ T

0

‖vKn,m(t)‖rLr(Ω)dt

≤ C(K,T )‖vKn,m(0)‖rLr(Ω) → 0 as n,m→∞

and then uKn is also a Cauchy sequence in Lr((0, T );Lr(Γ)).
Hence, there exists vK ∈ C([0, T ];Lr(Ω)) ∩ Lr((0, T );Lr(Γ)) such that

sup
t∈[0,T ]

‖uKn (t)− vK(t)‖Lr(Ω) → 0 as n→∞ (3.9)

∫ T

0

∫
Γ

|uKn (t, x)− vK(t, x)|r dxdt→ 0 as n→∞. (3.10)

In particular, uKn (t, x)→ vK(t, x) as n→∞ a.e. for (t, x) ∈ [0, T ]× Γ.
Also it is easy to see that vK does not depend on the sequence of initial data, but only

on u0 ∈ Lr(Ω).

Step 2. L∞-bound for the approaching sequence
Let us show now that the sequence uKn (t) is uniformly bounded in L∞(Ω) with respect

to n, for 0 < ε ≤ t ≤ T .
For this, we will use the auxiliary problem

Ut −∆U = LU + A in Ω
∂U

∂~n
= KU +D on Γ

U(0) given in Lr(Ω)

(3.11)

with A = |f(0)| and D = |g(0)|. Denote by Un(t, x) the solution of (3.11) with initial
data |un0 | and by U(t, x) the solution of (3.11) with initial data |u0|.

Now, using the variation of constants formula in (3.11)

Un(t) = Φ(t) + Un
h (t), U(t) = Φ(t) + Uh(t)
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where Un
h (t), Uh(t) are the solutions of the homogeneous problem resulting from taking

A = D = 0 in (3.11) and initial data |un0 | and |u0| respectively, i.e, the solution of
Ut −∆U = LU in Ω

∂U

∂~n
= KU on Γ

U(0) = |un0 | (or |u0|)

and Φ(t) is the unique solution of problem (3.11) with U(0) = 0 (which does not depend
on un0 or u0), i.e, 

Ut −∆U = LU + A in Ω
∂U

∂~n
= KU +D on Γ

U(0) = 0.

Notice that the homogeneous problem above is a linear heat equation with Robin
boundary conditions. Therefore, standard regularity theory implies that Un

h , Uh and Φ
are classical for t > 0,

‖Un(t)‖L∞(Ω) ≤ C(T,K) + t−
N
2rC(T,K)‖un0‖Lr(Ω), 0 < t ≤ T,

and
Un(t, x)→ U(t, x) in Ck([ε, T ]× Ω) ∩ C([0, T ];Lr(Ω))

for any ε > 0, k ∈ N, since un0 → u0 in Lr(Ω) as n→∞.
Also, Un

h (t) ≥ 0, Uh(t) ≥ 0 and Φ(t) ≥ 0 for all t ≥ 0 since A,D ≥ 0 and have
nonnegative initial data.

Observe now that Un(t, x) is a supersolution of problem (3.7) since f, gK satisfy (3.6).
Hence

|uKn (t, x)| ≤ Un(t, x) ≤ C(T,K) + t−
N
2rC(T,K)‖un0‖Lr(Ω), 0 < t ≤ T a.e. in Ω,

and so ‖uKn (t)‖L∞(Ω) ≤ C(ε, T,K, ‖un0‖Lr(Ω)) for all n ≥ 1 and ε ≤ t ≤ T . Also since uKn
is a classical solution and Un is also smooth we have that, up to the boundary,

|uKn (t, x)| ≤ Un(t, x) ≤ C(T,K) + t−
N
2rC(T,K)‖un0‖Lr(Ω), 0 < t ≤ T for all x ∈ Ω.

(3.12)
Now, since un0 → u0 in Lr(Ω) as n→∞ and using the convergence Un(t, x)→ U(t, x)

and uKn (t, x)→ vK(t, x) obtained above, (3.9), (3.10), we get

|vK(t, x)| ≤ U(t, x) ≤ C(T,K) + t−
N
2rC(T,K)‖u0‖Lr(Ω), 0 < t ≤ T for all x ∈ Ω.

(3.13)
Notice that estimates (3.12) and (3.13) are valid up to the boundary.

Finally, observe that the bounds above and (3.9), (3.10) imply that for any ε > 0 and
any r ≤ s <∞,

sup
t∈[ε,T ]

‖uKn (t)− vK(t)‖Ls(Ω) → 0 as n→∞ (3.14)

∫ T

ε

∫
Γ

|uKn (t, x)− vK(t, x)|s dxdt→ 0 as n→∞. (3.15)
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Step 3. The limit is a solution of (3.5)
First, assume 0 < ε < t < T . Taking now φ ∈ H2

r′(Ω), with ∂φ
∂~n

= 0 on Γ, where r′ is
the conjugate of r, i. e., 1

r
+ 1

r′
= 1, we have from (3.7)

d

dt

∫
Ω

uKn φ+

∫
Ω

uKn (−∆φ) +

∫
Ω

f(uKn )φ =

∫
Γ

gK(uKn )φ.

Now, using the uniform bounds in (3.12), (3.13) and the convergence in (3.14), (3.15),
and the growth of f , we have for any r ≤ s <∞,

f(uKn )→ f(vK) in L∞((ε, T );Ls(Ω))

and
gK(uKn )→ gK(vK) in Ls((ε, T );Ls(Γ)).

