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ON NONLINEAR WAVE EQUATIONS WITH DEGENERATE
DAMPING AND SOURCE TERMS

VIOREL BARBU, IRENA LASIECKA, AND MOHAMMAD A. RAMMAHA

ABSTRACT. In this article we focus on the global well-posedness of the differ-
ential equation utr — Au + |85 (ut) = |u|P~ u in Q x (0,T), where 87 is a
sub-differential of a continuous convex function j. Under some conditions on j
and the parameters in the equations, we obtain several results on the existence
of global solutions, uniqueness, nonexistence and propagation of regularity.
Under nominal assumptions on the parameters we establish the existence of
global generalized solutions. With further restrictions on the parameters we
prove the existence and uniqueness of a global weak solution. In addition, we
obtain a result on the nonexistence of global weak solutions to the equation
whenever the exponent p is greater than the critical value k + m, and the ini-
tial energy is negative. We also address the issue of propagation of regularity.
Specifically, under some restriction on the parameters, we prove that solutions
that correspond to any regular initial data such that ug € H2(Q) N H(Q),
u1 € H}(Q) are indeed strong solutions.

1. INTRODUCTION

1.1. The model. Let j(s) be a continuous, convex real-valued function defined on
R and let 95 be its sub-differential [3]. Let £ be a bounded domain in R™ with a
smooth boundary T.

This paper is concerned with the solvability of the following initial-boundary
value problem:

wy — Au+ u)f0j(ug) = [ufP 'u in Qx (0,T) = Qr,
(L) u(@,0) = uole) € HAQ), uilw,0) = ur(a) € Lo(),
u=0onTI x (0,7),

where the problem is studied under the following condition imposed on the convex
function j and the parameters k, m, p.

Assumption 1.1. e k,m,p > 0. In addition, k < 5, p+1< %, if n>3.
e Coercivity condition: j(s) > c|s|™ "L, where ¢ > 0.
e Strict monotonicity: (9j(s) — 0j(v))(s —v) > c1|s — v|™ L, where ¢; > 0.
o Continuity: 0j(s) is single valued and |0j(s)| < co|s|™ + ca, for some
constants co > 0,cy > 0.
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In this paper, we study the long-time behavior of solutions to the initial-boundary
value problem (LTl). Of central interest is the relationship of the source and damp-
ing terms to the behavior of solutions.

Interestingly, the partial differential equation in (L) is a special case of the
prototype evolution equation

(1.2) uge — Au+ R(z, t,u,up) = F(z,u),

where in ([C2) the nonlinearities satisfy the structural conditions vR(zx,t, u,v) > 0,
R(x,t,u,0) = F(z,0) = 0, and F(az,u) ~ |[ul’""u for large |u|. Various special
cases of (L2)) arise in quantum field theory and some important mechanical appli-
cations. See for example Jorgens [11] and Segal [26].

A benchmark equation, which is a special case of (LT)), is the following well-
known polynomially-damped wave equation studied extensively in the literature
(see for instance [22,[24]):

e — A A+ Jul Jug] ™ wp = JulP e in Q% (0,7),
(1.3) u(z,0) = u(z)  w(x,0) =u'(z) in Q,

u(z,t) =0on T x (0,T).

Indeed, by taking j(s) = mLH|s|m+1, then obviously 9j(s) = |s|™1s, and therefore

Assumption [T is satisfied. It is also easy to see in this case that problem () is
equivalent to (L3).

It is worth noting here that when the damping term |u|" |us|™ " u; is absent,
the source term |u|’~" u drives the solution of (IZ3) to blow up in finite time [7} 5]
911 32]. In addition, if the source term |u[”~" u is removed from the equation, then
damping terms of various forms are known to yield existence of global solutions (cf.
[2, 3, 4 M0]). However, when both damping and source terms are present in the
equation, then the analysis of their interaction and their influence on the global
behavior of solutions becomes more difficult. We refer the reader to [6], [16] [18, 22]
24), 277, 0] and the references therein.

It should be noted that if ¥ = 0 and p = 0, then equation (II]) can be treated
via the theory of monotone operators and the full well-posedness of strong solutions
(in the terminology of monotone operator theory) is now classical [3]. In addition,
with k& = 0, the presence of a locally Lipschitz source term from H!(Q) into Ly(£2)
does not affect the arguments for establishing the existence of local solutions via
perturbation theory of monotone operators. Moreover, if p < k + m, then one
can derive the necessary a priori bounds that guarantee that every local solution is
indeed global in time.

The situation is however different when the damping term is degenerate, leading
to the degeneracy of the monotonicity argument (problems of this type often arise
in physics when the friction is modulated by the strains). In fact, when k& > 0, (L3)
is no longer a locally Lipschitz perturbation of a monotone problem (even in the
case when p < —'5. i.e., the source term is a locally Lipschitz function from HY(Q)
into L2(£2)). Thus, standard monotone operator theory and the celebrated method
of Lions and Strauss [20] do not apply. This fact, combined with a potential strong
growth of the damping term (the case when m > 1), makes the problem interesting
and the analysis more subtle. In fact, one needs to be careful about the meaning
of the solution and its relation to the equation.
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The goal of our paper is to provide results on the existence and uniqueness of
various types of solutions such as generalized solutions, weak solutions and strong
solutions.

1.2. Main results. In order to proceed with the presentation of our results we shall
introduce the appropriate definitions. First, we give the definition of a generalized
solution, which satisfy a certain variational inequality. In discussing finite energy
solutions (i.e., (u,u;) € H*(2) x Lo(Q)) we shall impose another restriction on the
parameters p, m, k

p* p'm+k, . 2n

> 1 VYV S aog

Remark 1.2. We note here that the range of values of the parameter p is beyond
what is required for the source term to be a locally Lipschitz function from H?!(£2)
into La(2)), as typically assumed in the literature. For instance, in [6] the re-
striction p < % was crucial, in the nondegenerate case k = 0, for establishing the
existence of local and global solutions of finite energy on a bounded domain. In-
stead, condition ([4) allows “supercritical” values of p provided p*(m—1)+2k > 0.
Analogous conditions in [27] are imposed in the nondegenerate case k = 0, where
finite energy solutions with compactly supported data in R™ are constructed. We
also note that condition (4] turns out to be essential only when one is dealing
with finite energy solutions in H'(Q) x Lo(Q). However, in the case of higher reg-
ularity solutions, discussed later in Theorem condition (I4) will be relaxed
even further.

Definition 1.3. A function u € C,, ([0, T], H3 (2))NCL ([0, T, L2(£2)) with |u|*5(us)
€ L1(Q2 x (0,7)) and under the condition (L4) is said to be a generalized solution
to () if and only if for all 0 < ¢ < T the following inequality holds:

/t / (ug vy — VuVo)dzdt + 1/2/ [uf(t) + |Vu(t)|2]dx
o Ja Q

(1.4) p < max{

v/ t [ i) = o)z

¢
(15) < / / |ulP~ u(uy — v)dadt 4+ 1/2 / [uf + [Vuol* — 2u1v(0)]da
0 Jo Q
for all test functions v satisfying
v € HY0,T; La(Q)) N La(0,T; Hy () N Lo (Q x (0,7)), v(t) =0.

Remark 1.4. We note here that, if u is a generalized solution to (I1J), then u satisfies

|u|*0j(ut) € L (Q:), where r = p;i?j%) > 1. Moreover |u|P|u;| € L1(Q¢). The last

assertion follows from condition (). Indeed, if p < %, then the Cauchy-Schwartz
inequality and the a priori H(Q) x L2(Q) regularity of solutions imply the desired

conclusion. If, instead, & < p < p;@"ﬂk, then we must have p(m + 1) — k > 0.

2
Consequently, by Holder’s and Young’s inequalities we have

(1.6)
p(m+1)—k

/ |u|P|ut|dedt < e/ ul* || T dwedt + O, lu| = dadt
Q:N{|ul>1} Qt Qen{|u|>1}

p(m+1)—k

t
< 6/ |u,|kj(u,t)dxdt + C. |u|H1(5L) dt,
t 0
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where we have used condition () along with the Sobolev embedding theorem
and the coercivity condition in Assumption [[LT] and where € > 0 is suitably small.
Thus, all the terms in the definition of generalized solution are well defined for the
class of solutions and the considered parameters.

It should be noted here that Definition [3]is a proper extension of the notion of
classical solutions. Indeed, if u is a sufficiently smooth generalized solution, then u
satisfies the classical definition of “weak” solution. To see this it suffices to take in
Definition [[.3] the test function v(t) = u.(t) + 1 (t), where 1 € HY1(Q;) N Loo(Q4)-
Integration by parts and accounting for cancellation of terms yields

t t
| @u—unvaqer /O /Q ol (7 (ue) — g + ) + /0 /Q [uP~tupdadt < 0,

where the above relation can be extended by density to all ¥ € Lo(Qr). By taking
PY=Ap, A>0, ¢ € La(Q:), and then by letting A — 0, we obtain

¢ ¢
/ (Au—utt)géth—/O /Q|u|k8j(ut)¢dxdt+/o /Q|u|p*1u¢)dxdt§0.

Due to arbitrariness of ¢, the inequality above can be replaced by equality, as
claimed.
Our second (more stringent) definition of solution is given as follows.

Definition 1.5. A function u € C([0,T], H3(2))NC.L ([0, T], L2(£2)) which satisfies
Au—uy and |ul¥5(ur) € La(Q x (0,T)) is said to be a weak solution to (ICI)) if and
only if, for all 0 < ¢t < T, the following variational equality holds:

¢ ¢
//(utt—Au)vdxdt—f—/ / lul*0j (us)vdrdt
0o Jo 0 Jo
¢
z/ /|u|p_1uvdxdt
0o Jo

(1.7) u(0) = ug, u(0) = ug

for all test functions v € L2(Q x (0,T)).
Equivalently, we may write

t t
/ /(—utvt—l—Vqu)dxdt—/ulv(O)da:—i—/ / lul*0j (us)vdxdt
0 Ja Q 0 Ja

1.8)

¢
(1. :/ /|u|p_1uvdxdt
0o Jo

for all test functions v satisfying
ve HY0,T; Ly(Q) N La(0, T; HY(Q)), v(t) = 0.
It should be noted here that Definition [[L5]is equivalent to
Ou = —|u|*dj(us) + |ulP~tu, ae. (x,t) € Qx(0,T),

2

d
where 0 = - = A is understood in the sense of distributions.

At this end, we remark that the following notation will be used in the sequel:

|uls,0 = |ulns (@) and [lull, = llullL,q)
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where H*(2) and L,(Q) stand for the classical Sobolev spaces and the Lebesgue
spaces, respectively. Also, we let A : L?(Q) — L%*(Q), where A = —A with its
domain D(A) = H2(Q) N HL(Q).

Our main result, which establishes local and global existence of generalized so-
lutions, reads as follows:

Theorem 1.6 (Generalized solutions). Under Assumption [l and condition (L4),
there exists a local generalized solution to (LI)) defined on (0,Tp) for some Ty > 0.
If, in addition, p < k 4+ m, then the said generalized solution is global and Ty may
be taken arbitrarily large.

