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1. INTRODUCTION
We study the Cauchy problem
utt_Au+Q(taxvut) :f(l‘au)v U(O) = o, ut(o) = ui, (11)

in (0,7) x R", where 0 < T' < 0o, n > 1. The data up and u; are in the
energy space and are compactly supported in R™. The terms @) and f are
nonlinear damping and source terms respectively.

Problems like (1.1) have been studied in many papers. For the case Q@ =0
see (3], [7], [11], [12], [20], [30]; for the case f = 0 see [8], [10]; when both
terms @ and f interact, see [6], [9], [13], [14], [15], [18], [19], [25], [26], [27],
[31], [32], [33].

For the sake of simplicity we illustrate our results by considering the model
power—like equation with damping term

Q(z,v) = o(z) " v, (1.2)

where m > 1, o is a measurable function such that ¢; < o(z) < ¢3 on R”,
c1, ¢o are positive constants, and the source term is in the form

F(@,u) = o1 (@) el 2u + o (@) 0T, (1.3)
with p > 2,1 < ¢ <p, and p; € LS (R"), i =1,2.
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FIGURE 1. The three regions I, IT and III in the (p, m) plane,
for which we prove local existence and uniqueness in the case
q > 2, given by

I={(p,m)eR>:2<p<1+4r/2, m>2}
M={(p,m)eR*:2<p<1+7/2, 1<m<2}
III:{(p,m)€R2:1—|—r/2§p<r, m>r/(r+1—p)}.

Local existence for solutions of the equation (1.1) in a bounded domain 2
with zero Dirichlet boundary condition was proved in [6], for o = 11 = 1 and
o = 0, where the exponents of nonlinearity m and p satisfy the conditions

m > 2, and 2<p<1l+r7r/2 (1.4)

with 7 = 2n/(n —2) for n > 3 and r = oo for n = 1,2. The above region for
m and p is the right closure of the region I in the plane (p,m) in Figure 1.
The particular cut (1.4) for exponents of nonlinearities is assumed in all
previously quoted papers where the interaction between source and damping
terms is studied. The goal of this paper is to take more careful advantage
of the presence of the damping term, namely to clarify the smoothing effect
of the damping (which will be manifested in particular in the region III), as
well as to consider the influence of sublinear damping terms (region II). We
are able to enlarge the local existence region I to the region ITUIIUIII; more
precisely, we have the following existence result for the model power—like
equation:
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Theorem 1. Let Q and f satisfy (1.2) and (1.3), and let (p,m) € IUIIUIII,
namely

m>1, 2<p<l+4+r/2 or m>r/(r+1—p), 14+r/2<p<r. (1.5)

Moreover, assume that 1 < q < p, and let the data be compactly supported
and in the energy space ug € H'(R™), uy € L*>(R™). Then, there is a weak
solution of (1.1) with the properties

uwe C(0,T); H'(R™), w € C([0,T]; L*(R™)) (1.6)
ug € L™((0,T) x R™),

for T >0 small enough. -
Moreover, when ps =0, and exponents (p,m) € I, U Il , where

L={(pm)eR*:2<p<1+7r/2, m>2},
I ={(p,m) eR*:2<p<1+4r/2, 1<m<2}

respectively are the right closure of I and II, a unique solution of (1.1) exists,
with the same regularity.

Remark 1. Theorem 1 is a particular case of our general local existence
result (see Theorem 7 below) for the equation (1.1), with damping @ =
Q(t,z,u;) and source f = f(x,u), under mild assumptions which will be
presented in the sequel.

As an extension of the above result we have the following global existence
result, for the case p < m.

Theorem 2. Let Q and f satisfy (1.2) and (1.3) and 2 < p < 1, 1 <
g < p < m. Then for any compactly supported data in the energy space
up € H'(R"), uy € L?(R") the Cauchy problem (1.1) has a global solution
with the regularity (1.6)—(1.7).

Remark 2. Once again our global existence theorem is for more general
nonlinearities () and f compared with the ones considered in Theorem 2.
The general global existence Theorem 8 will be formulated and proved in the
sequel. Let us mention that this global existence theorem is a generalization
of the global existence theorem in [27].

Actually, with essentially not power like damping and source terms,
namely, with Q(u;) and f(z,u) being derivatives of N —functions, then under
appropriate conditions an existence — regularity theorem could be proved.

Remark 3. Further applications of our general existence-regularity theo-
rem, concerning global existence and energy decay, will be presented in a
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forthcoming paper [29]. We shall present several blow-up type applications
of the general local existence Theorem 7 in another paper [28].

Following the idea of the proof of the general global existence Theorem 8,
we can derive a global existence result for any compactly supported data in
the energy space, for the Cauchy problem with decaying potential

{“tt —dutalul™ P = fru), in (0,00 <BY

U(O) = Uo, ut(o) = uz,
where a(t) = 1/(1+ )%, 8> 0, and f satisfies (1.3). We state this as

Corollary 1. Let m > 2. Then for any compactly supported data in the
energy space the problem (1.8) has a global weak solution with the regularity
(1.6)—(1.7).

Remark 4. This result does not depends on the range of the potential.
Even a very short range potential does not effect the global existence result.

Now we emphasize some of the essential difficulties to be faced and the
way to overcome them.

The main difficulty in the region II (1 < m < 2) is the lack of an overall
Lipschitz behavior for the damping, which badly effects the proof of the
finite propagation speed in this region. Indeed a Lipschitz condition is a
basic tool for Strauss’ argument [25] proving a finite speed of propagation.
For the sake of simplicity, we consider the problem when the damping is in
the simple form Q(t,z,v) = |v|™ 2v. We approximate @ uniformly with
conveniently chosen Lipschitz functions such that the approximate equation

u — Au+ Qs (ur) = g(t, x) (1.9)

has a finite speed of propagation. Here g¢(,x) is a conveniently chosen
replacement for the nonlinear source f(z,u), with support in the light cone.
To carry out this procedure we need an existence-regularity result for (1.9).
Here the main difficulty appears, namely we are no longer able to stay in the
Lebesgue spaces used by Strauss. To show that this is the case, we present
a list of requirements for (). which would follow from Lipschitzianity and a
finite speed of propagation for (1.9). From the finite speed of propagation
it follows that u = 0 satisfies (1.9) outside the light cone, i.e., the first
requirement is Q-(0) = 0. From this and a Lipschitz condition we get the
next requirement, namely, the estimate

|Q=(v)| < o] (1.10)
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for some constant cj. Then to derive an a priori estimate for uj, where u®
is a solution of the approximate problem (1.9) in some Lebesgue space, we
have to ask that

Q:(v)v > 5|v# (1.11)

for some g > 1. Due to the uniformity of the approximation, u cannot be
different from m, which is clearly impossible because (1.10) and (1.11) lead
to a contradiction when y = m < 2. Thus, we realize that it is not possible
to stay within any Lebesgue space. Nevertheless we are still able to derive
an estimate
Qe(v)v = 5 P(v),

where &, is a conveniently chosen N-function. In this way, we naturally come
to the idea of embedding u§ in the corresponding Orlicz space L®=((0,T)
xR™). Since Q. is no longer power-like, we need to prove a new existence—
regularity result for (1.9), where the damping Q. is essentially the derivative
of an N — function (under mild conditions). This result, together with some
continuity results for Orlicz spaces, and a density lemma in the intersection
of Orlicz and Lebesgue spaces (which we prove in Appendix B) closes the
circle.

The smoothness effect of the damping is mainly manifested in the region
IIT. Indeed, due to the presence of the damping term, we are able to obtain a
space — time estimate for u; which plays a basic role in controlling the kinetic
energy of the solution. This, together with an appropriate compactness
result, allows us to use the Schauder fixed point theorem. On the other
hand, for the region I, UII,, we can improve this result by applying the
contraction principle and thus obtain uniqueness as well.

2. GLOBAL EXISTENCE WITH A GIVEN FORCING TERM

This section is devoted to global existence results for the Cauchy problem

{utt — Au+ Q(t,x,ur) = g(t,x), in (0,7) x R™,

u(0) = uo, u(0) = uy. (2.1)

These results will be essentially used in the sequel.

We assume that @ is a Caratheodory function on (0,7") x R", i.e., that
Q = Q(t,z,v) is continuous in v for almost all (¢,z) € (0,7) x R" and
measurable in (¢,z) for all v € R. Moreover, let the following assumptions
hold:

(Q1l) @Q is increasing in v for almost all (¢,z) € (0,7) x R™;
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(Q2) there exist m > 1 and ¢; > 0 such that
Q(t,z,v)| < exfo|™

for almost all (¢t,z) € (0,7) x R™ and all v € R;
(Q3) there is ¢ > 0 such that
Q(t,z,v)v > ealv|™

for almost all (¢,2) € (0,7) x R™ and all v € R.

The first result of this section generalizes the Lions and Strauss bounded
domain global existence result [16, Theorem 6.1] to the Cauchy problem in
R™ and to nonlinearities satisfying (Q1)—(Q3).

Theorem 3. Let Q satisfy (Q1)—(Q3), let the data satisfy ugp € H'(R™),
uy € L2(R™), and suppose g(t,x) € L*((0,T) x R™). Then there is a unique
global weak solution of (2.1) such that

u e C([0,T]; HY(R™)), u; € C([0,T); L*(R™)) N L™((0,T) x R™).