Hence, letting n→∞, we get

d

dt

∫
Ω

vKφ+

∫
Ω

vK(−∆φ) +

∫
Ω

f(vK)φ =

∫
Γ

gK(vK)φ

for ε ≤ t ≤ T .
Then, notice that this is enough to guarantee that vK satisfies (see [6])

vK(t) = S(t− ε)vK(ε) +

∫ t

ε

S(t− s)h(s) ds

where S(t) denotes the strongly continuous analytic semigroup generated by ∆ in Lr(Ω)
with homogeneous Neumann boundary conditions, and

h = −fΩ(vK) + (gK)Γ(vK) ∈ L1([ε, T ];Lr(Ω)) + L1([ε, T ];Lr(Γ)).

Finally, taking ε → 0 and using the continuity of the linear semigroup S(t) and
vK(ε) → vK(0) = u0 in Lr(Ω) as ε → 0, we have that S(t − ε)vK(ε) → S(t)u0 in Lr(Ω)
as ε→ 0 and then,

vK(t) = S(t)u0 +

∫ t

0

S(t− s)h(s) ds.

Hence, vK is a global solution of (3.5) in Lr(Ω) in the sense of the variations of constants
formula.

Step 4. Further regularity
From (3.13), for any 1 < s ≤ ∞ and ε > 0, we have that vK(ε) ∈ Ls(Ω). Taking

s > r0 the problem (3.5) is subcritical in Ls(Ω). So, by part i) in Theorem 2.1, the unique
solution of this problem starting at vK(ε), which is vK(t+ ε), is classical for t > 0. Thus,
for t > ε, vK(t) coincides with the solutions in Section 2.

In particular, vK ∈ C([ε, T ] × Ω), for every ε > 0, and vK is a classical solution for
t > 0 and vK ∈ C((0, T );C2(Ω)), for any T > 0.

Remark 3.2 If f(0) = 0 = g(0) then Φ(t) = 0 and we can take C(T,K) = 0 in (3.13).
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Now we turn into uniqueness of solutions of (3.5).

Theorem 3.3 Let 1 < r < r0 and T > 0 fixed. Given u0 ∈ Lr(Ω), there exists a unique
function

v ∈ C([0, T ];Lr(Ω)) ∩ C([ε, T ]× Ω)), v(0) = u0

for any ε > 0, satisfying, for every 0 < ε ≤ t ≤ T ,

v(t) = S(t− ε)v(ε) +

∫ t

ε

S(t− s)(− fΩ(v(s)) + (gK)Γ(v(s))) ds, (3.16)

where S(t) denotes the semigroup generated by ∆ with Neumann boundary conditions in
Lr(Ω).

In particular, the function vK(·) constructed in Theorem 3.1 is the unique function
satisfying these conditions.

Proof. Let vK be the function constructed in Theorem 3.1 and let v be a function such
that v ∈ C([0, T ];Lr(Ω)), v(0) = u0, and for any ε > 0, v ∈ C([ε, T ];C(Ω)) and satisfies
(3.16).

So, fixed ε > 0, v(ε) ∈ C(Ω) and then from (3.16) and the results in Section 2,
v satisfies the equation (3.5) in [ε, T ], with initial data v(ε), in a classical sense. In
particular v is smooth for t > 0.

Since both v and vK satisfy (3.5), arguing as in (3.8) we get, for 0 < ε ≤ t ≤ T ,

d

dt
‖vK(t)− v(t)‖rLr(Ω) + c1‖∇(|vK(t)− v(t)|r/2)‖2

L2(Ω) ≤ C(K)‖vK(t)− v(t)‖rLr(Ω).

Then, by Gronwall’s Lemma, we have

‖vK(t)− v(t)‖rLr(Ω) ≤ C(K,T )‖vK(ε)− v(ε)‖rLr(Ω), 0 < ε ≤ t ≤ T.

Since v, vK ∈ C([0, T ];Lr(Ω)) and v(0) = vK(0) = u0, taking limits as ε → 0 we have
v ≡ vK on [0, T ].

Remark 3.4 Since the function v in the theorem is continuous at 0 in Lr(Ω), we can
take ε→ 0 in (3.16), to obtain that v satisfies v(0) = u0 and

v(t) = S(t)u0 +

∫ t

0

S(t− s)(− fΩ(v(s)) + (gK)Γ(v(s))) ds.

Conversely, if we know that the integral above makes sense, then a simple algebraic
manipulation implies that (3.16) holds true for any ε > 0.
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3.2 Uniform bounds in K for the truncated problem

In order to construct a solution of problem (1.1), we are going to obtain uniform bounds
in K for the solutions of (3.5) constructed in Theorem 3.1, for positive times bounded
away from zero. We fix u0 ∈ Lr(Ω) and consider the family of solutions vK(·;u0) of (3.5)
obtained in Theorem 3.1. Then we have the following.

Proposition 3.5 For any 1 < r < r0 and u0 ∈ Lr(Ω), the solutions vK(·;u0) of (3.5)
obtained in Theorem 3.1 satisfy

‖vK(t)‖Lr(Ω) ≤ max{‖u0‖Lr(Ω), (βr/γr)
1

r+p−1}, t ≥ 0, (3.17)

and for any σ > r,

‖vK(t)‖Lσ(Ω) ≤
(
βσ
γσ

) 1
σ+p−1

+

(
σ

γσ(p− 1)

) 1
p−1

t−
1
p−1 , t > 0 (3.18)

for some βσ, γσ > 0 depending on σ ≥ r but not in K or u0.
Finally, ∫ T

0

∫
Γ

|vK |r ≤ CT

and for every 0 < ε < T and σ > r∫ T

ε

∫
Γ

|vK |σ ≤ CT + ‖vK(ε)‖σLσ(Ω), (3.19)

for some constants depending on σ ≥ r but not in K or u0.