Remark 1.7. If k = 0, then the variational inequality in (LH) becomes equality
and the solution « is unique and satisfies the equation in the sense of (LJ) with
J(ug) € L1(Q4),ur € Ly41(Qy). It should be pointed out that the main difficulty of
the problem under consideration in Theorem [[6lis the fact that the damping term
is not monotone and degenerate (k > 0). This difficulty goes away when k£ = 0. As
shown later (see Remark B7)) , the proof of Theorem [[[6] simplifies drastically when
k = 0 and our arguments lead to stronger conclusions. In particular, the strong
monotonicity allows us to replace inequalities by equalities. Thus, for £ = 0 one
obtains the existence theory which is consistent with the literature and provides an
extension to a larger “supercritical” set for the parameter p, namely, p > —"5 (see
[6] for details).

Having obtained generalized solutions (with no restrictions on parameter m) one
would wonder how these solutions relate to weak solutions that have been obtained
in the literature [22] but only in the special case when k > 0, j(s) = #H|s|m+1,
m < 1, and subject to (L9). In fact, as pointed out below, for these special
cases with additional restrictions imposed on the parameters k, m, our generalized
solutions become unique weak solutions in the sense of Definition Thus a
particular specialization of Theorem to a much narrower range of parameters
fully recovers and generalizes (to a larger class of damping functions j(s)) the
recent results of [22]. Indeed, a particular specialization of Theorem yields the
following corollary.

Corollary 1.8. In addition to Assumption1l and condition (LA) we also assume
that

(1.9) {m<1ifn—1,2;

k m 1 .

Then, there exists a local weak solution to (L)) which is defined on an interval
(0,T), for some T > 0. Moreover, we have:

o Ifp < k-+m, then the said solution is global and T may be taken arbitrarily
large.

e If k,p > 1, then the said solution is unique and depends continuously on
the initial data.

An interesting question that one should ask next is what happens when m = 1?7
We do have generalized solutions, as asserted by Theorem[[.6l But do we have weak
solutions? If so, are these solutions unique? A positive answer to this question is
provided by the next theorem.
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Theorem 1.9 (The case m = 1). In addition to Assumption [LIl, assume that
k+1< %. Then, there exists a local weak solution u to [IL3) (i.e., when j(s) =
11s|* and 9j(s) = s) such thatu € Cy ([0, T, H3 (€2))NCy ([0, T], L2()), Au—uy €
Li1(22 x (0,T)), where u satisfies (IT) with the test functions v € Loo(2 x (0,T)),
and T may be finite. In addition, we have:

o If p < k+1, then the said weak solution is global and T may be taken
arbitrarily large.

o If p > 1, then such a solution u is unique, but it may not be continuously
dependent on the initial data in the finite energy norm.

Our next theorem addresses the issue of propagation of regularity. This means
that more regular data produce more regular solutions. In fact, the result below
states that this is always the case locally (i.e., for sufficiently small times). However,
in the special case when the parameter p is below the critical value k 4+ m, then the
propagation of regularity is a global phenomena.

Theorem 1.10 (Strong (regular) solutions). With the validity of Assumption [L1],
further assume that n < 5 and

4 4
k>1,2<p< —— 41, m+l<—" ktm< —— +1.
n—2 n—2 n—2

Then, for every initial data satisfying uo € H*(Q) N HY(Q), u1 € HE(Q), there
exists Ty > 0 such that (1) has a unique local solution w with the regularity that
u € C([0,T], H*>(2)) N CL([0,T], H()), for some T < Ty where Ty may be finite.

In addition, if we assume that p < k+m, p < %, and either k = 0 or else

LA T < %, then regqular solutions are global and Ty can be taken arbitrarily large.

p*
Remark 1.11. We note here that the second part of Theorem [0l provides regular
solutions in the context of Corollary [L8. Thus, the weak solutions established in
Corollary [L8]become regular provided the initial data are taken in H?(Q)NHg () x
HY(Q).

Remark 1.12. For n < 4 our proof of Theorem [L.I0 allows us to assume that
m+1< % and k+m < ﬁ + 1 instead of the strict inequalities as assumed in
the statement of Theorem [L.I0.

Finally, we shall address the issue of a strong source (large values of p when
p > k+m) which may lead to a finite-time blow up of solutions. Here, our results are
inspired by [6], where the question of finite time blow up in the presence of damping
in wave equations has been addressed first and solved optimally. The arguments
of [6] were later generalized to a larger class of damped hyperbolic like dynamics
[16] and more recently adapted in [22] in order to treat blow up of solutions in
the degenerate case with k > 0, j(s) = |s|™"! and subject to condition (3.
We also wish to point out that the blow-up region p > k + m for the degenerate
case was identified for the first time in [I6]. The blow-up techniques developed
in [6] and their generalization in [16, 22] are applicable to weak solutions as given
in Definition In fact, the core of the proof, including the construction of an
appropriate “Liapunov’s” function, is essentially the same in these works. However,
for sake of completeness we briefly include this aspect of the analysis as well.
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Theorem 1.13. Assume the wvalidity of Assumption [L1 with ¢ = 0 and that
p > k+ m. In addition, assume that E(0) < 0, where E(0) is the initial energy
given by

1 2 12, |2 1 +1
E(0) = 2 <|u1|o’9 + ‘A / uo’o,ﬂ Cp+1 ol Zrs -

Then, the weak solution to (I.1)) blows up in a finite time.

1.3. Comments about our results and their relationship to the literature.

e Our first new result stated in Theorem [l provides local and global exis-
tence result in the challenging case when m > 1. It also includes previous
results established in [6, 22] 24] and other references. As we have already
mentioned above, the particular feature of the problem studied in this pa-
per is the potential degeneracy of the damping term. Thus, the beneficial
effects of damping may not be present when the displacement have strong
oscillations. In fact, the special case (I3]) was studied first in [22] with
sub-linear damping in the velocity, i.e., m < 1 and subject to p, k > 1 and
1% + 45 < % In this case and with the assumption that p < k + m, the
authors in [22] established the existence of a unique global weak solution.
When m > 1, the situation is more complex. This is mostly due to the
notorious difficulties in passing to the limit in a super-linear term in u;
with a weakly convergent subsequence. The lack of good structure, namely
the lack of monotonicity, and super-linearity of u; in a degenerate damping
term render standard tools nonapplicable. Nevertheless, our result in The-
orem [L.6] establishes the existence of a global generalized solution with no
restrictions on m > 0. In addition, the range of the parameter p allowed
in Theorem [[.6lis larger than what is typically assumed in the literature,
even when k£ = 0.

e In view of the existence and uniqueness of weak solutions to (I.3)) in the case
m < 1 and under assumption (I29) (see [22]), it was natural to address the
question of how our generalized solutions obtained in Theorem relate
to the ones obtained in [22]. A positive answer to this question is given
in Corollary [I.8] where we show that our generalized solutions obtained
in Theorem are indeed the same solutions obtained in [22], provided
the parameters are restricted to a narrower range of values. Corollary
not only establishes the equivalence of these two classes of solutions for a
restrictive set of parameters (whenever they are comparable), but it also
generalizes the result of [22] to a larger class of damping terms described
by the sub-differential 9j(s).

e The case m = 1 and k > 0 treated in Theorem [[9l is, to the best of our
knowledge, new in the literature. Here, the main issue is to prove uniqueness
of solutions. This is accomplished by using a certain change of variables
which reduces treatment of the problem to that of a parabolic equation.

e Theorem[T TUldeals with more regular solutions which are unique and satisfy
the classical variational definition of solutions. To the best of our knowledge
this is a first result for this class of problems. It should be noted that the
range of the parameter p considered in Theorem is larger than the
range typically assumed in previous results. In fact, this is not surprising,
since more regular solutions are considered. For instance, when n = 2 the
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values of parameters p, m, k can be arbitrary large, and when n = 3 we can
take 2 <p<b m<2, k+m<5.

e Finally, Theorem [ T3]ldeals with the case p > k+m, where we show that all
weak solutions blow up in a finite time, provided the initial energy is merely
negative. In addition, an upper bound for the life span of the solution is
obtained (see Remark [6.1]). The main idea of the proof of Theorem is
due to Georgiev and Todorova [6] and it is similar to the proofs in [6] 22].
We also refer the reader to [16] for general global nonexistence theorems.
As we pointed out above, the blow-up range p > k + m for the parameters
p, m, k was first identified in [16]. While [16] deals primarily with the case
k = 0 (more general equations formulated in abstract spaces) with the goal
to exhibit a finite time blow-up of solutions when p > m, the methods
used there could also handle the case k > 0 whenever p > k 4+ m. In
fact, a complete proof of this phenomenon was given in [22] for the spacial
case (L) with m < 1. Our result formulated in Theorem 13 is a further
generalization of the corresponding Theorem in [22], and as in [22], the proof
draws substantially on the ideas introduced in [6], including the choice of
the special Liapunov’s function. Theorem applies to weak solutions
under the condition p > k 4+ m, and in particular, it applies to the local
solutions described in Corollary [[L8, Theorem [CA and [CT0}

In conclusion, what we consider the main contribution of the paper is an existence
theory for degenerate case k > 0 that includes m > 1. In that respect, Theorem
and Theorems [ [0 provide the main technical and novel contribution of this
paper. We also recall that the first global nonexistence result for the degenerate case
k > 0 was pointed out in a Remark below Theorem 4 in [T6] where the authors of
[16] explicitly identified the region m + k < p as the region for global nonexistence.

Finally, we conclude by listing some open problems.

e Can one extract more regularity from generalized solutions? In particular,
one would like to extend the range of parameters when generalized solutions
are weak solutions which satisfy the variational equality ().

e Uniqueness of generalized solutions is an open issue.

e Blow up of generalized solution in a finite time appears to be a challenging
question.

We conclude the Introduction with a few words about the methods used for the
proofs. Our method of the proof of the main result in Theorem [I.0] relies on the
following;:

We first establish the a priori bound for the damping-source problem under the
assumption that p < k+m. This a priori bound in Section B allows us to construct
a multi-valued fixed point argument. In order to show an existence of a fixed point,
one must establish two facts.

e First, the solvability of the problem for a fixed argument (see equation
(33)). This is accomplished by applying an appropriate Faedo-Galerkin
method.

e Second, the upper semi-continuity of the nonlinear map F (see Section [3).
For this part, our argument is based on subtle approximations by weakly
lower semi-continuous functions.

The remainder of this paper is devoted to the proofs of our main results.
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2. A PRIORI BOUNDS

We shall show that all generalized solutions admit an a priori bound in the
topology specified by Definition 3. In addition, this a priori bound is global (i.e.,
it holds on [0, 7] for any T > 0) provided p < k + m.

Lemma 2.1. Let u be a generalized solution of problem (L)) with the assumption
that p < k +m. Then for all initial data ug € H}(Q), u1 € La(Q) and all T > 0,
we have the inequality

t
1) |u®ha+ ub)on + / / " (ur)dzdr < Cr(Juols 0, [urlog),
0 Q

for all t € [0,T).

If p > k 4+ m and condition (LA) is valid, then the bound in ([ZI) holds for
0 <t < T < Ty for some Ty > 0, where Ty may be finite and depends on the
H' x Ly norm of the initial data.

Proof. Define the following energy functions:

B(t) = 3 (IVu(t) 0 + ()3 0)

and
1

p+1
p+1/ﬂ|u(t)| da.

