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Abstract. In this paper we consider the blow-up for solutions to a weakly
coupled system of semilinear damped wave equations of derivative type
in the scattering case. After introducing suitable functionals proposed
by Lai-Takamura for the corresponding single semilinear equation, we
employ Kato’s lemma to derive the blow-up result in the subcritical case.
On the other hand, in the critical case an iteration procedure based on
the slicing method is employed. Let us point out that we find as critical
curve in the p - ¢ plane for the pair of exponents (p, q) in the nonlinear
terms the same one as for the weakly coupled system of semilinear not-
damped wave equations with the same kind of nonlinearities.
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1. Introduction

In this paper we consider a weakly coupled system of wave equations with
time-dependent and scattering producing damping terms and with powers
of the first order time-derivatives of components of the solution as nonlinear
terms (semilinear term of derivative type), namely,

Utt—AU—f—bl(t)Ut = ‘aﬂ)|p, .’L‘ER”, t>0,
Vi — Av + ba(t)vy = |Oruld, re R, t>0, (1.1)
(u, ug, v,v¢)(0, ) = (eug, ur, evg, evy)(x) x € R™,
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where by, by € B([0,00))NL ([0, 00)) are nonnegative functions, € is a positive
parameter describing the size of initial data and p,q > 1. We will prove
blow-up results for (1.1) both in the subcritical case and in the critical case.
Moreover, an upper bound for the lifespan of local solutions is derived in
these two cases.

The nonexitence of global in time solutions in the case without damping
terms (that is, for by = by = 0) has been studied in [3, 22|, while the existence
part has been proved in the three dimensional and radial case in [8]. Recently,
in [6, Section 8] the upper bound for the lifespan has been derived.

Summarizing the blow-up results above cited, for the weakly coupled
system

uy — Au = 00|, reR™ t>0,
vy — Av = |Opu]?, xeR™ t>0, (1.2)
(u, ug, v,v¢)(0, ) = (eug, eur, evg, evy)(x) x € R™,

it holds the following result: under certain integral sign assumptions for the
initial data, if p,q > 1 satisfy

{ p+1 q+1 } n—1
max : > )
pg—1 pg—1 2

then, (u,v) has to blow-up in finite time; moreover, the following upper bound
estimate for the lifespan holds

C&‘_ max{A(n,p,q),A(n,q,p)}_l lf T(n,p, q) > O7

T(e) < { exp (CePa=D) if Y(n,p,q)=0,p#q,
exp (Ce~(P=1) if T(n,p,q)=0,p=q,
where
. p+l n-1
A = — 1.
(n,p,q) — 5 (1.3)
and
Y (n,p,q) = max{A(n,p,q),A(n,q,p)}. (1.4)

Let us stress that the study of the blow-up results for the system (1.2)
is not a trivial generalization of the corresponding results related to Glassey’s
conjecture for the semilinear Cauchy problem

{utt — Au = lﬁtu]p, x € Rn’ t > O,

(U, Ut)(o, ZL’) = (gu()’ 5u1)($) r € R". (15)

Indeed, for the semilinear Cauchy problem (1.5) it has been proved that the
critical exponent is the so-called Glassey exponent

.n+1
pGla(n) —

(1.6)

n—1
(in dimension n = 1 there exist solutions that cannot be prolonged for all
time for any exponent p > 1 regardless of the smallness of initial data).
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We refer to the classical results [7, 17, 12, 16, 15, 1, 4, 20, 25, 5] and
references therein contained for further details.

We remark that the condition p < paia(n) can be equivalently expressed
as

L ,n-t (1.7)

Therefore, because of

max{p, ¢} + 1 1
= )
pg—1 max{p,q} — 1

(1.8)

where the equality holds if and only if p = ¢, it may happen that the condition
for (p,q), which implies the validity of a blow-up result, is satisfied even
though one among p, ¢ is greater than the Glassey exponent (of course, in
the case p # ¢). This fact follows immediately by (1.7) and (1.8).

Recently, semilinear wave equations with scattering producing damping
terms have been studied in [9, 10, 11] in the case of single equations and
in [13, 14] for weakly coupled systems with power nonlinearities and mixed
nonlinearities, respectively.

In this work we will study blow-up results for the weakly coupled system
(1.1) in the subcritical case and in the critical case by considering the blow-
up dynamic of suitable functionals, that represent a generalization of the
functional introduced in [10] in order to study the semilinear wave equation
with damping in the scattering case related to Glassey’s conjecture.

