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ABSTRACT. In this article, we study the blow-up of the damped wave equation in
the scale-invariant case and in the presence of two nonlinearities. More precisely, we
consider the following equation:

1
14+t

uge — Au + ug = |we|? + |u|?,  in RN x [0, 00),

with small initial data.

For u < w and g € (0, us), where p, > 0 is depending on the nonlinearties’
powers and the space dimension (u. satisfies (¢ — 1) (N + 2. — 1)p — 2) = 4), we
prove that the wave equation, in this case, behaves like the one without dissipation
(= 0). Our result completes the previous studies in the case where the dissipation
is given by ﬁut; B > 1 ([11]), where, contrary to what we obtain in the present
work, the effect of the damping is not significant in the dynamics. Interestingly, in our

case, the influence of the damping term %Hut is important.

1. INTRODUCTION

We consider the following family of semilinear damped wave equations

I
(1.1) e AU
u(z,0) = ef(z), u(z,0) =eg(z), z€RY,

uy = alug|? 4+ blul?, in RY x [0,00),

where a and b are nonnegative constants, 4 > 0 and 5 > 0. Moreover, the parameter
¢ is supposed to be a positive number small enough and f and g are positive functions
which are compactly supported on Bgn (0, 1).

Throughout this article, we suppose that p,qg > 1 and ¢ < ]\2,—1_\72 it N > 3.

It is worth-mentioning that the presence of two nonlinearities in (1.1) has an inter-
esting effect on the (global) existence or the nonexistence of the solution of (1.1) and
its lifespan. Hence, it is natural to study the influence of the nonlinear terms on the
behavior of the solution and see whether or not this may produce a kind of competition

between these nonlinearities.
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It is well-known that in the scattering case, 3 > 1, the solution, u”, of the linear

equation corresponding to (1.1), namely

7!
(1+¢)8

behaves like the one of the wave equation without damping (x = 0). In particular, this

(1.2) ul; — Au* +

L
u, =0,

means that the damping term does not play any role. On the other hand, for g < 1,
which corresponds to the effective case, the solution of the linear equation (1.2) behaves
like the corresponding parabolic equation, namely mut —Au =0, see e.g. [20, 21, 22]
and the references therein. However, the case § = 1 corresponds to the scale-invariant
damping. Indeed, the equation (1.2) is thus invariant under a hyperbolic scaling. The
scale-invariant case constitutes, thus, a transition between the parabolic and hyperbolic
types. In fact, in this transition, the parameter p plays a crucial role in determining the
behavior of the solution of (1.2), see for example [20].

Coming back to (1.1) and letting ¢ = 0 and (a,b) = (0,1), then the equation (1.1)
reduces to the classical semilinear wave equation which is somehow related to the Strauss
conjecture. This case gives rise to a critical power, denoted by ¢g, which is a solution of

the following quadratic equation
(1.3) (N-1)¢* — (N +1)g—2=0,

and given explicitly by

_ N+1++VN24+10N -7
B 2(N —1)

More precisely, if ¢ < gs then there is no global solution for (1.1) with small initial

(1.4) qs = qs(N) :

data, and for ¢ > gs a global solution exists; see e.g. [8, 16, 23, 24] among many other

references.

Now, for the case p = 0 and (a,b) = (1,0), the Glassey conjecture states that the
critical power pg is given by
2
1.5 =pa(N) =1+ ——.
(1.5) pc = pa(N) TN
The above critical value, pg, gives rise to two regions for p ensuring the existence (p < pg)

or the nonexistence (p > pg) of a global solution; see e.g. [3, 5, 7, 14, 15, 17, 25].

The case ;1 = 0 and a,b # 0 (we can assume without loss of generality that (a,b) =
(1,1)) presents a new phenomenon related to the combined nonlinearities. Indeed, in
this case, the powers satisfying p < pg or ¢ < ¢g naturally imply the solution blow-
up by a simple adaptation of the proofs in the previous cases (a,b) = (0,1) or (1,0).
However, the novelty in the present situation consists in the obtaining of an additional
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region where the solution blows up. This new region is characterized by the following

relationship between p and ¢:
(1.6) Ap.¢;N) == (-1 (N—-1p-2) <4
We refer the reader to [1, 2, 4, 19] for more details.

