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ENERGY DECAY ESTIMATES FOR THE WAVE EQUATION WITH SUPERCRITICAL
NONLINEAR DAMPING

ALAIN HARAUX

Laboratoire Jacques-Louis Lions
Sorbonne University, Pierre and Marie Curie Campus
4 Pl. Jussieu, 75005 Paris, France

Louis TEBOU

Department of Mathematics and Statistics
Florida International University, Miami, FL 33199, USA

ABSTRACT. We consider a damped wave equation in a bounded domain. The damping is nonlinear
and is homogeneous with degree p—1 with p > 2. First, we show that the energy of the strong
solution in the supercritical case decays as a negative power of ¢; the rate of decay is the
same as in the subcritical or critical cases, provided that the space dimension does not exceed
ten. Next, relying on a new differential inequality, we show that if the initial displacement
is further required to lie in LP, then the energy of the corresponding weak solution decays
logarithmically in the supercritical case. Those new results complement those in the literature
and open an important breach in the unknown land of super-critical damping mechanisms.
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1. INTRODUCTION

Let  be a nonempty bounded subset of R with boundary I' of class C2. Let ¢ >0 and
p > 2 be constants.

Consider the nonlinearly damped wave equation
yir — Ay + clye[P "y = 0 in (0,00) x Q
y=0 on (0,00) xT (1.1)
y(O) = yO’ yt(o) = yl in Q’

and let us introduce the energy

1
B() = 5 [ {nt.0)f + [Vt o)} do, Vi >0, (1.2

Then a formal calculation shows that the energy FE is a nonincreasing function of the time
variable ¢ and its derivative satisfies

E(t) = —c / (s 2) P dz, > 0. (13)
Q

It has been known for a long time that the energy of all weak solutions tends to 0 as ¢ — oo.
Actually, that property is valid (cf. e.g. [7]) for the more general wave equation

v — Ay +g(y:) =0 in (0,00) x
y=0 on (0,00) xT (1.4)
y(0) =¢° w(0)=¢' in Q,

under the sole hypothesis that g € C'(R) is non-decreasing with ¢(0) =0 and
0 ¢ Int(g~"(0)).

It is natural to ask about the rate of decay to 0 of E(¢). This question has also been studied
for quite a while. It was shown (cf.e.g. [I8, [7]) that for equation (I.I), if (N —2)p < 2N, then
we have ,

Et)<C(1+t) »2 (1.5)
where C' depends on the initial energy F(0). This rate of decay is natural since it is the exact
decay of all non trivial solutions of the ODE

u//+w2u_’_c‘u/’p72u/ —-0.
However, at the present time, it is not known whether the rate of decay obtained for
equation (L.I) is optimal for anmy non trivial solution, even very regular. And before the
present paper, nothing was known concerning the rate of the solutions of equation (I.1) when
(N —2)p>2N. In this paper, we show that under some additional regularity hypotheses on the
initial state (y°,y'), the energy of the solution has an explicit rate of decay. More precisely, if
(¥°,y") € (H*(Q) N H{(Q)) x (H§(Q) ﬂLQ(p_l)(Q)), we obtain a decay as a negative power of ¢

even for N > 2 and some p > ]\%—JXQ, (actually all p> ]\2,—]:72 when N lies in {3,4}). And under

the much less restrictive conditions y° € H}(Q)NLP(Q) and y' € L?(Q), we obtain a logarithmic
decay of the energy for all p > %

The methods of this paper are very flexible and can be applied to many dissipative second
order evolution equations. In order for the reader to catch easily the essentials of our arguments,
we have decided to state and prove the results only for the model equation (I.I), and we did not
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try to elaborate a general functional framework. Such a more exhaustive study will be done in
a forthcoming paper. However, in the last section of the present paper, we give a few examples
of other equations in order for the reader to understand the modifications which occur when
generalizing the technique to different situations.

2. SOME PRELIMINARY RESULTS

Before stating our main results in the next section, it is useful to recall the various notions
of solutions for equations (I.I) and (I.4).

Definition 2.1. A function y = y(t,z) defined on [0,00) x Q is called a strong solution of (1.4) if
y € Lis([0,00); H*())) N W,;2([0, 00); Hy () N W22 ([0, 00); L*(92)) 2.1
and vy satisfies (1.4) in the obvious sense.