Remark 5. The solution also satisfies the energy identity

1 21 o|f

e+ HVa@B] + [ Qmuu= [ g,

0 (0,t) xR™ (0,£) xR™

as follows directly from Strauss’ argument [24, Theorem 4.2].
Proof. We start by reducing the Cauchy problem to an initial-boundary
value problem (IBVP) in B, = {x € R" : |z| < p}. First we approximate
the data and the forcing term g¢(t,z) with conveniently chosen functions in

B,. Let n € C*°(R) be a cut—off function such that n(s) = 0 for |s| > 1 and
n(s) =1 for |s| < 1/2. Put n,(z) = n(4|z|*/p?). Then we define

uop = Mpuo € HY(By), wip =mnpu1 € L*(B,), g, =n,9 € L*((0,T) x B,).
(2.2)
Clearly
Vuop() = Vuo(a)ny(x) + uo (@) (4]z[*/p*)8z/ p*.
Next, by the Lebesgue dominated convergence theorem, we get
ug, — up € H'(R™), w1, — ug € L*(R™), g, — g € L*((0,T) x R™). (2.3)
Now consider the perturbed initial-boundary value problem
Ut — Au + Q(ta xz, ut) = 9p> in (07 T) X Bpa
u=0 in (0,7T) x 0B,, (2.4)

u(0) = ugp, u(0) = u1p.
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Since the nonlinear damping term Q(t,x, u;) could possibly contain a non—
Lipschitz part, we are not able to use the standard Faedo—Galerkin pro-
cedure which requires a Lipschitz argument to obtain the solution of the
corresponding ordinary differential equation. Instead, we are forced to use
Carathéodory’s Theorem (see [5]) to insure the existence of a solution of
the corresponding ordinary differential systems. We complete the proof of
the global existence result for (2.4) in the standard way, obtaining the same

regularity for the solution w”, i.e.,
up € LOO(O’Ta HS(BP))7 Uf € LOO(O’Ta L2(Bp)) m Lm((O)T) X Bp)u (2 5)
Qt,z,uf) € L™ ((0,T) x By). '

Moreover, the solution u” of (2.4) satisfies the energy identity. As a conse-
quence of this and the convergence (2.3) of ug,, u1, and g,, we obtain

sup [l (D)2 + [Vl (@2 < ki, (2.6)
tel0,T)
/ Q. ul)ul < ko, (2.7)
(0,7)xR™

where the constant kq is independent of p. Moreover, since

T
[ (®)]l2 < HUOpII2+/O luf 2

for all t € [0,T7], from the convergence (2.3); and from the estimate (2.6) we
get

sup ||uf(t)]]2 < ke, (2.8)
te[0,T)

where the constant k9 is independent of p. Then, using assumptions (Q1) and
(Q2) together with the estimates (2.6)—(2.8), we obtain (up to a subsequence)
the convergence

uf — u weakly* in L>°(0,T; H'(R™)), (2.9)
uf — uy weakly* in L>°(0,T; L*(R"™)) and weakly in L™((0,T) x R™),
Q(-,-,uf) — x weakly in L™ ((0,T) x R™),

as p — oo. We shall prove that u is a solution in a distribution sense of the
equation

Uy —Au+x—g=0  in H'(R") + L™ (R"), (2.10)
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where the space H~1(R") is the dual of H'(R"™). First, we multiply equation
(2.4) by ¢ € C2°(0,T) and integrate over [0,7), to get

T
/0 —ufd + [—Au” + Q(-, -, uf) — gplpds =0, (2.11)

where an integration by parts was used. Then we fix w € C2°(R") and chose
p sufficiently large so that supp w is compactly included in B,. Multiplying
(2.11) by w and integrating over R™, we derive

/(0 - —ufwe' + [VuVw + Q(t, z, uf)w — gow]p = 0. (2.12)
) xXR™

Finally, due to the density of C°(R") in H!(R™) N L™(R"), and using the
regularity (2.5), we see that (2.12) is fulfilled for all test functions w €
HY(R™) N L™(R"). Passing to the limit as p — oo in (2.12), and using the
convergences (2.9) and (2.3)s3, we get

T
/ —ud + [~Au+x —glp =0 in H™Y(R™) + L™ (R™).
0

It remain to prove that x = Q(-, -, u;) and u(0) = ug, u(0) = uy. Using the
assumption (Q1) and the celebrated Lions—Strauss monotonicity argument
we obtain that x = Q(:,-,us). The relations u(0) = wg, us(0) = uy, the
energy identity and the uniqueness of u are derived exactly as in [16] and
[24]. O

We need one more global existence result for equation (2.1) with more
regular data. For this we shall require some assumptions on the derivative
of the damping term in the case m > 2. More precisely, we assume that Q¢
and that @, are Caratheodory functions, and

(Q4) there exists c3 > 0 such that
Qe(t, 2, v)| < esfo™ !
for almost all (¢,z) € (0,7) x R™ and all v € R;
(Q5) there exists x € L] _(R™) and ¢ € LS (R™) such that

loc
|Qu(t, 2z, 0)| < x(2)¥(v)

for almost all (¢,z) € (0,7) x R™ and all v € R;
(Q6) there is ¢4 > 0 such that

Qv(ta Z, U) Z C4’U|m72
for almost all (¢,z) € (0,7) x R™ and all v € R.
We are now able to state
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Theorem 4. Assume that the assumptions (Q1)-(Q6) hold, that m > 2,
and

up € H*(R™), uy € HY(RM)NLA™ DR, g,9, € L*((0,T) x R™). (2.13)

Let u be the solution of (2.1) given by Theorem 3. Then in addition to the
reqularity assured by Theorem 3, we have

ug € L0, T; HY(R™)), and uy € L0, T; L*(R™)). (2.14)
Remark 6. The corresponding regularity cannot be obtained for region II,
namely when the growth rate m of the damping is between 1 and 2. The

main reason for this is the lack of a Lipschitz condition for the damping term
@ in this region.

Proof. To derive the higher regularity of the solution u, we start with the
calculation of derivatives for ug, and g, (see (2.2)). Namely, we have !

D2u0p(a:) = np(m)Dzuo(ac) + 16/ p%1 (4\:c|2/p2) Vuo(z) @
+8/p%uo(x) [ (4l2[%/p%) In + 8/p°n" (4]2[*/p?) = @ a]

and (gp): = 1,9:- With the help of (2.13) we can improve the convergence
(2.3) in the following way:

upp — up in HA(R"), wy, —u; in HY(R™) N LAM=D(RY),  (2.15)
gp — g in L*((0,7) xR"™), (gp)e — g in L*((0,T) xR").  (2.16)

Next we need some estimates for the solution wu, in a modified Faedo—
Galerkin approximation procedure, namely for the equations

(uy(t), wy) + (Vuy(t), Vw;) + (Q(t, -, uy, (1)), wj) = (95(t), wy),
, (2.17)
UV(O) = UQy, uy(o) = Uy,
where j = 1,...,v, and w; € C*°(B,) are the eigenfunctions of the Laplacian
on B,. In the above, we choose ug,,u1, € W, := spanfwi,...,w,] and

approximate the initial data in the sense that
uo, — ug, in H2(B,), wi, — w1, in HY(B,)NLX™V(B,). (2.18)
Following the ideas of [17], we get the estimates
iy (0)l2 < | Auoyll2 + llgp(0)l2 + exllus iy, ). (2.19)

sup, Il (0)13 + [V, (113

)

Ly y denotes the standard tensor product in R", and I,, the identity matrix in R".
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< Const. (|[lu 7% + 1 (gp)elll3 + 1wy ()3 + [IVeur |I3) - (2.20)

Here and in the sequel we use the notation |||h|||s for the time — space norm
( f(o T)xRn |h|*)1/#. Moreover we have the convergence conditions

up — (uP)y  weakly* in L>(0,T, L*(B,)) (2.21)
u, — (u”);  weakly* in L°°(0,T, Hy(B,)). (2.22)
Passing to the limit as ¥ — oo in (2.19) and using (2.18), we have

timsup [ (0)[3 < | Auglla + g5(0)l2 + exusgllfint e (2:23)

By the energy identity for w,, the Gronwall lemma, and passage to the limit
as vV — 00, we obtain

limsup/ Q- u,)u,, < Const. (|[up]|3 + [|Vuopl3 + [l|gp]l|3)- (2.24)
(0,T)x B,

v

Then, using assumption (Q3) we can rewrite the previous estimate in the
form

lim sup [||uy |7 < Const. (luspll3 + [|Vuopll3 + lllgoll3) - (2.25)
12

Passing to the limit in (2.20), using the convergences (2.16), (2.18), (2.21),
(2.22) and the estimates (2.23), (2.25), we obtain

sup [luf ()13 + Vg (8)]3 < Const-(llquHm(Rn) + lluapll )
c(.1) (2.26)
+ [l 1505 1) 190 (O3 + llgnl3 + !H(gp)t!H%),

where we have also used the lower semi—continuity of the norm in the space
L>(0,T; L*(R™)) with respect to the weak* topology. By the convergence
(2.16) together with the inequality (2.26) we get the estimates

sup [[uf(¢)|2 < Const., and  sup [|[Vuf(t)]|2 < Const., (2.27)
te(0,T) te(0,T)

where the constants are p — independent. Then, passing to the limit as
p — oo, we can extend the convergence (2.9) with the further results

uf, — uy, and Vuf — Vuy weakly® in L>(0,T; L*(R™)).  (2.28)

This completes the proof. ]
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Remark 7. We can get more regularity for the solution u» than is assured
by Theorem 4 by assuming additional properties for the damping term and
for g(t,x). Namely, provided that

Vo Q(t,2,0)| < eslo[™

is fulfilled for almost all (¢,z) € (0,7) x R™ and all v € R, and ¢g €
L?(0,T; H'(R™)), the solution u of equation (2.1) then has the additional
regularity v € L>(0,T; H*(R"™)). We omit the proof of this remark since it
can be performed using arguments similar to those of Theorem 3 and 4.

