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Abstract

We consider the semilinear wave equation
Ofu—Au= f(u), (z,t) eRY x[0,T), (1)

with f(u) = |u[P~tulog®(2 + u?), where p > 1 and a € R, with subconformal
power nonlinearity. We will show that the blow-up rate of any singular solution
of (1) is given by the ODE solution associated with (1), The result in one space
dimension, has been proved in [28]. Our goal here is to extend this result to higher
dimensions.
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1 Introduction

1.1 Motivation of the problem

This paper is devoted to the study of blow-up solutions for the following semilinear wave

equation:

0?u = Au+ f(u), (z,t) e RN x [0,7T),

u(x,0) = uo(z) € H}

loc,u

(RM), Ou(x,0) = uy(x) € LZQOC,U(]RN),

where u(t) : € RY — wu(x,t) € R with focusing nonlinearity f defined by:

f(u) = |uff~tulog®(2 +u?), p>1, ack
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(RY) and H}

loc,u

The spaces L? (RY) are defined by

loc,u

Lheu®) = (wsBY SR/ sup ([ Ju(a)lPds) < +00),
le—d|<1

deRN

and
Hlloc,u<RN> = {u S L2 (RN)J |VU| S L2 (RN)}

loc,u loc,u

We assume in addition that p > 1 and if N > 2, we further assume that
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When a # 0, the nonlinearity in (1.2) is not homogeneous, which means that equation
(1.1) is not scale invariant. This is precisely our challenge in this paper, particularly in
higher dimensions, since we handled the one dimensional case in [28].

Semilinear wave equations with a nonlinearity showing a logarithmic factor have been
introduced in various nonlinear physical models, for instance in the context of nuclear
physics, wave mechanics, optics, geophysics etc ... see e.g. [5, 6].

The defocusing case has been studied in the mathematical literature and the first
results are due to Tao [49] where the author proved a global well-posedness and scattering
result for the three dimensional nonlinear wave equation 9}u = Au— |u|*ulog(2+u?), in
the radial case. See also the work of Shih [48], where the method is refined to treat 0?u =
Au— |u|*ulog®(2 4 u?), for any ¢ € (0, 3). Later, Roy extends in [44] the results (global
well-posedness and scattering) to solutions of the log-log-supercritical equation 9*u =
Au — |u[*ulog® (log(10 + u?)), for ¢ small, without any radial assumption. Hoping to
extend the validity of our argument to the conformal case (p = p.) in some forthcoming
work, we may see the case a > 0 of (1.2) as a further step in the understanding of
blow-up dynamics in the superconformal case related to equation (1.8) below.

Let us mention that the blow-up question for the semilinear heat equation d,u =
Au + |ulP"rulog®(2 + u?) is studied by Duong-Nguyen-Zaag in [20]. More precisely,
they construct for this equation a solution which blows up in finite time 7', only at one
blow-up point a, according to the following asymptotic dynamics:

(p—Dlz—al* =51
t)~o(t)(1 t—T 1.4
u(z,t) Gb()( +4p(T—t)|log(T—t)|> , ast— T, (1.4)
where ¢(t) is is the unique positive solution of the ODE
& = 161" 91og"(2 + 67), lim (1) = oc. (15)

Given that we have the same expression in the pure power nonlinearity case (g(u) =

|u[P~tu) with ¢(t) replaced by k(T — t)_ril (see [11]), we see that the effect of the
nonlinearity is all encapsulated in the ODE (1.5).

Equation (1.1) is well-posed in Hj,,, % L. This follows from the finite speed

of propagation and the well-posedness in H 1(RN ) x L2(RY). The existence of blow-up
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solutions u(t) of (1.1) follows from ODE techniques or the energy-based blow-up criterion
by Levine [32] (see also [33, 47, 50]). More blow-up results can be found in Caffarelli
and Friedman [12, 13], Kichenassamy and Littman [29, 30]. Numerical simulations of
blow-up are given by Bizon et al. (see [7, 8, 9, 10]).

If u is an arbitrary blow-up solution of (1.1), we define a 1-Lipschitz curve I' =
{(z,T(x))} such that the domain of definition of u is written as

D={(z,t)|t < T(x)}. (1.6)

The justification of this fact can be found in Alinhac [1], where such a set is referred to
as the mazimal influence domain. Let us motivate that particular form, and refer the
interested reader to [1] for details.

Recall first that equation (1.1) is well-posed in H' x L?(RY), i.e. globally in space (see
for example Shatah and Struwe [46]). Using the finite speed of propagation and a cut-off
technique, we then solve the solution locally in space, as Azaiez, Masmoudi and Zaag do
in [3] in a similar setting. More precisely, for any =, € RY, we derive a solution which
is defined in K, ,, the backward light cone defined by

Kmo,to = {(f,T) S RN X [07t0) | |£ - x0| <ty — T}‘

Denoting by T'(zg) the supremum of such a ¢y, we fall into one of these two situations:
- either for some x; € RY, T'(z;) = 400, and in that case, the solution if defined for all
r € RY and ¢t > 0. In other words, T'(x) = +oo, for any zo € RY ;

-or, for all z; € RN, T'(z;) < 400, and this is the case we are interested in. In particular,
the domain of definition of u is the union of backward light cones of the type K, 4, and
such a union is clearly of the form (1.6) with x +— T'(z) is 1—Lipschitz. See also Sasaki
[45] for a related definition of the domain of definition in some similar setting.

The time T' = inf gy T'(z) and I are called the blow-up time and the blow-up graph
of u. A point z( is non characteristic if there are

do € (0,1) and ¢y < T'(x0) such that v is defined on €y, 1(xg),60 N {t > to} (1.7)
where €, ;5 = {(z,t) | t <t — 0|z — z|}. If not, z is said to be characteristic.

In this paper, we study the blow-up rate of any singular solution of (1.1). Before
going on, it is necessary to mention that the blow-up rate in the case with pure power
nonlinearity

O*u = Au+ [ulP u, (z,t) e RY x[0,7), (1.8)

was studied by Merle and Zaag in [34, 35, 36]. More precisely, they proved that if u is

a solution of (1.8) with blow-up graph I' : {x — T'(x)} and z( is a non-characteristic
37 (

point, then, for all ¢ € [Txo),T(a:O)],

t 20.T(z0)—
0 < cofp) < (T(ag) — s LANEBETEn0) (g
2

(T'(z0) — 1)




(T(a0) — t>p21+1<||atU(t)||L2(B(:vo,T§on)—t)) n ||aa;u(t)||L2(B(x0,T](Vaco)—t))) < Ko,
(T'(zo) — 1) (T'(z0) — 1)
where the constant Ky depends only on p and on an upper bound on T'(z), 1/7(zo),
do(o), together with the norm of initial data in H},,,(R"Y) x L7 (RY). Namely, the
blow-up rate of any singular solution of (1.8) is given by the solution of the associ-
ated ODE «” = |u[P"'u. Note that this result about the blow-up rate is valid in the
subconformal and conformal case (1 < p < p,).