Proof.

Step 1. Uniform bounds in K in C([ε,∞);Lσ(Ω))
We show now that vK(t) are uniformly bounded, with respect to K, in Lσ(Ω) for all

1 < σ <∞.
From the regularity of vK in Theorem 3.1, multiplying the equation in (3.5) by

|vK |σ−2vK we have, see Proposition 2.3,

1

σ

d

dt
‖vK(t)‖σLσ(Ω) + c‖∇|vK(t)|σ/2‖2

L2(Ω) +

∫
Ω

f(vK(t))|vK(t)|σ−2vK(t)

=

∫
Γ

gK(vK(t))|vK(t)|σ−2vK(t).

Since sgK(s) ≤ sg(s) for all s ∈ R, see (3.2), we have

1

σ

d

dt
‖vK(t)‖σLσ(Ω) + c‖∇|vK(t)|σ/2‖2

L2(Ω) +

∫
Ω

f(vK(t))|vK(t)|σ−2vK(t)

≤
∫

Γ

g(vK(t))|vK(t)|σ−2vK(t).
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Finally, proceeding as in (2.3) we have

1

σ

d

dt
‖vK(t)‖σLσ(Ω) +

2(σ − 1)

σ2
‖∇(|vK(t)|σ/2)‖2

L2(Ω) + A‖vK(t)‖σ+p−1
Lσ+p−1(Ω) ≤ B (3.20)

with A depending on the constants appearing on (1.2) but not on σ,K or u0 and B > 0
depending on σ but not in K or u0.

In particular, denoting y(t) = ‖vK(t)‖σLσ(Ω) and dropping the gradient term above, we

get that y(t) satisfies the following differential inequality

ẏ(t) + γσy
σ+p−1
σ (t) ≤ βσ

for some βσ, γσ > 0 not depending on K or u0.
If σ = r, since y(0) <∞, we have (3.17). If σ > r, let z(t) be the solution of

ż + γσz
σ+p−1
σ = βσ

with limt→0+ z(t) =∞. Then from [13], Lemma 5.1, Chapter 3, page 167, we have

z(t) ≤
(
βσ
γσ

) σ
σ+p−1

+
1(

γσ
p−1
σ
t
) σ
p−1

, t > 0.

Now, 0 ≤ y(t) ≤ z(t) for all 0 < t and then we get, using aσ+bσ ≤ (a+b)σ for a, b > 0,

‖vK(t;u0)‖Lσ(Ω) ≤
(
βσ
γσ

) 1
σ+p−1

+

(
σ

γσ(p− 1)

) 1
p−1 1

t
1
p−1

, t > 0.

Hence, we get (3.18). In particular, we obtain uniform estimates in Lσ(Ω) for t ≥ ε > 0.

Step 2. Uniform bounds in Lσ([ε, T ];Lσ(Γ))
Integrating (3.20) we get for any 0 < ε < T ,

sup
ε≤t≤T

‖vK(t)‖σLσ(Ω)+c1

∫ T

ε

∥∥∇|vK(s)|σ/2
∥∥2

L2(Ω)
ds+c2

∫ T

ε

‖vK(s)‖σ+p−1
Lσ+p−1(Ω) ds ≤ c3T+‖vK(ε)‖σLσ(Ω)

(3.21)
for some constants depending on σ but not on K or u0. Hence, (2.5) and (3.21) give,∫ T

ε

∫
Γ

|vK |σ ≤
∫ T

ε

‖∇(|vK |σ/2)‖2
L2(Ω) + c

∫ T

ε

‖vK‖σLσ(Ω) ≤ c3T + ‖vK(ε)‖σLσ(Ω).

and we get (3.19).

Remark 3.6 A careful analysis of the constants in (3.18), which can be traced back to
(3.20) and (2.3), shows that we can not pass to the limit as σ →∞ in (3.18). Therefore
with the result above we are not able to obtain L∞(Ω) estimates, uniform in K.

Having such estimates is very important as we now show.
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We now show that a uniform L∞(Ω)–bound for {vK}K it is enough to ensure that any
limit of the family {vK}K of solutions of (3.5) is a classical solution of (1.1) for positive
times for which the variations of constant formula holds. We will use this result later to
construct a solution of (1.1). In fact we will show later that such uniform L∞(Ω)–bound
holds true.

Proposition 3.7 Let 1 < r < r0 and u0 ∈ Lr(Ω). Suppose that for any ε > 0 and T > 0
the solutions vK(·;u0) of (3.5) obtained in Theorem 3.1 satisfy

‖vK‖L∞([ε,T ]×Ω) ≤ C(ε, T ) (3.22)

with C(ε, T ) not depending on K. Then, there exists a subsequence of {vK}K, which we
denote the same, such that

v = lim
K→∞

vK in Cloc((0,∞), Hα
σ (Ω)), v(0) = u0,

for any r ≤ σ and α < 1 + 1
σ

. Moreover, for any such subsequence, the limit function
satisfies

‖v(t)‖Lr(Ω) ≤ max{‖u0‖Lr(Ω),

(
βr
γr

) 1
r+p−1

}, t ≥ 0, (3.23)

and

‖v(t)‖Lσ(Ω) ≤
(
βσ
γσ

) 1
σ+p−1

+

(
σ

γσ(p− 1)

) 1
p−1

t−
1
p−1 , t > 0, (3.24)

with βσ, γσ for σ ≥ r as in (3.18). Also, for any ε > 0

‖v(t)‖Hα
σ (Ω) ≤ C(ε) for all t ≥ ε,

with a bound independent of u0, for any σ > 1 and α < 1 + 1
σ

. Furthermore v satisfies
the variation of constants formula

v(t) = S(t− ε)v(ε) +

∫ t

ε

S(t− s) (−fΩ(v(s)) + gΓ(v(s))) ds, t ≥ ε,

where S(t) denotes the strongly continuous analytic semigroup generated by ∆ in Lr(Ω)
with homogeneous Neumann boundary conditions.