The above existence-regularity results are basically related with power—
type nonlinearities. In Section 3 we shall prove an existence-regularity result
for essentially different types of nonlinearities.

3. FINITE SPEED OF PROPAGATION

In this section we prove the finite propagation speed for solutions of equa-
tion (2.1) when the growth rate m of the damping term satisfies 1 < m < 2.

As mentioned in the introduction, since the damping term obeys a Lips-
chitz condition when m > 2, the existence of a finite propagation speed for
this case is almost a direct consequence of the argument of Strauss (see [25]),
adapted for weak solutions.

In the region 1 < m < 2 the main difficulty is the lack of Lipschitz behavior
for the damping. We overcome this difficulty by approximating the damping
term with Lipschitz continuous functions ¢).. This approximation however
causes other difficulties since we are not able to prove that the time derivative
of the solution of the approximate problems is in the Lebesgue space L™.
On the other hand we are able to show that the time derivative is in a
conveniently chosen Orlicz space. See Proposition 1 and Theorem 5 below.
For this approximating procedure we need to construct sufficiently smooth
functions which are quadratic near 0 and behave like t"* for sufficiently large
t. The construction is given in the following lemma.

Lemma 1. Let 1 < m < 2. For each € > 0 there is a strictly convex function
®. € C?([0,00)) such that

8.(0) = @,(0) =0, (3.1)
O (t) =t" forallt>ce,
O (t)=0(*) ast—0". (3.3)

Moreover, ®. satisfies the estimates
O, (2t) < c1.P:(t) forallt >0, (3.4)
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20.D.(t) < P (lct) forallt >0, (3.5)
L(t) < est™ 1 forallt >0 (3.6)
QY (t)t < coe®L(L)  for all t > 0, (3.7)

where the constants cie,co. > 0, I > 1 may depend on € but c5 > 0 is
independent of €.

Proof. We define the function &, by

t2(at2 + bt t
@E(t):{ (CZE + e ‘I’Cg), < €

3.8
tm, t>¢ (38)

where a., b: and c. are conveniently chosen constants in R such that ®. €
C?([0,00)), namely a. = 1(m —2)(m —3)e™ 4, be = —(m —2)(m — 4)e™3,
and ¢ = 2(m — 3)(m — 4)e™ 2. Elementary calculations using the facts
that a. > 0 and 1 < m < 2 show that &, is a strictly convex function,
while (3.1)—(3.3) are trivial consequences of the definition (3.8). Properties
(3.4) and (3.7) easily follow from (3.8), taking into account the behavior of
the functions ®7(¢)t/®.(t) and P.(2t)/P(t) near 0 and co. Inequality (3.6)
also follows from (3.8), the homogeneity of a., b and c. and the fact that
1<m<2.
The proof of (3.5) has to be divided in three different cases:

(a) large t, i.e., t > ¢;

(b) intermediate ¢, i.e., e/l <t < ¢&;

(c) small t, i.e., t <e/l..

The case (a) is trivial. For the case (b) it is sufficient to verify
2(act? + bot 4 ¢.) < I Hm2 (3.9)

for t € (¢/I.,€), which follows from the convexity of the function a.t? +b.t +
Ce, namely

act? + bt 4+ ¢ < max{a552 + bee + ¢, ag(s/lg)2 +be(e/le) + e},

and the inequality (M~ 1¢m=2 > [m=1cm=2 for t € (¢/l.,e). Then (3.9) is
fulfilled for sufficiently large [.. In the third case we have to verify that

ac(I2 = 2)t2 +b.(12 = 2t 4+ c.(l. —2) > 0
for t < e/l., which is true for I sufficiently large. O

For the sake of simplicity we shall prove the main theorem of this section
only for damping terms which satisfy the assumption
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(Q7) for almost all z € R™ and all v € R,
Q(t2,v) = Q(z,v) = o(2)[v|" v

where o € L*°(R") is such that infg» o > 0.

It is easy to see that (Q7) implies the previous assumptions (Q1)-(Q3).
Now, using the function ®. constructed in Lemma 1, the approximation
of the damping term can be done in the following way:

Q-(z,v) = %0(x)<1>é(|v|)sign v, (3.10)

Then Q:(z,:) € C(R) for almost all x € R™ and, more important, Q. is
uniformly Lipschitz continuous in v, i.e., (Q:), € L®(R"!). Let us note
that

Q:(,v) = Q(+,v), for |v] > e, (3.11)
and

1Q:(z,v)] < |o(z)|e™ 1, for [v| <e, (3.12)

where to get the last inequality we used the convexity of ®.. We approximate
problem (2.1) by

{utt — Au+ Q. (z,u) = g(t, x), in (0,T) x R",

u(0) = uo, u (0) = uy. (3.13)

Unfortunately, we are not able to assure existence of a regular solution of
this approximate problem because all previous existence theorems apply for
nonlinearities () which essentially dominate a power of v. Evidently, Q.
does not satisfy this requirement, i.e., the assumption (Q3). Thus, we need
a specific existence-regularity result for (3.13) (actually this result applies
for more general equations, see Theorem 5 below).

The peculiarity of (3.13) is that the time derivative u§ of its solution lives
only in an Orlicz space, and accordingly we are led to prove regularity in
Orlicz spaces.

We briefly recall some basic definitions from Orlicz space theory (see [1]
or [21]). First we have to define the so—called N-functions. We say that
a real valued function ® on [0,00) is an N-function if ®(s) = [ ¢(n) dn,
where ¢ : [0,00) — R is such that

(a) p(0) =0, p(s) >0 for s > 0, lims_o p(s) = +00;
(b) ¢ is nondecreasing;
(c) o is right continuous.
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The simplest example of a N—function is a power. The non—trivial example
which we shall use in the sequel are functions ®. constructed in Lemma 1.
The N—function ¥(s) = max,>o{sn — ®(n)} is called the complementary
function of ® and (®, ¥) a complimentary pair.
Let A be R” or (0,7) x RY | and ® be a N-function. We denote by L®(A)
the Orlicz space on A associated to @ in the following way

L®(A)={u is a measurable real function on A such that J4 @(Jul)dr < oo},
(3.14)

with norm defined by
ulle =inf {k>0: [, ®(Ju|/k) < 1}. (3.15)

We recall the so—called Holder inequality for Orlicz space, i.e., that given
a complimentary pair (®,¥) and functions u € L®(A) and v € LY(A), we
can estimate the L' norm of uv by

| [ ] < 21ulolol. (3.16)
A
Now we are able to formulate our existence and regularity result.

Proposition 1. Assume that the data satisfy the condition ug € H?(R"),
up € HY(R™), |ug|™2u; € L2(R™), and g, 9, € L*((0,T) x R™). Then (3.13)
has a unique weak solution u® in the sense that

t

Wi o], = [ e ViV Qe ree 317

0
for all t € [0,T) and all test functions ¢ € C°(R" ). Moreover, we have
uf € C([0,T]; HY(R™)), uf € L*((0,T) x R")NL>®(0,T; HY(R")), (3.18)
us, € L°°(0,T; L*(R™)). (3.19)
Remark 8. In addition there holds
Q:(-,uf) € LY((0,T) x R™), (3.20)
where W, is the complementary N—function of ®..

The proof of Proposition 1 is technical and is postponed to Appendix A,
together with the proof of Remark 8. The above existence and regularity
result can be extended to more general damping terms, which are essentially
not power—like. More precisely, the following result holds.
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Theorem 5. Assume that Q € CL(R) is a derivative of an N — function, i.e.,
suppose that the N—function ®(v) and its complimentary function VU (v) are
Ao—regqular and moreover the following estimates hold:

Qv) < Kiv™ ™, Q'(v)v < KQ(v)

for allv > 0, where K1, Ko are positive constants and m € (1,00). Then the
statements of Proposition 1 and Remark 8 hold, with Q., ®., VY. replaced
respectively by Q, ®, ¥ and the problem (3.13) by

{utt — Au+ Q(ur) = g(t, z), in (0,T) x R",

u(0) = uo, ug(0) = uy. (3.21)

We omit the proof of Theorem 5 since it is similar to that of Proposition 1
(see Appendix A).
Now we can state the main theorem of this section.