The novelty of our results consists on the way in which methods, typi-
cally used for the semilinear classical wave equation with power nonlinearity
of the solution itself, are suitably adapted to the study of (1.1). More specif-
ically, these methods are Kato’s lemma (see [18, 23, 19, 24]) and the slicing
method combined with an iteration argument (see [2, 21]). These methods
have been studied only for the classical semilinear wave equation with power
nonlinearity |u|? and for the corresponding weakly coupled system. In this
sense, it is surprising that they can be applied to study the weakly coupled
system (1.1) with semilinear terms of derivative type.

Before stating the blow-up results of this paper, let us introduce a suit-
able notion of energy solutions.

Definition 1.1. Let ug,vo € H'(R™) and uq,v; € L*(R"). We say that (u,v)
is an energy solution of (1.1) on [0,T) if

u € 6([0,T), H(R")) ne'([0,T7), L*(R")) and du e LL ([0,T) x R™),

loc

ve®g(0,T), H (R™) N [0,T), LA(R™) and 0w e L ([0,T) x R™)

loc
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satisfy u(0, ) = cug(z), v(0,z) = evo(x) in H'(R™) and the equalities
/Ot /n |Orv (s, x)|Po(s,x) dxds = . oru(t, z)p(t, z) dz
- /" eur(z)p(0, x) dx — /Ot - oru(s, z)ps(s,x) dx ds

+/O . Vu(s,z) - Vo(s,z)dxds +/O /n b1(s)0pu(s, z)p(s, x) dx C(li S

and

/t/ |0vu(s, )| (s, x) deds = Opu(t, x)(t, x) de
0 n Rn
¢
— / evy ()Y (0, x) doe — / O (s, x)s(s,x) drds
n 0 R

t t
+ / Vou(s,z) - Vi(s,x)drds + / / ba(s)0wv(s, x)(s,x) dx ds
0 JRn 0o Jrn
(1.10)
for any test functions ¢, € 65°([0,7) x R™) and any t € [0,T).

Performing a further step of integrations by parts in (1.9), (1.10) and
letting ¢ — T, we find that (u,v) fulfills the definition of weak solution to
(1.1).

Let us state the main blow-up result for (1.1) of this paper.

Theorem 1.2. Let by, by be continuous, nonnegative and summable functions.
Let us consider p,q > 1 satisfying

1 1 1
max{p+ g+ })" . (1.11)

pg—1 pg—1 2

Assume that ug,vo € H*(R™) and uy,v1 € L2(R™) are nonnegative and
compactly supported in Br functions such that ui,v; Z 0.

Let (u,v) be an energy solution of (1.1) with lifespan T = T'(g) according
to Definition 1.1, satisfying

supp u, suppv C {(t,x) € [0,T) x R" : |z| <t + R}. (1.12)
Then, there exists a positive constant €y = €q(uo,u1,vo,v1,n,p,q, b1, ba, R)

such that for any € € (0,e9] the solution (u,v) blows up in finite time. More-
over, the upper bound estimate for the lifespan

C&j_ max{[\(n,p,q),/\(n,q#y)}il if T(njp7 q) > O7
T(e) < { exp (Ce~Pa=D) if Y(n,p,q)=0,p#q,  (1.13)
exp (Ce~P=1) if T(n,p,q)=0,p=q,

holds, where C is an independent of e, positive constant and A(n,p,q) and
Y (n,p,q) are defined by (1.3) and (1.4).
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Remark 1.3. The upper bound estimates in (1.13) for the lifespan of the
solution coincide with the ones for the case by = by = 0 as we recalled in the
historical overview in the first part of this introduction.

The remaining part of this paper is organized as follows: in Section 2 we
recall the definition of a multiplier, that has been introduced in [9] in order
to study the corresponding single semilinear wave equation with power non-
linearity, and its properties; moreover, following [10] we introduce a suitable
pair of functionals related to a local solution of (1.1) and we determine cer-
tain lower bounds for these functionals; then, in Section 3 we prove Theorem
1.2 in the subcritical case by using a Kato’s type lemma. Finally, in Section 4
we modify the approach in the critical case employing an iteration argument
together with the slicing method.

Notations

Throughout this paper we will use the following notations: Br denotes the
ball around the origin with radius R; f < ¢g means that there exists a positive
constant C' such that f < Cg and, analogously, for f = ¢; finally, as in the
introduction, pgia(n) denotes the Glassey exponent, whose definition is given
in (1.6).

2. Definition of the functionals and derivation of the iteration
frame

Let us recall the definition of some multipliers related to our model, which
have been introduced in [9], and some of their properties as well, that will be
useful throughout this paper.