By the Sobolev embedding theorem along with restriction p + 1 < p* one has
Jo lulPTtde < C(Jul1,q) along with the obvious bounds

(2:2) E(t) < Ei(t) < C(E(1)),

Eq (1)

E(t) +

where C(s) denotes throughout the proof a real-valued function which is bounded
for bounded values of s.
By applying Definition [[3 with v = 0, we obtain

(2.3) E(t)+/0t/ﬂ|u|kj(ut)dxd7'S/Ot/ﬂ|u|p|ut|dxdr+E(O).

By adding the term

t
1
wlP wupdedr = —— wlP — Juo P da
[ e = [l ol

to both sides of inequality (2:3]) we obtain

t t
(2.4) El(t)—i—/ /|u|kj(ut)dxd7' < 2/ /|u|p|ut|dxdT—|—E1(0).
0 Ja 0 Ja

For Q: = Q x (0,t), we define

Qa= {({E,S) € Q1, |u(m,s)| > 1} and Qp = {({E,S) € @1, |u(x,s)| < 1}
Then, it follows from (Z4)) that

(25) Ei(t)+ / "} (u)dQy < E1(0) +2 /Q [l e dQa + 2 /Q e | dQ 5.
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We estimate the integrals on the right-hand side of (2.0) as follows:

/ WPluldQs < plQsl+C, / e PdQs
QB QB

IA

IA

t
(2.6) plail+C, [ EGs)ds

0
where p > 0 is sufficiently small and will be chosen later. Also, here and later |Qy]
denotes the Lebesgue measure of Q;. In order to estimate the other integral over
Q4 we choose

_p—-m  m+1 _ i1
7m—|—17q7 m y g =m .

If »r <0, we have

| lrwlaes = [ il jdQa
Qa Qa

q(pfr)d ! aq >
(/QAIuI QA) </QA|ut| Qa
( / |u|"+1dQA)E ( / |ut|m+1dc;,4>m |
Qa A

By Young’s inequality, one has

/ [l lusldQa < Ce | [ul"F1dQ: + € / e ™ dQ A
QA Qt QA

Q=

IA

2.7)

(2.8)

IN

C. |u|p+1th—|—e/ |u|k|ut|m+1th,
Qt Q1

where € > 0 will be chosen later.
On the other hand if r > 0, then we slightly modify the argument as follows:

| uula@s = [ il jdQa
Qa Qa

< / |u|q<p—’">dQA)q < / |u|’"q|ut|%z@A)
Qa Qa
3 P
(/ |u|p+1dQA) (/ |u|p-m|ut|m+ldQA) .
Qa Qa

We shall first deal with the case when p < m + k. By applying Young’s inequality
and exploiting the assumption that p — m < k, we obtain

| Qs < Co [ puptaQae [Pl dQa
Qa Qa 0

Q=

IA

(2.9)

(2.10)

IN

. |u|p+1th—|—e/ gL,
Q¢ Q¢

Thus, in both cases we have
t
/ [ulPlugldQ: < p|Q:| + Cp/ E(s)ds
Q1 0

(2.11)

_l_

e/ |u|k|ut|m+1th+Ce/ Q..
Q¢ Q¢
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where the constants p, e > 0 can be taken arbitrary small. By combining inequalities

(28) and (211, we obtain
Ey(t) + / i (u)dQ < Ei(0)+e / e[+ d Qs

/ t
(2.12) +plQid+(C+ ) / Ex(s)ds.

By taking e sufficiently small and keeping in mind (Z2) along with the coercivity
in Assumption [[.T], we obtain

t
@13) B0+ e [ fulituiQe < Bi0)+plQrl+C [ Biis

for some ¢, > 0. Now, by Gronwall’s inequality it follows that

(2.14) (1) < (E(0) + p| Qi) .
Finally, (Z.14)) leads to
(2.15) Eu(t) + / [ul*j (us) < Cr (E(0) + p|Qul)

where the last inequality is valid for all ¢t < T and T is being arbitrary as long as
p<k+m.

If p > k+m, then the above bound holds locally for sufficiently small 7. Indeed,
by using Holder’s and Young’s inequalities, then instead of (2.0)-(2.10) we have the
following estimate:

p(mt1l)—k
/ [ul?lurd@: < e / Jul " | dQ; + Ce / Jul 5 dQ
Q¢ Q1 Q:
k 1 t pGman-—k
(216) S 6/ |'U,| |'U,t|m+ th+Cﬁ/ |u|1,Q m dt,
Q¢ 0

whenever W < p*. If, instead, p < %, then more direct argument applies

and we have
/ (P 1|4, e/ |ut|2th+C’€/ lu[2dQ,
Q¢ Q¢ Q¢

t
e/ |ut|2th+C€/ |u[}dt.
t 0

In both cases, (2.16), (217) and a standard continuity argument yield the bound
in for a sufficiently small T > 0. O

IN

(2.17)

IN

3. FIXED POINT ARGUMENT AND THE PROOF OF THEOREM

Let w € C(0,T;L4(£2)) be a given element where throughout this section the
parameter g satisfies

p(m+1)—

k
(3.1) max{2k,p + 1, min{2p, H<g<p’.

We shall consider the following variational inequality.
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Find u € Cy([0,T], H}(2)) N CL([0,T], L2(9)), with fOT Jo |w|¥5 (ug)dxdt < oo,
such that for all 0 < ¢t < T the following inequality holds:

/Ot /Q(ut vy — VuVo)dzdt + %/Q[uf(t) + | Vu(t)]?]dz
# [ ) - sz

(3.2) < /Ot/Q lw[P~ w(uy — v)drdt + %/Q[u% + | Vug|* — 2u1v(0)]dx
for all test functions
v e HY0,t; La(Q) N La(0, ¢ HY () N Loo(Qy), v(t) = 0.
For a given argument w € C(0,T; Ly(€2)) we consider the multi-valued mapping
F:C0,T; Ly(Q2)) — C(0,T; Ly(2)),
where the multi-valued action of F' is defined by
u € Fw iff u is a solution to the variational inequality (322).

In the next subsections we shall prove that the mapping F' is a well-defined
multi-valued mapping on C(0,T; L,(Q)), i.e., Range F(w) is nonempty for each
w € C(0,T; Ly(Q)).

In order to establish Theorem [[L6] it suffices to show that F has a fixed point.
We accomplish this by using Kakutani-type Theorem [34] and the a priori bound
established in Lemma 2T However, we first need to prove the following facts:

e F(K) is convex and compact on C(0,T’; L,(€2)), where K is being a suitably
chosen (large) ball in C(0,T; L,(€2)) whose radius depends on the initial
data.

e [ is upper semi-continuous. It is important to note here that due to the
compactness of F(K), proving the upper semi-continuity of F' amounts to
showing the following statement:
for a given sequence wy, —w in C'(0,T; Ly()), and u, —w in C(0,T; Le(9))
where u,, € F(wy,), then we have u € F'(w). Indeed, this is equivalent to
the fact that the graph of F' is closed in C([0,T]; Lq(€2)) x C([0, T]; Lq(€2)).

3.1. Well-posedness of the map F. For a given function w € C(0,T; L4(£2)),
we consider the equation

(3.3) g — Au+ |w|*0j (ug) = |w|P~ 1w,
whose variational formulation is the following: find

ue C([0,T], Hy(2)) N Cy([0,T], La(Q)),  uw € Lo(0,T5 H™'(Q))
such that the following identity holds:

t t
/ /[uttv + VuVoldzdt +/ / lw|* 97 (s )vdadt
0 Ja o Jo

¢
:/ /|w|p*1wvdxdt
0 Jo

(3.4) u(0) = uo, ut(0) = us,
for all test functions v € C,, ([0, T); HE () N L1y 25 (€Q)).
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The main results in this subsection are the following.

Lemma 3.1. Assume the validity of Assumption [LTl and condition BI)). Then,
there exists a unique solution u to the variational identity B2) such that u €
C(0,T; H(Q)) N CH0,T; La(2)) and the following bound holds for all t <T':

W + @R+ /Q ol usg Qs
t

(3.5) < Cr (Juolyo, [utlo.a [wleqo.riz,@))

In addition, the following energy identity holds:

3 (VOB o+ @) + [ ol Djun)udQ,

t

1 _
(36) =5 (VU + [uFe) + [ 0P Q.
Corollary 3.2. For each fized w € C([0,T], Ly(2)), F(w) # 0. Moreover, one has
C(]0,T], Ly(Q)) € Dom F.

Proof of Lemma 3.1. We consider a standard Galerkin approximation scheme for
the solution of ([B.4) based on the eigenfunctions {ej}32, of the operator A = —A
with zero boundary condition on 9. That is, we let u, () = > 1_; un k(t)ex, where
un(t) satisfies

(tnit, V) + (Vin, Vo)a + (|w]*0j(unt), v)0 = (JwP~ w, v)o
(3.7) (un(0),v)0 = (uo,v)a,  (unt(0),v)o = (u1,v)0

for all v € V,, := the linear span of {es,...,e,}, and for convenience, we use (.,.)q
to denote the standard Lo(2)—inner product.

By standard nonlinear ordinary differential equations theory one obtains the
existence of a global solution to (B:) with the following a priori bounds which are
uniform in n:

(Vun(®l e+ lune @) + [ ful05(un unsds

t

N =

(Vi ()2 ¢y + nt (0)2.0) + / 0P wiayyd Q.

Q:

l\3|H

(3.8)

By using the restrictions imposed on the parameter ¢, we obtain the estimates
p(mt1)—k

/|w|p|unt|th < e/ [t | w[FdQy + Ce [ Jw|T o dQ,
¢ t Q¢

_ pOmt1) k
/ [ttt |w] th—i—C/ |wl, (D

(3.9)

IA

when W < ¢, and

/ P lunedQ, < ¢ / e |?dQ + C. / lw[?dQ,

[ e C. [ uf? g

A

(3.10)

IN
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when 2p < g. Thus, it follows from (39)), (BI0) and (B8) that

i (8) 2.0y + [t (1) 20 + / ol (1) AQe

Q¢
(3.11) < Cr (Juol,0; [ulo,0; [wleqo):L,@))
By using the coercivity condition in Assumption [T}, we obtain

|Un(t)|iQ + |unt(t)|(2)7Q -|—/ |w|k|unt|m+1dQT

Qr
(3.12) < Cr (Juol,a; [utlo,0; [wleqo1:L,@))

Hence, there exists a subsequence of {uy}, which we still denote by {u,}, that
satisfies

u, — u weakly® in Lo (0,T; H(Q)),
(3.13) Unt — up weakly™ in Lo (0,T; La(Q)).

Now, consider two solutions u,, and u;, where without loss of generality we assume
I > n. Denote Uy, = up—u;. Then, it follows from (4) that U,,; satisfies variational

equality
(3.14) (Unitt: v)a + (VUni, V0o + ([w]* 05 (Unt) — 95 (Un), v)a =0,
' (Uni(0),v)0 = (uno — w0, v)a, (Unit(0),v)o = (u1n — w1, )0,

for all v € V,.
By setting v = Uy in (B14)) and by using the strong convergence of the approx-
imations to the initial data, one easily obtains the following convergence result:

t
(3.15) U5 + Um()]F o +/ [wl* (9 (unt) — 05 (ure), Unte) g ds — 0,
0

as n,l — oo.
Now from (B.I5) and the strong coercivity assumption, we conclude

t

(3.16)  |Uni(®)Pq+ |Un(®g +/ / | U™ dds — 0.
0 Ja

as n,l — oco. From (B:I6) we infer the strong convergence

(3.17) |w
for some 1 € Ly,4+1(Qr). Moreover, we have

U, — Uz strongly in Lo (0, T La(R2)),
(3.18) Up — u strongly in Lo (0,T; Hi(Q)).