Theorem 6. Suppose that 1 < m < 2, that (Q7) holds and the data have
the following reqularity

up € H*(R™), w; € H'(R"), |u1|™ %uy € L*(R™), g€ L*((0,T) x R™).
Moreover, let the data satisfy

suppug, suppuy C Bgr, and suppg(t) C Bryt for almost all t € [0,T],
(3.22)
for some R > 0. Then the solution u of equation (2.1) has finite speed of
propagation, i.e.,

supp u(t) C Bryt for allt € [0,T]. (3.23)

Proof of Theorem 6. In the proof we essentially use the existence — regu-
larity result for the approximate problem (3.13), namely Proposition 1. Since
this proposition is valid when g is more regular, i.e., g; € L?((0,T) x R"),
the proof is organized in three steps. First we prove that the solution of
(3.13) has finite speed of propagation provided that g; € L?((0,T) x R™).
Second, passing to the limit as € — 0, we prove that the solution of equation
(2.1) has finite speed of propagation provided that g € L2((0,7) x R").
Third, we remove the extra regularity requirement for ¢ using an additional
approximation procedure.

Step 1. We apply Proposition 1 to equation (3.13). This gives us the
existence and regularity for the solution. We apply (3.17) with test functions
of the form ¢ = auf, where a € C.(R*1)NW1°°(R™1) will be chosen in the
sequel. The regularity of auf is sufficient in order to use it as a test function.
Indeed, for this purpose we use a density lemma which is formulated and
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proved in Appendix B. Then we get the needed regularity for auj as a
direct consequence of (3.18), of the Holder inequality in Orlicz spaces, and
the density lemma. So, for any fixed t € [0, 7], we obtain

t
[ atsowie), (324)
:/ o (u)? + aufu§, — VurVaus — aVut Vg — aQ. (-, us )us§ + agus.
(0,t) xR™

Before choosing the functions «, we adapt a classical argument from [25] to
evaluate the weighted energy 3 [o. a(t,-)((uf)?(t) + |Vus(t)|* over a piece of
solid cone K := {(r,z) € (0,T) X R" : 7 + |x — xo| < r}, where r > ¢ and
|zo| > R+ r. Given € > 0 such that R +r + ¢ < |zg|, we also set

K. :={(r,2) € (0,T) xR": 7+ |z —xo| <7 +e},

so that K C K. C D¢ ? where D := {(r,2) € (0,T) xR" : |2| < R+ 7}
is the light cone of Br. We define a cut—off function o € C*°(R) such that
o(s) =1 for |s| < r, o(s) =0 for [s|] > r+¢eand o'(s) <0 for s > 0.
Then we choose (7, x) = o(7 + |z — xo|). This choice makes a a function
of K.. It is easy to verify that « is nonnegative, has the needed regularity
and, moreover,

a=1 onK, a=0 on K, a;+|Va| <0 on (0,7) xR".  (3.25)
Next we evaluate the terms in (3.24). Applying (3.25)2 together with
Byye(x0) Nsupp ug =0

gives
t

ofr, ) (u)*(r)| = aft, ) (uf)?(t). .
Lotz = [ a6 (3.26)

Integrating by parts with respect to ¢, we obtain

[ =y [ awowiode-d [ i @
(0,t) xR™ Rn (0,t)xR™

where (3.26) was used to evaluate the boundary term. One more integration
by parts gives

/ aVuVu; = %/ alt, )| Vuf (t))? — %/ | Vue|?,  (3.28)
(0,t) xR™ R7™ (0,t) xR™

2Here and in the sequel we denote by S¢ the complement of S in (0,7) x R™.
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where the fact that B, -(z¢) Nug = 0 is used. Moreover, since supp g C D,
then supp g Nsupp a = ), which implies

/(t) . agu; = 0. (3.29)
) XR™

0
Inserting the identities (3.26)—(3.29) in (3.24), we get the estimate

3 [ at ) (@ + Ve o) (3.30)

1
:5/ at((u§)2+\vu6|2)—/ VuWauf—/ aQe (-, - ug)ug
(0,t) (0,6) xR™

xRn” (0,t) xR™
1
<5 [ (e V(iR + Ve <o

(0,6) xR™

Here, to estimate the term f(O,t)xR" Vu*Vau; we have applied the Cauchy—
Schwarz inequality; to estimate f(()’t)an aQe(-, -, uf)ui we use the specific
form of the damping term (3.10) and the convexity of ®.; the last estimate
of (3.30) follows from (3.25)s.

Since a > 0, by (3.30) we have a(t)((u$)2(t) + |[Vus(¢)|?>) = 0 a.e. in R"
and then, using (3.25) we have (uf)2(t) + |[Vus(t)|?> = 0 a.e. in B,_(xo).
Namely, for all » > ¢ and all |zg| > R + r, we obtain u°(t) = Const. for
|z| > R +t. Then, since u®(t) € L*(R"), we have

supp u°(t) C Brat (3.31)
for all t € [0,T], which completes the first step in the proof.
Step 2. By (3.2) we have t" < ®.(t) + &™ for t > 0. Moreover,

f(o,T)an ®.(|uf|) < oo because of the regularity (3.18)2. Using these es-
timates together with (3.31), we see that ui € L™((0,7") x R™). Let us
emphasize that this last regularity is a consequence of the finite speed of
propagation for uf, a fact that was impossible to be obtained directly at
the beginning of the proof. Moreover, using this regularity together with by
(3.6) and (3.10), we get Q.(-,u) € L™ ((0,T) x R™). Let u be the solution
of (2.1) given by Theorem 3. Define w® = u® — u, which is a solution of

wi, — Aw® + Q:(x,uf) — Q(z,u) =0, (3.32)

with zero initial data. Then we have enough regularity to write the energy
identity for equation (3.32),

slwi @13 + 31 Ve (03 + /(0 (Qe(-uf) = Q(ue))wy =0 (3.33)



30 JAMES SERRIN, GROZDENA TODOROVA, AND ENZO VITILLARO

Using the monotonicity of the damping term @ in v, we have
[ @ - @i = [ @uud) - Q)i (33)
(0,t) xR (0,t) xR™
The estimate (3.34) allows us to rewrite (3.33) in the form
slwi (D113 + 311V (2)|13 S/ Qe ug) — Q(,up)[[wi].  (3.35)
(0,t) xR™
Now, using Holder’s inequality together with (3.11) and the regularity of
Q:(-,uf) and Q(+,u5), namely that they are in L™((0,T") x R"), we have
1
ne= [ 10t < [ [ 10:6u5) - u) ™|
(0,T)xR"™
(3.36)
where A. = {(t,z) € (0,T) X Bryr : |uf| < €}. Here the finite speed of
propagation for the approximate problem (3.31) was essentially used. By
(3.36) and (3.12) together with the assumption (Q7), we have

e m 1/m/
f<2em (o) el + el

- m\ 1/ 3.37
<o ([ o) il ) 37
(0,T)xBr+T

< Const. g™ ™! (g [l 4+ Nwelllm)

where in the last inequality we have used the L*° regularity of ¢ and the
definition of A.. From Theorem 4 we know that |[|u|||,, < oo. It remains to
show sup,~g |||uf||lm < oo, which is easily done by using the Holder inequality
(recall that m < 2) and the finite speed of propagation for (3.13). Thus we
have

[ llm < Const.[|lug 2. (3.38)

From the energy inequality for u®

1 + HIvac1 < [ lglel

By Gronwall’s lemma together with the regularity g € L?((0,7) x R"), we
get

sup |lug(t,-)|l2 < Const.,
t€[0,T

from which it follows that

|luz]ll2 < Const. (3.39)
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where the constants in above estimates are independent of €. Inserting (3.39)
and (3.38) in (3.37) gives

I; < Const.e™ 1.

Passing to the limit as ¢ — 0 (recall that m > 1) we find that I; — 0. Then
from (3.35) we obtain

slwi (13 + 5lIVw* @) -0, ase—0. (3.40)

In view of Cauchy’s theorem, and taking into account that w®(0) = 0, we
derive

T
(¢, )12 < / e 2

Together with (3.40) this implies that w® — 0 in L?(R"). Then (up to
a subsequence) u®(t) — wu(t) a.e. on R"™. In view of the finite speed of
propagation of u® this completes the proof of Step 2.

Step 3. When ¢, ¢ L?((0,7) x R"), we approximate g with suffi-
ciently regular functions g” such that g*, g¥ € L?((0,T) x R™), supp g¢"(t) C
Bpyis1y for all t € [0,7T], and for which g” — g, as v — oo. By the first

part of the proof the solution of the approximate problem
upy — Au? + Q(z,uy) = g”(t, z), in (0,7) x R™, (3.41)
u(0) = uo, u(0) = uq,

satisfies
supp u”(t) C Bpi1/vtt, for all t € [0, 7.