Proof. Observe that from the L∞(Ω) bounds, given ε > 0, there exists K0(ε) such that
for K ≥ K0(ε) we have gK(vK(t)) = g(vK(t)) for t ≥ ε, see (3.4). Then, for t ≥ ε, vK(t)
is actually a solution of (1.1) and this solutions lies, for t ≥ ε, in a space in which (1.1) is
subcritical.

Then Theorem 2.1 with initial data vK(ε), implies that, for K ≥ K0(ε),

‖vK(t)‖Hα
σ (Ω) ≤ C(ε) for all t ≥ 2ε

with a bound independent of K and u0, for any σ > 1 and α < 1 + 1
σ
.
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In particular, the bounds above for t = 2ε, imply that, by taking a subsequence (which
we will denote the same) if necessary we can assume that vK(2ε) converges in Lσ(Ω) for
some σ > r0. Hence v(2ε) = limK v

K(2ε) in Lσ(Ω) with σ > r0.
Now, using again the bounds above, the fact that the functions f and g are Lipschitz

on bounded sets of R, and that vK , for K ≥ K0(ε), satisfies the variations of constants
formula

v(t) = S(t− 2ε)v(2ε) +

∫ t

2ε

S(t− s) (−fΩ(v(s)) + gΓ(v(s))) ds, t ≥ 2ε,

where S(t) denotes the strongly continuous analytic semigroup generated by ∆ in Lr(Ω)
with homogeneous Neumann boundary conditions, we have that for any T > 0 and
α < 1 + 1

σ
, there exists L(T ) such that for K1, K2 ≥ K0(ε), and t ∈ [2ε, T ],

tα‖vK1(t)− vK2(t)‖H2α
σ (Ω) ≤ L(T )‖vK1(2ε)− vK2(2ε)‖Lσ(Ω)

as K1, K2 → ∞ since the solutions of (1.1) depend continuously on the initial data, see
also (2.2).

Therefore, since ‖vK1(2ε)−vK2(2ε)‖Lσ(Ω) → 0, as K1, K2 →∞, we obtain convergence
of vK in C([ε, T ];Hα

σ (Ω))
Hence, taking εn → 0 and using a Cantor diagonal argument, we conclude that there

exists a subsequence, that we denote the same {vK}K , such that

v = lim
K→∞

vK in Cloc((0,∞);Hα
σ (Ω)), v(0) = u0

for any r ≤ σ and α < 1 + 1
σ
.

Moreover, from (3.17), (3.18) we get (3.23) and (3.24) . Also, and for any ε > 0

‖v(t)‖Hα
σ (Ω) ≤ C(ε) for all t ≥ ε

with a bound independent of u0, for any σ > 1 and α < 1 + 1
σ
. Moreover, passing to the

limit in the variation of constants formula satisfied by vK , we get that v also satisfies the
variation of constants formula

v(t) = S(t− 2ε)v(2ε) +

∫ t

2ε

S(t− s)(− fΩ(v(·)) + gΓ(v(·))) ds, t ≥ 2ε

for any ε > 0, where S(t) denotes the strongly continuous analytic semigroup generated
by ∆ in Lr(Ω) with homogeneous Neumann boundary conditions.

Remark 3.8 i) Note that as in Remark 3.4, if we knew that the limit function v is
continuous at t = 0 in Lr(Ω) then we could take ε → 0 in the variation of constants
formula.

In fact, below we will prove a weaker form of continuity at t = 0 in Theorem 3.16
ii) Note that there might be many limit functions v in the argument in Proposition 3.7.

However, for nonnegative solutions we will show below that the limit function is unique;
see Proposition 3.12.
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Remark 3.9 Observe that one could be tempted to follow the following argument: From
the bounds on vK in Lσ(Ω) in Proposition 3.5 for σ > r0, which are uniform in t ≥ ε, K
and u0, we use Theorem 2.1 in Lσ(Ω) where (1.1) is subcritical and then we obtain the
uniform bounds (3.22) in Proposition 3.7.

However the estimates in Theorem 2.1 are not known to be uniform with respect to the
nonlinear terms, which would be changing with K in the argument above.

Hence, to obtain the uniform bounds (3.22) in Proposition 3.7 we use some comparison
argument below.

3.3 Positive solutions

We show now that in the case of dealing with positive solutions, we have the bounds (3.22).
Moreover in this case we can pass to the limit in K (and not only in a subsequence) and
obtain a unique solution of problem (1.1) for which the conclusions of Proposition 3.7
holds.

The tools we use here will also be used to obtain uniform bounds for general sign
changing solutions of the problem as we will show in Section 3.4.