Now, we focus on the case u > 0. First, we recall, as mentioned above, the fact
that 4 > 1 in (1.1) does not influence the dynamics [9, 10, 18]. However, for the
scale-invariant case, § = 1, we will see that the situation in the present article is totally
different. In fact, for (a,b) = (0, 1), it is known in the literature that if the weak damping
coefficient p is relatively large, then the equation (1.1) (with (a,b) = (0, 1)) behaves like
the corresponding heat equation. Though, if p is small, then the behavior of (1.1) is
following the one of the corresponding wave equation. More precisely, for u small, it
was proven, in [12] and later on in [6] with a substantial improvement, that the critical
power is moving a bit compared to the case without damping, and hence we have for
N2+ N+2

N +2
the blow-up of the solution of (1.1).

<0<pu< and 1< q<qs(N+ p),

On the other hand for y > 0 and (a,b) = (1,0), the authors prove in [10] a blow-up
result for the solution of (1.1) (with (a,b) = (1,0)) and they give an upper bound of
the lifespan. We stress the fact that in this case there is no restriction for p in the the
blow-up region for p, namely p € (1, pa(N + 2u)).

In this work, we consider the following Cauchy problem for the scale-invariant wave

equation with combined nonlinearities,

W
— A
Uy U+ T+1
U(QZ',O) = Ef(l'), Ut(l',()) = Eg(l'), S RN,

uy = |w|? + |ul?,  in RN x [0, 00),
. =l +[u 0.0)

where > 0, N > 1, € > 0 is a sufficiently small parameter and f, g are chosen in the
energy space with compact support.

The emphasis in our work is the study of the Cauchy problem (1.7) for x > 0 and
the influence of this parameter on the blow-up result and the lifespan estimate. For
the analogous system of (1.7) with (u/(1 + t))u; being replaced by (u/(1 + t)%)u; and
B > 1, which corresponds to the scattering case, Lai and Takamura proved in [11] that,
comparing to the wave equation without damping, the scattering damping term has
no influence in the dynamics. The situation is totally different in the scale-invariant
case (8 = 1) where the effect of the weak damping is significant in the study of global

existence or blow-up of the solution of (1.7). To overcome the difficulty related to this
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case, we choose in this work to use the technique of multiplier, and, unlike the scattering
case, the multiplier here is not bounded as we can see in (2.2) below. Finally, we stress
out that the determination of the threshold for  and the obtaining of the analogous of
the assumption (1.6) constitute the main objectives of this article.

Due to the nature of the problem under consideration here, we notice some interest-
ing challenges. For example, it is natural to look for the critical value of u where this
transition holds. Nevertheless, it is known that, even in the simpler case (a,b) = (0, 1),
no critical value is known and it was only conjectured the existence of such critical value;
see e.g. [6, 12, 13].

The rest of the article is organized as follows. In Section 2, after giving a sense to
the solution of (1.7) in the energy space, we state the main theorem of our work. Then,
we state and prove in Section 3 some technical lemmas useful in the proof of the main
result which is the subject of Section 4.

2. MAIN RESULT

In this section, we will state our main result, but before that, we give the definition
of the solution of (1.7) in the corresponding energy space which reads as follows:

Definition 2.1. We say that u is a weak solution of (1.7) on [0,T) if
wec(0,T), H'®M) N CH(0, T), I2(RY)) nC'(0,T), I (RY)),

satisfies, for all ® € C*(RYN x [0,T)) and all t € [0,T), the following equation:
(2.1)

/RN u(x,t)@(x, t)dx —/ wy(z,0)0(x, 0)dz

RN
t t
—/ / ug(z, s)q)t(x,s)dxds—i-/ Vu(z,s) - V&(x,s)dxds
0o JrRN 0o JrRN

f L

Now, we introduce the following multiplier

t
- u(z, $)Py(x, s)dx ds = / / {Jug(x, $)|P + |u(x, $)|7} ®(z, s)dx ds.
1+ S 0 RN

(2.2) m(t) :== (1 +t)*.