Proposition 2.1. Assume that either Q0 is convex, or Q has a C? boundary. Let (3°,y') €
(H*(Q) N H(Q)) x Hy(Q) with g(y') € L*(Q). Then (T4) has a unique strong solution y.
Furthermore, if we set

F(t) = /Q (Vu(t )2 + [Ay(t,2) P} de, Ve >0,

then
F(t) < F(0), Vt>D0.

Remark 2.1. The result of existence and uniqueness is well-known, cf. e.g. [2, 3, [11, [12]. For
the inequality which is also classical, it can be derived in a more general framework by replacing
in the equation the damping term g(y.) by Yosida’s regularization gx(y¢), then multiplying the
equation by —Ay; in the sense of duality between H~(Q) and H}(Q) and integrating in s € [0, 1.
The result then follows by letting \ — Q.

Definition 2.2. A function y € C([0,00); Hi(Q))NCL([0,00); L3(Y)) is said to be a weak solution

of (I.4) if y is the limit of a sequence vy, of strong solutions of (1.4) in the topology of
C([0, 00); Hy(©2)) N C([0, 00); L*(92)).

In the sequel, |u|, denotes the L7(€2)—norm of u when ¢ > 1. First, we recall a result which
is valid for any damping term:

Proposition 2.2. Let (y°,y') € HE(Q) x L*(Q). System (L4) has a unique weak solution 4.
Moreover, if z denotes another weak solution of (T4) corresponding to initial data (2°,2') in
H}(Q) x L*(Q), then one has the uniqueness-stability inequality:

E(y —zt) = ;/Qﬂyt(t,a:) — zi(t,2)|* + | Vy(t, ) — Vz(t,2)*Y do < E(y — 2;0), Vt>0. (22)

The following new property will turn out to be very useful for our second main result.

Proposition 2.3. If we further assume that y° lies in LP(SY), then the weak solution of (I1)
satisfies y € W, (0, 00; LP(Q)) with

— -1
Ve>0, |y(t), <27 (|y0|p + c—%t”TE(O)%) . 2.3)
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Proof. To estimate |y(t)|,, first, we note that y € C1([0,00; L*(2)) to derive

t
y(t,z) = y(0,x) +/ yi(s,x)ds, Vt>0, ae. x €l
0

Consequently, it follows from Young inequality

t p
ly(t,z)|P < 2P~1 (!yo(az)]p + </ |y (s, )| d5> ) , Vt>0, ae. z€. (2.4)
0

Applying Holder inequality once more, then integrating over (), and invoking Fubini’s inequality,
we get, as a consequence of (I.3) integrated on (0,t)

t E(0
pof <2 (g + 0 [ olgas) <27 (g + 02 22)wso. es)
0

O

Remark 2.2. An estimate similar to may be found in [20]. In fact, the authors of [20|
consider the system, (the actual system in [20] includes a source term that is dropped for the
sake of simplicity)
Y — Ay — div(|Vy[P~2Vy) =0 in Q x (0,00)
y=0 on T x (0,00) (2.6)
y(0) =1° € WyP(Q) %(0) =y' € L*(Q),
and, relying on an inequality like (2.3) and an approximation scheme, they obtain that the energy

1
H() =3 / (e, O + |Vy(, 02} de, Ve >0, 2.7
Q
satisfies, for every p > 2, the logarithmic decay rate
C
I =C0°y'p. Q) >0:Hlt) < ———, Vt>1. (2.8)

~ (1+logt)r—1t’

We now turn to the statement of our main results. Henceforth, we assume N > 3.

3. MAIN RESULTS

Theorem 3.1. (A decay property for strong solutions.) Assume that either ) is convex, or §2
has a C? boundary. Let p>2. Let (y°,y') € (H2(Q) N HY(Q)) x (HL(Q) N LAP~D(Q)). Assume
that p further satisfies the inequalities

p(N —4) < 2N < p(N - 2).