Assume that f(0) ≤ 0 and g(0) ≥ 0 so that if 0 ≤ u0 ∈ Ls(Ω) with s > r0 then the
solutions of (1.1) and (3.5) are nonnegative for all times, see Appendix A in [3]. Recall
that when s > r0 both problems (1.1) and (3.5) are subcritical in Ls(Ω).

The following result shows in particular that the bounds (3.22) in Proposition 3.7 hold
true.

Proposition 3.10 Assume f(0) ≤ 0 and g(0) ≥ 0. Then we have
i) For any 1 < r < r0 and 0 ≤ u0 ∈ Lr(Ω) the solution vK(·;u0) of (3.5) given in Theorem
3.1 is nonnegative for all times.
ii) For any ε > 0, vK(t;u0) is bounded in L∞(Ω), uniformly in t ≥ ε, K and u0 ∈ Lr(Ω).

Proof. To prove part i) note that it is enough to take un0 ≥ 0 in (3.7) and then uKn (t) ≥ 0
for all t ≥ 0, which, by the convergence in Theorem 3.1, implies vK(t) ≥ 0 for all t ≥ 0.

Now, to prove part ii), from (3.18) we have that for any ε > 0, vK(ε) belongs to a
bounded set in Lσ(Ω) which is independent of K and u0. Taking σ > r0 and using that
gK(s) ≤ g(s) for s ≥ 0, see (3.2), we have that

0 ≤ vK(t+ ε) ≤ u(t; vK(ε)), t ≥ 0

where u(t; vK(ε)) denotes the solution of (1.1) with initial data vK(ε) ∈ Lσ(Ω), σ > r0.
Therefore the dissipativity results in Section 2, see Theorem 2.1, imply that u(t; vK(ε))

is bounded in L∞(Ω) uniformly in t ≥ ε, K and u0, and so is vK(t) for t ≥ 2ε.
Since vK(t) is smooth up to the boundary of Ω for t > 0, then it is also bounded in

L∞(Γ) uniformly for t ≥ 2ε, K and u0.

Remark 3.11 If f(0) ≥ 0 and g(0) ≤ 0, a similar argument gives the bounds on non-
negative solutions. In fact now gK(s) ≥ g(s) for s ≤ 0, and we have that

0 ≥ vK(t+ ε) ≥ u(t; vK(ε)), t ≥ 0

where u(t; vK(ε)) denotes the solution of (1.1) with initial data vK(ε).
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Now using Proposition 3.7 and the fact that the solutions vK are nonnegative, we can
pass to the limit as K →∞. Note that below the full family vK converges and not only
a subsequence.

Proposition 3.12 Assume f(0) ≤ 0, g(0) ≥ 0, 1 < r < r0 and 0 ≤ u0 ∈ Lr(Ω). Then
for the solutions vK(·;u0) of (3.5) given in Theorem 3.1, the limit

v = lim
K→∞

vK

exists where v ≥ 0 is as in Proposition 3.7.

Proof. From Proposition 3.10 the functions vK are nonnegative and from (3.2) gK(s) is
increasing in K for s ≥ 0. Then it is not difficult to see that for fixed n ∈ N the solutions
in (3.7) are nonnegative and increasing in K. Therefore the functions vK in Theorem 3.1
are increasing in K.

Using this and part ii) in Proposition 3.12 we have that the limit

0 ≤ v(t, x) = lim
K→∞

vK(t, x) exists pointwise a.e. in (0, T )× Ω,

and then v coincides with the function v in Proposition 3.7 and the full family vK con-
verges and not only a subsequence.

Remark 3.13 If f(0) ≥ 0 and g(0) ≤ 0, a similar argument allows us to pass to the
limit on non-negative solutions (now vK is decreasing as K →∞).

3.4 L∞ bounds for sign changing solutions

Now we use the arguments in the former subsection to obtain the uniform estimates (3.22)
for general sign changing solutions vK(·;u0) of (3.5) given in Theorem 3.1.

Proposition 3.14 Let 1 < r < r0 and u0 ∈ Lr(Ω). Then for any ε > 0, vK(t;u0) is
bounded in L∞(Ω), uniformly in t ≥ ε, K and u0 ∈ Lr(Ω).

Therefore the uniform bounds (3.22) hold and the conclusions of Proposition 3.7 apply.

Proof. From the assumptions on f and g it is clear that we can construct C1(R) functions
f−, g+ satisfying (1.2), g+(0) ≥ 0 and gK(s) ≤ g+(s) for all s ∈ R and K > 0 and
f−(0) ≤ 0 and f(s) ≥ f−(s) for all s ∈ R.

Now, from (3.18) we have that for any ε > 0, vK(ε) belongs to a bounded set in Lσ(Ω)
which is independent of K and u0. Then we take σ > r0 and let 0 ≤ U(t; vK(ε)) be the
solution of the following problem

Ut −∆U + f−(U) = 0 in Ω
∂U

∂~n
= g+(U) on Γ

U(0) = |vK(ε)| ∈ Lσ(Ω).
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Then the comparison principle for subcritical problems, see Appendix A in [3], implies
that

vK(t+ ε) ≤ U(t; vK(ε)), t ≥ 0.

Analogously, we can construct C1(R) functions f+, g− satisfying (1.2), g−(0) ≤ 0 and
g−(s) ≤ gK(s) for all s ∈ R and K > 0 and f+(0) ≥ 0 and f+(s) ≤ f(s) for all s ∈ R.