Using the above definition of m(t), we simply observe that
m't) _ _n
m(t) 1+t

Note that the use of multiplier’s technique is useful for the study of the nonlinear damped

wave equation in our case.
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Hence, with the help of the multiplier m(¢), Definition 2.1 can be written in the

following equivalent formulation.

Definition 2.2. We say that u is a weak solution of (1.7) on [0,T") if
weC([0,7), H'®RY))nc'([0,T), L*(RY)) nC((0,T), L'(RY)),
satisfies, for all ® € C(RYN x [0,T)) and all t € [0,T), the following equation:

m(?) /RN () B (w, £)dz — /RN (i, 0)®(z, 0)da
(2.3) - /Otm(s) /RN uy(x, 8)Py(x, s)dr ds + /Otm(s) . Vu(z,s) - VO(x,s)dxds

:/0 m(s) /RN{|ut(x,s)|p+|u(m,s)|q}<1>(x,s)dxds.

The main result of this article is then stated in the following theorem.

Theorem 2.3. Let p,q and p < M@=D) pe sych that
(2.4) A(}% q, N +2p) < 4,

where the expression of X is given by (1.6).

Assume that f € H' (RY) and g € L*(R") are non-negative functions which are com-
pactly supported on Brn (0, 1), and do not vanish everywhere. Let u be an energy solution
of (1.7) on [0,T.) such that supp(u) C {(z,t) € RN x [0,00) : |z| <t+1}. Then, there
exists a constant eg = eo(f, g, N, p,q, 1r) > 0 such that T. verifies

_1)

T <Cg 4— A(qu+2u)

where C' s a positive constant independent of € and 0 < € < .

Remark 2.1. Unlike the case with only one nonlinearity (|u:(zx,s)|P or |u(z,s)|?), one
can note, in addition to the two blow-up regions p < pg and ¢ < ¢g, the obtaining of
another blow-up region, characterized by (1.6), which is the result of the interaction of
the combined nonlinearities, see [4]. This observation still holds in our case but with
(1.6) being replaced by (2.4), otherwise pg(NN) being replaced by pg(N +2u) and gs(N)
by qs(N + p).

Remark 2.2. The assumption (2.4) can be seen as a smallness condition for u, namely
q+1 N—l)

p(g—1) 2

i€ [0, i) where p = pu, satisfies the equality in (2.4) (otherwise p. :=

Remark 2.3. Note that the results in Theorem 2.3 hold true after replacing the linear
g by pb(t)u, with b(t) behaving like (14¢)~" as ¢ goes to oco.
The proof of this generalized damping case can be obtained by following the same steps

damping term in (1.7)

as in the proof of Theorem 2.3 with the necessary modifications.
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3. SOME AUXILIARY RESULTS

We introduce the following two positive test functions

L - /Nl e"“dw for N > 2,
et +e " for N =1,

which was introduced in Yordanov and Zhang [23] and admits the following good prop-
erties:

at¢ = —w, 8tt¢ = A¢ = ¢

Moreover, we have the following lemma for the function v (z,t).

Lemma 3.1 ([23]). Let r > 1. There exists a constant C = C(N,p,r) > 0 such that

(2—7r)(N—-1)

(3.2) /|$|§t+1 (zﬂ(:c,t))rdx <C4t) =2 , Yt>0.

As in the non-perturbed case, we define here the functionals that we will use to prove

the blow-up criteria later on:

(3.3) Fi(t) = /R (e, (e .
and
(3.4) Fy(t) = . Owu(z, t)(z, t)d.

The next two lemmas give the first lower bounds for Fj(t) and F;(t), respectively.

Lemma 3.2. Assume that the assumption in Theorem 2.3 holds. Then, we have

(3.5) Pt > - /RN F(2)o(x)dz, for allt € [0,T).

~ 2m(t)

Proof. Using Definition 2.2 and by performing an integration by parts in space in the
fourth term in the left-hand side of (2.3), we obtain

m(t) /RN ug(z, t)P(x, t)de — 6/]RN g(z)®(z,0)dz
(3.6) —/0 m(s) - {u(z, s)Py(z, s) + u(z, s)Ad(x, s)} dx ds

= /0 m(s) /RN {ug(x, 8)[P + |u(z, 5)|7} (2, 8)dvds, V¥ & € CF(RYN x [0,T)).
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Now, substituting in (3.6) ®(z,t) by ¥ (z,t), we infer that
nxwégugﬁw¢@¢mx—gﬁgg@nuﬁomx
(3.7) —l—/o m(s) » {ue(z, s)(x, s) —u(z, s)Y(x,s)} drds

:/0 m(s) /RN {lug(z, 8)[P + |u(z, s)|9} b (x, s)da ds.