Here we remark that the above strong convergence allows us to reconstruct the
limit function 5. Indeed,

K .
AT Uy — 1 in Lyyy1(Qr), as n— oo,

_k
77 e |w m+1 ut.
Thus,
3.19 w %um — |w %ut strongly in L,,11(Q1), as n — oo.
Jr
Equivalently,

/ |w|k|utn - ut|m+1dQT — 0, as n — oo.
T
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In particular, as n — oo (passing to a subsequence if necessary),
(3.20) |w|*un; — |w|Fu; point-wise almost everywhere z,t € Q7.
Now in order to pass to the limit in the nonlinear term, we shall prove

(3.21) w| 7T 95 (tng) — |w

75%8]'(%) weakly in Lm+1 (Qr), as n — oo.

To see this, we recall the a priori bound in (BIZ), which implies

m+1

_km_ m
/ {|w|m4r1 |Unt|m:| dQr = / |w|k|unt|m+1dQT < Cr.
QT QT

Also, the growth condition imposed on 9j(s) yields

m+l
/ [|w %wj(um)@ " dQr < M,
T

for some constant My > 0. Hence, by passing to a subsequence if necessary, one
has

WET || ™ — | weakly in Lumes (Qr)

m

|w

and
|w

%a](unt) — J weakly in Lm+1 (Qr).

By appealing to the almost everywhere point-wise convergence in (320) and the
piecewise continuity of 9j(s), we can identify the limits [ and J. Indeed,

%u:”, J=|w k_rl(‘)j(ut)

l=|w

Therefore, we have

(3.22) |w mk_il|unt|m — |w mk_rl|ut|m weakly in Lm+1 (Qr)
and
(3.23) w77 0 (uny) — |w| 757 05 (uy) weakly in Lt (Qr),

as desired in (3:21)).

From the weak convergence in (3:2I]) and the strong convergence in (3.19) we
infer that

(3.24) /|w|k8j(um)umth—> (o[F 0 () urd Q.
+ Qt

Indeed, to see [B24) we write

/ |w|kaj(utn)untth :/ |w
t t
and thus (324) follows easily from (32I)), (319) and duality.

Our next step is to establish the following convergence:

%a](unt”w ﬁunttha

(3.25) / || " |t | ™ T dds — / |w|® |ug|™ T dads.
t Qt
Indeed, (B:2H) becomes clear after writing
_km_ _ _k_
(3.26) 0" |t | ™ = 0] T [t | ™ g [0 T U, 2= g(20) 2

where we have used the notation

_k —
mH Unt, g(zn) = |Zn|m 1Zn-

Zn = |w
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Let z = |w 7T u,. Then, we note that (BI9) and (B:22) yield

20— = strongly i Ly1(Qr),
(3.27) 9(zn) — g(2) weakly in Lmt1 (Qr).

Therefore, (3.25) follows easily from ([B.26)), the convergence in (3.27) and duality.
By applying the convergence in ([3:25)) to inequality (8:12) and keeping in mind
weak lower semi-continuity of the norm, we obtain

uOR o+ o+ [ fulfu™dQ,

Q1

(3.28) < Cr (Juol1,0, [urlo,0; [wleoriL, @) »

which establishes (3.5). We shall next prove that
(3.29) / |w|P ™  wun, dQy — / |w|P~  wudQ;.
t Qt

When 2p < ¢ the above is just a consequence of the Lo—weak convergence of
and the fact that |w|” € L2(Q;). Otherwise, if W < ¢, then more effort is
needed:

/ P 0 (ot — )] Qs < / 0ttt — el d Qs

(m41)—k
<e / o " 4Qs + € Q4] + C. / ol s — e Qs
Q:N{|w|>1} Q+

t p(mt1)—k

(330 e[ Julpg dt+e|Qt|+C€/ (o[ tme — g™ dQ.
0 Qt

By (BI9) we conclude that the last term above converges to zero as n — oo. Thus
letting € — 0, we obtain the desired conclusion in ([29). By using (3I8), (324),
B29) and the energy identity in (3.8)), we obtain the energy identity (3.6).

Our final step is the passage to the limit in the variational form of the equation.
By first taking a test function v as smooth as necessary we obtain

_k
m—+1 v
T

k
m+1 U) R
Qr

as long as v|w T € Lm11(Qr). Indeed, the latter holds for v € Lgyim1)/(q—k)
as desired. The passage to the limit in the linear terms is standard, and thus it is
omitted. O

km_ .
m 10 (tnt), [w

(Iw[*0j (i), v) o, = (1w

(3.31) — (|w

0] (w), v

3.2. Proof of Corollary B.2.

Proof. The statement in the corollary follows once we show that the unique solution
u constructed in Lemma Bl belongs to F(w). Note that the necessary regularity
of u follows from the statement in Lemma B.1]
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On the other hand, by adding the energy identity in (8:6) to the variational
formulation in (B4), we obtain that u satisfies

/Ot /Q(ut vy — VuVo)dzdt + 1/2/9[71?(1?) + [Vu(t)]*)dx
‘F/Ot/Q |w]* 05 (u) (ur — v)dwdt

t
(3.32) = / / P Lw(uy — v)dwdt +1/2 / 2 + [Vuo|2 — 2u10(0)]da,
o Ja Q
for all test functions
v € H'(0,t; L2(R)) N L2(0,t; H (2)) N Loo(Q1), v(t) = 0.
By recalling the inequality
O (ue)(ur — v) = j(ue) —j(v)

leads to the desired inequality in (3.2 satisfied by the solution u that corresponds
to the element w. O

3.3. Compactness and convexity of F. Let K be a ball in C([0,T]; L,(£2)).
Then, we have:

Lemma 3.3. F(K) is compact and F(w) is convex for every w € K.

Proof. By setting v = 0 in the variational inequality (32) we easily see that any
solution u to this variational inequality with w € K and with initial data of finite
energy must satisfy
(3.33) lu(®)l1,0 + [u(t)oe < C (Jwleqor); L) [uolia, [utlog) -

The above inequality and Simon’s compactness lemma [28] imply the compact-
ness of F(K).

The convexity of F(w) follows from the definition given by (B2) and the con-
vexity of j(s). O

3.4. Upper semi-continuity of F. Before proving the upper semi-continuity of
the mapping F', we shall prove the following proposition which is central to the
argument.

Proposition 3.4. Let u,; be any sequence which converges weakly in Lo(Qr) to
a function u. Let w, — w in C([0,T]; Ly(Q)), where q satisfies (31). Further
assume that |||w"|k|u”t|m+1HL1(QT) < M wuniformly in n. Then, we have the fol-
lowing:

/ ¥ (ue)dQ; < liminf / 0 F () Q.
t n=oo JQ,

(3.34)/ |wn|p*1wn(unt —0)dQ; — / |w|p*1w(ut —0)dQ¢, as n — oo,
t Qt

/ [wn| 5 (v)dQy —>/ lw|*j(v)dQ;, as n — oo,
Q1 Qi

for all v € Loo(Q4).
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Proof. The second part of Proposition B.4] in the case when p < £, follows directly
from the strong convergence
|wn P~ w,, — [w]P~ w in Lo (Qy)
and the weak convergence
Unt — Uy weakly in Lo(Qy).

If, instead, p(m + 1) — k < gm (see condition (BI])) we have

& k
Wi Uy — wrFT uy weakly in Ly, 41(Q1),

(3.35) |wn|p717ﬁwn — |w|p717ﬁw strongly in Lm+1(Qr).

Indeed, the second assertion follows from the strong convergence of w,, in L (Qr)
and the restriction (p— mLH)mTH < g, implied by (81]). As for the second statement
in (3.38), we notice first that by the assumption imposed in Proposition 3.4] then
|wn, | ﬁrlunt is uniformly bounded in Ly,+1(Q7). Hence, |wy] ﬁrlunt — 7 weakly in
Ly+1(Qr). On the other hand, by using the weak convergence of u,; in Lo(Q7)
ke
and the strong convergence w,;" "' — wmiT in L2(Qr) (note that by (31)) mL_H <)
we obtain
k
mFTu, weakly in Ly (Qr).

|wn|mL+1unt — |w

This allows us to identify n with n = wﬁrlut, as desired.
Having established (330)) the rest of the argument is straightforward. It suffices
to write

(3.36) /|wn|p*1wnuntth:/ <|wn
Qt Q1

where the first bracket in the right-hand side of (3:30]) converges weakly in L, +1(Q4),
and the second bracket converges strongly in Lm+1 (Q¢). This completes the proof
of convergence

k k
munt) (|wn|p717mwn) thv

/ (P wntnedQ; — [ P wuedQy,
+ Qt

and hence the second convergence in (834) follows.

The third part in the proposition is straightforward, and it follows from the
strong convergence of w,, in L 2 (Qr), which is implied by the assumption k& < ¢. To
complete the proof of Proposition B.4l we need to prove the first part. To accomplish
this, we introduce the following approximation (truncation) of j:

i(s), [s| <N,
in(s) =< J(N)+09j(N)(s—N), s> N,
j(=N)+08j(—=N)(s + N), s< —N.

It is easy to see that for each N, Jy is convex, continuous, and satisfies
in(s) < j(s),
(3.37) in(s) — j(s), as N — oo, forall s € R.

(s
Moreover, djn(s) = Jj(s), forall s € [-N,N], djn(s) = 0j(N), foralls > N
and djn(s) = 9j(—N), for all s < —N. Hence, for all v € Ly(Q¢), we have

(3.38) Jn(v) € La(Qr), 9jn(v) € Loo(Qu)-
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In what follows we shall assume, without loss of generality, that 7 > 0. Then,
from (B37)) we infer that for each fixed N

(3.39)  liminf / |w|* 5 (g )dedt > lim inf / || ¥ i (U )dadt.
Q n—oo

n—00
t t

From the definition of a sub-gradient we recall that
(3.40) IN (V) < N (une(t, ) + 0Jn (V) (v — une(t, x)), for all v € R.
By recalling (3:38), it then follows from (3.40) that

(3.41) / ol [y (v) — Dy (0) (0 — wne)] dadt < / (o ¥ i (g )derdlt,

t Qt

for all v € Ly(Q4), and from (3:31) one has

(3.42) / ¥ [in (0) — D (0) (0 — )] ddt < / ¥ (e )t

t t

for all v € La(Q+). By noting that
|wn|kunt — |w|kut weakly in L,.(Q;), for some r > 1, as n — oo, and
(3.43) / |wn|¥j N (v)dadt — |w|*jn (v)dzdt, as n — oo,
t Q1
and by recalling the fact that 9jn(v) € Loo(Q+), we obtain
3.44 w|* [jn(v) — 8jn(v) (v — uy)] dedt < lim inf Wn|Fj (uny)dadt,
Q
t t

n—oo

for all v € Ly(Q¢). By taking v = uy € La(Q¢), then (344) yields

(3.45) / |w|ij(ut)dxdt§hminf/ |wn |*j () ddt.
t Qt

n—oo

Since jy (ut) — j(ue) almost everywhere in @, as N — oo, and jn(s) is nonnegative
for each N, then we are in a position to apply Fatou’s Lemma and are able to
conclude

(3.46) / lo[F j (g )ddt < lim inf / IR T
n—oo Qt

t
Hence, the first part in Proposition 3.4] follows immediately, which completes the
proof. O

Remark 3.5. In the special case when j(s) = |s|™ %!, a more direct proof of the first
part of Proposition B4 can be given. To see this, we introduce an auxiliary variable

_k_
m-+41 unt.