Definition 2.1. Let by, by € 6([0,00)) N L*([0,00)) be the nonnegative, time-
dependent coefficients in (1.1). We define the corresponding multipliers

m;(t) = exp (—/ bj(T)d7'> for t >0 and j=1,2.
¢

Due to the nonnegativity of by, bo, it follows the monotonicity of m1, mo.
Furthermore, as these coefficients are summable, we get also that these mul-
tipliers are bounded and

m;(0) <m;(t) <1 for t>0 and j=1,2. (2.1)

An important property of these multipliers is the relation with the cor-
responding derivatives. More precisely,

m’;(t) = bj(t) m(t) for j7=1,2. (2.2)

The properties described by (2.1) and (2.2) play a crucial role in the remain-
ing part of this section, which is devoted to the introduction of a pair of
functionals, whose dynamic is investigated in the proof of Theorem 1.2. This
kind of functionals have been considered for a single semilinear wave equation
of derivative type with a scattering-producing damping in [10].
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However, before introducing the above quoted functionals, we need to
derive suitable lower bound estimates for a different pair of functionals related
to a local solution (u,v) of (1.1). Thus, we introduce the functionals

Ul(t)i/nu(t,x)\lf(t,a:)dx and Vl(t)i/ v(t,z)U(t,x)de, (2.3)

where U = U(t,z) = e '®(x) and

et +e " for n=1,

b =7 =
(z) / e“*dS, for n>2
Snfl

(2.4)

is an eigenfunction of the Laplace operator, as A® = ®. In order to derive
lower bounds for Uy, V7 we prove a result, which is valid even when we consider
more general nonnegative nonlinearities.

Lemma 2.2. Let (w,w) be a local energy solution of the Cauchy problem

wy — Aw + by (H)wy = G1(t, x, w, wy, w, wy), xeR™ te(0,7T),
@tt — Aw + bg(t)flﬂt = Gg(t,x,w,wt,@, @t), T € Rn, t e (O,T),
(w, wy, w,wy)(0,2) = (ewg, ewy, ewp, ewy )(x), =€ R",

where the coefficients of the damping terms by, by € B([0,00))NL ([0, 0)) and
the nonlinear terms G1,Go are nonnegative. Furthermore, we assume that
wo, W1, Wy, W1 are nonnegative, pairwise nontrivial and compactly supported
and that w,w satisfy a support condition as in (1.12). Let W7, Wl be defined

by

Wi(t) = / Cw(t,2)¥(t,2)dr and Wi(t) = / (t, )V (t, z) da

for any t > 0. Then, for any t > 0 the following estimates hold

O [ oot da,

Wi(t) > e m2T<O) / o () ® (2) dz.

W1 (t) 2 9

Proof. We follow the main ideas of the proof of Lemma 3.1 in [10]. We prove
the lower bound estimate for W7, since the proof of the one for Wl is com-
pletely analogous. Clearly, the definition of energy solution for the considered
Cauchy problem is analogous to the one given in Definition 1.1 for (1.1). The
only difference consists in the assumptions on the nonlinear terms G1, Ga,
which have to be supposed in Li ([0,7) x R™) and replace |v:|P,|ut|? in
(1.9), (1.10), respectively.

Thanks to the support property for w, we can apply the definition of
energy solution with test functions that are not compactly supported. Hence,
employing the definition of energy solution with W as test function and taking
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the time derivative of the obtained relation, we find for any ¢ € (0,7))

% - Opw(t, x)W(t,x) dr — /n (@w(t,m)%(t, x) + w(t,x)A\I}(@@)dm

+/" b1 (t)0yw(t, z)V(t, x)dx :/ G1(t,x)V(t, x) dx,

n

where we denote G1(t,x) = G1(t,z,w(t, z), w(t, z), w(t,x), w:(t,x)) for the
sake of brevity. Multiplying both sides of the previous equality by m(t), we
find

Oyw(t, z)W(t, x) dx + mq(t)b1(¢) Ow(t, z)V(t,x) dx
dt Jgn R”
—mq(t) /n (Opw(t, 2) Wy (t, x) + w(t,z) AV(t, x)) do
_ %(ml(t) [ duita)u(ta) dx)

(1) / (Bw(t, ) — w(t, ) U(t, z) de,

where in the last step we used (2.2) and the properties ¥; = —W and AV = .
Integrating the last relation over [0, ], we find

/ mi(s) G1(s,z)V(s,z)dxds
0 R™

wy(x) ®(x) dx

n

R

=mq(t) Oyw(t, )W (t, x) dr —emq(0) /
—I—/O ml(s)/n (Opw(s,z) —w(s,z))¥(s,xz)dxds.  (2.5)
An integration by parts with respect to ¢ provides
/0 mq(s) . Orw(s, x)¥ (s, z)dxds
= mq (t) /]R" w(t,x)V(t,z) de —emq(0) /n
—/O /nw(s,a:) bi(s)mi(s)¥(s,z)dxds
+/O mi(s) /n w(s, x)¥(s,z)dzds. (2.6)

wo(z) ®(x) dx
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Consequently, combining (2.5) and (2.6), we arrive at
t
/ mi(s) Gi(s,z)¥(s,z)dxds
0 R™
t
—I—/ b1(s) my (S)/ w(s,z) Y(s,x)dxds
0 n
+ aml(O)/ (wo(z) + w1 () ®(x) da
= ml(t)/ (Opw(t, z)U(t,z) +w(t,z)V(t, z)) dw

n

=ma(t) % /Rn w(t, z)V(t, x)dx + 2m1(t)/ w(t, )V (t,x)dx.