Now we measure the distance between the solution w of (2.1) and u” of
equation (3.41). The difference w” := u — u” satisfies the equation

wy, — Aw” + Q(z,uf) — Q(z,u) = ¢¥ (¢, x) — g(t,z), in (0,T) x R™,
u(0) =0, ut(0) = 0.
(3.42)
Using the energy identity, we have

Ljw? 3+ 1 Vu¥ |3 + / Qs ) — Qs ue) )l = / (¢" — g)ul.
(0,6) xR™

(0,t) xR™

By the monotonicity of @@ and the Cauchy—Schwarz inequality,

t
Lw? |2 + 1) vu”|2 < /0 19" = gllallw? 1.
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Then from the convergence of g” to g in L?((0,7) x R") and the Gronwall
lemma,

sup [lwy (t)]]2 — 0,as v — oo.
te[0,7

Finally, since
T
¥ (#)]l2 < /0 e,

for all t € [0,T], we conclude that (up to a subsequence) u”(t) — u(t) a.e.
in R™. This shows that supp u(t) C Bgr4¢ for all t € [0,T], as required. [

4. EXISTENCE FOR NONLINEAR SOURCES

In this section we prove our main local and global existence results. We
start with our general local existence result for the equation (1.1), with
damping term @ satisfying the assumptions (Q1)—(Q6) when the growth
rate m > 2, and the assumption (Q7) when 1 < m < 2. Moreover, the
assumption (Q1) has to be strengthened to

(Q1)" there is ¢y > 0 such that

(Q(t,z,v) = Qt, z,w)) (v —w) = colv — w|™
for almost all (¢,z) € (0,7) x R™ and all v,w € R.
Clearly, because of the elementary inequality

(|v]™ 20 — |w|™?w)(v — w) > Const.|v — w|™

for m > 2, v,w € R, the damping term in the model power—like equation,
i.e., Q given by (1.2), satisfies the assumption (Q1)’.
We consider a nonlinear source f in the form

f(z,u) = fo(z,u) + po(z)|u|?u, (4.1)
where p9 € L7 (R™), ¢ > 1, and fj satisfies the assumption:
(F1) fo(z,0) =0 and
| fola, ur) — fo(w,uz)| < pa(@)|ur — ua| (1 + |ug[P~2 + Jugl?~?)

for almost all 2 € R™ and all uy,us € R, where 1 € LS (R") and
p > 2.

Remark 9. It is easy to check that the source term f in the power—like
equation (see (1.3)) satisfies (F1), due to the elementary inequality

||u1|p_2u1 — |u2|p_2u2\ < Const.|u; — uz\(|u1|p_2 + |u2]p_2), ui, ug € R,

for p > 2.
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Remark 10. Evidently the essential range for the exponent ¢ is 1 < g < 2;
otherwise for ¢ > 2 we can combine the second and the first term in (4.1).

Theorem 7. Let the damping Q satisfy the assumptions (Q1)" and (Q2)-
(Q6) whenm > 2, and (Q7) when 1 < m < 2. Let the source f obey (4.1) and
the assumption (F1). Assume also the growth rates p, m of the nonlinearities
satisfy (p,m) € TU ITU III, namely that (1.5) holds. Finally let the data be
compactly supported and be in the energy space

ug € H'(R™), uy € L*(R™). (4.2)

Then, there is a weak solution of (1.1) with the properties
ue C([0,T); H{(R™), wu € C([0,T]; L*(R™)) (4.3)
up € L™((0,T) x R"), (4.4)

for T >0 small enough. o
Moreover, for exponents (p,m) € I, U II. , where

L ={(pm)eR2:2<p<1+7r/2, m>2}
I ={(pym) eR?*:2<p<1+7/2, 1<m<?2}

are the right closure of I and II respectively, and ps = 0, there is a unique
weak solution of (1.1) with the same regularity.

We emphasize again that the solution which we obtain in Theorem 7 has
finite speed of propagation.
Before proving Theorem 7 we need the following:

Proposition 2. Let u be a function satisfying
supp u(t) C Bryt for allt € [0,T], (4.5)

with smoothness (1.6). Let the data uy and uy have support in Br and
smoothness (4.2). Then the problem

{vtt —Av+Q(t, z,v) = f(z,u) in (0,T) x R™, (4.6)
v(0) = uyp, v(0) = uq,
has a solution v with regularity (1.6) and (1.7) which satisfies

supp v(t) C Bryt for allt € 0,T). (4.7)

Proof. This follows some ideas from [6], but uses in a more delicate way the
gain of regularity due to the presence of the damping term. Moreover, since
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we are in R we have to pay attention to the change of the support of func-
tions involved in the approximation procedure. We start by approximating
the data with more regular data uf and u} in C2°(BR), such that

uf — ug  in HY(R™), and u} — u; in L2(R"). (4.8)

Next, we approximate the function u in the topology of the energy space
with more regular functions u” € C2°([0,7] x R™) such that

supp u”(t) C Brytt1/w (4.9)

for all t € [0,7]. This can easily be done by using standard convolution
arguments (see [4]), which of course only inessentiality increases the support.
Then, the existence of a solution v” of the problem

{v;’t—AvVJrQ(t,x,vt”)—f(%U”) (0T RYyqp)

v(0) =ug,  vf(0) =uf,

is assured by Theorem 3. In fact, to apply this result it is only necessary
to check that f(-,u”) € L?((0,T) x R™). Indeed, using the assumption (Q1)
for uo = 0 and uy = u” yields

|f @, u?)] < ()| (1 + [ P72) + o (@) [u?] 77

Now, taking into account the regularity of u”, ui(x) and pa(z), there holds
f(,u”) € L*®((0,T7) x R™). This together with (4.9) gives us the needed
regularity f(-,u”) € L2((0,T) x R"), since

Gl < G lloo / 1.

(07T) X BR+T

Then, due to Theorem 6 for 1 < m < 2 and Strauss’ theorem 3 for 2 < m <
oo, one has

supp v”(t) C Brytt1/v for all ¢ € [0,T]. (4.11)

The key point in the proof is to show that v” is a Cauchy sequence in the
topology of the spaces (1.6)—(1.7). This is done in a different way for the
three different regions. First of all, the energy identity for w = v — v* has

3Actua11y for m > 2, Strauss’ argument [25] can be adapted to weak solutions by using
the ideas of Steps 1 and 3 in the proof of Theorem 6. In this case Step 2 is no longer
needed and can be omitted.
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the form

sllwe @)+ 5IIVw ()3 +/ (Q(t, - uf) — Q(t, -, ufl))w
(0.8)>R (4.12)

4w + VeI + [ ()~ )
(0,6) xR™
Let us start with the region I. Using (4.1), (F1) and the Holder continuity
of [u|?2u (here 1 < q < 2) and Remark 10, we obtain the estimate

‘(f(',U)—f(',ﬁ),’U—"D)’ (413)
S/K [l zoeryw = @1+ [P~ + [alP=2) + [|p2]| oo 0y | — @l 7~ Jo = B
< Const. [lu — (1 + ull?g% o + a2 ) + u — allg ™ 1o — o1l

< Const.[||Vu — Vals(1 + [ Vully >+ [Valg )+ [IVu — Val§ ™ v - oz,

for any u,u € H(R") and v,v € L?(R"™) with support contained in a fixed
compact subset K of R™. The above estimate requires the restriction n(p —
2) < r, which is fulfilled in regions I and II since there p < 1+ /2. Then
using (4.12), (Q1)’ together with the property supp v”(t) C K = Brir+1
(recall that 1 < ¢ < 2) and the fact that u” is a Cauchy sequence in the
energy norm, one arrives at the inequality

sl @13 + 31 Vw®)3 + 00/ oy — o™
(0,t) xR™

t
< 3llwe ()13 + 31 Vw(O)3 + C(T)/O IV =V § il (4.14)

Here and in the sequel we denote by C(T') some T dependent constants,
which decrease when T' — 0. Then, from the Gronwall lemma and the fact
that v, ug and uf are Cauchy sequences it follows that v” is a Cauchy se-
quence in the energy space, uniformly in time. With the help of the estimate
(4.14) once again, together with the knowledge that v” is a Cauchy sequence
in the energy space, we find that v} is a Cauchy sequence in the space — time
L™ norm.

In the same way, for region II, v is again a Cauchy sequence in the
energy norm, uniformly in time. Due to the Holder inequality in space —
time together with (4.11) and the fact that 1 < m < 2, we have

l[welllm < C(T)welll2, < C(T) sup |lw(t, )2 (4.15)

te(0,7)
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Since v is a Cauchy sequence in the energy norm, uniformly in time, we see
that vy is a Cauchy sequence in the space-time L™ norm.

Region III requires a more careful argument. First we prove that v} is a
Cauchy sequence with respect to the space—time L™ norm, and then show
that v¥ is a Cauchy sequence in the energy norm, uniformly in time.

By the energy identity (4.12) and (Q1)" we have

wellzz < () (3l )13+ Tw(O)]3+ /(O )= )] ).

(4.16)
Given any u, 4 € H'(R") and v, v € L™(R") with support in a fixed compact
subset K of R™, by using (Q1) and Hélder’s inequality, we obtain

[(FCu) = f( @), v —0)f < ||u1||Loo(K>/K Ju = a|(1 + ulP~? + @l 2) v — 9]

JT)xR™

2l ) / fu— @7 o — 9] (4.17)
2 _
< Const.fu — ll (1 + [ull%g2 ) + 1252 o)+ — w252, |llo = Bl

where s+ E + ; = 1. This is possible because m > r/(r + 1 — p) and
p > 2. Now, to estimate the L*~2) norm with the energy norm we need
the restriction s(p —2) < r which again is exactly m > r/(r+1—p). By the
Sobolev embedding theorem (recall that m/(¢ — 1) < 2),

< Const.[[IVu — Valls(1 + [IVull) >+ [Valg )+ 1Vu — Valg ™l —tllm.