Zn = |wn

In particular, since w,, — w in C([0,T]; Ly(£2)), we have

w771 — |w| 71 strongly in L eonin (€),
k

where W > 2, since ¢ > 2k. Thus, by the virtue of the weak convergence in
Lo (Qy) of uye we infer
(3.47) zn, — z weakly in L.(Qy), for some r > 1,

where
k
m-+41 ut .

z=|w
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In particular, {z,} is weakly compact on L1(Q:) and {z,} (or passing to a subse-
quence) converges in L1 (Q¢).
On the other hand, the function z — | 0. J(2)dQy is weakly lower semi-continuous

on L1(Q:) (see [3], Prop 2.10, page 67). Therefore,

[ iaeu < mint [ )

t Q1

or equivalently,
/ |w|k|ut|m+1th§1iminf/ Wi ¥ [ne| T dQy,
Q¢ n=ee Joy

as desired.

We are now in a position to prove the upper semi-continuity of the mapping F.
Specifically, we have the following lemma.

Lemma 3.6. Let w, — w in C([0,T]; Ly(2)). Let up, € F(wy,) be such that u, — u
in C([0,T); Ly(2)). Then, u € F(w).

Proof. Since u,, € F(wy,), then from the definition of the mapping F' we have the
following a priori bounds:

lun(t)|1,0 + |unt(t)o,0 < C(lwlc(o,m):,): [tol1.0, [uilo,0),

(3.48) / a5 (un)dQz < C(lwleo.30, @0 ol 10 [ualo.).

Qr

Therefore, by passing to a subsequence if necessary we have
U, — u weakly™ in Loo(0,T; H'(Q)),

(3.49) Unt — up weakly”™ in Lo (0,T; La(92)).
By Simon’s compactness criterion and recalling that ¢ < % we conclude that
(3.50) U — u, strongly in C([0,T]; Ly(£2)).

Therefore, the proof of the lemma will be completed if we show that u € F(w). In
order to do so, we recall the variational definition of the mapping F given in (3:2).
Since u, € F(wy,), we have

/t/(um v —Vuan)dxdt+1/2/[|um(t)|2+ IV () [2)de
0 Q Q

wp|Fi(u t) — 7(v)|dx
(3.51) +/0 /Q| ¥ tine) — 5(0)]dadt

t
< / / |1 |P™ W, (Ut — v)dadt + 1/2/ [uf + |Vug|* — 2uiv(0)]d,
0 JQ Q
for all test functions
(3.52) v e HI(O,t; Lo(Q)) N La(0, ¢ Hé(Q)) N Lo (Q1), v(t) =0.

Our goal is to pass to the limit in inequality (351). Indeed, by using the results
of Proposition B4 and the weak lower semi-continuity of the energy function E(t),
we can easily pass to the limit in inequality ([B5I) to obtain that u satisfies the
variational inequality (3-2). Moreover, since we also have the a priori regularity

(see (3.49))
u € Cu([0,T]; H(2)) N C,, ([0, T]; La(€)),
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we may apply (32) with v = 0 to obtain

/ |w|kj(ut)dQT < 0.

Qr

Therefore, u € F(w) as desired. O
3.5. Proper proof of Theorem [I.G.

Proof. Since F(K) is compact, F' is upper semi-continuous (Lemma B8], F'(w) is
convex, and the a priori bound holds in Lemma 2] (in the case p > k +m the time
T may be finite), then by applying a standard truncation device for the mapping F'
we are in a position to apply Kakutani’s Theorem. Indeed, let R be large enough
so that for any u € yF(u), where 0 < v < 1, we have

(3.53) luleqo,rizy@) < R

Indeed, R can be determined by using the a priori bound Lemma 211 and the
Sobolev embedding H(Q) < L,(2). We choose K to be a ball of radius R in
C([0,T]; Ly(€2)) centered at the origin. Specifically, we set K = Bg(r,)(0, R),
where C(Ly) = C([0,T]; Ly(2)).

Next, we define the truncated mapping Fr as follows:

yr =Y,y € F(w) N Be(z,)(0, R),
(354) YR € FR(w) iff

ﬁy,y € F(w), lylew,) > R

Thus, Fr(C(Ly)) C K and Fg satisfies all assumptions of Kakutani’s Theorem
(see [34], Theorem 9B, page 452). Therefore, Fr has a fixed point, i.e., there exists
u € C([0,T]; Ly(€2)) such that u € Fr(u). At this end, we note that we have two

possibilities. Either u € F(u) or else u € vF(u), where v = ﬁ < 1 for some
q

y € F(u), |yler,) > R. However, the latter case cannot occur since if it did, then
we must have |u|c(z,) = R. But this contradicts the a priori bound |u|¢(z,) < R.
Thus, we must have u € F(u) as desired. O

Remark 3.7. In the special case when k = 0 the argument is much simpler and the
conclusions obtained are stronger than what has been stated in Proposition B.4]
Indeed, if k£ = 0, then the strong monotonicity condition imposed on 0j allows us to
prove the strong convergence: wu,; — u¢ in Ly, 11(Q:), where u,, satisfies equation
B7). This follows from (BI6) after setting & = 0. Having obtained the strong
convergence Up; — Uy in Ly,11(Q+), we likewise obtain the strong convergence:
J(unt) — j(u) in L1(Q:). Based on the strong convergence of j(unt) we can pass
to the limit in equation (B.7) proving that u = F(w), where F'(w) is defined by the
variational equality and not inequality. In addition, the uniqueness of solutions is a
direct consequence of monotonicity.

4. ProoF oF COROLLARY [LR|

4.1. Proof of the existence part. In order to establish the existence of weak so-
lutions, it suffices to prove that generalized solutions satisfy the variational equality
(C@), under the additional restrictions imposed on the parameters m, k.
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Lemma 4.1. In addition to Assumption [Tl and condition (L), assume the va-
lidity of condition (L9). Then, every generalized solution to (LI satisfies the
variational equality (LT). Moreover, Au — uy € La(Q4).

Proof. We recall the restriction imposed on the parameters k,m in (L3). In this
case, since |u|* € L, (Q¢) , j(v) €L 2 (Q¢) for all functions v € Lay(Qy), it follows
% m

that

(4.1) / [ul*j(v)dtdz < C(luolva [u1loe: [v]zaon)

and t

(4.2) / [ul*j (us)dtdz < C(|ugli.a, |u1lo.n)-

Since we already know that the solution u satisfies the variational inequality (EEI) ,
then by applying the above bounds along with |u[? € Ly(€2) implied by p < &-

(which follows from (4] and (L)), we have

(4.3) / (e — Auvdadt < C (Juolvas lurlogs [vlzai0n) -

t

for all v € L2(Q:). This shows that Ou = uy — Au is defined in the sense of
distributions and satisfies

(4.4) Ou € La(Qy).

Moreover, by referring to classical arguments in the linear theory and keeping in
mind (@4]), we also have the following energy identity which can be derived by a
standard approximation argument

(4.5) /0 /Q(utt — Au)updzdt = %/Q[|ut(t)|2 + [Vu(t) > = |us (0)* = |Vu(0)]?]dz.

Therefore, in this case, the variational inequality (L) can be rewritten as
¢ 1
/ / (Au — ug)vdzdt + - / [uZ(t) + |Vu(t)|?]dz
o Ja 2 Ja
t
o [ el - i(o)dza
0

¢
(4.6) §/ /|u|p*1u(ut—v)dxdt+l/[u%+|Vu0|2]dx,
0 Ja 2 Ja

for all test functions v € L2(Q:). Here, we note that (.6 is first obtained with test
functions satisfying the requirements in (IH), and then by density, ([Z6)) is extended
to all test functions v € La(Qy).

Now, since u; € L2(Q;) we are in a position to set v in (£.6]) as follows:

v=ur+ M, P € La(Qy), A > 0.

By using the energy identity (£H) and after simplification, for all test functions
1 € La(Q:) we obtain

/Ot /Q(A“ = uge)pdwdt + % /O t /Q | * [ (ue) — 5i(ug + M) dadt

(4.7) §/0t/ﬂ|u|p1m/)dxdt.
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Our final step is to establish the following limit:

l ! wl®li(us) — j(u xdt — — t ul*9j(u X
@9 5 [ [l =i+ xoded = = [ [ ultojtuvdaa,

as A — 0t.

To establish (48], we first note that
1
X[j(ut) — j(ug + Mp)] — —07(ug )b almost everywhere in @y, as A — 0.

Hence, as A — 07,
§|u|k[j(ut) — j(ug + M) — |ul*75(us)yp almost everywhere in Q.
On the other hand by mean value theorem and the growth condition on 0j, we
have the estimate
$U) e+ 20 = ¢ [ 0+ (1= s
(4.9) < Cllue|™ + [9[™ + 1] |9 -

By recalling the restrictions on the parameters, we deduce that
(4.10) / ulF || ™ 4| dedt < oo, / lul¥[[y|™ + 1] |¢] dedt < oo,
Qt Q+

for every test function ¢ € La(Q:).
The final conclusion in (f.§) follows immediately from the Lebesgue Dominated
Convergence Theorem.

Finally, by using (@8] and passing to the limit as A — 0% in variational inequal-
ity, (410) leads to the inequality

/ (Au — ug )pdadt —/ [ul*0j (us)pdadt < —/ |ulP~ uspdadt,
t Qt

t

for all test functions 1) € La(Q;). Since v is arbitrary we obtain the equality

(4.11) / (Au — ug )tpdadt —/ |ul*0j (us)pdrdt = —/ |ulP~tuspdadt,

t

for all test functions ¢ € La(Qy).
This implies the variational equality in (L), completing the proof of the exis-
tence of weak solutions as claimed in lemma [T1 O

4.2. Proof of the uniqueness statement in Corollary [I.8l In order to estab-
lish the uniqueness statement in Corollary [[L8] we prove the following lemma.

Lemma 4.2. In addition to Assumption Il and conditions (L4), (C3), assume
k,p > 1. Then, the weak solution of (1)) (established in Lemma BI) is unique.
More precisely, if u,v € Cy([0,T], H}(R)) and v’ ,v" € Cy([0,T], L3(2)) such that
u and v are weak solutions to the initial-boundary value problem (LII) in the sense
of Definition[IHl, then u = v.