By the definition of W and the nonnegativity of the semilinear term Gy,
from the previous relation we obtain the inequality

ma (t) (W (t) + 2W1(t)) = emq(0) C(wo, w1) + /o b1(s)mi(s) Wi(s)ds

where C(wo,w1) = [p. (wo(z) + wi(x))®(x) da. Since the multiplier my is
bounded, using (2.1), we have

Wi (t) +2W1(t) = em1(0) Clwo,w1) + % /Ot b1(s)my(s) Wi(s)ds. (2.7)

Multiplying both sides in the last estimate by e?* and integrating over [0, ],
we get

2 Wy (t) > W1(0) + m12(0) £ C(wo,wy)(e* — 1)
t 623 T
+ /0 m(s) /0 by (1) mq (1) W1 (1) dr ds. (2.8)

Let us prove first the positiveness of W by using a comparison argument.
Because we assumed the data pairwise nontrivial, at least one among wq, wy
is not identically 0. In the first case wyg # 0, as wg = 0 implies W7(0) > 0,
by continuity it holds Wi (t) > 0 in a right neighborhood of ¢ = 0. If ¢y > 0
was the smallest time such that Wi (typ) = 0, then, the evaluation of (2.8) in
t = to would yield a contradiction. In the second case wy = 0 and w; # 0,
we can use (2.7) to find a contradiction. In fact, in this case W3 (0) = 0 and
Wi(0) = € [z, wi(z)®(x)dz > 0. Thus, by continuity W{(t) > 0 for any
t € [0,t1) for a suitable ¢t; > 0. Hence, W7 is strictly increasing, and, in
particular, positive in (0,¢;). We assume by contradiction that to > t; is the
smallest time such that Wi (t2) = 0. Then, W{(t2) < 0. Indeed, if W{(t2) was
positive, then, W; would be strictly increasing in a neighborhood of ¢5, but
this would be a contradiction to the definition of ¢5. In fact, there would be
a smaller zero, because W7 would be negative in a left neighborhood of t,.
Finally, if we plug Wi (t2) = 0,W{(t2) < 0 and we use Wi(t) > 0 for any
t € (0,tz) in (2.7), we have a contradiction.
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Also, thanks to the fact that W, is positive, from (2.8) we obtain

Wi(t) = e W, (0) + m(0)

> mlT(O)s/n wo(z)P(z) dz,

which is the desired estimate. This concludes the proof. 0

£ C(wo,wr)(1 — e 2

In particular, applying Lemma 2.2 to an energy solution (u,v) of (1.1),
we find

Ui(t) > m12(0) . / (@) () d, (2.9)
Vi(t) > m22(0) . / () 0(x) do (2.10)

for any ¢t > 0, where U; and V; are defined by (2.3).

Next we follow the main ideas of [10, Section 3] in order to introduce
the suitable functionals for the proof of the blow-up result. Let us point out
that

%(ml(t) /R (Opult,z) + u(t,z))¥(t, z) d:z:)

= b1 (t)my(t) /n (Owu(t, z) +u(t, )V (t, ) dx
+mq(t )c;it / (Ou(t, @) + u(t, 2))¥(t, z) du. (2.11)

Choosing ¢ = ¥ on suppu in (1.9), we have

opu(t,z)V(t, x) de — /n euy (z)®(z) de — /t/ oru(s, z)Ws(s,x)dxds

R

+/t Vu(s,z) - V¥(s,x) dxds+/ /n b1(s)0ru(s, z)¥(s,z)dxds

/ / |Orv(s, x)|PU(s, x) dx ds.