Then the energy of the corresponding strong solution of (1.1) satisfies the decay estimate:
1

E(t) < Ki(1+1t) "N, Vt>0, G.D

where i, N = (pEQ) max{l,%}, and K; = K1(Q, N, E(0),p, F(0)) is a positive constant.
Theorem 3.2. (A logarithmic decay rate under a weak additional assumption on 3°.) Let
p>2 Let y° € H}(Q)NLP(Q) and y' € L*(Q). Assuming (N — 2)p > 2N, the energy of the
corresponding weak solution of (L.I) given by Theorem [2.2] satisfies the decay estimate

B(t) < K(log(2 + 1)) ™ Vi >0, (3.2)
p—2 1

where i, = max{*3=, 5}, and K =K(Q,N,E(0),p, |y°],) is a positive constant.
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Remark 3.1. The logarithmic decay estimate of the energy in the super-critical case is new, and
will be established by relying on a new differential inequality. It is valid for all weak solutions
of System (L.1) under the very light additional assumption that the initial displacement lies in
LP(Q).

Remark 3.2. As Theorem [3.1| shows, strong solutions of (L.I) will still satisfy the decay rate in (1.3)
even if (N —2)p > 2N, provided that (N —4)p <2N and p, N = (p;2) max{l, 4](\;:‘;} = (;;52)‘
]3—]_\74, we have the energy decay estimates

In particular, when N >5 and p =

_ N4
Ko(1+1t)"N1, if N> 12,
N—-4

Vt>0, E(t)<
Ko(1+t)~" 7, if N<12.

The maximal decay rate of the energy for the maximal value p = % is obtained for N =12

and corresponds to
E(t) < Kt™2

More generally, the decay rate of the energy for N > 5 and p < % is given by (1.3) provided

Hp, N = (pgz) which is equivalent to p > %. And this is valid for all p > % if N e€{3,4}

and all p € [225, 2] whenever 5 < N < 10.

4. SOME TECHNICAL LEMMAS

Lemma 4.1. (New differential inequality). Let  : [0,00) — [0,00) be a C' strictly increasing
function with

©(0) =0 and tli)m o(t) = 0. 4.1)

Let E : [0,00[— [0,00[ be a nonincreasing locally absolutely continuous function such that there
exist constants >0 and A >0 with

E'(t) < —AJ®E®)P, a e t>0. (4.2)
Then we have for every t > 0:

E(0)e=®, if g =0,

E(0) (1+ ABE(©)Po(t)) 7, if 8> 0. 4.3)

E(t) < {

The proof of this lemma is elementary and is left as an easy exercise to the interested
reader. The weight function ¢ is borrowed from Martinez works, e.g. [15 [16l], discussing integral
inequalities; the Martinez integral inequalities generalize earlier results of Haraux [6] and Komornik
[13, Chaps. 8 and 9] established for o(t) =t. Several generalizations of those integral inequalities
exist in the literature e.g. [I, [5]. Note in particular that (4.2) implies the integral inequality

/ h O (VBT Pdt < (1/A)E(S), VS > 0.
S
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<s<oo 1<r<s,

Lemma 4.2. (Gagliardo-Nirenberg interpolation inequality) [19] Let 1 < q <
€ [0,1]. Let v e W™1(Q).

0<k<m<oo where k and m are nonnegative integers, and let
Further assume that those parameters satisfy

=N <sm-Yy Ny 4.4)

s q r
Then v € W**(Q), and there exists a positive constant C = C(k,m,s,q,r,€) such that
1) -
[ollwe.s @) < CHUHW"L#I(Q)’vi : 4.5)

Applying the lemma with k=0, m=¢g=r=2 and s=p we find

Corollary 4.1. Let p > 2 be such that (N —4)p <2N. Then H?*(Q) C LP(Y) and

Yo € H*(Q), |ul, < C||v||§{2(m|v\§*5 (4.6)
with
5o Np-2)
4p

5. PROOF OF THEOREM [3.1]

We are going to use the perturbed energy method. For this purpose, let € >0 and >0 be
constants to be determined later. Introduce the new energy

E.(t) = E(t) +cE* /Q yyedr, Yt >0.

Using the Cauchy-Schwarz inequality, one readily checks

<1 - gE(AO)“> E(t) < E.(t) < (1 + SE(AO)“> E(t), Vt>0, G.h

where A\? is the first eigenvalue of minus Laplacian with Dirichlet boundary conditions.