Then using (4.18), the Holder inequality in time, the facts that u” is a
Cauchy sequence and that supp u”(t) C K := Bryr4+1 gives

/(0 i |f(u”) = f(ul)|Jwe] < C(T)||Vu” — VUHHLOO(OTLQ R )H|th|m

(4.19)
Inserting (4.19) in (4.16) yields

l[welllm < C(T)(%HW(O)H% + 31V (013 (4.20)

+ HVU - VUMHLOO(OTLQ R™ )‘Hwtmm>

Now we apply the elementary observation that if, for given nonnegative
sequences x,, h, and k,, the inequality

) <k, + hyxy, (4.21)
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is fulfilled and h,,k, — 0, then z, — 0. By (4.20) and (4.21), since u” and
the data are Cauchy sequences with respect to the energy norm, it follows
that vy is a Cauchy sequence in the L™ space-time norm. Next we prove
that v is a Cauchy sequence with respect to the energy norm, uniformly
in time. Substituting (4.19) into the energy identity (4.12), and taking into
account that the integral in the left hand side is nonnegative due to (Q1),
we arrive at

slwe®3 + 3IVw )3

< 1w ()3 + IV (O)]3 + CONVu? — Tu[E2 0 7 o gy el

Then since all the sequences on the right hand side are Cauchy sequences, it
follows that v” is a Cauchy sequence in the energy norm, uniformly in time.
Thus, in all three regions v” is a Cauchy sequence in the topology of the
spaces (1.6)—(1.7).

For all three regions, let us denote by v the limit of the sequence v”. It is
easy to show that v is a unique weak solution of equation (4.6) in the sense
of [16] and that this solution satisfies the energy identity. Finally from (4.11)
we get (4.7). This completes the proof. O

Proof of Theorem 7. The argument is organized as follows. For all three
regions (see Figure 1) we apply the Schauder fixed point theorem. Further
it will be shown that, when po = 0 in the region I, UIIL,, the result can
be improved by applying the contraction mapping principle instead of the
Schauder theorem.

For any u with the regularity (1.6) and satisfying (4.5), we define the map
v = ®(u), where v is the solution of equation (4.6). Set

Xr ={u € C([0,T); H'(R™) N C*([0, T]; L*(R")) :
supp u(t) C Bryfor all t € [0,T], w(0) = up, ue(0) = uy }.
From Proposition 2, we see that the map ® is well defined from X7 into
itself.
Further, it will be shown that for sufficiently large Ry and for sufficiently
small T', ® maps the ball Br, of radius Ry in X7 into itself.
In the region IUII we directly estimate the H' x L? norms in the following

way (actually this estimate is fulfilled in a larger region I, UTL,). Applying
(4.18) for w = v = 0 and using the first part of assumption (F1) gives

(£ u(®)), o)) < CT)YA+ [Vu®) 5 oe(t)]2. (4.22)

In the last estimate the elementary inequality « + 2% < Const.(1 + z%), for
x > 0and a > 1, was applied, together with the fact that p > 2. Then using



38 JAMES SERRIN, GROZDENA TODOROVA, AND ENZO VITILLARO

(4.22), the energy identity for v, and the assumptions (Q1)" (for the region
I) or (Q7) (for the region II) there results

t
-1
sloe@3 + 3IVo)]l3 < %Hmll%+%IIWOII§+Const./O (14 RE ) [|vel2,

(4.23)
where we take into account that w € Bg,. Applying the Gronwall lemma
and choosing T sufficiently small and Ry in a convenient way, completes this
part of the proof (recall that C'(T') decreases when T' — 0).

For region III, the H' x L? estimate is derived by first passing through a
space — time L™ estimate. To prove this estimate, put « = v = 0 in (4.18),
so that

(G u(®)), o)) SCT)(L+ [ Val@) 15 IVal®)ll2lve ) [

1 (4.24)
<Const. RoP™ " |[ve(t)||m,

where u € Bg, and Ry > 1 without loss of generality. Further, using the
energy identity for v together with (4.24) and the assumption (Q3), we have

lleelllzy < O+ Ro” ™ ||| llm)-

In the last estimate the Holder inequality has been applied in time. This
yields

llodlllm < C(T)(1 4 RE~H/ = Dpt/my, (4.25)

This is the required space—time L™ estimate.
Now to obtain an H' x L? estimate, we use (4.25) and the energy identity
together with Holder’s inequality in time, to get

slu®I3 + 3IVe@)lI3 < C(T) (L + Re?'TY™ + R®=V™T). (4.26)

This completes the L? estimate, for sufficiently small 7' and conveniently
chosen Ry.

Now a final choice can be made for Ry and T for all three regions I, II
and III: these fixed numbers Ry and T" will be used in the sequel. First we
prove that ® is a compact map in Bpg, for appropriate Ry. In the regions I
and IT we refine the estimate (4.13) using a conveniently chosen L™ norm,
where ro 9 € (p,r) and p < 1+ r¢/2, thus

[(FCu(t) = FCalt), vit) — va(t))]

< Const. [Hu(t) —u(t)|lro (1 + ||u(t)H'§(;272)

+ a2 ) + llult) - ﬂ(ﬂl!?;l} [[0r(8) — ve(2) |2, (4.27)
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where 1 + % + 1 =1. Since p < 1+ /2, which is equivalent to s(p — 2) <
ro < r, we can use the definition of X7 and rewrite (4.27), (keeping the
essential part ||u(t) — @(t)||r,),

(FCoult)) = FCa(t)), v(t) — ()]
< C(T)|llult) — a@(t) [l (1 + [ Vu(t) |5~

+ IVl + llu() - ﬂ(t)llﬁo_l} [[0:(t) = v ()2 (4.28)

Now let v” € Bp, and set v¥ = ®(u”). Combining the energy identity with
(4.28) for u = u”, u = ut, there results

T
lv” = v"[I%, < C(T)(1 + R’Sz)/ lu” = w7 " = v¥ e (4.29)
0

Here we have used the fact that «” is bounded in X7 because u” € Bg,, and
also that ¢ <2. Since u” is a bounded sequence in C([0,T); H'(Bri7+1))
NC([0,T);L?(Bry1r+1)), then by the compactness argument given in Lemma
2, which is postponed to the end of this section, one finds that, up to a subse-
quence, u” is a Cauchy sequence in C([0,T]; L™ (Bprtr+1)); recall here that
2 < p < rp < r. This completes the proof of compactness for the map & in
the region T U II.

For region III the proof is more delicate. We start with a slight modifica-
tion of (4.17), using the L™ norm with rg € (p,r) chosen such that

70 r
m > > .
ro—p+1 r—p+1

Then

[(FCou®) = G a(h)), vi(t) — :(2)]

< O llult) = a(®)lln (1 + @22,

_ —2 _ — _
), g) + lu) = a@lfs | llve(t) — o), (4.30)
where % + % + % = 1. The L*(p — 2) norm can be controlled by the energy

norm because s(p —2) < r due to the choice of 79. Then, using the estimate
(4.17) and arguments similar to those for region I UII, one derives

T
—2 —
lo” = "%, < C(T)(1 + R )/0 [l — w3 o = v - (4.31)
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Next using Holder’s inequality in time, we get
v 2 p—2 4 v m’(qg—1) 1/m’ v o
o v, < CD)(+RE)| /0 =t D] oy~ - (4.32)

This estimate, together with the bound on the L™ space—time norm given
by (4.25), and the compactness Lemma 2 below, completes the proof of the
compactness of the map ® in region III. Application of the Schauder fixed
point theorem then complete the proof of the local existence result.

This result can be improved in the region I, UII, when us = 0 (which is
equivalent to ¢ > 2). In fact in this region the map ® is actually a contraction
map, for one has the estimate

T
o - ll%, <Const. / IV = Valla (1 + [Vully™ + [1Vally ). - ol
0

—2 _ _
<C(T)(1 + Ry )T Vu — V| oo o,1;02@n)) 10 — 0llx7-
This completes the proof of existence—uniqueness result for this region. [

Finally, we formulate a global existence result when p < m. This requires
a further assumption for the antiderivative of the first part of the source
term, Fo(z,u) = [ fo(z,n)dn, namely

(F2) Fo(z,u) > pi(z)(JulP — cg), where c¢g is a constant.

Theorem 8. Let the damping Q satisfy assumptions (Q1)" and (Q2)—(Q6)
when m > 2, and (Q7) when 1 < m < 2. Suppose the source f satisfies (4.1)
and the assumptions (F1)—<(F2), and assume?2 <p <r,1 < q<p < m. Then
for any compactly supported data in the energy space ug € H'(R™), uy €
L?(R™), the Cauchy problem (1.1) has a global solution with the regularity
(1.6)—(1.7).