Differentiating both sides of the previous equality with respect to t, we arrive
at

latv(t x)|PU(t, x) de = d 8tu(t,x)\lf(t,x) de — | Owu(t,z)U.(t,z)dx
dt o
+ / (Vu(t,z) - VU(t,z) + by () Opu(t, )V (L, x)) da. (2.12)

Using AV = ¥ and ¥, = -V, (2.12) yields

/n |Opu(t, z)|PU(t, z) de = % (Ovu(t,z) + u(t,z))¥(t, ) dx

Rn

+b1(t) Opu(t, x)V(t, z) dx. (2.13)
]Rn
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If we combine (2.11) and (2.13), we obtain

d

o <m1(t) /Rn (Opu(t, z) + u(t,z))¥(t, z) da:)

= b1 (t)mq (t) Ur(t) + ma(t) / |Owv(t, z)|PU(t, x)de,  (2.14)

n

where U; is defined by (2.3). Thanks to (2.9) we have that U; is nonnegative,
then, integrating (2.14) over [0,t], we get the estimate

m (t) /n (Opu(t, z) + u(t, ) ¥(t, z) dx
> emq(t) /n (uo() + ur(2)) ®(x) do
+/O ml(s)/n |Opv (s, x)|PU(s, x) dx. (2.15)

Furthermore, we may rewrite (2.12) as follows

|Opo(t, 2)|PU(t, z) de = K Oyu(t, =)V (t, ) dx
R dt R

+ b1() Ou(t, )V (t, z) dz
R7l

+/n (Ou(t, ) — ult,z))U(t,z) dz. (2.16)

If we multiply both sides of (2.16) by m1(t), we find

%(ml(t) . 8tu(t,x)\11(t,x)> +mq(t) /n (Opu(t, ) — u(t, )V (t, x) dx
=m(t) . |Opv(t, )P (L, x) de. (2.17)
Adding (2.15) and (2.17), we find
d
7 (ml(t) . Opu(t, =)V (t, ) d:c) + 2m(t) . Opu(t, z)V(t, z) dx

> emq(0) / (uo() + ui(2))@(z) do + m1(t)/ |Opu(t, x)|PU(t, x) dx
R™ R™
t
+ / ml(s)/ |Orv (s, x)|PU(s, x) dx. (2.18)
0 n
In a complete analogous way, one can prove

d

p (mg(t) . Opu(t, x)¥(t, x) d:r) + 2ma(t) Opv(t,x)¥(t, x) dz

R

> ema(0) /n (vo(z) 4+ v1(x)) ®(x) dz + ma(t) . |Opu(t, )TV (¢, x) dx

4 / mas) | Jouls, 2) |0 (s, @) da. (2.19)
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Let us set the auxiliary functionals

Us(t) = mq(t) - Ou(t,x)¥(t,z)dr — e m12(0)

/n uy(z)®(z) dz

t
- / ma (s) / 0v0(s,2) [PV (¢, ) du ds
O mn

Va(t) = ma(t) - Oo(t,x)W(t,x)dx — ¢ m22(0)

/n vy (2)®(x) dx

) [ (v, o)t ) i ds.
5 e [

Clearly,
Us(0) = & m12(0) /R i (@)®(x) dr >0,
V2(0) =¢ m22(0) /Rn v1(x)®(z)dr >0

Besides, (2.18) implies

Us(t) + 2Us(t)

> emy(0) /n uo(x)®(x) de + % m(t) /Rn 0pv(t, 2)|PU(t, x) dx
> 0. (2.20)

Hence, multiplying the left hand side of (2.20) by e?! and integrating over
[0, 1], we get Us(t) > e~ 2'U3(0) > 0. Similarly, employing (2.19), we can prove
that Va(t) > 0 for any ¢ > 0.

Therefore, as the functionals Us, V5 are nonnegative we may write

m(t) | Ot 2) Ut x)dr > ¢ m12(0)
]Rn

-I-%/O ml(s)/" |Orv(s, x)|PU(t, x)deds, (2.21)

ma(t) O(t,z)¥(t,x)dr > ¢ sz(O)
Rn

+%/0 mz(s)/Rn Ous, 2)|"0(t vy deds . (2.22)

/n uy(z)®(x) dx

/ () B(a) do

After the above preparatory results we can finally introduce the func-
tionals whose dynamic is studied in order to prove Theorem 1.2. Let us define
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forany t > 0

F(t)=¢ mle) /nul(z‘)cﬁ(:p) dr + %/o mq(s) Rn|6tv(s,:r)]p\11(t,:r) dxds,
(2.23)
G(t) = ngQ(O) /nvl(x)q)(:c) do + %/0 ma(s) | [oru(s,)["¥(1.) dods.
(2.24)
In particular, (2.21) and (2.22) may be rewritten as

ma (t) Opu(t, )W (t,z) dx > F(t), (2.25)

Rn
ma(t) Opu(t, z)U(t, x) dx > 6(t). (2.26)

R

Using Hélder’s inequality, we have

o (t @) o) da:) ' ( /B RH\IJ(t ) dx)

1
S (14 t)z—;’l (/ |Opv(t, ) |PU(t, x) dx) , (2.27)
where in the last step we used
/ U(t,2)de < (1+1)" T
Brot

For further details on this estimate see [24] or [10, estimate (3.5)].
Combing (2.1), (2.26) and (2.27), we finally get

F'(t) = mi(t) /n |Opu(t, )P (t, x) dx

=

dpo(t,2) (¢, ) dr < ( /

R™

2 mi(t) (1+ t)_%(p_l) ( O (t, x)W(t, x) dx)p

Rn
> my(t) (mo(t) 7P (L+ 1)~ P=D(G()P 2 (1+1)~ 7 @D (g(1))P.