Then let W (t;−|vK(ε)|) ≤ 0 be the solution of the problem
Ut −∆U + f+(U) = 0 in Ω

∂U

∂~n
= g−(U) on Γ

U(0) = −|vK(ε)| ∈ Lσ(Ω)

see Remark 3.11.
Again, the comparison principle for subcritical problems implies

W (t;−|vK(ε)|) ≤ vK(t+ ε) ≤ U(t; |vK(ε)|), t ≥ 0.

Therefore the dissipativity results in Section 2, see Theorem 2.1, imply thatW (t;−|vK(ε)|)
and U(t; |vK(ε)|) are bounded in L∞(Ω) uniformly in t ≥ ε, K and u0, and so is vK(t) for
t ≥ 2ε.

Since vK(t) is smooth up to the boundary of Ω for t > 0, then it is also bounded in
L∞(Γ) uniformly for t ≥ 2ε, K and u0.

Observe that the results in Propositions 3.7 and 3.14 allows us to define solutions of
(1.1) as follows.

Definition 3.15 For 1 < r < r0 and u0 ∈ Lr(Ω) a solution of (1.1) that we denote
u(t;u0) is any of the limit functions v in Proposition 3.7.

Note in case of nonnegative solutions, from Proposition 3.12, such solution is unique
and the same holds for negative solutions, see Remark 3.13.

3.5 Continuity at t = 0

In this section we prove that any solution of (1.1) as in Definition 3.15 attains its initial
data u0 ∈ Lr(Ω), in compact subsets of Ω but in a slightly weaker norm. In fact we have

Theorem 3.16 For 1 < r < r0 and u0 ∈ Lr(Ω) any solution u(t;u0), of (1.1) as in
Definition 3.15 satisfies for any 1 ≤ α < r

u(t;u0)→ u0 as t→ 0, in Lαloc(Ω).

Proof. Let Ω1 be a smooth open subset such that Ω1 ⊂ Ω and let ϕ ∈ D(Ω) such that
0 ≤ ϕ ≤ 1, ϕ = 1 in Ω1 and Ω0 = supp(ϕ) satisfies Ω1 ⊂ Ω0 and Ω0 ⊂ Ω.

Denote then zK = vKϕ which satisfies
zt −∆z = −f(vK)ϕ− 2∇vK∇ϕ− vK∆ϕ in Ω0

z = 0 on ∂Ω0

z(0) = u0ϕ ∈ Lr(Ω0).
(3.25)
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Now denote hK(t) = −f(vK)ϕ − 2∇vK∇ϕ − vK∆ϕ = hK1 (t) + hK2 (t) + hK3 (t) and
note that from (3.17) we have, for any T > 0, hK3 ∈ L∞([0, T ], Lr(Ω0)), while hK2 ∈
L∞([0, T ], H−1,r(Ω0)) with norms bounded independent of K.

On the other hand, observe that for any α ≥ 1 such that αp > r if we take σ > αp
then we can write

1

αp
=
θ

σ
+

1− θ
r

, θ ∈ (0, 1).

Then from (3.17) and (3.18) and by interpolation we get, using (1.2),

‖f(vK)‖Lα(Ω) ≤ C(1 + ‖vK‖pLαp(Ω)) ≤ C(1 + ‖vK‖pθLσ(Ω)‖v
K‖p(1−θ)Lr(Ω) ).

Hence for some C independent of K and for 0 < t < T ,

‖f(vK)‖Lα(Ω) ≤ C

(
1 +

1

t
pθ
p−1

)
= C

(
1 +

1

tp′θ

)
.

Therefore, if θp′ < 1 we have

hK1 ∈ L1([0, T ], Lα(Ω0))

with norms bounded independent of K.
Now we show that we can chose α and σ as above. In fact, we have 1

αp
= θ( 1

σ
− 1

r
) + 1

r

which, using that σ > r, we write as

p′

r
− p′

αp
= θp′

(
1

r
− 1

σ

)
.

Hence the condition θp′ < 1 can be met provided

0 <
1

σ
<

p′

αp
− p′ − 1

r
=

1

p− 1

(
1

α
− 1

r

)
since p′

p
= p′ − 1 = 1

p−1
. Note that in particular this implies that α < r.

On the other hand, using the conditions α ≥ 1, αp > r and σ > αp, we are bound to
chose α, σ such that

0 <
1

σ
< min

{
1

p− 1

(
1

α
− 1

r

)
,

1

αp

}
, max

{
r

p
, 1

}
< α < r.

Hence for any α < r there exists such σ.
Now the variations of constants formula for (3.25) gives

zK(t) = SD(t)u0ϕ+

∫ t

0

SD(t− s)hK(s) ds

where SD(t) denotes the strongly continuous analytic semigroup generated by ∆ with
homogeneous Dirichlet boundary conditions.

Now we use that hK = hK1 + hK2 + hK3 and denote z1, z2 and z3 the corresponding
three terms resulting in the integral term above. Then results on linear equations, see e.g.
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Theorem 4 in [10], gives that z2, z3 ∈ C([0, T ], Lr(Ω0)) and z1 ∈ C([0, T ], Lα(Ω0)) with
with norms bounded independent of K, zi(0) = 0 and

sup{‖z1(t)‖Lα(Ω0), ‖z2(t)‖Lr(Ω0), ‖z3(t)‖Lr(Ω0), t ∈ [0, T ]} ≤ C(T )

with C(T ) independent of K and C(T )→ 0 as T → 0.
Finally as SD(t)u0ϕ→ u0ϕ in Lr(Ω0) as t→ 0, we get that for any ε > 0 there exist

δ > 0, independent of K, such that

‖zK(t)− u0ϕ‖Lα(Ω0) ≤ ε, t ∈ (0, δ].