In a series of papers, Merle and Zaag [37, 38, 40, 41] (see also Cote and Zaag [14]) give
a full picture of blow-up for solutions of equation (1.8) in one space dimension. Among
other results, Merle and Zaag proved that characteristic points are isolated and that
the blow-up set {(z,T(x))} is € near non-characteristic points and corner-shaped near
characteristic points. In higher dimensions, the method used in the one-dimensional
case no longer holds because there is no classification of selfsimilar solutions of equation
(1.8) in the energy space. However, in the radial case outside the origin, Merle and
Zaag reduce the blow up description to the one-dimensional case with perturbation and
obtain the same results as for N = 1 (see [39] and also the extension by Hamza and
Zaag in [27] to the Klein-Gordon equation and other damped lower-order perturbations
of equation (1.8)). Later, Merle and Zaag could address the higher dimensional case in
the subconformal case and prove the stability of the explicit selfsimilar solution with
respect to the blow-up point and initial data (see [42, 43]). Considering the behavior
of radial solutions at the origin, Donninger and Schérkhuber were able to prove the
stability of the ODE solution u(t) = ro(p)(T — t)fp%l in the light cone with respect to
small perturbations in initial data, in a stronger topology (see [16, 17, 18, 19]). Their
approach is based in particular on a good understanding of the spectral properties
of the linearized operator in selfsimilar variables, operator which is not self-adjoint.
Later, thanks to suitable Strichartz estimates for the critical wave equation in similarity
variables, Donninger proved in [15] the stability of the solution of the ODE with respect
to small perturbations in initial data, in the energy space. Let us also mention that
Killip, Stoval and Visan proved in [31] that in superconformal and Sobolev subcritical
range, an upper bound on the blow-up rate is available. This was further refined by
Hamza and Zaag in [26].

In [24, 25], using a highly non-trivial perturbative method, we could obtain the
blow-up rate for the Klein-Gordon equation and more generally, for equation

O*u = Au+ [ufPru+ f(u) + g(0wm), (z,t) € RY x [0,7), (1.10)

under the assumptions |f(u)] < M (1 + |u|?) and |g(v)| < M (1 + |v|), for some M > 0
and g < p < % In fact, we proved a similar result to (1.9), valid in the subconformal
and conformal case. Let us also mention that in [21, 22, 23], the results obtained in
[24, 25] were extended by Hamza and Saidi to the strongly perturbed equation (1.10)
with |f(u)] < M(1 + |u|Plog™*(2 + u?)), for some a > 1, though keeping the same
condition in g. Very recently, Azaiez and Zaag derived in [4] the blow-up rate for
equations of the type

O*u = a(z)(0*u + %&EU) + b(@)|ulPtu + f(u) + g(x,t, Opu, Opu)
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where |f(u)] < M(1+ |u|?) with g < p, |g(z,t,v,2)] < M(1+ |v|y/a(x) + |z]), for some
M > 0, and a(z) is typically |z|* with « enjoying a infinite number of values converging
to 2.

In the previous works [21, 22, 23, 24, 25|, we consider a class of perturbed equations
where the nonlinear term is equivalent to the pure power |u[P"'u and we obtain the
estimate (1.9). This is due to the fact that the dynamics are governed by the ODE
equation: u” = |u|P"'u and not influenced by perturbative terms. Furthermore, our
proof remains (non trivially) perturbative with respect to the homogeneous PDE (1.8),
which is scale invariant.

This leaves unanswered an interesting question: Is the scale invariance property
crucial in deriving the blow-up rate?

In fact we had the impression that the answer was “yes”, since the scaling invariance
induces in similarity variables a PDE which is autonomous in the unperturbed case
(1.8), and asymptotically autonomous in the perturbed case (1.10).

In this paper we prove that the answer is “no” from the example of the PDE (1.1)
with the non homogeneous nonlinearity (1.2). In fact, our situation is different from
(1.8) and (1.10), in the sense that the term |u[P~ ulog®(2 4 u?) is playing a fundamental
role in the dynamics of the blow-up solution of (1.1). More precisely, we obtain an
analogous result to (1.9) but with a logarithmic correction as shown in (1.27) below.
In fact, the blow-up rate is given by the solution of the following ordinary differential
equation:

v (t) = |op(t) [P op(t) log® (v7 () +2),  o(T) = oo, (1.11)
which satisfies

1

(2P (p 4+ 1)\ T
vp(t) ~ Rebr(t), ast — T, where £k, = (—(p — ) : (1.12)
and , .
br(t) = (T —t) 71 (= log(T — 1)) 71 (1.13)

(see Lemma A.2 in [28]).

Finally, let us remark that, following the analysis of Hamza in Saidi in [22], our result
holds for this more general equation

OPu = Au+ f(u) + g(z,t,u, du, Vu), (z,t) e RY x[0,7), (1.14)

where f : R — R and ¢ : R2V*3 — R are €' functions which satisfy the following
conditions: "
p
l9(2,t,u, v, w)| < Mo(1+ |ul 2 + |v] + [w]), (1.15)

and
v ufuzx) 2au.f(u)
‘/0 fw)dy = p+1 - (p+ 1)?1log(2 + u?)

< M, (1 4Pt log (2 + u2)>, (1.16)
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for some My > 0, p > 1, a € R and b < a. In fact, under these assumptions, we
can construct a suitable Lyapunov functional for the equation (1.14) under hypothesis
(1.15) and (1.16). Then, we can prove a similar result to (1.27) with the necessary
modifications. However, In order to keep our analysis clear, we restrict our analysis to
the problem related to equation (1.1).

1.2 Strategy of the proof

Going back to the equation under study in this paper (see (1.1) and (1.2)), we introduce
the following similarity variables, defined for all zyp € RY, T, such that 0 < Ty < T'(z0)
by:
Tr — XTg
Ty —t’
One may think that it would be more natural to replace ¥z, (t) by vz, (¢) in this definition,
since the latter is an exact solution of the ODE (1.11), unlike the former. That might be a
good idea, however, as vy, (t) has no explicit expression, the calculations will immediately
become too complicated. For that reason, we preferred to replace the non-explicit vy, (t)
by its explicit equivalent 1, (¢) in (1.13). The fact that the latter is only an approximate
solution and not an exact solution of (1.11) will have no effect on our analysis.

From (1.1), the function w,, 7, (we write w for simplicity) satisfies the following
equation for all y € B and s > max(—logTp, 1), where B = B(0, 1) stands for the unit
ball of RY and throughout the paper:

Yy = s =—log(Ty —1t), wu(z,t) =g (t)wy,n(y,s). (1.17)

2a 2p+2

1
2w = — div — p(y. —. —
Dw = p div (pVw — p(y.Vw)y) + = 1)Sy Vw = 1)220 +y(s)w

- (M - o o = Vo ST (o). (L1

with p(y) = (1 = |y*)*, . N
a= -5 >0 (1.19)

) -1
106) = 0~ (1.20)
and ,

G(s) = er-1s 1. (1.21)

In the new set of variables (y, s), the behavior of u as t — T} is equivalent to the behavior
of w as s = +00. Moreover, if Ty = T'(zy), then we simply write w;, instead of Wy, 1(z)-

The equation (1.18) will be studied in the Hilbert space .7

H = {(wl,wg), ]/B ((wf + |V [ = |y. Vi [*) +w§>dy < —{—oo}.