In a similar way, it is possible to show that (2.25) implies the estimate €'(¢) 2

(1+¢)~ "= @D (F(4))9.
Summarizing, throughout this section we proved the following lemma.

Lemma 2.3. Let us assume that ug, uy,vg,v1 satisfy the assumption of Theo-
rem 1.2. Let (u,v) be a local solution of (1.1) and let F and G be the function-
als defined by (2.23) and (2.24), respectively. Then, the following estimates
hold:

C(1+ )~ T P~V (g(1))P, (2.28)
K(1+ )~ = @ D(F (1)), (2.29)

F(t)
G'(t)

for anyt > 0, where C, K are positive constants depending on n,p,q, R, b1, bs.

=
2
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Remark 2.4. In some cases it is more convenient to rewrite (2.28) and (2.29)
in the integral form, namely,

%uﬁ>%®y+0/%1+@Z%W?U@@»%k, (2.30)
0

G(t) = 6(0) + K/t(l + s)—"T_l(q—l)(OJ(s))q ds, (2.31)

for any t > 0.

3. Proof of Theorem 1.2: subcritical case

In this section we prove the blow-up result in the subcritical case, that is, for

p,q > 1 satisfying
{p+1 q+1} n—1
max , > .
pg—1 pg—1 2
The main tool of the proof is the next Kato’s type lemma on ordinary

differential inequalities including an upper bound estimate for the lifespan,
whose proof can be found in [19].

Lemma 3.1. Let r > 1, a > 0, b > 0 satisfy

Aiirgla—g+l>0
Assume that H € 8%([0,T)) satisfies
H(t) > At° for t > Ty, (3.1)
H"(t) > B(t+R)°[H®)|"  for t>0, (3.2)
H(0) >0, H'(0)>0, (3.3)

where A, B, R, Ty are positive constants. Then, there exists a positive constant
Co = Cy(r,a,b, B) such that

T <2%Ty (3.4)
holds, provided that
. H(O) _r—=1
T = max {To, H/(O) s R} = COA M, (35)
. . . . +1 n—1
Let us consider the case in which p, g satisfy zf:]_—l — 5= > 0. From

(2.31) and Holder’s inequality, it follows
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Plugging this lower bound for € in (2.28), we get

t Pq
F'(t) > (1 +t)" = Pa-b—rl—1) ( / F(s) ds) . (3.6)
0
Let us define now the functional
t
F(t) i/ F(T)dr.
0
Then, (3.6) is equivalent to
F'(t) > (1 + )~ "z @ D=p@=D(F())P1 for t>0.  (3.7)
Besides,
F(0)=0, F'(0) =F(0) = el [u1] > 0, (3.8)
where I [u1] = mlT(O) Jgn u1(2)®(x) dz. Finally, since F is increasing,

F(t) > tF(0) = Apet for t >0, (3.9)
where Ay is positive, independent of £ constant. Combining (3.7), (3.8) and
(3.9), we can apply Lemma 3.1 to F' with r = pg, a = 1, b = ”gl(pq 1)+
p(g—1), A = Age and R = 1. In particular, thanks to (3.9), we can take
Ty = (Aog)—/\(nyp,q)‘l_

Therefore, we may choose ¢ sufficiently small, such that for any € €
(0,&0] the condition
F(0
0 )

F(0)”

holds, due to the fact that the quantity %

and, then, using the notations of Lemma 3.1, we have Ty = T;. Hence, (3.4)
implies T < e=Ap.a)™"
q+1 n—1

The treatment of the case in which p, g satisfy Pyt i 0 is totally
1

symmetric. Indeed, by switching the role of ¥ and € we get T < g~ AMmap)™
This completes the proof of (1.13) in the subcritical case.

Vv

Ty > max{

= 0 does not depend on ¢,

4. Proof of Theorem 1.2: critical case

In this section we prove the blow-up result in the critical case

{p+1 q+1} n—1
max , = .
pqg—1 pg—1 2

Differently from Section 3 in this case we will employ an iteration argument.