Using the definition of Fi, as in (3.3), and the fact that

/m VE(s (/m VEy(s)ds + m(t)Fy (t) — F(0),
the equation (3.7) yields
() (FY(t) + 2F1(t) — eC(f, 9)

(3.8) / ! (s)Fi(s ds—i—/tm(s) /RN{W?:(%SHP‘F|u($=3)|q}¢(x’s)dxd8’

where
Clr) = [ @)+ gla)} ooyt

Dividing (3.8) by m(¢) and multiplying the obtained equation by e*, we deduce after
integrating over [0,t] that
39 HREm 2 AO)+eC(f) [ ds [ L 1o
3.9 eFtZFO+5C’f,g/—ds+/—/ 14+ 7)) Fy(7)dT.

' ' o m(s) o m(s) Jo '
Thanks to (3.9) and the fact that F;(0) > 0, we can easily see that Fj(t) > 0. Hence,
we have

t 625—275
(3.10) Fi(t) > F1(0)e ™ +eC(f, 9) ds.
o m(s)
Remember that m(t), given by (2.2), is an increasing function (since here p > 0), we get

eC(f,9) —2t —or , €C(f,0) —2t
W(l—e ) Z€C(f,0)6 +T(t)<1—6 )

Finally, using m(t) > 1, we obtain (3.5). This ends the proof of Lemma 3.2. O

(3.11)  Fi(t) > Fi(0)e ' +

Now we are in a position to prove the following lemma.

Lemma 3.3. Under the same assumption of Theorem 2.3, it holds that

/RN g(x)p(x)dx, for allt €[0,T).

7
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Proof. Let t € [0,T). Hence, using the definition of F; and Fy, given respectively by
(3.3) and (3.4), and the fact that

(3.13) Fl(t) + Fi(t) = Fo(0)
the equation (3.8) yields
t)(Fa(t) + Fi(t)) — eC(f, 9)

(3.14) / m'(s)F) (s ds+/ m(s) /RN {|ug(z, 8)|P + |u(z, s)|*} o (x, s)dz ds.

Differentiating the equation (3.14) in time, we obtain

B15) G R@mO) + m) RO =mie) [ Al 0P + a0 v,

Using (3.13), the identity (3.15) becomes
(316) S {RMm()} + 2m@B(r) = m(t) (F(1) + B(0) +

m(e) [ Al P + e )17 iz, s

Thanks to (3.14) and Lemma 3.2, we can easily see that m(t)(Fy(t) + Fi(t)) > C(f, g).
Then, (3.16) implies that

(3.17) % {F)m(t)e*} > C(f, g)e*

By integrating in time between 0 and ¢ the inequality (3.17), we obtain

80(07 g) e275

So, by (3.18), we have (3.12). This concludes the proof of Lemma 3.3. O

(3.18) Fy(tym(t)e* > Fy(0) +eC(f, 9) /Ot e*ds >

4. PROOF OF THEOREM 2.3

In this section, we will give the proof of the main theorem in this article which
states the blow-up result and the lifespan estimate of the solution of (1.7). For that
purpose, we will make use of the lemmas proven in Section 3, the multiplier m(t) and a
Kato’s lemma type.

Throughout this section, we will denote by C' a generic positive constant which may
depend on the data (p,q, u, N, f,g) but not on € and of which the value may change
from line to line, but, we keep the same notation to make the presentation simpler.

First, using the hypotheses in Theorem 2.3, we recall that supp(u) C {(z,t) €

RY x [0,00) : |z| <t +1}.
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Then, we set
(41) F(t) = / u(, D)da.
RN

Now, by choosing the test function ¢ in (2.3) such that ¢ = 1 in {(z,s) € RN x [0,¢] :
lz| < s+ 1}, we get
(4.2)

m(t) /RN u(z, t)de — /RN u(z,0)dx = /0 m(s) /RN {Jue(z, $)|P + |u(x, s)|?} dx ds.
Using the definition of F', (4.2) can be written as
(4.3) m(®)F'(t) = F'(0) + /0 m(s) /R Al )P+ Jule, )17} deds.