As in the pure power case (1.8) and the perturbed case (1.10), the construction of
a Lyapunov functional in similarity variables was the starting point of our strategy. In
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the present case (1.1), we adopt the same strategy. We were successful in implementing
that in [28], however, only in one space dimension. Indeed, our method in [28] breaks
down in higher dimensions. Let us briefly explain in the following the method used in
[28] and how it breaks down in higher dimensions, giving sense to the present work.

The first step in [28] consists in the introduction of a functional associated to equation
(1.18) which satisfies the following differential inequality:

d
Lh(s) < —a/B(asw)le_<ﬁ|2dy + gh(s),
where « is defined in (1.19) and w is the solution of (1.18). Thanks to the above-
mentioned functional, we easily derived a polynomial (in s) bound for the H' x L*(B)
norm of the solution of (1.18) (in space-time averages). More precisely, we obtain the
estimates (2.1), (2.2) and (2.3) below. Let us recall that the nonlinear term f(u) given
by (1.2) is not a pure power. This is why the strategy used to remove the time averages
in the case of pure power in Merle and Zaag [34, 35, 36], and naturally implemented
in our previous papers [21, 22, 23, 24, 25] in the perturbative cases, breaks down in
higher dimensions. Indeed, this method is somehow based on some interpolation results
in Sobolev spaces, and some critical Gagliardo-Nirenberg estimates. However, in one
dimension, the strategy used to remove the time average works since it is based on the
embedding H'(R X [—logT,+oc)) — LI(R x [—1logT,+00)), for any ¢ > 1. Using
the polynomial (in s) bound for the H,,,,(R)—norm of the solution of (1.18) and the
embedding H'(R) < L>*(R), we derive a Lyapunov functional for equation (1.18) in
one space dimension, which is a crucial step to obtain the optimal estimate.

Since the embedding of H! into L for any ¢ > 1 is specific to dimension 1 + 1 and
doesn’t hold in dimension N + 1, the higher dimensional case requires new ideas, which
we explain in the following.

First, we recall in (2.1), (2.2) and (2.3) the rough polynomial (in s) bound (in space-
time averages) on the solution near any non characteristic point in similarity variables,
was proved and stated in any dimensions in the subconformal case (p < p.). Moreover,
we can somehow reduce to the pure power case, up to an € perturbation, as we write in
the elementary estimates on the nonlinear term given below in (A.4), (A.7) and (A.8).
In fact, by exploiting these estimates, we prove an improved version of the estimates
(2.1) and (2.2), where we remove the time average. Then, using these new estimates,
the embedding of H'(RY) in L* (RY) if N > 3 and in LY(RY) for any ¢ > 2 if N = 2,
together with the structure of the nonlinear term, we end up with the construction of a
functional g(s) which satisfies the following differential inequality:

L) < —a [ @20y + St + (1.22)
ds B 1—y|? 52 s1

where « is defined in (1.19) and w is the solution of (1.18). Naturally, by (1.22), we

easily derive a Lyapunov functional for equation (1.18), valid in any dimensions in the

subconformal case, and this is our main contribution in this work. With this Lyapunov

functional at hand, the adaptation of the interpolation strategy from our previous papers

works straightforwardly.



1.3 Statement of the results

To state our main result, we start by introducing the following functionals:

1 o 1 2 2 pt+1l
E(w(s),s):/B(-(asw) #5190 - 5w + L
ST (0w)) ply)dy, (1.23)
Lo(w(s), s) = E(w(s),s) — ! Oswwp(y)dy, (1.24)

sv's Jp
where

/ o dv—/ P10 log® (v + 2)dv. (1.25)
Moreover, for all s > max(1, —logTj), we define the functional

p+3

NG

where 6 is a sufficiently large constant that will be determined later. We will show that
the functional L(w(s), s) is a decreasing functional of time for equation (1.18), provided
that s is large enough. Clearly, by (1.24) and (1.26), the functional L(w(s), s) is a small
perturbation of the “natural” energy E(w(s),s).

L(w(s),s):exp< )LO( (s),5) + 051, (1.26)

Here is the statement of our main theorem in this paper.

Theorem 1. Let N > 2, 1 <p < 1+ N - and a € R. Let f defined by: f(u) =
|u[P~tulog®(2 + u?). Conszder u a solution of (1.1) with blow-up graph T": {x — T'(x)},
and xo a non characteristic point. Then there exists t1(xqg) € [0,T(xg)) such that, for
all Ty € (t1(xo), T (z0)], for all s > —log(Ty — ti(z0)), we have

Llw(s +1), s+ 1) — L{w( /SH/

where w = Wy, 7y s defined in (1.17).

dyd

Remark 1.1. Since the existence of a Lyapunov functional in similarity variables is far
from being trivial and represents the crucial step in this paper, we choose to state it
first in our paper, and to give it the status of a “first theorem”.

Remark 1.2. As we mentioned before, we can construct a suitable Lyapunov functional
in similarity variables for the more general equation (1.14) under hypotheses (1.15) and
(1.16), then show that Theorem 1 holds true for this functional.

Remark 1.3. Let us note that our method breaks down in the case of a characteristic
point, since in the construction of the Lyapunov functional in similarity variables, we
use a covering technique in our argument which is not available at a characteristic
point. At this moment, we do not know whether Theorem 1 continues to hold if xj is a
characteristic point.



As we said earlier, the existence of this Lyapunov functional L(w(s),s) together
with a blow-up criterion for equation (1.18) make a crucial step in the derivation of the
blow-up rate for equation (1.1). Indeed, with the functional L(w(s), s) and some more
work, we are able to adapt the analysis performed in [34, 35, 36] for equation (1.8) and
obtain the following result:

Theorem 2. (Blow-up rate for equation (1.1)). Let N > 2, 1 <p < 1+ = and
a € R. Consider u a solution of (1.1), where f(u) = |u|P"'ulog®(2 + u?), with blow-up
graph T : {x — T(x)} and xy a non characteristic point. Then, there exists Sy large
enough such that

i) For all s > $3(x0) = max(S,, — log @),

0 < €0 < llwey(8) 2wy + 10swsg (5) | 22(s) < K,

where Wy, = Wy 1(ay) 15 defined in (1.17), for some g = €o(N, p,a) and

K = K(Napu a, T(CC()), t2($0)7 || (U(tg(l’o)), atu(tQ(xO))) ||H1 XL2(B(x07T(xg)(—t2)(¢C0)))); ¢T(xo)(t>
0lZo

is defined in (1.13) and 6¢(xo) is given by (1.7).

i) For all t € [ta(wo), T(x0)), where to(xg) = T(x0) — =20 we have

L w2 @, @)
() (T(wo) — )%
T(xg) —t <Hatu(t)”L2(B(x0,T(xo)t)) i Hvu<t>HLQ(B(xo,T(on)*t))
VT (a0) (1) (T(x) — 1) (T(z0) — )%

(1.27)

0<eg <
Y7

) < K.

where €y and K are introduced in item 7).

Remark 1.4. As we said before, we are able to obtain a similar result to (1.27) for the
more general equation (1.14) under hypotheses (1.15) and (1.16).