Without loss of generality we may assume 2L = 21 (in the case pqi =

pg—1 2 g—1
”T_l the proof is completely analogous, provided that we switch the roles of
F and §).

In order to get (1.13) in critical case, we have to consider separately the
case p # ¢, which corresponds to A(n,p,q) = 0 < A(n,q,p), from the case

p = ¢, which corresponds to A(n,p,q) =0 = A(n,q,p).
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Case p # q

In this case we apply the so-called slicing method (cf. [2], where this approach
has been used for the first time). We introduce the sequence {/;};cn with
l; = 2 — 277, The first step of our procedure consists in proving via an
inductive argument the sequence of lower bound estimates

t\\ "

F(t) > Cj (log <€—)) for any t > ¢; and for any j € N, (4.1)
J

where {a;};en and {C}};jen are sequences of nonnegative numbers that we

will determine throughout this section. We point out that, due to (2.30), (4.1)
is satisfied in the case j = 0 with

ap =0 and Cy=F(0) = e I1[uq].

Let us prove now the inductive step. We assume that (4.1) is true for
some j > 0. Hence, plugging (4.1) in (2.31) and shrinking the domain of
integration, we have for ¢t > £;1; > 1

a]-q
j> ) ds

t .
>KC§(1+t)—"T‘1<q—1>/ (1og(;j>> s
14

J

> KCI(1 +4)~ "7 @) /Z_t (10g(#) )ajqu

Lita

|0

~

t
G(t) > K/g,(l + 5)_T(q_1)CJq<log<

> KC(1- )t (14077070 (log (4 ))%’q

Lt

> KCI2 U (14 1)~ 070+ (1og (L)),

L1

where in the last step we employed the inequality 1 — ;i - > 2-0U+2),
J
Using the above lower bound for € in (2.30), after restricting the domain

of integration, for ¢ > £;,; we arrive at

¢ .
F(t) > C’KPC§’Q2—(j+3)p/ (1+ S)—”%(pq—l)er(log <L) ) pqu

Civa e
Pqo—(j+3)p—1 ! -1 s @5Pq
> CKPC%I27 VTP S log ( + ds
J p L1
i1

. a;pq+1
:CKpqu2—(J+3)p—1(aqu+1)—1(log( t )) P :

Lita
where in the second last step we used the condition A(n,p,q) = 0 to get —1
as power for term (1 + s) in the integral. Summarizing we proved (4.1) for
j + 1 with
Cip1 = CKP2=UIP=L(g.pg 4 1)_105?‘7 and ajy1 = ajpq+ 1.
In the next step we determine a lower bound for C;. However, we need
to find the explicit representation of a; first. As a; = 1 4 pga;_1, applying
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iteratively this relation and the value of initial element of the sequence ay = 0,
we find

a; = i(pQ)k + (pg)ao = (i)qqy%ll. (4.2)
k=0

In particular, a;_1pg + 1 = a; < (pg — 1)~ !(pg)? implies
Cj = N2777(pg) 7O, (4.3)

where N = CKP272?~1(pq — 1). Applying the logarithmic function to both
sides of (4.3) and using iteratively the obtained inequality, we find

log C; > pglog Cj—1 — jlog(2”(pq)) + log N
> (pg)*log Cj_o — (j + (j — 1)pq) log(2”(pq)) + (1 + pg) log N

j—1 Jj—1
>+ > (pg)/ log Co — Y (5 — k)(pa)" 10g(2"(p)) + D> _(pg)* log N
k=0 k=0
. pq log N
= qu(logC — ————1log(2Ppq) + )
vg) " (pg—1)? #pa) pg—1
, log(2Ppq) | log(2Ppq)  log N
+(+1 + - , 4.4
G+1) pg—1  (pg—1)2 pg—1 (44)
where in the last step we employed the formula
j—1 :
. 1 ((pg™ -1
j—k)(pg)* = ( —(+1)), 4.5
> -h0t = o (Fmr -G+ (45)
which can be proved by induction.
Thus, for j > jo = “oé?ng\;q) 1-— WI_J by (4.4) we get
- pq log N
logC; > qu(logC’ — ————1og(2Ppq) + )
72 (pd) * (pg—1)? &P+ 1
= (pq)’ log(De), (4.6)

where D = (2Ppq) -1 N 7T I1[u;]. Combining (4.1) and (4.6), it results
forany t >2 > /(;

F(t) > exp ((pa)’ log(De)) (log %) > exp ((pa)? log(D2)) (log (4))
>

Since for any ¢ > 4 it holds log (%)
(4.2) it follows

<.

aj

%logt from the above relation and

1

F(t) > <(pq)j log (Q*z:q%ng (logt)m+1>> (log (1)) ™. (4.7)
Finally, we may choose €5 > 0 so small that

exp <2D—pq+1ea(pq—1)> > 4.
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Consequently, for any € € (0, 0] and for ¢ > exp (2D‘pq+1g_(7’q_1)) it results
t > 4 and log (2_17;TlD5 (logt)ml_*l> > 0 and, thus, letting j — oo in (4.7)
we find that the lower bound of F(t) blows up. Therefore, #(¢) may be finite
only for t < exp (2D ~P9T1e=Pe=1) This is exactly (1.13) in the critical case
A(n,p,q) =0 for p # q.