Thus, provided e is small enough, the two energies are equivalent. Our task now is to show that
FE. satisfies a classical differential inequality from which we will be able to derive the claimed
energy decay estimate. We recall that we are dealing with the super-critical case: (N —2)p > 2N.
From now on, we divide the proofs into two steps. In the first step, we are going to derive a
first estimate for E.(t), without completely estimating the term involving the nonlinear damping.
In the second step, we shall complete the estimation of the latter term and complete the proof
of Theorem
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Step 1. Differentiating F., then using the first equation in (I.I), we find
EL(t) = E'(t) +€E“/ ]yt\Qda:—aE“/ |Vy]2dx—c5E”/ |lye|P~2ypy dx
Q Q Q
—i—,uEE'E“_l/yyt dx
Q
:E’(t)—i—ZsE“/ |yt|2dx—6E“/{|yt|2+ \Vy|?} dx — ce E“/ lye|P2ypy dx (5.2)
Q Q Q
+,u5E/E“_1/yyt dx
Q
= E'(t) — 2¢E*T QEE“/ |y da — CEE"/ |y [P~y d
Q Q

—|—,u5E’E“_1/yytdx. a. e t>0.
Q

Now, it remains to estimate each of the integral terms. Henceforth, C' denotes a generic positive
constant that may depend on €2, p or N, but never on the initial data.
We start with the last integral. Thanks to the Cauchy-Schwarz and Poincaré inequalities, we derive

< CeE(0)*|E/ (1)) (5.3)

usE’E“_l/yytd:L‘
Q

The application of Holder’s inequality yields

QEE“/ |ys|? da < C’EE“|yt|12) < CsE“|E’(t)\%
Q

(w1 (p=2) | 20—(p=2)
—CeE T T B @) (5.4)
Usi . . . (p—2) . ]
sing Young’s inequality, and assuming g > g we derive from (5.4):
9 e(p—2) 1 w-(p=2)
2eE" | |y|*de < ——FEFT 4+ CeE(0)” 2 |E'(t)]. (5.5)
Q p

For the last integral, using Holder’s inequality, we find

c<€E“/Q lye|P2ypy dx
Combining (5.2)-(5.6), we derive
EL(t) < (1-Ce (B0 + E(O)w)) E(t) - g(p;z)Eﬂﬂ

+ BB ()7 y(®) 57)

p—1
< B gy (O ly(0)ly < B E') ()], (5.6)

In earlier works, the authors estimated the term |y(t)|, as:
lylp < CIVy(t)l2- (5.8)

Doing that immediately forced them to work in the subcritical or critical framework.

In this section, we use the fact that we are dealing with strong solutions. This enables us
to get into the supercritical range. To estimate the term [y(t)|,, we are going to rely on the
Gagliardo-Nirenberg interpolation inequality.
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Step 2. Estimating |y(t)|, and completing the proof of Theorem Thanks to Corollary
we find

2N—p(N—4) N(p—2) 2N —p(N—4) N(p—2)

WO < Cly®h " Ol <CEOT & FOTE T ae t>0 (9

Notice that we can use the Gagliardo-Nirenberg interpolation inequality or Sobolev embedding
because we are dealing with strong solutions, and so, we are able to exploit the fact that y(t)
lies in H?(f). Therefore, we now have

EL(t) < (1- Ce (B + E(0) 2‘”2”’”)) E(t) - 8(]);2)E“+1

2N—p(N—4) N(p—2)

+CeEME M| E®) S F(0) S (5.10)

Now, we proceed by cases.

Case 1: p(N —4) =2N. This makes sense only if N > 4. In this case we have automatically
2N < p(N —2), then (3.9) and Young’s inequality readily yield, under the condition p(p—1) > 1:

N(P ) (p
CeBH | E' (0|7 F(0) & = CeE's B % |E'(1)]"7 F(0)
£ +1 pp—1)—1 N(p— y
< B4 CeB(0) 5T F0) S0 | B (1), (5.11)
p

Plugging this in (5.10), choosing ¢ small enough and p = p, = max{(p—2)/2,1/(p—1)} , one
finds

ELt) < —E(p;rl)Eﬂ“(t). (5.12)