Remark 1.5. Both for the construction of the Lyapunov functional and the derivation of
the bounds in this theorem, our method breaks down in the conformal case, even when
a < 0, and we are not able to obtain the sharp estimate as in the case of a pure power
nonlinearity (1.8) treated in [36].

Remark 1.6. Since we crucially need a covering technique in the argument of the con-
struction of the Lyapunov functional, our method breaks down too in the case of a
characteristic point and we are not able to obtain the sharp estimate as in the unper-
turbed case (1.8).

Remark 1.7. As in [35] in the pure power nonlinearity case (1.8), the proof of The-
orem 2 relies on four ideas: the existence of a Lyapunov functional, interpolation in
Sobolev spaces, some critical Gagliardo-Nirenberg estimates and a covering technique
adapted to the geometric shape of the blow-up surface. As we said before, the first
point where we construct a Lyapunov functional in similarity variables is far from being
trivial and represent a crucial step. Consequently, we have chosen to present our main
contribution as Theorem (1) and we write a detailed proof. However, for the other



three points, the adaption of the proof of [35] given in the pure power nonlinearity case

(1.8) is straightforward except for a key argument, where we bound the nonlinear term
_2@+ths  2a . . -
e p T s 1F (¢(s)w). Therefore, in order to avoid unnecessary repetition, we prove

this step and kindly refer to [34, 35, 36, 24, 25, 21, 22, 23] for the rest of the proof.

This paper is organized as follows: In Section 2, we obtain a polynomial (in s) bound
for the H' x L?(B) norm of the solution (w,d,w). In Section 3, thanks to this result,
we prove that the functional L(w(s),s) defined in (1.26) is a Lyapunov functional for
equation (1.18). Thus, we get Theorem 1. Finally, applying this last theorem, we prove
Theorem 2.

Throughout this paper, C denotes a generic positive constant depending only on
p, N and a, which may vary from line to line. In addition, we will use K;, K5, K3... as
a positive constants depending only on p, N, a, §o(x¢) and initial data, which may also

f(s)

vary from line to line. We write f(s) ~ g(s) to indicate lim o) =1.
s—o0 g(§

2 A polynomial bound for the H' x L?(B) norm of
solution of equation (1.18)

Let us first recall the rough polynomial space-time estimate of the solution u of (1.1)
near any non characteristic point obtained in [28] (see Theorem 1). More precisely, we
established the following results:

(Polynomial space-time estimate of solution of (1.18)). There exists ¢ =
q(a,p, N) > 0 such that for any u a solution of (1.1) with blow-up graph T : {x +— T(x)}
and xo a non characteristic point. Then, there exists to(xg) € [0,T(x0)) such that, for
all 1};0 € (to(zo), T (x0)], for all s > —log(Ty—to(xg)) and x € RY where |x— x| < 5:5%;5)7
we have

s+1
/ / (IVw]?* 4+ (9sw)?)dydr < K57, (2.1)
s B
1 s+1
3_“/ / lw[PT log®(2 + ¢*w?)dydr < K;s9, (2.2)
s B
/BTUQdZ/ < Kis, (2.3)

where w = Wy 1+ () 15 defined in (1.17), with

and 6o(xo) defined in (1.7). Note that K, depends on p,a, N,d(xo), T (o), to(zo) and
||(U(to($0))»atu(to(xo)))||H1XLa(B(x07T<xg>(—to)<xo>))- Moreover, we have
0lzo

— K157 < Hpp(w(s), s) < Ky, (2.5)
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where
m

g (w(s),5) = E(w(s), s) = =2 | wdswp(y)dy, (2.6)

E(w(s),s) is given by (1.23) and my is a sufficiently large constant.

This section is devoted to deriving a polynomial bound for the H!(B) norm. More
precisely, this is the aim of this section.

Proposition 2.1. There exists ¢ = q1(a,p, N) > 0 such that for any solution u of
(1.1) with blow-up graph T : {x > T(x)} and xo a non characteristic point, there exists
to(zo) € [0,T(xg)) such that for all Ty € (to(xo),T(z0)], s > —log(Ty — to(zo)) and

x € RN with |x — x| < To_t), we have

do(zo

e (s) 1) < Kos™, 2.7)

where W = Wy p+(z) 15 defined in (1.17), with T*(x) given in (2.4) and do(xo) defined in
(1.7). Note that K2 depends on p,a, 6o(xg), T(z0), to(zo) and

[ (u(to(o)), Opulto(wo)))ll g X L2(B (a0, LEQ)~0e0) )

Remark 2.1. Let us insist on the fact that the strategy of the proof works only in the
subconformal case. Obviously, we can also prove that ||Osw(s)||r2(p) < Kps%. However,
since this estimate is not useful in the proof, we have chosen not to include it in the
above proposition.

Remark 2.2. By using the Sobolev embedding and the above-mentioned proposition, we
can deduce that for all r € [2,2*] where 2* = 225 if N > 3, and for all r € [2,00) if
N =2:

lw(s)||zrp) < Kss?, forall s> —log(T"(z) — to(x0)), (2.8)

where K3 depends also on 7.
Let us prove Proposition 2.1 in the following.

Proof of Proposition 2.1: We proceed in 2 steps:
- In Step 1, we use the covering technique and interpolation to derive a polynomial
estimate related to the L#(B) norm of w(s), for any € € (0,p — 1).
- In Step 2, using Step 1, a Gagliardo-Nirenberg estimate and estimate (2.5) satisfied
by H,(w(s), s) defined in (2.6), we easily conclude the proof of estimate (2.7).

p+3 €

Step 1: Control of w in L
We claim the following:

(B)

Lemma 2.2. Foralle € (0,p—1) and s > —log(T*(z) — to(z0)), we have

/\w y,8)|"2 dy < Ky(e)s? (2.9)

11



Proof: Let us recall from the expression of ¢ = ¢(s) defined in (1.21) that we have for
all s > max(—logT*(x), 1),

_ 2(p+1)s

2a 1
e gu f (ow) = [l logh(2 + %) (2.10)

Combining (2.10), (A.4), (A.10) and (2.2), we deduce that for all s > —log(T*(x) —
to(x0)),

s+1
/ / lwPT 2 dydr < C(e)K,s%. (2.11)
s B

Now, for all s > —log(T™(z) — to(z0)), using the mean value theorem, we derive the
existence of o(s) € [s, s+ 1] such that

[t otnpr=ay= [ [ . 0rayar (212

Let us introduce the following identity for all s > —log(T™(z) — to(z0)),

[t )1y = [ wta.ots)

Combining (2.12), (2.13) and the fact that xy < 2% + y?, for all z > 0, y > 0, we write
for all s > —log(T*(z) — to(xo)),

e s+1 pid_e s+1
[l s [ o adreo [ [ ponpodps
B s B s B

+Clﬁi@&M%ﬂP®w. (2.14)

P+

?@+/-i/m@ﬂﬁywm (2.13)
o(s) dr B

—€

Thanks to (2.14), the classical inequality 2P < 1+a2PH= forallz > 0,e € (0,p—1),
(2.1) and (2.11), we obtain (2.9). This concludes the Lemma 2.2. n

Step 2: Control of Vw in L?(B).
As in the pure power case, we first use the Gagliardo-Nirenberg inequality in order
to obtain the following:

Lemma 2.3. There exists ¢g = co(p, N) > 0 such that, for all ¢ € (0,e0], for all
s > —log(T*(x) — to(xg)), we have

B(e)
[utopdy < Koo [ VutoPdy) 4Kt (215)
B B

where 8 = B(p, N,¢e) € (0,1).