Proof. From Theorem 7, we know that the Cauchy problem (1.1) has a local
solution. Using the finite propagation speed one can prove a continuation
principle as in [23]. Denote by Ti,ax the life-span of the solution: we shall
show that Ty = oo. The proof is done by contradiction. Assuming that
Thax < 00, from the continuation principle it follows that

Hm (3w ()3 + 31IVu(t)|]3) = oo (4.33)

t— max

We construct the functional

T(t) = Ylun(®)l3+ LI Vu)]3+ /

Fo(z,u) da:—i—%/ |po(x)||u|T+A, (4.34)
R" R"
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where A is a conveniently chosen (large) constant, such that

/n Fola,u) do + A > / s (@)|ul? > 0. (4.35)

This is possible because of the assumption (F2). Indeed

[ Fateuyda = /B R [ m@ur - @30

BR+Tmax

> / 11 @) [ul? = collin |z (g ) (R + Tona) "
BR+Tmax

where w,, is the measure of the unit ball By in R™. Here we have used the
finite speed of propagation and the regularity of p1. Now the choice of the
constant A is evident: A > cgl|p1l| oo R+ Tinax)"wn.-

We shall show that

BR+Tmax ) (

Z(t) < Const.(Z(t) + 1), (4.37)

which by Gronwall’s lemma shows that Z has exponential growth. Together
with the choice of the constant A this gives a contradiction.
We rewrite Z(¢) in the form

I(t) = B(t) + 2 /

where FE is the energy of the solution, namely

B = @I+ Vel - [ Aeud-1 [ @l

2
Ren)+= [ i@l +4, (439
]RTL

n

and p3 () = (|p2(x)| + pa(x))/2.
From (4.38) one can calculate Z’, namely
Tty =— | QU,zx,up)us+2 [ folz,u)us + 2/ 1 () ]9 2uu
R™ R™ Rn
=L+ I+ Is. (439)

We estimate each term on the right hand side of the above identity. The
main estimate for I; follows immediately from assumption (3), namely

I < —cpl|uepn- (4.40)
For I, using (F1) and the finite speed of propagation, we have

L|/2 < /B i ()l + / m(@ll ). (4.41)

BRr+t
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The first integral in the above inequality is easily estimated (using the fact
that the constant in the Poincare inequality in a ball is proportional to the
radius of the ball) as follows:

/B pa(@)ulluel < llilloe(Bryry,. [(R+ Tnax)*[Vull3 + lluel3] - (4.42)
R+t

< Const.Z(t).

For the second integral in (4.41) one has

/B 1 (@)l fuelde < C () / i (@)l + e~ it B e
R4t n
(4.43)

< C(s)/ w1 (z)|ulP + Const.5(||ut||g + ||uell;r) < C(e)Z(t) + Const.||u .
Rn

Here one uses the Young inequality, the convexity of the function uY for
y > 2 and v > 0, and the fact that 2 < p < m. We also used the definition
(4.34) of T and the property (4.35), which follows from the choice of A. To
estimate the last term I3 in (4.39) one has

I3 < 0(8)/ 2 () [l ™ - ellpial| o (g el (4:44)

BR+Tmax

m'q N " o Jd
< C(e) o (@)[[u]?) " 2l [(R + Tmax) "]~/
R ( R+Tmax)

+ eConst. ||ut ||y

7 !

m’/q
<@ [ @)™ + Const.ul:
Rn

< Ci(e)Z()™/7 4 eConst. |[uy||7-

Here and in the sequel C(e) denote constants which increase when ¢ — 0.
Moreover, the Young inequality is used twice, (4.34), (4.35), together with
the fact that ¢’ > m’ (since ¢ < m).

Inserting the estimates (4.40)—(4.44) in (4.39) gives

T'(t) < C1(e)(Z(8) +T™/7 (¢)) + Comsteel|uyly, — exl|uell7,

where ¢; is the constant appearing in assumption (Q2) when 7' = Tpax.
Then, for sufficiently small ¢, we have

T'(t) < Const.(Z(t) +I™/9 (t)) < Const.(Z(t) + 1),

where in the last estimate we have used the elementary inequality z% < 14z,
for z > 0 and 0 < o < 1. This completes the proof. O
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We can now give the

Proof of Corollary 1. We know from Theorem 7 that (1.8) has a local
solution u with regularity (1.6) and (1.7). Assume for contradiction that the
life—span Ti,ax of the solution is finite. Then, since

1
— < a(t) <1,
(14 Tmax)® — ) <

all the assumptions (Q1)’, (Q2) —(Q6) (recall that m > 2) are fulfilled for
T = Thax. From Theorem 8 we get a contradiction, which complete the
proof. ]

We finish the section with the proof of the following compactness lemma,
used above in the proof of local existence.

Lemma 2. Let Q C R" be bounded and 2 < ro < r, where r =2n/(n —2) if
n>3,r=oc0ifn=1,2. Then the embedding

K1 = C([0,T]; HY(2)) N CH([0, T]; L*()) — C ([0, T]; L™ (%))
18 compact.

Proof. Let u™ be a sequence in K1 such that

sup [[u" ()| g1 (@) < Const. and  sup |lug(t)]]2 < Const.  (4.45)
€l0.7] t€[0,T]
for all n € N. By the interpolation inequality (see [4]) for ¢,s € [0,T] we
have

™ () = u™(5) I < ™ (t) = u" ()5 llu(t) = u(s)];~", (4.46)

1

where .- = g + # Moreover, by (4.45)2 and Cauchy’s theorem

t
[u(t) —u"(s)]l2 < ‘/ [ ()2 dn| < Const.|t — s. (4.47)

Using (4.45)—(4.47) and Sobolev embedding we get

|u™(t) — u"(s)||y, < Const.|t — s|°.

Hence, u™ is an equicontinuous sequence in C'([0,7]; L™ (2)). Moreover, by
Rellich’s Theorem (see [4]), for each ¢ € [0,7] the sequence u"(t) has a
convergent subsequence in L™ (). Together with Ascoli’s Theorem (see for
example [22]), this completes the proof. O



44 JAMES SERRIN, GROZDENA TODOROVA, AND ENZO VITILLARO

APPENDIX A. PROOF OF PROPOSITION 1

We first recall additional arguments of Orlicz space theory (see [1] and
[21]). The N—function @ is said to satisfy the Ay condition, or to be Agy—
regular, if there is a positive constant k£ > 0 such that ®(2s) < k®(s) for
s > 0. An important example of As—regular function is the function &,
constructed in Lemma 1.

The norm ||u|e in the Orlicz space L®(A), where A = R™ or A = (0,T) x
R™ can be defined by

|ullo =inf{k >0: [, ®(lul/k) <1} =inf {3(1+ [, ®(klu])) : k >0}.
(A.1)
Moreover,
C%°(A) is dense in L?(A) and in LT(A) N HE(A). (A.2)

Next, the complementary function W is As-regular if and only if there is a
constant [ > 1 such that ® satisfies the inequality

21D(s) < P(ls) for all s > 0.

A direct consequence of this fact together with the property (3.5) of the
function ®. is that the complementary function ¥, is As—regular.

Let (®,¥) be a complementary pair of N functions, both satisfying the
As condition. Then

[LE(A)" =L¥(4),  [LY(A) = L*(4), (A.3)

where X™* is the topological dual space of X. In addition, given a sequence
u, in L?(A), the following properties hold

u,, is bounded in L®(A) if and only if the sequence [, ® 4 @(Junl) is bounded,

(A.4)
u, — u in L*(A) if and only if [, ®(|u, — u|) — 0, (A.5)
and
Ja®(unl) = [, ®(|u]) and u, — u a.e. in A implies u, — u in LP(A).
(A.6)
Clearly,
U'(t) =inf{s > 0: ®'(s) > t}. (A.7)
Moreover, the following continuous embedding holds
L2((0,T) x R") — LY(0,T; L*(R™)). (A.8)

We need two lemmas, which are generalizations of well-known facts about
Lebesgue spaces to Orlicz spaces. We sketch the proof of these lemmas to
keep the paper self-contained and because we have not a precise reference.
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Lemma 3. Suppose that ® is a Ag-—regular N—function and A C RF. If
U, — u in L®(A), then there is h € L®(A) such that (up to a subsequence)
Up — U a.e. in A asn — 0o and |u,| < h a.e. in A for alln € N.

Proof. This a slight modification of the proof of Theorem IV.9 of [4]. We
use the monotonicity and continuity of ®, which are direct consequences
of the definition of N—functions, together with the convergence properties
(A.4) and (A.5). O

The second lemma is the extension to Orlicz spaces of the continuity of
Nemitskii operators in Lebesgue spaces (see [2]).

Lemma 4. Suppose that ® and U are Ao—reqular N —functions and A C RF.
Suppose moreover that F: A x R — R is a Caratheodory function such that

U(|F(x,s)|) < Const.®(|s]) (A.9)

for s > 0. Then the Nemitskii operator uw — F(-,u) is continuous from
L®(A) to LY (A).