Proof. Let w =wu —wv. Let L > 0 be such that

|u(t)|LQ, |v(t)|1,Q, |u'(t)|0,Q, |U/(t)|o,ﬂ <L,
for all t € [0,T7.
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First note that w verifies

wee — Aw + [ul*0j (u) — [v]*0j(v) = f(u) = f(v) 0 Qx(0,T),
(4.12) w(z,0) =0, w(r,0)=0 inQ,
w(z,t) =0on T x (0,T),

where f(u) = |ul’ ~1u. In particular, w satisfies the following energy inequality:
2 2
(I )17 s + 0]} )

+ /Ot ()" i) = 05w/ (r)) dr

L2(92)

t
< _ kE k 9i(v , /
<= [ ([l = o 0iw).w'()
t
(4.13) +/O (f(u(r)) = f(o(1)),w' (7)) 1, (0 dT-
In view of the strict monotonicity in Assumption [T], the left-hand side of [EI3)

is nonnegative. By using the continuity assumption in Assumption [CT] and the
elementary inequality

N =

L2(Q2)

[lal* = 161" < Cla = bl (lal* ™ + ),
for some constant C' > 0, all £k > 1, and all a,b € R, we have

~{ [l = ] 105w (7))

L2(Q)
(4.14) <C (" fu—of [l + )
L2(€2)
For space dimensions n > 3, we recall the assumption 1% +3 < %, and choose
2 3 2n 2n 5 2n
o= — = = = .
m T2 T T k-1 " 2+ k) —n(m+k)

In this case, it is easy to see that «, 3,, § are Holder’s conjugate exponents, and in
particular 1 < § < 2. Both terms on the left-hand side of (I4)) are estimated in the
same way. By using the generalized Holder inequality and the Sobolev imbedding
theorem, we have

(4.15)
[ ()" u(r) = ()] | [u(r)[* + o@)F 7w (7)]
{ |

k— k—
< (D) 0D,y (1 @) + I0OIE, iy 1 () 20

< C o)y () g [l + o) 0] 10 () e
< CT™ () g 10 (7))

2
< C [0/ () + (D)} g

for all 7 € [0, T7.

L2(Q)
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For space dimensions n = 1,2 we only impose the assumption 0 < m < 1. Here,
we choose 3 > 1 large enough so that the following;:

2 283
= — = 6 = ——
a=—,f=7 G-m)p_1
are Holder’s conjugate exponents, with 1 < § < 2. Thus, for n = 1,2, (£17) is still

valid.
. . pr_ n s oh i lies 2@=Dp"
Similarly, by noting that 1 < p < 5 =3 which implies === = n(p—1) <

p*, we then have
(f(u(r) = F0() W () 1
= (R () = o) o), ()
< ()=o) [Ju(@P " + @] o)),
< C (™)l g, oy 1 () oy [0
< Clo(Dly g [0 (Dl @) [+ PR

(416) < C [l (40 + 10D} ]

p—1 p—1
L(p—1)(R) + [Jo(7)] Lyp—1)(R)

We remark here that the estimates in (£I6) are also valid for the space dimensions
n = 1,2, by a similar argument. Therefore, it follows from [I3)-(EI6) that

t
2 2 2 2
(17) Ol + @) g < C / [l ()70 + 0P} ]
for ¢t € [0, T]. Hence, by Gronwall’s inequality
2 2
[ ()L, () + lw(B)]},q =0, for t € [0,T].

Finally, we note that the same estimate as the one above shows that solutions are
continuously dependent with respect to the initial data in the H' x L, norms . This
completes the proof of the uniqueness statement in Corollary [T O

5. PROOF OF THEOREM [

As for the existence part of Theorem [[L9] the arguments are routine. This is due
to the fact that the damping is linear in u;, and there are no technical difficulties
in passing to the limit in the nonlinear damping term. The main challenge is proof
of uniqueness. Therefore, it suffices to prove uniqueness of solutions within the
context of the assumptions imposed in Theorem[.9l For this, the argument is very
different than before, and it is based on a certain change of variables which reduces
the problem to a parabolic-like system. In fact, while we are able to establish the
uniqueness of solutions in this case, as stated in Lemma [B.I] the same cannot be
said about the continuous dependence with respect to the initial conditions in the
finite energy norm.

Lemma 5.1. In addition to the assumptions stated in Theorem 9, assume that
p > 1. Then, the weak solution of L3) (with m = 1) is unique.
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Proof. Since m = 1 we consider
(5.1) Ut + |U|kut —Au= |u|p71u.

Let u be a finite energy weak solution to (BI). Let g(s) be the antiderivative of
|s|¥, so that ¢'(s) = |s|".

Let 2z = uy + g(u). Since u € Cy, ([0, T), HA(Q)) N CL([0,T], L2(22)) and |g(s)] <
|s|¥+1 where k + 1 < 1p*, we then have

We also note that
Ut —+ |u|kut = Zt.
Thus, u € Cy([0,T]; Hy(Q)) and z € Cy([0,T7], L2(£2)) are solutions of the follow-
ing system of equations:
Ut + g(’U,) = Zz
(5.2) 2z —Au = |ulP"'u, u=0on Q.

Since ¢ is monotone, by a standard argument in abstract ordinary differential equa-
tions we can solve the first equation (E2) for u to obtain

(5.3) u = R(z,up).

Moreover, we have the following standard estimate:

t T
(54)  Ju®)Bo+ / / ()| 2dads < cr <|Uo|(2m+ / |z|%,gdt>,
0 Q 0

for all t € [0,T7].
Now Let v and v be two solutions of (5.1I) with the same initial data. Let L > 0
be such that [u(t)|, o and |v(t)], o < Lforallt € [0,T]. We shall show that u = v.
At this end, we let U(t) = u(t) — v(t), Z(t) = z1(t) — 22(t), where z1(t) =
ue(t) + g(u(t)), 2z2(t) = ve(t) + g(v(t)). Hence,

(5.5) U+ g(u) —g(v) = 2
and
(5.6) Zy — AU = |ulP~tu — |v|P~ .

By exploiting the monotonicity of g, it then follows from (&.H]) that

¢
6.7 VOB <IVORa+2 [ [ Us)2(s)duds,
o Ja
By recalling the equation for z in (5.2)), we infer that
Az u= A7 (JulP ),

where A™! denotes the inverse of the operator —/\ with the zero boundary condi-
tions. In particular, (5.6l yields

(5.8) AT Z+ U = A7 JuP = [oP ]
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By taking the L2-inner product with Z and integrating in time, we obtain
(5.9)

Z@)P 10+ /0 (R(z1,u0) — R(za,0), Z)o

t
S / |Z(S)|_17Q ‘lR(Zl,U,Q)lpil R(Zl,’u,o) — |R(ZQ,’U,Q)|;D71 R(ZQ,’U,Q) X th.
0

)

By recalling (57), we have

2/0 (R(21,u0) = R(z2,u0), Z)a > [U(t)[5 0 = IUO)[F o = [U®)IF o-

However, by using duality

1o = sup (u, P)
$eHL(Q) |#]1,0

along with the elementary inequality
[laP" ™ a = o0 < Cla— bl [laP ™ + ]

we obtain
(5.10)

1221 0 +IU®G o

t
< [ 126 10| 1RGP R = RGP R | ds

<c/ 1Z(5)] - 1.0lU ()00 | [R(z1, u0)

+ ||R(22,’U:0)||L2(p Dp* ] ds.

i
""T

Since p < %, then % < p*, and therefore ||R(zz,u0)||L2( " < C(L), for
= =2

i =1,2. Hence, it follows from (GI0) that

t
(5.11) 1Zt)21.0 + U5 < C/O (1ZOE 10+ U@ o] ds
which completes the proof. O

6. PROOF OF THEOREM [[LI3} BLOW-UP OF SOLUTIONS

Throughout this section, we assume that p > k£ + m and u is a weak solution
of (LI) in the sense of Definition In particular, u verifies the following energy
identity:

B@) 1= 5 (WO + 42000

1 +1
)~ 51 O

(6.1) +/0 /Q|u(¢)|k8j(u’(¢))u’(7)dxd¢:E(O).

Indeed, the above energy equality follows from known arguments, due to the fact
that uy — Au € Lo(Qr) (see [12]).

As we mentioned earlier in the Introduction, the first global nonexistence result
for the degenerate case k > 0 was pointed out in a Remark below Theorem 4 in [16]
where the authors of [16] explicitly identified the region m + k < p as the region for
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global nonexistence. Also, the proof of Theorem [[.T3] below draws substantially on
the ideas introduced in [6], including the choice of the special Liapunov’s function.
We now proceed to prove Theorem[T.13]

Proof. As in [6], Let

(6:2) F(t) = [[u(®)] 70 -
03) 810 =5 (WOl + 47200, )+ o5 O o

Note that the assumption that E(0) < 0 is equivalent to H(0) > 0.
First, (61]) and the strict monotonicity in Assumption [Tl yields that

= [ 1o o5t @)t = ¢ [ Jute)* o)™ de 20,
Q Q
Therefore,

(6.4) 0< H(0) < H(t) < p+1|| w5 g -

for0<t<T.

Let a = min{%, 2(’;)+1)} In particular, 0 < a < 5. Let K and L be the

constant given by

k4+m+1
65) K=2—2 _|0mmeiD  and L:M H(0)* 5oy
cm/(m+1) (p—1)m

where ¢, ¢y are the constants that appear in Assumption [[LIl Let 0 < € < 1 be
small enough so that

(6.6) l—a—eK"w L>0.

Later, we may need to adjust € again.

In the remainder of the proof, most generic constants will be denoted by C,
Cy, -... They may depend on various parameters, but they are totally independent
from € and the initial data, and they may change from line to line.

First, we note that (6.6) implies

(6.7) H(0) > CéY,
m(p+1)
p—(k+m)—am(p+1)

As in [6], we let
(6.8) y(t) = H(t)' ™™ + eF'(t).
It follows from Definition [[Blthat u” € C\, ([0, T), H~(Q)) and consequently, F"(t)
exists for ¢ € [0,T") with

F'(t) = 2 (HU'(t)Hi%m - |42t 2

L2(9)
(6.9) ~ /Q ()] u(t)0 (o (£)) da

where 0 = > 0.

+ Ol )
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Therefore, (6.8)-(G.3) yield
Y () = (1—a)H() H'(t) + de |/ ()] 720y + 4eH (2)

w5 ) = 2¢ [ )] a5 (1)) d

Since p > k + m, then by invoking the continuity of 95 in Assumption [Tl and by
using Holder’s inequality one has

[ o utoie oy < eo [
Q Q

m 1
m+1 m—+1
o < [ twtol e dx) ( [ e dx)
Q Q

(6.10)

wET |/ (6)|™ da

<
1 _m ktm+1
(611) < SEKH O Ju®)] ),

where K is as given in (63). However, Young’s inequality and (GI1]) yield

/ ()] u(t)g (! (1)) de
Q

where 0 > 0 is to be chosen later. Therefore, it follows from (610) and (G12) that

y() = (1= ) H(®)™ = K| H'(1) + e [0/ (1)]72(0)

(6.12)

1 1 m m
<Lk [EH’(t) o ||u(t>||’zt+1{é>} 7

p_l 1 m k 1
(6.13) FACH() + 262 a0 oy — Ko™ )

k ™
By choosing 6 = [ p+1)K lu(®)|F 5 ?;)} then

+1 k+m+1
u(t )||Z[),p+1(Q — Ked™ [|u(t )”Lpﬂ(ﬂ
Therefore, we have

y'(t) > [(1 —a)H ()™ — Kﬁ H' (1) + de | (1) | 720

a5 ) -

p—1
6.14 + 4eH(t) +e€
(6.14) 0 p+1
. +1
Since H(t) < =41 [lu(t)[75), g then

(1—a)H(t)™® Kg — H () [1 e K%H(t)a}

_ (p + 1) k+m_pfnam(p+l)
(6.15) > H(t)™" ll —a—eK'w W Hu(t)”L;#l(Q)/
Furthermore, since |[u(t)|[,p+1(q) = [(p+1)H(0 )]P > 0 and o was chosen so that

k+m—p+am(p+1) <0, it then follows from (GIH) that
1-—a)H(t)~> - Kg

L (p4 1) =G m
> H(t)™" [1—@—6K1+FP7HOO‘ ]

. T
(p— 1)

(6.16) —Ht) {1 —a—eK L] >0,
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by our choice of € in ([G6). Therefore, (6.14) and (6I0) yield

1

(6.17) Y (1) = C [H(E) + 0/ ()| 720y + NI )]
fort € [0,T) and where C' > 0 is a constant that does not depend on €. In particular
(617) shows that y(¢) is increasing on [0,T"), with
(6.18) y(t) = Ht)' ™ + eF'(t) > H(0)' = + eF'(0).