Proof.: We distinguish two cases:

12



e First case (VN =2):
Let e > 0 and r = r(p,e) > p+ 1 + . By interpolation, we write

[ wtpray < ([ jwt =)’ ([ weora) @0

where

r—(p+1l+e
y T )

_ pt3=¢
2

By using (2.16) and the Sobolev embedding H'(B) < L"(B) we get
p+3—¢ n /B
/Iw(y, s)PHEdy < (/w = (v, S)dy> (/ Iw(y,s)l2dy+/ IVw(y,s)IQdy) -
B B B B

r

(2.17)
where ( 14 30)
_rip—1+423¢

ﬁ(rapvg) - 47”—2(]9—1—3—6)
o : p—1+3e 1 o
The combination of lim B(r,p,e) = — and 7= < 1 implies that there
r—00
exists g9 = o(p) = %2 > 0 such that for € € (0,£o] we can choose r large enough

such that 8 = B(r,p,e) € (0,1). The result (2.15) follows immediately from (2.17),
(2.3) and (2.9).

e Second case (N > 3):
Let € € (0,p — 1). Let us write the following Gagliardo-Nirenberg inequality:

[t sy < ([ w5 @) ( [ o oPdy+ [ [Vt.s)Pa)

(2.18)
where
1— ptite p—1+3¢ 1 N_9
_ 2% . = B
n_l_p-;:’;a’ ﬁ—ﬁ(ﬂNag)—W and g_W

Observe that the function p < B(p, N, €) is an increasing function on (1, p.), hence,

B(p, N,e) < B(pe, N,e),  Ype (1,pe). (2.19)

Thanks to (2.19), the fact 5(p., N,0) = 1 and by continuity, we infer that there
exists g9 = £o(p, N) > 0 small enough such that for € € (0,e09] we have f =
B(p,N,e) € (0,1). The result (2.15) follows immediately from (2.18), (2.3) and
(2.9), which ends the proof of Lemma 2.3. u

Now, we are ready to give the proof of Proposition 2.1.

Proof of Proposition 2.1: Let us first use the following covering lemma from [35]:
using Proposition 3.3 in that paper with n = % — N (which is positive), ¢ = 2 and

f = Vu, together with the selfsimilar change of variables (1.17), we write

sup / IVuw|* dy < C() sup / V| dy, (2.20)
} B B(Ové)

To—t To—t
{o | ool < T {o] ool < T2t}
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where w = wyr+@) (y,s) is defined in (1.17), with T*(x) given in (2.4) and s =

—log(T*(x) —t).
From (2.5), the definition (2.6) of H,,,(w(s), s), we see that for all s > —log(T™*(z) —

/B IV, 5)P(1 — [yP)oly)dy + /B (@a(y, ) wdy — 220 / wd,wply)dy

<o [ EEFE Ry 2K (221)
B

By the use of the basic inequality 2ab < a? + b?, we write

2m0

— /B wdswp(y)dy < /B (Dsw(y, s))*wdy + (22)2 /B w?p(y)dy. (2.22)

S

Plugging (2.22) and (2.3) into (2.21), we obtain

2(p+1)s 2

[V = Py <2 [ F Gt (229

B
Thanks to (A.9) and (2.23), we conclude for all s > —log(7T™(x) — to(x0)),

/ [Vw(y, s)I*(1 = |y[*)p(y)dy < K?/ w(y, )= p(y)dy + Kqs?. (2.24)
B
According to (2.24) together with Lemma 2.3, we have for all s > — log(T™(z) — to(x)),

[ Vel sPdy<C [ [Vl )P - sty
B(0,3) B

B
< Kus( / Vu(y, s)Pdy)” + Kys™. (2.25)
Therefore,
g
sup / IVw(y, s)*dy < Kgs? sup / |Vw(y, s)]2 dy | + Kgs*.
{z B(0,3)
(2.26)
where § € (0,1). From (2.20) and (2.26), we see that
B
sup / IVw(y, s)|?dy < Kgys? sup / IVw(y, s)[>dy | + Kys*.
{2 | la—ao|< =1} /B |e—ao|<H9= /B
(2.27)
It suffices to combine (2.27) and the fact that 8 < 1, to obtain that
sup / |Vw(y, s)]Ady < Klosl%q@. (2.28)
{z | |xfx0\§T%07t} B

Clearly, by using (2.28) and (2.3), we conclude (2.7), where ¢; = ﬁq, which yields the
conclusion of Proposition 2.1. [ |
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3 Proof of Theorem 1 and Theorem 2

In this section, we prove Theorem 1 and Theorem 2 here thanks to Proposition 2.1.
This section is divided into two parts:

e In subsection 3.1, we state a general version of Theorem 1, uniform for x near x,
and prove it.

e In subsection 3.2, we prove Theorem 2.

3.1 A Lyapunov functional

In this subsection, our aim is to construct a Lyapunov functional for equation (1.18).
Note that this functional is far from being trivial and makes our main contribution.
More precisely, thanks to the rough estimate obtained in the Proposition 2.1, we derive
here that the functional L(w(s),s) defined in (1.26) is a decreasing functional of time
for equation (1.18), provided that s is large enough. First, thanks to the additional
information obtained in Section 2, we can write this important lemma which plays a
key role in our analysis. More precisely, we claim the following:

Lemma 3.1. For all s > —log(T*(x) — to(xg)), we have

[ 1wl g 2+ P og(2 -+ w)olu)dy <Kuist [l ogt(2 + 6ol
B B
—+ K118a+%. (31)

Remark 3.1. Let us mention that, in the first term on the right-hand side, the choice

of the power 411 is not optimal. In fact, with the same proof, one can show the same

estimate with the power v, for any v > 0, instead of the power i. Let us remark that we
can construct a Lyapunov functional, when we have the estimate above for some power
v such that v € (0, 1) instead of the power %.

Proof: Let e € (0,1). By using the inequality log(2+2%) < C(e)+|z|*, for all z € R,
we conclude that

[ Pt og(2 4 ) log(2 + o)y < |l og' 2+ 6*u)oly)dy
+ / w1 log" (2 + ¢*w”) p(y)dy. (3-2)
B
Furthermore, we apply the interpolation in Lebesgue spaces to get
[ e ogt 2 4 oty < ([t og' 2+ utloo)d)

( /B |w[PT log® (2 + ¢2w2)p(y)dy>a. (3.3)
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By combining(A.4), (A.9) and the inequality |2|® < 1+|2|PT1T% for all z € R, we obtain

1
o [Pl sty < 04 C [Pt R (3
B B
Since p < p. = %, we then choose g1 < gy small enough, such that for all € € (0, 4]

we have p + 1 4 2¢ < 2* where 2* = ]3—]}2, if N > 3 and 2* = oo, if N = 2. Therefore,
estimate (2.8) implies that, for all s > —log(T*(z) — to(x0))

/ |w|p+1+25dy < (Kgs‘“)pHHa, Ve € 10, e4). (3.5)
B

By combining (3.3), (3.4) and (3.5), we deduce that, for all s > —log(T™*(x) — to(x0)),
for all € € (0,&].