In particular, restricting to Ω1, we get that any ε > 0 there exist δ > 0, independent of
K, such that

‖vK(t)− u0‖Lα(Ω1) ≤ ε, t ∈ (0, δ],

which reflects the local equicontinuity at t = 0 of the family vK .
Therefore, passing to the limit along any subsequence as in Proposition 3.7, we get

that any solution of (1.1) as in Definition 3.15 satisfies

‖v(t)− u0‖Lα(Ω1) ≤ ε, t ∈ (0, δ]

and the result is proved.

4 Asymptotic behavior

Due to the strong smoothing properties obtained above we can actually show now that all
solutions of (1.1) as in Definition 3.15 regularize into a space in which (1.1) is subcritical
and then the asymptotic behaviour of solutions is described by the global attractor in
Theorem 2.1.

In fact, given a bounded set B of initial data in 1 < r < r0, from Propositions 3.14 and
3.7 we have that all solutions as in Definition 3.15 starting at B are uniformly bounded
in Lσ(Ω) at any time t ≥ ε, for any 1 < σ < ∞. Then, for σ > r0, problem (1.1) is
subcritical and we can use Theorem 2.1.

The following result summarises the results concerning the asymptotic behaviour of
solutions of properties (1.1) for initial data in Lr(Ω) with 1 < r < r0.

Theorem 4.1 Under the assumptions (1.2) and (1.3), for 1 < r < r0 we have:
i) There exists a compact invariant set A ⊂ Cβ(Ω)∩Hα

s (Ω) ⊂ Lr(Ω), for any 0 ≤ β < 1,
s ≥ 1 and 0 ≤ α < 1+ 1

s
, attracting the solutions as in Definition 3.15 starting in bounded

sets of Lr(Ω) in the norm of Cβ(Ω) or Hα
s (Ω).

In particular, there exists an absorbing set in Cβ(Ω)∩Hα
s (Ω). Also A = W u(E), that

is, the unstable set of the set of equilibria of (1.1), E, which is nonempty. Hence A is
independent of r and coincides with the set in Theorem 2.1.
ii) There exist two extremal equilibria ϕm ≤ ϕM for problem (1.1) such that ϕm, ϕM ∈ A.
Hence any stationary solution ϕ of (1.1) satisfies

ϕm(x) ≤ ϕ(x) ≤ ϕM(x), x ∈ Ω.
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Furthermore,

ϕm(x) ≤ lim inf
t→∞

u(t, x;u0) ≤ lim sup
t→∞

u(t, x;u0) ≤ ϕM(x)

uniformly in x ∈ Ω and for u0 in bounded sets of Lr(Ω).
The maximal equilibrium is (order-)stable from above and the minimal one from below.

Proof. Note that in Propositions 3.12 and 3.14 the bounds on the functions vK are
independent of t ≥ ε, K and u0 ∈ Lr(Ω). Hence the bounds on v(t;u0), as in Proposition
3.7 are also independent of t ≥ ε and u0 ∈ Lr(Ω). Then for t ≥ ε all solutions of (1.1)
starting at a bounded set of initial data B ⊂ Lr(Ω) enter a bounded set in Lσ(Ω) for
σ > r0. Thus, part i) follows from Theorem 2.1.

Now for part ii) note that from i) we have an absorbing set in L∞(Ω) for all solutions
of (1.1). In particular, for some M > 0 the ordered interval of functions in Ω such that
−M ≤ h(x) ≤ M for all x ∈ Ω in an absorbing interval. Hence we can use Theorem 1.1
in [12] get the existence of two extremal equilibria ϕm, ϕM ∈ Lr(Ω). The maximal equi-
librium is (order-)stable from above and the minimal one from below. See also Corollary
3.11 in [12].

Remark 4.2
i) In particular note that for r = r0 A attracts bounded sets of Lr0(Ω) and therefore
Theorem 4.1 improves the results in Theorem 2.1 for this critical space.
ii) Restricting only to nonnegative solutions, we have uniqueness for (1.1) as in Proposi-
tion 3.12. Using that solutions are smooth after positive time, Theorem 4.5 in [12] allows
a more detailed description of the asymptotic behavior of such solutions.
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[12] A. Rodŕıguez-Bernal and A. Vidal-López. Extremal equilibria for reaction-diffusion
equations in bounded domains and applications. Journal of Differential Equations,
244(12):2983–3030, 2008.

[13] R. Temam. Infinite-dimensional dynamical systems in mechanics and physics, vol-
ume 68 of Applied Mathematical Sciences. Springer-Verlag, New York, 1988.

[14] H. Triebel. Interpolation theory, function spaces, differential operators. Johann Am-
brosius Barth, Heidelberg, second edition, 1995.

[15] F. B. Weissler. Local existence and nonexistence for semilinear parabolic equations
in Lp. Indiana Univ. Math. J., 29(1):79–102, 1980.

[16] F. B. Weissler. Existence and nonexistence of global solutions for a semilinear heat
equation. Israel J. Math., 38(1-2):29–40, 1981.

24



PREPUBLICACIONES DEL DEPARTAMENTO
DE MATEMÁTICA APLICADA

UNIVERSIDAD COMPLUTENSE DE MADRID
MA-UCM 2011

1. APPROXIMATING  TRAVELLING  WAVES   BY  EQUILIBRIA  OF  NON  LOCAL 
EQUATIONS,   J. M. Arrieta, M. López-Fernández and E. Zuazua. 