Case 2: p(N —4) < 2N < p(N — 2). Thanks to Young’s inequality we have, under the condition
8u(p—1) = (p —2)(N —4):
N—p(N—4) N(p—2)

CeEME' ()7 E(t) 5 F(0) %

pt1l  8u(p—1)—(p—2)(N—-4) , p—1 N(p—2)
=CeE?» E 8p |E(t)| » F(0) s» (5.13)
< 1 8u(p—1)—(p—2)(N—4) N(p—2) /
< —EFT™ 4+ CeE(0) 8(p—1) F(0) 8- 1> |E'(t)].
p
Gathering (5.13) and (5.10), choosing ¢ small enough and p = p, Ny = %maX{L%}, one
finds
1
EL(t) < —E(pg)E"“(t). (5.14)

Notice that in both cases, we obtain the same differential inequality. Now, thanks to (5.1J),
we have

e(p+1) e(p+ 1)artt
o B < - 2p (A + e E(0)r)P ! ELF(b).

The combination of (5.14)-(5.15) yields for some positive constant § = (€2, p, N, E(0), F(0)) :
EL(t) < —BE.(H)*, ae. t>0,

(5.15)
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which is a classical differential inequality.
It then follows from that differential inequality and (5.I)), the claimed decay estimate

1

E(t) < Ko(1+1t) "»N, Vt>0.
Notice that when p(N —4) = 2N, one has p, y = p. This completes the proof of Theorem (3.1 O

6. PROOF OF THEOREM [3.2]

Here, we are going to use the perturbed energy method as well. Although we are dealing
now with weak solutions, the formal computations are in fact fully justified since in [10] it is
shown that the energy is absolutely continuous as soon as the damping term is odd, and the
formal equality (I.3) is actually satisfied a.e. in t.

Let ¢ >0 and p > 0 be constants to be determined later. Let ¢ be the function in Lemma
and further assume that ¢ is of class C? with /() >0 for every ¢ greater than or equal
to zero, and ¢ is concave. Introduce the new energy

E.(t)=E(t) + ap'E“/ yyrdx, YVt >0.
Q

Using the Cauchy-Schwarz inequality, one readily checks

_ e (0)E0)" ep'(0)E(0)"
A A

where A\? is, as in the proof of Theorem [3.1, the first eigenvalue of minus Laplacian with
Dirichlet boundary conditions.

Thus, provided e is small enough, the two energies are equivalent. Our task now is to show
that F. satisfies a differential inequality similar to the one in Lemma with an appropriate
function ¢, and then apply the equivalence and Lemma to derive the claimed decay estimate.
From now on, we divide the proof into two steps as we did for the proof of Theorem In
the first step, we are going to derive a first estimate for E.(t), without completely estimating
the term involving the nonlinear damping. In the second step, we shall complete the estimation
of the latter term and complete the proof of Theorem

(1 VE(t) < Eo(t) < (1+ VE(t), V>0, 6.1)

Step 1. Differentiating E., then using the first equation in (I.I), we find
EL(t) :E'(t)+590'E“/(2]yt|2 d:v—sw'E“/Q\Vdex—cagp'E“/Q|yt|p_2ytydm
+5<p"E“/Qytyd:U+,LL5<,0'E'E“_1/nyt dx
= B0+ 208" [ [P do—ef B [l + 9P do o B [ b Puds 62
—l—ap”E“/Qytydx—I—,uap’E/E“_l/nyt dx
= E'(t) —254,0'E“+1—|—26§0’E“/9|ytQdfn—cap’E“/Q|yt|p_2ytyda:

—f—ecp”E“/ytyd:v—i—,uap'E/E“_l/yyt dr. a. e. t>0.
Q Q
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Now, it remains to estimate each of the integral terms. Henceforth, C' denotes a generic positive
constant that may depend on €2, p or N, but never on the initial data.
We start with the last integral. Thanks to the Cauchy-Schwarz and Poincaré inequalities, we derive

< CeE(0)*|E'(t)). (6.3)

peg B/ EP / gy da
9]

< (/N[B! = —(e/A) (¢ B*) + (e(u+ 1) /N E'E*

e B* / yry dzx
Q

IN

—(e/N) (PEYY, as |9 ()] = —¢(1), (6.4)

where in the equality, we use the concavity of ¢, and in the last inequality, we use the fact
that the energy is nonincreasing.
The application of Holder’s inequality yields