9 l1—¢
[ 1wl ogt (2 4 ut)olu)dy < Kiasn 0255 ([ fuptlog? 2+ Put)plu)dy)
B B
(3.6)

Thanks to the basic inequality |X|“|Y '™ < C|X| + C]Y], for all X,Y € R, for all
€ (0,1), we conclude that, for all s > —log(T™(z) — to(z0)), for all £ € (0,&4].

[ 1wl g2 + ) p(u)dy < Kiast @ (504 [ ulogt(2 + 6% (o)),
B B
(3.7)

We choose €5 € (0,e1], such that ¢;(p 4+ 1 + 2e2)e2 < 1. Then, by (3.2) and (3.7), we
easily obtain (3.1). This concludes the proof of Lemma 3.1. n

Thanks to estimate (3.1), we can improve the estimate related to the control of
the time derivative of the functional E(w(s), s). More precisely, we prove the following
lemma:

Lemma 3.2. There exists S1 > 0 such that for all s > max(—log(T*(z) — to(x0)), S1),

we have
d 3 Y
L pu(s).s < - /(asw>21’i(|)|2 /|w|p+110g 2+ Fudplo)dy
Ky
= |Vw| (1= lyely )dy+— w Ply)dy + — (3.8)
Proof: Multiplying (1.18) by d;w p(y) and integrating over B, we obtain
d p(y)
—F =—2 2 .
P (w(s), s) a/B(@Sw) . ’y|2dy (3.9)
a p+ly. a—1 2 9 2,2\ 4s
+ o L o oe 24 o) (log(2 + 6u) = 25 )y

. s

XI(IS)
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_ 2(pt1)s

2¢ P71 20 a a
+ 2t [ (0 DRow) = SR0w) — SFatow) i)y
x;S)
2a
+ s dy + / dsw)?p(y)d
7(8)/Bw wp(y)dy - 1) B( w)”p(y)dy
x;(r8)
42 / Vwdywp(y)d
Nwosw )
(] v p(y y
XZE‘;)
where F) and F5 are defined by
Fi() = ——2% o 1og® (2 4 22), (3.10)
(p+1)°
and
Fy(z) = F(z) — ‘fol) — Fy(2). (3.11)

Note that, in (3.9) we grouped the main terms together. In fact, it is easy to control
the terms ya(s), x3(s) and x4(s). However, the control of the term xi(s) needs the
use of the additional information obtained in Lemma 3.1. More precisely, for all s >
—log(T™(x) — to(xo)), we divide B into two parts

Ay(s) = {y € B | (s)w?(y,s) < 1} and As(s) = {y € B | d(s)uw’(y,s) > 1}. (3.12)

Accordingly, we write x1(s) = x1(s) + x3(s), where

10y — a P 00" 1 (2 1 $2002) (1 2+22_45

X1 (s) T /Al@ [w|P* log"™ (2 + ¢*w )( 0g(2 + ¢"w*) - 1>p(y),

200\ — a pH1] . a—1 2.2 2.2\ 4s

o) =gy [l s 0ok ) (los(2 + 6%u) — 2 ) oy

On the one hand, by using the definition of the set A;(s) given in (3.12) and the
expression of ¢(s) in (1.21), we get, for all s > —log(T*(x) — to(x0)),

P log®(2 + ¢*w?) < Co~ "% (s)logl*l(2 + ¢(s)) < Ce 7. (3.13)

If we integrate (3.13) over A;(s), we obtain
xi(s) < Ce™*. (3.14)
On the other hand, by using the definition of the ¢(s) given by (1.21), we write the

identity

4 2al
log(2 + ¢*w?) — stl = log(2¢* + w?) — Zi)gf' (3.15)
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Furthermore, the exists Sy > 0 such that for all s > Sy, we have ¢(s) > 1. Therefore,
by exploiting (3.15), we write for all s > max(—log(7™(z) — to(x0)), So),

4
log(2 + ¢*w?) — —81 <log(2 + w?) + C'log s. (3.16)
p —
Also, by using the definition of the set As(s) defined in (3.12), we can write for all
s > —log(T*(x) — to(zo)), if y € As(s), we have
2s alog s
p—1 p-1
Clearly, the exists S; > Sy such that for all s > S7, we have %— apl'igls > }ﬁ. Therefore,
by exploiting (3.16) and (3.17) we have for all s > max(—log(7T*(z) — to(x0)), S1),

c a
G(6) <o [ 0l og"(2 4 670 log(2 + ) )y
B

log(2 + ¢*w?) > log(¢(s)) > (3.17)

C'log s “
i [ el g2+ 6ut ol (3.18)
Adding (3.1) and (3.18) we have for all s > max(— log(T™*(z) — to(x)), S1),
K K
Yi(s) < a+151 / w|P log® (2 + ¢*w?)p(y)dy + —5. (3.19)
S 4 JB S4
Note that, by using the fact x1(s) = xi(s) + x3(s), (3.14) and (3.19), we get
K K
xi(s) < —3 / [w|"* log™ (2 + ¢*w?)p(y)dy + — (3.20)
S 4 JB S4
Note from (A.5) and (A.6) that
1 w
RG] + 6w <€+ 05 f(w) (3:21)
By (3.9), (3.21) and (2.10), we have, for all s > —log(T™*(z) — to(x0)),
C
ls) < g [ [ullog' (2 + 6*u)ply)dy + Ce (322)
B
Finally, by using the following basic inequality
1
ab < va® + ;bz, Vv >0, (3.23)

and the expression of y(s) defined in (1.20), we write, for all s > —logT*(x) — to(xo)

)+l <5 [ @2y S [ (19wl - W)+ oty (3:20)

L=yl
The result (3.8) derives immediately from (3.9), (3.24), (3.20), (3.22), and the identity
(3.9), which ends the proof of Lemma 3.2 [ |

Let us now recall the following result from [28], where we write an estimate on the
functional J(w(s), s) defined by:
1
J(w(s),s) = ——/ wdswp(y)dy. (3.25)
B

S
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Lemma 3.3. For all s > max(—logT*(z), 1), we have

L)) < 22 Bu(s),5) - LT / (0w)oly)dy (3.26)
L vl — vt - 5 [ oy
p—1

- s - p+11 a2+22 dy+ % 7
STy, 2+ () + Bt

where Yo(s) satisfies

C
(Ow)? Y+ /Vw21— 2 d 3.27
< [@ar 20 dns 2 [ wula - Pty (327)
C
__ p+1 a 2 2 —2s
+ S\/E/Bw p(y)dy + SM/3|%U| log"(2 + ¢"w”)p(y)dy + Ce

Proof: See Lemma 2.2 in [28].
u

With Lemmas 3.2 and 3.3, we are in a position to state and prove Theorem 1’, which
is a uniform version of Theorem 1 for x near x,.