If F'(0) > 0, then no further condition on € is needed. However, if F'(0) < 0,

11—«

then we further adjust € so that 0 < e < —%
fort € [0,T).

Finally, we show that y(t) satisfies the differential inequality

(6.19) y'(t) > TTCuyH) T, 0<t<T,

. In any case, one has y(t) > 0,

where Cy is some positive constant and o = 6 (1 — m) > 0.
If F'(t) <0 for some ¢ € [0,T), then for such values of ¢t we have

(6.20) YT = [H(H)'™ +eF/(1)] 75 < H(t).

Thus, (620) and ([617) show that (619) is valid for all ¢ € [0, T') for which F’(¢) < 0.
If t € [0,T) is such that F'(t) > 0, then (EI9) will be valid, if for such values of
t € [0,T) the following inequality holds:

(6:21)  H(t)+ Ju@)llf it q) + ||u,(t)||2L2(Q) > CHH)' ™ + el ()]

So, assume that F'(t) > 0, and let 8 = . Since 1 < B < 2and 0 < e <1, then
by convexity
(6.22) [H(t)'~ +cF'(1)]” < 2071 [H(t) + F'(1)?] .

However, since p > 1, we have

PO = (2 uowoi) <0 (MOl I8 Olse)

(6.23) C () L1 [EG] e

IA

Since % = 2(1 — a) > 1, then by using Young’s inequality, we obtain

2
(6.24) F(07 < (WOl + WO )
Now, by recalling ||u(t )||’£ﬁ1(9 (p+1)H(0) > 0 and by noting that o < 2(p+1)
is equivalent to % = 1722(1 < p + 1, there exists a constant C; > 0 that is
independent of € and the initial data, such that

2 @ _ 1
(6.25) [[u(t )||§pf1(m < CLH(0) =200~ u(t) 7141 g -
Since m —1 <0, it then follows from (G.7)) that

—0o +1

(6.26) ()15 sy < Ce [ul®)IBEh o
where

(- ) e ()20
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Thus, it follows from (626) and (6.24) that
o _ 2 +1
621 PO < 0 (WO + O ).

By combining ([6.22) and ([6.27), then (6.21)) follows. Consequently (619) holds,
and therefore, y(t) = H(t)'~* + eF’(t) blows up in finite time T', where

(6.28) T < Ce77y(0) ™.
0

Remark 6.1. If F'(0) > 0, then (6.2]) yields the following upper bound for the life
span of the solution:

(6.29) T < Ce =0 [H(0)' ™ + eF'(0)] ™7 < Ce " H(0)™.
However, if F/(0) < 0, then (6.29) is still valid, since we have chosen € in the proof

sothat0<6§—%

of [67), e ~ H(0)?, and therefore we have

. Now, if the initial data is sufficiently small, then in view

_ p=(ktm)

(6.30) T < CH(0)~°~#~% = CH(0) "ttt ~(1=a=zadim),

7. PROOF OF THEOREM

This section is devoted to addressing the issue of propagation of regularity. More
specifically, if we assume that the initial data enjoy more regularity, then we can
prove that the corresponding solution is more regular as well. In this case, the
concept of a solution is classical in the sense that each term in the differential
equation has point-wise meaning almost everywhere. The key to this result is the
existence of a fixed point for the mapping F' given by

F(w,w) = (u, ut),
where
ugy — Au + |w|* 05 (uy) = |wP " u, uw=0on 9N, u(0) = ug, us(0) = u;.
The mapping F' is considered on a convex, closed subset of
Xy = C(0,T): HY(©) N ([0, T Ly(2)
defined by
Kx, (R, Ry) = {w € X7 : w(0) = up € H(Q) N H*(R), and
[wleo,r1 @) + [wiloqo,ma @) < R [wleqomw2aa) < R},

n

with the positive constants R < R; and q = 3 is fixed throughout.

Lemma 7.1. Assume n < 5 and that k > 1, 2 < p < %—i—l, m+1< %,
k4+m < % +1. Then, for any initial data ug € Hg(Q) N H?(Q), u; € HL(Q) with
[uol2,0 + Ju1l1,0 < Ro,

there exist positive constants R(Rp), Ri(R) and a time Ty = To(R1) > 0 such that
F' has a unique fived point in Kx, (R, R1).
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Remark 7.2. The strict inequality m + 1 < % in the assumptions in Lemma [Tl

is only needed for n > 3, and it can be replaced by m + 1 < % in low space

dimensions n < 3. Indeed, for n < 3, one can work with WQ’Q(Q) instead of
W23 (Q), where ¢ = 5 + o0 and o > 0 is sufficiently small. In this case, the
imbedding W22 (Q) — L,.(Q), 1 <7 < 0o, used in the proof of Lemma [T.1] below
will be replaced by W29(Q) < L ().

Proof. We shall first show that F maps Kx, (R, R;) into itself provided R(Rp),
Ri(R) are sufficiently large and T < Ty where Ty = Tp(Ry) is sufficiently small.
Indeed, we shall prove that F'(Kx, (R, R1) € Kx, (R, R1) for a sufficiently large
R, Ry and sufficiently small Ty. Our the argument here is similar to the argument
used in [13]. In the proof below, the following Sobolev imbeddings will be used
frequently, and sometimes without mention:

(7.1) HY(Q) < L,-(Q) and W?9(Q) — L,.(Q), for 1 <r < oo.

Step 1. By the same arguments that we used in proving Lemma B, after
accounting for additional regularity of w € Kx,. (R, R1) we establish the existence
of finite energy solutions wu(t), u:(t) which satisfy the following energy inequality:

) o + [u(®)5 .0 < [0 o + |u(0)[F o

2(p—1
+C/ Jueld o + 7 @ llw Hpr (3 @) ] dt
2(p—1
(7.2) < [u(0)[F ¢ + [ue(0)[3 o + C/O |:|Ut|(2)7Q + |U|%,Q|w|v[(/];,q()ﬂ):| dt.

Step 2. In order to gain control of the spatial derivative of u; we consider the
equation satisfied by z = u;. This leads us to study the equation

d _ d .
(13)  zu— As o+ [l (w)ze = —(Z w0 () + (ol a),

where (7.3) is understood in the sense of distributions. Since (T.3) is a linear
equation in z, then all the calculations below can be justified via classical linear
arguments (density-based arguments). It should be noted here that if j is not
C?, then it needs to be approximated by a smooth function. However, this will
not affect the final estimates. Indeed, the bounds obtained do not depend on the
approximation, and thus, the passage to the limit will recover the original form.

By applying standard energy estimates for equation (Z.3) and exploiting the
positivity of j”, we obtain

26 + |26()[5.0 < [2(0)] o + [2(0)[f 0
(7.4)
+C’/h d8+/ |2¢()[5 o ds,

where
)=k [ 2Pl Prdo [ o= 1P fuf® ol + w002 de
Q Q

We first note that
(7.5) 2(0) = w1 € Hy(Q), 2(0) = Aug — [w(0)[*0j(ur) + [w(0)["~ u(0).
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Since w(0) = up € H?(Q) N HE (), we then have

m k
H|w )F0j(ur ||L @ = C’(H|u0|k|u1| ||L2(Q)+|||u0|||L2k(Q))
k m
< Cluols+ luolls .. o Iall? (o)
PF—2m
(7.6) < Cluolz (1 + 7o) < CRG(1+ Rg"),

where in (T6) we have used Holder’s inequality, (Z1]), m < % (since m+1 < %)
and the assumptions on the initial data ug and w;. Similarly, we have

(7.7) [1w ()P~ uo| ) = lluollZ,, @) < Cluol} o < CR.

Since up € H2(Q) N H(Q), it then follows from (Z5)—(Z.7) that there exists a
positive constant C'(Rg) (where C(Ry) depends on Ry and the parameters k, m, p)
such that

(7.8) [2(0)]F o + [2(0)]5 o < C(Ro).

In order to estimate the integrals on the right side of ([C4) represented by the
function h(s) we apply Holder’s inequality along with the restrictions imposed on
the parameters m, k, p. We begin with the term containing the nonlinear damping.
We first note the assumption m + 1 < -, and so by using Holder’s inequality with

the conjugate exponents {W

) B 2m}, we have

_ m 2(k—1
@9 [ P kPl < ol Ll 1 -

PF—2(m+1)

By the virtue of the Sobolev embeddings in (7.1), we infer

(7.10) /Q wPF D w[?|2)* 7 de < Clwlis F o)l ol 2176
Let 0 < € < 1/2; then for n < 5 we have ]2)(1:;2’;6 < p*. Therefore, we similarly
obtain
/ |’U)|2(p_2)|wt|2|u|2 dr = / |w|2(p—2)|wt|2 |u|26 |u|272e d
Q Q
2 2-2 2
< lwellz, . o) llw ||L2(p 2 (@) ) ||L(2f2;>p; @ Iz, . )
p¥— €
2(p—2
< Clulihio ol alulf 6 [uffe )
2(p—2
(7.11) < Clulibiplulia (Ju o+ e )

We note here that in we have an added difficulty due the presence of the term
|u|%V2,q(Q), which we now estimate. To do this, we will be analyzing the regularity
of the elliptic problem:

(7.12) Au = ug + w05 (uy) — |wP"ru in Q, u=0onT.
In what follows we note that & = ¢ <2 < p* for n < 4. By recalling the assumption
that p — 1 < % = ﬁ, we can choose s € (0,1) such that (s +p —1) < p*,
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and set p = %. Then, by applying in succession Holder’s and Young’s
inequalities, we have
1
q
[P~ |, @ = </ |U|Sq|u|(1s)q|w|(p1)qd$>
q
1
< Cllullg oy lully, . oy 1wl o)
< C|“|W2,q(g)|u|1,ﬂ|w|1,ﬂ
el
(7.13) < elulwra) + Cesluliolwl; &

where 0 < € < 1, which will be selected shortly. Similarly, by using the assumption
k+m—-1< 2% we estimate the L, norm of the damping term as follows:

|||w| 07 (uy HL () < C’(/ |w|q“_’“)|w|(k—1+’")q|ut|qua:>
k—1+r m
< C ”w”L@(Q) ||w||Lp*(Q) ”ut”Lp*(Q)
(7.14) < Clwlyseglwlia ™ ul e,

where 6§ = % and 0 < r < 1 is small enough so that (k—1+7r+m)q <

p*. By using the elliptic regularity for the W?29%-spaces applied to (Z12) along with
the estimates in (ZI3), (ZI4)), and noting that & = ¢ < 2, we have

lu@®lwza) < Clllusellp,0) + GIUIw2a @)
(7.15) + Ceslulalwl gy o+ wlly eyl T ).
By selecting suitably small €, one has
(7.16)  [u(t)[w2.a()
< C (w0 + luholwl + ol ol o o)
or