Therefore, by dividing (4.3) by m(t), integrating over (0,¢) and using the positivity of
F(0) and F’(0), we infer that

(4.4) Ft) > /Ot /Osm(T) /RN (e, )P + u(, )|} da dr ds.

By Hélder’s inequality and the estimates (3.2) and (3.12), we may bound the nonlinear

m(s)

term as follows:

p

/RN = 20 </|xgt+1 <¢(x’ t)> pldx) h > CeP(1+1)""

(N=1)(p=2)
2

Plugging the above inequality into (4.4), we obtain

t s

(4.5) F(t) > Ce? / (1+5)" / (14 7)~ D=5 g g
0 0

A straightforward computation yields

(4.6) F(t) > CeP(1 4 )= 25N+

On the other hand, we have

(A7) ( /[R ()’ < /| e )ed( /| " dx)ql,

and consequently we deduce that

(4.8) Fat) < (t+ 1)N(q_1)/ lu(x, s)|%dx.

|| <t+1

Now, by differentiating (4.3) with respect to time, we obtain

(4.9) (m()F'(t)) > m(t) /RN {{ue(z, )P + |u(x, t)|7} de > m(t) /RN lu(z, t)|dx.

IThe choice of a test function ¢ which is identically equal to 1 is possible thanks to the fact that the
initial data f and g are supported on Bg~ (0, 1).
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Using (4.8) in (4.9), we infer that
(4.10) (m(t)F'(t)) > 0 +j)iv(2—1>—u‘

Thanks to (4.3) we have m(t)F{(t) > 0. Then, multiplying (4.10) by m(t)Fj(t) yields

RCORE Ga)
(4.11) {(m(t)F ) } = G r DA+ Ve
Integrating the above inequality and using p < N(QT_D, we have
) 2FH(t) a2 2EH0)
(4.12) (mF®) > S L= ((F (0))> - W)

Observe that the last term in the right-hand side of (4.12) is positive since we consider
here small initial data, and more precisely this holds for € small enough.
Hence, (4.12) implies that

F'(t) 2 F'T ()

4.13 —_— >
( ) F1+6(t) - q+ 1 (1 n t) N<q{1) )

for 6 > 0 small enough.

Integrating the inequality (4.13) on [Ty, t], for To > 1, and using (4.6), we obtain

1, 1 1 2 amyigtos [f A8
(4.14) g(F(;(TO) - F‘;(t)> > m(CE ) /To (1 —|—S)

Neglecting the second term on the left-hand side in (4.14) which gives

1 2 a-1 ! A@,q,N+2p) (N-1)(p—2)
119 s [Ty [ (g ey,
( ) Fﬁ(TO) q + 1( ) TO( )

_ Ap.g,N+2p)
4

N—1)(p—2 -1
( g(p ))(qT_é)

ds.

N(g—1)
2

Using the hypothesis (2.4), we have
small enough such that v := —w — 0o (2 — up — w> > —1. Then, the
estimate (4.15) yields

+ 1 > 0. Hence, we can choose § = g

(4.16) ﬁ > OB (146 — 1+ Ty

Now, using (4.6) and the fact that 7o > 1, we infer that

(4.17) N (L4 = (14 To) ™) < O(1+ Ty~ 2oobmot =580
Consequently, we have

(4.18) S (L4 1) < Cp(1 + Ty)~2otmwbor (g2

pr(g—1)

ez (14 Ty,
10




where Cy = Co(p,q, 11, N, £, 9).

A(p,g, N+2u)
]

At this level, since — + 1> 0, then for all € > 0, we choose T > 1 such that

A(p,g, N+2p) _
_ : +1 _plg=1)

(419) TO = C()E 2 .

Hence, using (4.19), we deduce from (4.18) that

2p(g—1)

(4.20) t <277 (1+Tp) < Che” Tran 7m0

where C1 = Ci(p, ¢, 1, N, f, 9)-
This achieves the proof of Theorem 2.3. O
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