2
28¢'E“/Q |y da < ngp’E“|yt\§ < Cep EM|E'(t)|»

(u+1)(p=2) | 2u—(p=2) 2
—CegE v T B )7 6.5)
) . ) . (p—2) ) )
Using Young inequality, and assuming p > 5 we derive from (5.4):
/ 2 5(p_2) ! 1 2p—(p=2)
200'EF | |yl de < ———'EFT + CeE(0)” 2 |E'(t)]. (6.6)
Q p
For the last integral, using Holder’s inequality, we find
p—1
cep' B¥ /Q el yey der| < e BF (@) 5 y ()l < ce BXE' ()] [y (1)l (6.7)

Combining (6.2)-(6.7), we derive

(B + e B ) 0 < (1- Ce (B + B0 7)) B/ - 252y

p—1
+ ce' EF|E'(t)] 7 [y(t)]p. (6.8)

Estimating the term |y(t)|, now requires a different tool as we can no longer invoke the
Gagliardo-Nirenberg interpolation inequality or Sobolev embedding; neither is available as we are
dealing with the supercritical setting and weak solutions.

Step 2. It is here that we use Proposition [2.3] The combination of and (2.3) yields

p—1 p—

ce@ BME' ()T [y(t)], < Co)ely®lod BME ()T + Cp)e(1+1)'7 BO)r ' EME' ()7 . (6.9)

Noticing that

ptl plp=1)—1
p+ P

Et=F

and using Young inequality, assuming pu(p —1) > 1, we derive from (6.9) :

pp—1)—1

p=1 2 2
cscp’E“|E’(t)]pp ly(t)], < fgolE“H + Cre(1 + )¢’ <|y0|;;—1E(o) -1 + E(O)“) |E'(t)]. (6.10)
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/

Choosing the function ¢ such that (1+t)p

(6.8) and (6.10), we derive
(B + (/N B (1)

is uniformly bounded, setting p = p,, and gathering

2u—(p—2) pp—1)—1

< —e EFTL(t) — |E' (1) <1 — Cae (E(O)“ +E0) 2 + ]y0|{,’%E(O) p=1 )> . (6.11)

Choosing ¢ small enough, it follows
(Bx + (/N EFYY (1) < e/ EFFL(1). (6.12)

Observe that, thanks to (5.I), we have

B () = LB+ L B ()
pas 1
> EFTY ) + —EFHL(¢ 6.13

> 8(e) (BETH() + EMTH(1))

where d(g) > dp > 0 for & less than 1.
Now, for each t >0, set

Fep(t) = Be(t) + (/M@ E*L(2).

Then, one checks
Fep(t)h < 20 (BETH(E) + (2! (0)/ )L B() 0D B (1))
< 2% max{1, (¢’ (0) /NP HLE)HHTIY (BEL (1) + BFHL(1) (6.14)
The combination of (6.12)-(6.14) yields for some positive constant v = (2, p, N, [1°|,, E(0),¢'(0)) :
FL(t) < —y@'Fe (), ae. t>0.
The application of Lemma (.1 and (5.I) yield the claimed decay estimate, once we pick, say,
o(t) =log(2 +t) —log(2), Vt>D0.
This completes the proof of Theorem a

Remark 6.1. The proof of Theorem just provided is valid for all weak solutions for which
the initial displacement is further required to lie in LP(Q2) with (N —2)p > 2N. The logarithmic
decay estimate comes from estimating |y(t)|, in terms of the initial data and p, without any
recourse to Sobolev embedding theorems.

7. SOME EXTENSIONS OF THE METHOD

The technique devised to prove Theorem is flexible and can be adapted to other second
order evolution systems. In the sequel, we discuss some extensions of our result.
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7.1. A wave equation with two damping mechanisms. Let a and b be positive constants. Let
2 < p<q be constants as well. Consider the following system
Yt — Ay + alyeP 2y + blye| T2y = 0 in (0,00) x Q
y=0 on (0,00) xT (7.1)
y(0) =¢°, %(0)=y' in Q.