Theorem 1’ (Existence of a Lyapunov functional for equation (1.18))
Consider u a solution of (1.1) with blow-up graph T : {z — T(x)} and xo a non charac-
teristic point. Then there exists t1(xg) € [0,T(xg)) such that, for all Ty € (t1(x0), T(x0)],

for all s > —log(Ty — t1(xo)) and x € R, where |x — o] < 5T(Iz), we have

s+1
L(w(s+1),s+ 1) — L(w(s),s) < —a/ /3(8

where w = Wy r+(z) and T*(x) is defined in (2.4).

Proof of Theorem 1°: By exploiting the definition of Lg(w(s),s) in (1.24), we can
write easily

d d 1 d 1
g5 Do), ) = L B(w(s), ) + =TT (w(s).5) — 5

With Lemmas 3.2 and 3.3 and the following inequality

p+3
<_ el
Szf/wawp )dy+ 53 /Bwawp( )dy < /8w (y)dy + /wp )dy,

allows to prove that for all s > max(—log(T™*(x) — to(z0)), S1), we have

p_@‘gpdydﬂ (3.28)

J(w(s),s). (3.29)

d 30 C 2 PY) p+3,
%LO(w(S)’S>§_<7_§)/]3<aSw> —ly |d +23\/_ o(w(s), s)
— %(—Q(ﬁj_ll) - %)/Bw%(y)dy



sv/s 4
1
—;——— |Vw| ~ lyP)os)dy
1 p— K
-l - 14——/|w|P+llog<2+¢ ?)p(y)dy
e Ky
+C + —
Ve o st

Again, choosing Sy > —log(T'(xg) — to(zo)) large enough, this implies that for all s >
max(— log(T*(x) — to(xo)), S2), we have
d p+3 Ki;

Setaluwsh) < ~a [ @up 2oy + BB wis). ) +

(3.30)

Recalling that,

L(w(s),s) = exp <p\—/{—§3)[/0(w(8>, s) +

we get from straightforward computations

st( (5),5) = _gst/?g)ex (p}?))LO( w(s), s) + exp <]i\/§3)%Lg(w(s),s) _ 4‘19
(3.31)

Therefore, estimates (3.30) and (3.31) lead to the following crucial estimate:

iL(w(s),s) < —aexp (p+3> /B(&Sw)2 p(‘)de—l— <K15exp (p—l—?)) — %)i

ds \/g 1 \/g 4 SE
(3.32)
Since we have 1 < exp (Tﬁ) < exp <f7§>, we then choose 0 large enough, so that
K5 exp (éﬁ’) — 2 <0, which yields, for all s > max(—log(T*(z) — to(z0)), S2),
d P(y)
—L < — dsw)? dy.
S Lw().5) < o [ a2y
A simple integration between s and s + 1 ensures the result (3.28), where
t1 (o) = max(T (o) — e 52, to(z0)). (3.33)
This concludes the proof of Theorem 1°. [ ]

We now claim the following lemma:

Lemma 3.4. There exists S3 > Sy such that, if L(w(s3),s3) < 0 for some s3 >
max(Ss, — log(T*(z) — t1(x0))), then w blows up in some finite time sy > s3.

Proof: The argument is the same as in Lemma 3.4 in [28].
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3.2 Proof of Theorem 2

In this subsection, we prove Theorem 2. Note that the lower bound follows from the
finite speed of propagation and the wellposedness in H! x L2. For a detailed argument
in the similar case of equation (1.8) in [35] (see Lemma 3.1, page 1136).

We consider u a solution of (1.1) with blow-up graph I' : {# — T(z)} and z¢ is a
non-characteristic point. Let

ta(xo) = max(T (o) — e, t1(20)). (3.34)

Given some Ty € (ta(xg), T (z0)], for all x € R is such that |z — zo| < %5307 where

(o) is defined in (1.7), we aim at bounding ||(w, Osw)(s)|| a1 xr2() for s large.
As in [25, 22|, by combining Theorem 1’ and Lemma 3.4 we get the following bounds:

Corollary 3.5. (Bound on Lo(w(s),s)). For all Ty € (ta2(xg),T(x0)], for all s >
—log(Ty — ta(wo)) and z € RN where |v — xo| < %, we have

- C < Lo('IU(S), S) < CL()(’(U<§2>, §2) + C, (335)
where S = —log(T*(x) — ta(xp)).
Moreover, for all s > —log(T*(x) — t2(x¢)), we have

[ [

dde < K16, (336)

where K16 = Kyg(a, p, T*(z
(0,1) is defined in (1.7).

{

) ut(tQ))HHlX[g(B(z % ))7 C= C<a7p) CLTLd(So({E()) €

Remark 3.2. Using the definition of (1.17) of w, 7+(z) = w, we write easily
Lo(w(sz), 52) < Kur, (3.37)

where K17 = K17(T (z0) — to(x0), || (u(t2(x0)), 8tu(t2(m0)))||Hle2(B( T(ch()](xtog)(aco))))
Starting from these bounds, the proof of Theorem 2 is similar to the proof in [34]
(see Corollary 2.3, page 1151) and [35] (see Proposition 2.1, page 1134) except for
the treatment of the nonlinear terms and of the perturbation terms. In our opinion,
handling these terms is straightforward in all the steps of the proof, except for the first
step, where we bound the time averages of the nonlinear term and second step, where we
remove the time averages. However, the third step where we conclude the boundedness
of the H} ,(R") norm of solution of equation (1.18) from Proposition 3.6 is the same
as in Proposition 2.1 (up to some very minor changes). For that reason, we only give
the first two step and refer to the proof in [34] (see Corollary 2.3, page 1151) and [35]
(see Proposition 2.1, page 1134) and the similar part in section 2 in this paper for the
remaining steps in the proof of Theorem 2. This is the step we prove here.
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Proposition 3.6. For all s > 1 —log(T*(z) —t3(xg)), for some t3(xg) € [ta(z0), T(x0)),

1 s+1
—/ / lw[PT log®(2 4+ ¢*w?) p(y)dydr < Kis. (3.38)
5% S B

Proof: For s > 1 — log(T*(x) — t2(x0)), let us work with time integrals between s;

et sy where s € [s —1,s] and s9 € [s+ 1, s+ 2]. By integrating the expression (1.24) of
Lo(w(s), s) in time between s; and sy, where sy > 51 > — log(T*(z) —t2(xg)), we obtain:

1 _ 2(pt1l)s  2a
/ Lo(w(s), s)ds —/ / w)? + pj_l) w? — e H T g 1F(¢w)>ﬂ(y)dyds

s2
— 2 — — —_—
+ 5 /51 /B(]Vw\ ly.Vw|?)p(y)dyds /51 S\/E/Bwaswp(y)dyds.

(3.39)

By multiplying the equation (1.18) by wp(y) and integrating both in time and in space
over B X [s1, s3] we obtain the following identity, after some integration by parts:

p+3
[/<w8w+(2(p_1) N)w? / /810 y)dyds (3.40)
2 2 52
/ / |Vw|2 (y.Vw) ) (y)dyds — p+ / /w p(y)dyds
. lylPply
e P 1w f(dw)p(y)dyds — 20 w8w1_| |2d yds
+2/ /y.Vw@Swp(y)dyds + 2 / / —y.Vwwp(y)dyds
s1 JB b — 1 s1 BS
2 9 2a 52 1
+ v(s)wp(y)dyds + —Oswwp(y)dyds.
s1 JB b= 1 s1 BS

Note that, by using the identity (3.11), we get

_2(ptD)s 2a ¢ p —_ 1 _2(p+1l)s  2a
e » 1 §p- 1( flow) — (qﬁw)) =3 =1 sr—1 F(pw) (3.41)
p+1 _20+1s

5 ¢ ?s%(ﬂ(qﬁw)—l—ﬁ’g(qﬁw)).