2. INFINITELY  MANY  STABILITY  SWITCHES   IN  A  PROBLEM  WITH  SUBLINEAR 
OSCILLATORY  BOUNDARY CONDITIONS, A. Castro and R. Pardo

3. THIN DOMAINS WITH EXTREMELY HIGH OSCILLATORY BOUNDARIES,  J.́ M. Arrieta 
and M. C. Pereira

4. FROM NEWTON EQUATION TO FRACTIONAL DIFFUSION AND WAVE EQUATIONS, 
L. Váquez

5. EL CÁLCULO FRACCIONARIO COMO INSTRUMENTO DE MODELIZACIÓN, L. Váquez 
and M. P. Velasco

6. THE  TANGENTIAL  VARIATION  OF  A  LOCALIZED  FLUX-TYPE  EIGENVALUE 
PROBLEM, R.  Pardo, A. L. Pereira and J. C. Sabina de Lis

7. IDENTIFICATION OF A HEAT TRANSFER COEFFICIENT DEPENDING ON PRESSURE 
AND TEMPERATURE, A. Fraguela, J. A. Infante, Á. M. Ramos and J. M. Rey

8. A  NOTE  ON  THE  LIOUVILLE  METHOD  APPLIED  TO  ELLIPTIC  EVENTUALLY 
DEGENERATE  FULLY  NONLINEAR  EQUATIONS  GOVERNED  BY  THE  PUCCI 
OPERATORS AND THE KELLER–OSSERMAN CONDITION, G. Díaz 

9. RESONANT SOLUTIONS AND TURNING POINTS IN AN ELLIPTIC PROBLEM WITH 
OSCILLATORY BOUNDARY CONDITIONS, A. Castro and R. Pardo 

10. BE-FAST:  A SPATIAL MODEL FOR  STUDYING  CLASSICAL SWINE  FEVER  VIRUS 
SPREAD BETWEEN AND WITHIN FARMS. DESCRIPTION AND VALIDATION. B. Ivorra 
B.  Martínez-López, A. M. Ramos and J.M.  Sánchez-Vizcaíno.

11. FRACTIONAL HEAT EQUATION AND  THE SECOND LAW OF THERMODYNAMICS, 
L. Vázquez , J. J. Trujillo  and  M. P. Velasco 

12. LINEAR  AND  SEMILINEAR  HIGHER  ORDER  PARABOLIC  EQUATIONS  IN  R^N,  J. 
Cholewa and A. Rodríguez Bernal

13. DISSIPATIVE  MECHANISM  OF  A  SEMILINEAR   HIGHER  ORDER  PARABOLIC 
EQUATION IN R^N, J. Cholewa and A. Rodríguez Bernal

14. DYNAMIC  BOUNDARY  CONDITIONS  AS  A  SINGULAR  LIMIT  OF  PARABOLIC 
PROBLEMS WITH TERMS CONCENTRATING AT THE BOUNDARY, A. Jimémez-Casas 
and A. Rodríguez Bernal

15. DISEÑO  DE  UN  MODELO  ECONÓMICO  Y DE  PLANES  DE  CONTROL PARA UNA 
EPIDEMIA DE PESTE PORCINA CLÁSICA, E.  Fernández Carrión,  B. Ivorra,  A. M. Ramos, 
B. Martínez-López, Sánchez-Vizcaíno. 

16. BIOREACTOR  SHAPE  OPTIMIZATION.  MODELING,  SIMULATION,  AND  SHAPE 
OPTIMIZATION OF A SIMPLE BIOREACTOR FOR WATER TREATMENT, J.  M.  Bello 
Rivas, B. Ivorra, A. M.  Ramos,  J. Harmand and A. Rapaport



17. THE PROBABILISTIC BROSAMLER FORMULA FOR SOME NONLINEAR NEUMANN 
BOUNDARY VALUE PROBLEMS GOVERNED BY ELLIPTIC POSSIBLY DEGENERATE 
OPERATORS, G. Díaz



PREPUBLICACIONES DEL DEPARTAMENTO
DE MATEMÁTICA APLICADA

UNIVERSIDAD COMPLUTENSE DE MADRID
MA-UCM 2012

1. ON THE CAHN-HILLIARD EQUATION IN H^1(R^N ), J. Cholewa and A. Rodríguez Bernal

2. GENERALIZED  ENTHALPY  MODEL  OF  A  HIGH  PRESSURE   SHIFT  FREEZING 
PROCESS, N. A. S. Smith, S. S. L. Peppin and A. M. Ramos

3. 2D  AND  3D  MODELING  AND  OPTIMIZATION  FOR  THE  DESIGN  OF  A  FAST 
HYDRODYNAMIC FOCUSING  MICROFLUIDIC MIXER, B. Ivorra, J. L. Redondo, J. G. 
Santiago, P.M. Ortigosa and  A. M. Ramos

4. SMOOTHING AND PERTURBATION FOR SOME FOURTH ORDER LINEAR PARABOLIC 
EQUATIONS IN R^N, C.  Quesada and A. Rodríguez-Bernal

5. NONLINEAR  BALANCE  AND  ASYMPTOTIC  BEHAVIOR  OF  SUPERCRITICAL 
REACTION-DIFFUSION EQUATIONS WITH NONLINEAR BOUNDARY CONDITIONS, 
A. Rodríguez-Bernal and A. Vidal-López