The energy of this system is given as in Section [I] by

1
E(t) =5 / {lve(t. 2)]* + |Vy(t, 2)]*} do, ¥t >0. (7.2)
Q
The energy E is a nonincreasing function of the time variable ¢ and its derivative satisfies
E'(t) = —/ {a|ys(t, x)|P + blye(t, z)|?} dx, Vit > 0. (7.3)
Q

The purpose of considering this new system is to find out which of the two damping mechanisms
dictates the long time dynamics of the system. As far as existence and uniqueness of weak or
strong solutions are concerned, for this new system we can apply the results of Section 2 with
g(v) := alv|P72v + bjv|97%v. We also have

Corollary 7.1. If we further assume that y° lies in L9(Q), then the weak solution of
satisfies y € We 9(0, 00; LI(SY)) with

V>0, |yt <27 (|yqu+b at'a E(0)5>. (7.4)

We now turn to the statement of our decay estimate results.
Theorem 7.1. (Energy decay of strong solutions.) Assume that either ) is convex, or §) has a
C? boundary. Let q¢>p>2. Let (y°y) € (H*(Q)NHHQ) x (HF(Q) ﬁLZ(q*D(Q)). Assume
that q further satisfies the inequalities
g(N —4) <2N < q(N —2). (7.5)

The energy of the corresponding strong solution of (/.1) satisfies the decay estimate:
1

E(t) < Ki(1+1t) FeaN |Vt >0, (7.6)

where [y N = max{%, %}, and K, = K1(2, N, E(0),p,q, F(0)) is a positive constant.

Theorem 7.2. (Energy decay of weak solutions) Ler ¢ > p > 2 with (N —2)p > 2N. Let
Oc HY Q)N LYQ) and y* € L*(Q). The energy of the corresponding weak solution of (T.I)
satisfies the decay estimate

__1
E(t) < K(log(2+1t)) #va if (N=2)p>2N Vt>0, (7.7)
o K

where |1, q = max{%, K(Q,N,E(0),p,¢,|y°lp,|4°|q) some positive constant.

Remark 7.1. The proofs of Theorems and go along the lines of the proofs of Theorems
[3.1] and [3.2] respectively. We want to draw the reader’s attention to the fact that the decay rate

in Theorem is O((1+ t)fﬁ) provided that
(¢=2)(N —4) <4(p-2)(g - 1) (7.8)

In this case, the long time dynamics of the system is dictated by the damping involving the
exponent p. When (1.8) fails, the long time dynamics of the system is dictated by the damping
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involving the exponent q. Notice that if we allow the parameter p to be equal to 2 while keeping
q>2 with ¢q(N —2) <2N, then all weak solutions will decay exponentially.

Remark 7.2. We find it helpful to include some details about how we got the constants [i,q N
and |ipq in Theorem and Theorem respectively. Notice that the restrictions on | comes
from estimating the terms |y:(t)|3 and [, (a|ly:[P~2yey + bly|? *wry) da.

We estimate |y.(t)|2 in terms of |y(t)|,- Using Holder’s inequality, it follows:

2
\yt(t)!§ < Cly(®)ly < CIE'(M)]7.

This leads to the restriction > Y5=, as the proofs given above show.
As for the other term, applying Holder’s inequality once more, we find

‘/ﬂ (alyel”2yey + Olye T *pry) de| < C (Jye @)L y@)lp + w12 y(1)]o)

sc(m’(t)rﬁf wOb + B0l |y<t>\q). (7.9)

We estimate |y(t)|, as we did in the proofs of Theorems and respectively. When estimating
lylp, we use two different approaches; for Theorem we estimate |y(t)|, as we did in the
proof of Theorems and for Theorem we estimate |y(t)|, by interpolation as follows

2(¢—p) a(p—2)

ly(®)lp < ly@)13“ 7 ly@)lg“ .
The interpolation inequality is established by starting with

/ y(t, )P de = / (ks )P ly(t, )| TP da
Q 0

for some T in (0,1) to be determined. Next, using Holder’s inequality, we find

/Q ott,2) Pt )]0 do < (O o012

—TPp

assuming T < 2/p. Now, setting %

claimed estimate.
This interpolation leads to the restriction p > m' indeed we have