By combining the identities (3.39), (3.40) and exploiting (3.41), we obtain

_1// Q(T})és;alF(gbw) () dyds
2 s1 JB
1 p+3
= 2[/9<w85w+(2(p_1) N)w? //310 y)dyds
n L (w(s), 5)d !y| ply
o(w s—I—a w@wl_’ deds

y Vwwp(y dyds

p—1
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(y)dyds (3.42)

J/

—-//

52 1 _ 2(pt+1)s
/ il woswp(y dyds—l——/ / e TF (ow)p(y)dyds

1 _ 2(pt1)s
P+ / / = 5p21F2(¢w) (y)dyds .

J

J/

We claim that Proposition 3.6 follows from the following Lemma where we control the
space-time integral of the nonlinear term of w and all the terms on the right-hand side
of the relation (3.42) in terms of the left-hand side:

Lemma 3.7. For all s > 1 —log(T*(x) — t3(x)), for some t3(xo) € [ta(z0), T (x0)), for
all vy > 0, for all e € (0,1),

2(p+1l)s  2a
/ P p(y)dy < Ko + C / 22 25 P () ply)dy, (3.43)
B B
EEaTEya dy < Ko+ C[ w1 p(y)d 3.44
e s (pw)p(y)dy 19 + le p(y)dy, (3.44)

//|y Vwosw|p(y)dyds < —+K19V0/ / Q(Zﬂ s T F(¢w) p(y)dyds,

3.45)
_ 2(pt1l)s  2a
s[up ]/ (y, 8)p(y)dy < —+K19V0/ / T 1 F(¢w)p(y)dyds, (3.46)
s€|s1,82
2 _ 2(pt+1)s 2a
/ / Dyw |1y|_| ilyds < —+K19V0/ / T BT F () ply)dyds,
(3.47)
Kig
[ wdlotay < [ @ty + 52
+ Kyt / / S G P(gw)p(y)dyds, (348
[ (@t 0))? + Quoty. 5 p0)dy < K, (3.49)
B
K _2(p+1l)s  2a
|Ai] < —+ K19V0+ / / P s F(ow)p(y)dyds, (3.50)
K19 _2(p+l)s  _2a
Aa] + |As| + | A4 < V—O+K19u0/ / P G Flw)p(y)dyds,  (3.51)

C [ _2(p+1)s  2a
As| + | Aq| < C+S—/ / 5 5 B (ow) ply)dyds. (3.52)
1 Js; B



Indeed, from (3.42) and this Lemma, we deduce that

2a

p+1)s a K C 52 (P )s
/ / S P ou)p)dyds < U2+ (K + 5) [ [ S PGy
s1 B

Now, we can use the fact that s; > —1 —log(T*(z) — t3(x0)) > —1 —log(T(xo) —t3(x))
and we choose T'(xg) — t3(xp) small enough so that C < 71710g(T(i0)7t3(x0)) < 1. If we

choose 1 small enough so that Koy < 1, we obtam

47

s2 2<P+1)6 2a
| [ R onsans < Kua
s1 B

Since [s, s+ 1] C [s1, 2], we derive from (A.4) that (3.38).
It remains to prove Lemma 3.7.

Proof of Lemma 3.7: By (A.9) and (A.10), we can write easily (3.43) and (3.44).
Thanks to (3.43), we can adapt with no difficulty the proof in the unperturbed case
[34, 35] (up to some very minor changes), in order to get the proof of the estimates
(3.45), (3.46), (3.47), (3.48) and (3.49). Also, by using (3.43) and the Hardy inequality

2 lylp(y) 201 _ 112 2
w 2dy < C [ [Vwl*(1 = |y[*)p(y)dy + C [ wp(y)dy.
B 1- |?J| B B

(see the appendix in [34] for a proof), we easily conclude (3.50) and (3.51).

Finally, it remains only to control the terms A; and Ag. Note from (A.4), (A.5) and
(A.6) that

|Fy(6w)| + | Fo(ow)| < € + 022 (¢w> (3.53)

The result (3.52) follows immediately from (3.53). This concludes the proof of Lemma
3.7 and Proposition 3.6 too. [ ]
Proof of Theorem 2 : Since the derivation of the boundedness of the Hj,,,(RY)
norm of solution of equation (1.18) from Proposition 3.6 is the same as in Proposition
1 (from the estimates (2.1), (2.2) (2.3) and (2.5) (up to some very minor changes).
Moreover, thanks to the estimate (3.35), the boundedness of the H,._ (R") norm, we
prove easily the boundedness of L7, (R") norm of d,w with the ball B(0, ). Thanks
to the covering technique (we refer the reader to Merle and Zaag [35] (pure power case)
and Hamza and Zaag in Lemma 2.8 in [24]), we easily extend this estimate from B(0, 1)
to B. This concludes the proof of Theorem 2. [ |

A Some elementary lemmas.

Let f, I, F5 be the functions defined in (1.2), (1.25) and (3.11). Clearly, we have
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Lemma A.1. Letq>1,

u q+1
/ [v|7 v log®(2 + v?)dv Nﬁ log"(2 +u?), as |u| — oo, (A1)
0 q+1
F(u) sziul) as |u| — oo, (A.2)
Cuf(u)
F(u) v———rt— — 00. A3

Proof. See Lemma A.1 in [28].

Thanks to (A.1), (A.2) and (A.3), we can state and prove the following estimates:

Lemma A.2. Forall s > 1, for all z € R,

C'9(5)21(6(5)2) < C + F (8(5)2) < C(1 + 6(s)2f(6(s)2). (A1)
F(9()2) < 0+ 02 f(g(0:), (4.5)

R(0(9)2) < 0+ 028 f(g(0)), (A.6)

ei’ﬁsp“wf(js(s)zn <C+CE)1PT, Ve>0, (A7)

2P < Cle)e #is7 T f(@s)2)| + C. Ve € (0,p), (A-8)

e HT SR (9(s)2) < O+ C(e)|ofHtt, Ve >0, (A.9)
2Pt < Cle)e T sETR($(s)2) + O, Ve € (0,p+ 1), (A.10)

where ¢, F, [y and Fy are given in (1.21), (1.25), (3.10) and (3.11).

Proof. Note that (A.4) obviously follows from (A.2). In order to derive estimates
(A.5) and (A.6), considering the first case 2%2¢(s) > 4, then the case z%¢(s) < 4, we
would obtain (A.5) and (A.6) by using (A.1), (A.2) and(A.3). Similarly, by taking into
account the inequality log®(2 +u?) < C(e) + |ul®, we conclude easily (A.7), (A.8), (A.9)
and (A.10). This ends the proof of Lemma A.2. [
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