Proof. From the definition of the Orlicz space and the assumption (A.9)
we have that the operator u — F(-,u) is well defined from L®(A) to LY (A).
Applying Lemma 3 for a convergent sequence u, — u in L®(A), together
with the continuity of F' in the second variable, we have that (up to a
subsequence)

F(-,uy) — F(,u) a.e. in A, (A.10)
and
lun| < h a.e. in A, (A.11)

for all n € N, where h € L®(A). Since the continuity of ¥, as an N-
function, we have V(|F(-,u,)] — Y(|F(-,u)| a.e. in A. Using estimates
(A.9) and (A.11) we have

U(|F (-, upn)]) < Const.®(|u,|) < Const.®(h).
Now ®(h) € L'(A) by the definition of Orlicz space. Hence, by the Lebesgue

Dominated Convergence Theorem,

/Q W(F (o un)]) — /Q W(|F(,u))

and then using (A.10) and the convergence property (A.6), we derive F'(-, uy,)
— F(-,u) in L¥(A) (up to a subsequence). Since this is true for any sequence
uy, — u, this completes the proof. O
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Proof of Proposition 1. We follow the arguments of Theorem 3 and The-
orem 4, using convenient modifications. The first part of the proof, concern-
ing the existence of the regular solution w” in the ball B,, is not essentially af-
fected, since the argument requires only the use of Lebesgue spaces. The only
difference in fact is that, since 1 < m < 2, we do not need to approximate u1,
with uy, in L2(m’1)(Bp). The convergence ui, — ui, in LZ(B,))7 which is a
consequence of convergence in H}(B,), implies that |u1,|™ ™ — |ui,[™ ! in
L*(B,). Thus, the estimate (2.19) can be rewritten

[ (0|2 < [[Aunllz + llgo(0)[l2 + Const. [[urn|™ " 2- (A.12)

Due to the fact that Q. is time independent, together with Q.(x,v)v > 0
and (Q:)y(z,v) > 0 (because of the strict convexity of ®. and (3.1)), we
can use the first and second energy identities. This yields the main estimate
(2.20) in the simplified form,

sup up ()13 + [Vur, (8)][3 < Const. ([[[(gp)elllz + llury ()13 + | Vuurall3) -

te(0,T)
(A.13)
That is, the function v has the regularity described in Theorem 4.

Until now, working in the ball B,, no essential difference with Theorem 4
arises. On the other hand, a difference is manifested when we pass to the
limit as p — oo, which requires using the Orlicz space L®:((0,T) x R"®)
instead of the Lebesgue space L™((0,7") x R™). Indeed from the estimate
(2.7), one cannot derive the boundedness of u} in L™((0,T") x R™). Instead,
using the convexity of ®. and the fact that ®.(0) = 0, we have

t
D (t) = /0 O (n)dn < ®L(t)t  forallt >0.

Thus, by the particular form (3.10) of Q. and the previous estimate, we
derive
/ P (|uf|) < Const./ Qe (-, uf)uf.

(0,T)xR™ (0,T)xR™
Further, the boundedness of u{ in the Orlicz space L®=((0,T") x R™) follows
from the previous estimate and the property (A.4). Also by the continuity
of @, the strict convexity of the function ®. and (A.7), there arises W.(t) =
(®L)~1(t), where W, is the complementary function of ®.. Then, using the
properties (3.1) and (3.7) of ®., there holds, for ¢ > 0,

t t t
V.@L(0) = [ (ot myan = [ @Lamdn < ca [ 0Ly = o0,

(A.14)
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Next by the monotonicity and the Ag—regularity of ., together with (A.14).
V. (|Qe(2,v)]) < Ue(llolloo®L(|v]) < c5eWe(PL([v]) < cazPe(fv])  (A.15)

for some constants cs., c4c dependent on €.

In turn, from the property (A.4) and the previous estimate we see that
Q:(+,u?) is bounded in LY=((0,T) x R™).

To obtain the estimate corresponding to (2.26) pass to the limit in (A.13)
as n — oo. Hence from (A.12),

e lufy (0113 + (Vg (£)[13 < Const.(||uopll 2y (A.16)
€(0,

+ ol g ey + ™ 2 lusoll2 + 9o (0)13 + -+l (g, )ellI3)-
Thus, in turn
u’ —u  weakly* in L>(0,T; H'(R™)), (A.17)
uf —wu;  weakly® in L0, T; L?(R")) and weakly in L®((0,T) x R"),
Qc(vyuf) — x weakly in LY<((0,T) x R"),

while also (2.28) is still valid.
Now, using (A.8) we can show that u is solution of

uy — Au+x—g=0  in H(R") + LY*(R")

in the distribution sense and hence almost everywhere. Then Theorem 3
implies that u(0) = up and u¢(0) = uy. Therefore, to complete the proof it
only must be shown that x = Q(-,u¢). But from the monotonicity of Q.
and the arguments from [16],

/ (X = Qe(-,w))(ug —w) >0 for all w € L‘I’E((O,T) x R™).
(0,T)xR™
We choose w = u; — Awy, with A > 0 and wy € L®((0,T) x R"). Hence,
/ (x — Qc(+,ug — Awy))wy > 0.
(0,T) xR™

In turn, taking into account the continuity of the Nemitskii operator u +—
Q:(+,u), which follows by Lemma 4 and (A.15), and letting A — 0, we obtain

/ (X - Qs('a Ut))wl > 0.
(0,T) xR

Since this holds for arbitrary wy, it follows that x = Q (-, uy). O
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APPENDIX B. A DENSITY LEMMA

Lemma 5. Let ® be a As reqular N —function and suppose
¢ € K :=C(0,T); L>(R")) N L2((0,T) x R™) N H'((0,T) x R™).

Then there is a sequence ¢. € C°(R"1) such that Pel(0,1)xrr — Pl(0,7)xR"
in IC.

Proof. Denote by %, %, and *; respectively space-time convolution, space
convolution and time convolution. Now extend ¢ to R™*! keeping the same
regularity (for example by reflection on t) and construct an approximating
sequence ¢, in the form ¢, := n.(p- * ¢). Here,
(a) n(z) = n(4e?|z|?) for x € R™, where 7 is a cut—off function such that
n € C®(R), n(s) =0if [s| > 1, n(s) = Lif |s| < 1/2, [In]le = 1;
(b) pe(t,z) = o-(x)7e(t), where v, and o, are standard mollifiers in R
and R” respectively; of course then p. is a mollifier in R"*+1.
It is well known that p. @[, 7)xre — ¢|(0,7)xr (see [4]) in H((0,T) x R™).
From this, together with convolution arguments, it follows that ¢, | (0,T)xRn —
dl(o.1)xrr in H'((0,T) x R™). Next (see [1])

0.1)xkn — ®lo)xre 10 L¥((0,T) x R™). (B.1)

Denote by ||| - |le the norm in L®((0,7) x R™). Monotonicity of ® and
(3.15) then yield |||7v][le < ||7]loolllv]ll®, for all v € L®((0,T) x R®) and
7 € L>®(R™). Hence,

llpe = dllle = llne(pe * &) = dllle < [ln(pe * &) = nedllle + 10 — llle
<|llpe ¥ ¢ = dllla + lllned — ¢llle- (B.2)

By the Aj-regularity of ® we have ®(|n.¢ — ¢|) < Const. ®(|¢|). Moreover,
Ne¢ — ¢ a.e. on (0,7) x R™. Together with the continuity of ® and the
Lebesgue Dominated Convergence Theorem, this implies

/ (|6 — 6|) — 0.
(0,T)xR"™

Recalling (A.5), this gives n.¢ — ¢ in L®((0,7) x R®). Then from (B.1)
and (B.2), we get ¢c|(o1)xrr — @l(0,1)xrn in L*((0,T) x R™).
To prove the convergence of ¢. in C([0, T]; L*(R")) we note that

pe * ¢

Pe * & = 0c kg (Ve *¢ @).



EXISTENCE FOR A NONLINEAR WAVE EQUATION 49

Moreover, from the arguments of [4], it follows that ||y *¢ ¢(t) — @(t)||2 — O
uniformly in [0,7], as € — 0. Hence, for all t € [0, 7],

[0 % ¢(t) = ¢(t)ll2 < [loe *z (Ve #¢ @) (1) — 0c *2 G(t)l|2 + [0 *2 G(t) — D()]|2
< e *t @) — d(B) |2 + lloe *2 ¢(t) — ¢(t)]l2 — O (B.3)
as € — 0. Now, for s,t € [0,T]

192 % () — pe x ¢(t)||2 < [|6(s) — d()]]2-

In turn, by (B.3) and the Arzeld—Ascoli Theorem one obtains (up to a
subsequence) ||pe * ¢(t) — ¢(t)||2 — O uniformly for ¢t € [0,7]. Moreover,
In=0(t) — @(t)||]2 — O pointwise in [0,7] as e — 0. Next, for s,t € [0, 7],

1n:0(s) = ne@(t)[l2 < llo(s) — o(2)]2-

Consequently, applying the Arzeld—Ascoli Theorem again, it follows that (up
to a subsequence), ||7:¢(t) — ¢(t)||2 — 0 uniformly in [0, 7] as € — 0. Since

[6e(t) — d()ll2 < [1n=(pe * @) (t) — ned(B)|l2 + =0 (t) — ¢(B)]2
< lp= * ¢(t) = ¢@)ll2 + lIned(t) — ¢(t) 2

for all ¢ € [0,T], we derive ¢. — ¢ in C([0, T]; L>(R™)). This completes the
proof. O
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