= q, we readily derive T =2(q—p)/p(q—2). Hence the

Brlyl, || < CE' T Ty |§E§ §§|E,| ;
(q—2)(p—1)—(p—2)  4(p=2
:CEMTTIE%‘ ]”(q 2)]E/‘ ) (7.10)
il 21— (p=2) -2,
< CE » E(0) p(a— ly| 54 ]E| P, (7.11)

where the last inequality holds under the stated restriction on L.
Notice that estimating |y|, in Theorem leads to > q%l. Hence the claimed expression of

Hp.q-
7.2. A hinged plate equation with a nonlinear frictional damping. Let ¢ > 0 be a constant
and consider the following damped Euler-Bernoulli equation:
Y + A%y + c|y[P"?ys = 0 in (0,00) x
y=Ay=0 on (0,00) xT (7.12)
y(0) =¢° %(0)=y' in Q.
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The energy of this system is given by
B(0) =5 [ Aol + 18yt a)Py dz, V20,
and it is a nonincreasing function of the time variable ¢ as we have
E'(t) = c/ﬂ]yt(t,xﬂpdx, for ae. t>0.

For this new system, strong and weak solutions are defined in an analogous way as above. We
have the following energy decay estimate results:

Theorem 7.3. (A decay property for strong solutions.) Assume that either §) is convex, or €}
has a C* boundary. Let p>2. Let (y°,y') € (H3(Q) N H(Q)) x (HY(Q) N L2HP=D(Q)). Assume
that p further satisfies the inequalities

p(N —6) <2N < p(N —4).
Then the energy of the corresponding strong solution of (7.12)) satisfies the decay estimate:

1

E(t) < Ki(1+1t) "N, Vt>0, (7.13)

? 6(p—1)
function F is defined by

where |, N = @g—mmax{l N_6 }, and K1 = K1(Q2, N, E(0),p, F(0)) is a positive constant. The

1
FO) =5 [ (Tuto)P + [Fay(ta)P)do. =0,
Q
and it can be shown that it is nonincreasing.

Theorem 7.4. (A logarithmic decay rate under a weak additional assumption on 1°.) Let
p>2 Let y° € (H*(Q)NHy(Q)NLP(Q)) and y' € L*(Q). Assuming (N —4)p > 2N, the energy
of the corresponding weak solution of (7.12) satisfies the decay estimate

B(t) < K(log(2 + 1)) ™ Vi >0, (7.14)

where |1, :max{¥,1%}, and K = K(Q,N,E(0),p, |y°],) is a positive constant.

7.3. A plate equation with a nonlinear structural damping. A few years ago the second author
of this work considered the following damped Euler-Bernoulli equation [21]:
Y + A%y — div(a|Vy[P2Vy,) = 0 in (0,00) x
y=gt=0 on (0,00) xT (7.15)
y(0)=4° ¥ (0)=y" in Q.
System ([7.15) corresponds to the clamped plate equation with structural damping [4] when a =1,
p=2, and N =2; thus (/.15) is a nonlinear generalization of the mathematical model proposed
by Russell and Chen in their work.
The energy of this system is given by

1
B0 = 5 [ (e 0P + | 8uta)P o, ¥tz

and it is a nonincreasing function of the time variable ¢ as we have

E(t) = — / o(2)|Vin(t,2)P do, for ae. t> 0.
Q
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The damping was then localized in a convenient subdomain, and several stabilization results were
established, [21]. The following result was also established in the case of a globally distributed
damping:

Theorem 7.5. [21]] Suppose that a =1 in Q. Let p > 2 further satisfy:
(N —2)p <3N —4, and (N —2)p < 2N.
Then every weak solution of satisfies
BE(t) < K(E(0)(1+1) 72, Vt>0,

where K is a positive constant depending on the initial data as indicated, and also depends on
the parameters of the system.

For this new system, if one drops the restrictions on the parameter p, namely choosing p with
p(N —2) > 2N, and y" € H3(Q) N WLP(Q), y' € L*(Q), then using the technique devised to
prove Theorem [3.2] one can show that the energy of the corresponding weak solution of (7.15)
satisfies

1
E(t) < K(log(2+1)) *, Vi=>0, (7.16)
where 11, :max{%,p%l}, and K = K(Q, N, E(0),p,|y"],) is a positive constant.
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