(7.17)  |u(t) |%/V2 ()

< 0l o + ool + ol o

2(k 1+47) s %n&)

By combining (ZI7) and (ZI1), and recalling that w € Kx, (R, R1), we have

_ 2 2 2
/Q 20D o 2 de < c|w|W€q(§)|wt|%,Q<|u|%,Q+||utt||L2<m
2(1— 2(k—1+
+ Julglulyg |w|vé2,;;g| e ul3)

2(p—1
118) < CRY™ (lua o+ el oy + 117l + B ).
We also similarly have

2(p—1) 2 2 2p—2
J PR < Ol oy I, o
p*—

1
(7.19) < Clulyhiy 2 o
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By noting that w € Kx, (R, R1), it then follows from ([I0), (ZI1) and (ZI9) that
(7.20)

_ 2(p—1) m
Mﬂ<0ﬁ@”(wﬁﬁ@+MMﬂﬁﬂn+&s mwm@+R%mwﬂ@0

2(p—1 2(p—1
+ [RFmR + R V() o + BV ()R

where C' > 0 is independent of R;. Therefore, it follows from (74), (TH) and (Z20)
that

t
vmﬁg+mmﬁgécmw+0/fﬁ“”mw%@m
0

t
(7.21) o [ Rt B

2(p—1)(1+s) p—1
+ R, |u) g+ RV ()2 g | dr,

where C(Rp) is a positive constant depending on Ry. At this end, we let
o(t) =1+ [u(t)[i o + |2()[1 o + |2(t)[5 o

Then, it follows from (T2), (Z4) and (Z2I)) that

t 2(p—1) 2(p=1)(1+s)
o) < C(Ro) + € [ (B + R 0()
(7.22) +REE(1+ RIP V) o(r)™dr.
If m <1, then Gronwall’s inequality yields
(7.23) B(t) < C(Rp)eCmt, for 0 <t < T < Ty,

where Cg, is a positive constant that depends on R;.

Now, we can select R = R(Rp) > 0 large enough (we can choose R? = 2C(Ry)
say) and then choose Ty(R;) small enough so that C(Rg)e“m T < R2. We note
here that we imposed no conditions on Ry thus far. Therefore, we have in this case

(7.24) ) o + 207 o + [2()]5 o < B2, for 0 <t < T,
For the case m > 1 we note that (.22) implies

(7.25) ¢(t) < C(Ro) + Cr, /Ot o(r)"dr,

for some Cgr, > 0. By using a standard comparison theorem, we infer that

=1
m—1

(7.26) o(t) < [C(Ro)~ ™=V — (m — 1)0314 ,
where the above bound holds for all ¢ < T such that
C(Ro)i(mil) > (m — ]-)CRlTO'

We can choose R = R(Rg) > 0 large enough (say R? = 2C(Ry), for example) and
then choose Ty(R;) small enough so that

(C(Ro)™"™V — (m — 1)Cr, Ty 77 < R
Hence, in this case one has

(7.27) u®)[ia+12(t)Fa+ 205 q < R?, for 0 <t < Ty(Ry),
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or equivalently
(7.28) ()i o + [ue()]F o + lua()]f o < B2, for 0 <t < To(Ri).

Step 3 - W24(Q)) membership. In order to complete the proof of invariance of
the set Kx,, (R, R1) under the map F we use the W?7(Q) regularity of the solution
u which we have established in (ZI€). By recalling the definition of Kx, (R, R1),
and since |ug(t)]o,o < R for 0 < ¢ < Ty, then it follows from (ZIG) that

(7.29) lu(t)w2a0) < C (R—l— R 4 R%‘”"Rk*HT*m) )

By recalling that 0 < r < 1 (and so that 1 —r < 1) and by using Young’s inequality
one has the estimate

k—1l—r4+m p—1

(7.30) lu(t)lw2a@) <SR1+CsR + +CR™ S +CR.

Now, by selecting 6 < 1, and R;(R) sufficiently large with respect to R, we then
have the final estimate

(7.31) [u(t)|w2a) < Ri, t < To(Ry).
This completes the proof of

F(Kx,, (R, R1)) C Kx,, (R, R1)
as long as the parameters p, m, k satisfy

* 2p* 4 2p* 4
m+1<p—,p—1< P =—— k+m-1< L .
2 n n—2 n n—2

Step 4 - the contraction property. Here we need to show that for any elements
w,v € Bx,, (R) we have that
(7.32)

|F(w,wy)(t) — F(v,ve) ()| 51 (@) x La(0) < Y[(w, we) — (v, 06) | c(f0,10]: H () x L2 (€2))

where v < 1 for t < Ty.

Remark 7.3. We note that the above inequality does not imply continuous depen-
dence of solutions with respect to the initial data in the higher topology. Indeed,
the contraction property holds for weaker norm, namely the finite energy norm.

The argument for this step is even simpler than before since we already know
that F'(w,w;), F(v,v) € (Kxq, (R, R1)). We let:

(ur,u1e) = Fw,wy), (ug, ua) = F(v,vp), U= ug — uo.
Then, with this notation, we have
U — AU + [w]* (9 (usr) — 9 (uz0)) = (fwl* — o]*) (uae) + [P~ ur — [0~ v

By applying standard energy estimates and exploiting the monotonicity of 9j(s)
we obtain the estimate

t
U@L o+ Ut < C / / Ul = o] ([wfF=" + [0 gy drds

t
(7.33) +C//[|Ut||w—v| (Jwl|P~2 + [v]P~2) Jua| + |U||U]|v[P!] dads.
0o JQ
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Thanks to Holder’s and Sobolev’s inequalities with the restriction m + 1 < %,
we obtain

|U(t)|%,9 + |Ut(t)|c2),9
t
<C [ Wil = vl [Tl
p—2 p—2
(7.34) + ol o) + el Jo) + vl Jq))| ds
+C/ UidoalUlalof} oy

< 20(RyHT R’f_l)/ [Utlo,olw = vl1,0 + |Utlo|Ul,a] ds.
0

By Young’s inequality, we have

t
UBF o+ U150 < Cr, /0 [[w=vf o +[UR o+ U5 o] ds

t
(135 <OnTih—olgnmay +On | [URa-+Uia] ds
for ¢ € [0,T1]. Hence, Gronwall’s inequality yields

(7.36) U®R o + U)o < CrT1 exp(CRT1)w = v[E 0 1,317 (0):

for t € [0,T1]. By choosing 0 < T} < Ty sufficiently small, then (Z38) yields the
desired conclusion in [Z32). The continuity in time of the map F with respect to
the X7, topology for elements in Kx,. (R, Ry) is straightforward. The proof of the
lemma is completed. O

Proper proof of Theorem

Proof. By the virtue of LemmalZIland the contraction mapping principle we obtain
a unique (local) solution u to the equation

upr — Au+ [u*9j(uy) = |[uPtu,
with the smooth initial data ug € H2(),u; € H'(Q), where u satisfies
u € C([0, Ty, Hy () N Lo (), us € C([0,To), Hy (Q)), use € C([0, To], La()).

In order to complete the proof of Theorem it suffices to establish the H?-
regularity of u(¢). This follows by reading off the regularity of Au from the equation

Au = ugy — |ul*0j(us) + [uP"ru € C([0, To); L2()), u = 0 on 99,
where the regularity of the right-hand side follows from ([Z.28), the growth condition
imposed on 95 in Assumption [T and the Sobolev embedding theorem. Indeed,
since [ulF € Loo(Q), |us|™ € Ly () and m < +p*, we have
[ul*0j(ur) € C([0,To), L2(92)).-
Therefore, the classical elliptic theory implies
u € C([0, To]; H*())

as desired which completes the proof of the first statement in Theorem [L.T0.
For the second statement we shall use the fact that the parameters m,k,p
are further restricted. In fact, in this case, we can prove global a priori bounds for
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the higher derivatives. This allows to propagate regularity of solutions indefinitely.
The argument is as follows.

Since we already know that finite energy solutions are global (recall p < k +m),
ie.,

(7.37) (D 0 + [ue (Dl 0 < Clluols.a, urlo.0) = Co.

Therefore, it suffices to obtain the a priori bounds for |u|1,0 and |u(t)|2,q. In order
to do so, we consider the equation satisfied by z = u;. Namely, we consider the
equation

d d .
(7.38) 20 — Az + |u)*5" (ug) 2 = E|u|p_1u + (E|u|k)8](ut).

By exploiting the convexity of j, the following standard estimate is valid as long as
the solution exists:

21T o + 125 0 < [20)]F o + 12(0)[§

t
(7.39) +C/ / [ulP~ gl 2e] + [0~ g™ | 2] dzdt.
0 Ja

By using Hélder’s inequality we obtain
(7.40) /Q [P~ g |2l < Julff L. 1711, @) 2tlo.0,
where o = %

Since p < &- then a < p*. Thus, by the virtue of the Sobolev embedding theorem
we have
(7.41) / P | 2ol de < ul} g |2]1,0] 2400,

which gives the estimate for the first term on the right side of inequality (d). As
for the second term on the right side of (@), we argue as follows:

1/2
@2 [l e < ([ P aPRas) Lo
Q Q

and
2k—2 p*—2k+2
(2k 2) p* (2m+2) p*
/ uP* 2P de < (/ | S5 > </ 2t dm)
Q Q Q
2k—2 2m+2
(7.43) < ultlg " lluellz) o) »
where 3 = % Since k — 1 < % and m+k < % (implied by 1% + 3 < %),
we have that § < p*. By using the interpolation inequality for L, spaces with the
interpolating parameters g = #ﬂv 1—qg= mL_H, we obtain
1—
|ut|LB(Q) < |ut|07Qq|ut|%T(Q))
_ __2Bq - o
where r = P Temm Computing explicitly

*

2p
p* — 2k — 2 — mp*’

T =

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



WAVE EQUATIONS WITH NONLINEAR DEGENERATE DAMPING 2609

Due to the restriction 1% + % < % we have that 2 < r < p*. Thus

2m+2 2
e 2752 < Cludd a2 o)

provided pﬁ* +3 < % Hence,
(7.44) / [l Hue " ze]da < Clzl1al2tlo.olulglo-
Q

By combining (@), (A1) and (T44)), we obtain
EOR o+ l2®Ba < 120 a+ 200

t
(7.45) + c/ [l o'+ Kludlgia)| 121.al2lo.0ds.
0

Since
2(0)f o + [2(0)[5.0 < Clluolz.0: [uilr0) = C1
and
Julo + Fludlga < Clluolie, [utlo.0),
then Gronwall’s inequality and (4H]) yield

(7.46) lue ()10 + |uw(t)]o,0 < Cr(Juol2,0, |uili,0),

for all t < T, where T is arbitrary.
The H? bound for u(t) can be read off from the elliptic equation

Au = uy + |U|k3](ut) - |u|p*1u,

where
[lul*0j((ue)loo + lullo.e < Clulia. [uel10)-
Standard elliptic theory and (Z46) yield

lu(t)|2,0 < Cr(|uo)l2,0;, [uil1,0)

for all t € [0,T], and T > 0 is arbitrary. The proof of the global existence in
Theorem [CI0 is complete. O
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