Case p = ¢

In this section we consider the case A(n,p,q) =0 = A(n,q,p). In particular,
we have p = ¢. Moreover, the condition A(n,p,p) = 0 is satisfied if and only
if p = pala(n) = 2. This implies that the powers of (1 + s) in the right
hand sides of (2.28) and (2.29) are exactly —1. Therefore, up to a not relevant
modification of the multiplicative constants, we may reformulate the integral

version of (2.28) and (2.29) as follows:
t P
wo>@@+c/ﬁ%ﬂL@, (4.8)

i)

6(t) >6(0)+ K (4.9)
Due to the particular structure of the iteration frame given by (4.8),

(4.9), it is not necessary to slice the time interval in this case. As in the

previous section, the first step is to prove the lower bound estimates

F(t) > Cj(logt)aj for any ¢ > 1 and for any j € N, (4.10)

where {a;};en and {C}};jen are sequences of nonnegative numbers that we
will determine throughout the proof. According to (4.8), we see that (4.10) is
true for j = 0 provided that agp = 0 and Cy = eI1[u1]. Let us prove now the
inductive step. Plugging the lower bound (4.10) in (4.9), we find for ¢t > 1

t (1 a;q
G(t) ZKC’;}/ &
1

. ds:KC?(ajq—l—1)_1(logt)ajq+1.

Combining the last inequality with (4.8), we have

)aquﬂo

t
1
F(t) > CKPCY(ajq + 1)1”/ (OL ds
1

s
= CK?C}*(ajq+1)""(ajpq +p+ 1)~ (log t)aqu+p+1.
Also, we proved (4.10) for j + 1, provided that
ajy1 =ajpg+p+1 and Gy = CKPCY (a4 1) P(ajpg+p+1)~"

By iteration, we arrive at

<.
|
—

(pg) -1

()

a; = (p+1) O(I?Q)k + (pg)ao = ;tll ((pg) —1) =

>
Il
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By (4.11) we derive, in particular,

aj—1pg+p+1l=a; <(p— 1)_1(1761)‘77

) o
aj1q+1 =20 — 1< (p(p— 1)) (pg).

The above estimates imply

¢y > N () e

i1 (4.12)

where N = CKP(p—1)P*1pP. Applying the logarithm function to both sides
of (4.12) and using in an iterative way the resulting relation, we have

log C; = pqlog Cj—1 — jlog(pq)f‘””1 + log N
> (pq)*log Cj—2 — (j + (j — 1)pq) log(pg)* ™" + (1 + pg) log N

i1 i1
>+ 2 (pg) log Co = Y (i — k)(pg)* log(pg)" ™ + D _(pg)* log N
k=0 k=0
: Pq 41, logN
= pq3<10gC — 5 108(pqg)” +7>
(vg) " (pg—1)? (bg) pg—1
- log(pg)Pt! log(pg)Ptt log N
+(j+1 + - : 4.13
G+1) pq—1 (pg—1)*  pg—1 (4.13)

where we used again (4.5).
Thus, for j > jo = [IOILN —-1- pql—_l] by (4.13) we get

g(pq)P T+
: pq 1, logN
logC; > qu<logC’ — ——log(pq)*" —|——)
32 ) " (pg— 1) (va) pq—1
= (pq)’ log(De), (4.14)

_ pa(p+1)

where D = (pq) ®a-D? NwTI [u1]. Then, using together (4.10), (4.11) and
(4.14), t > 1 it holds
F(t) = exp ((pg)’ log(De)) (logt)
= exp ((pq)j log (Ds (logt) ﬁ)) (logt) 7T, (4.15)

In conclusion, we can find €y > 0 sufficiently small, so that

aj

exp <Dfp+1€a(pfl)> > 1.

So, for any ¢ € (0,&0] and for ¢ > exp (D_p+1€_(p_1)) we have t > 1 and
log (D= (logt) ™) > 0.

However, taking the limit as j — oo in (4.15), we find that the lower bound

of F(t) blows up. Hence, F(t) can be finite only for ¢ < exp (D PHe=(P=1).
This is precisely (1.13) in the critical case p = ¢ = pgia(n).
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