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Abstract

We study the local well-posedness of the initial-value problem for
the nonlinear generalized Boussinesq equation with data in H*(R™) x
H*(R"™), s > 0. Under some assumption on the nonlinearity f, local
existence results are proved for H*(R™)-solutions using an auxiliary
space of Lebesgue type. Furthermore, under certain hypotheses on s,
n and the growth rate of f these auxiliary conditions can be eliminated.

1 Introduction

In this paper we consider the generalized Boussinesq Equation

{utt—Au+A2u+Af(u):0, zeR"t>0, (1)

u(z,0) = ug, u(z,0) =uq,
where the nonlinearity f satisfies the following assumptions

(f1) f € CB(C,C), where s > 0 and [s] denotes the smallest positive
integer greater than s;

(f2) 1fW ()| < |v|*! for all integers I varying in the whole range 0 < I <
[s] < k with k > 1;

*Mathematical subject classification: 35B30, 35Q55, 35Q72.
TPartially supported by CNPg-Brazil.
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Equations of this type, in one dimension, but with the opposite sign in
front of the fourth derivative term, were originally derived by Boussinesq [3]
in his study of nonlinear, dispersive wave propagation. We should remark
that it was the first equation proposed in the literature to describe this
kind of physical phenomena. The equation (1) was also used by Zakharov
[23] as a model of nonlinear string and by Falk et al [8] in their study of
shape-memory alloys.

In one dimension, local and global results have been obtained for (1).
Using Kato’s abstract theory for quasilinear evolution equation, Bona and
Sachs [2] showed local well-posedness (1), where f € C°° and initial data
up € H2(R), uy € H*T(R) with s > 3 . Tsutsumi and Matahashi [20]
established similar result when f(u) = |u/*"'u, k¥ > 1 and ug € H'(R),
U1 = Xzz wWith x € H(R). These results were improved by Linares [14]. He
proved local well-posedness when f(u) = |u|*"tu, 1 < k < 5, ug € L*(R),
u; = h, with h € H~Y(R) and f(u) = |u|*"tu, k > 1, ug € H'(R), u1 = h,
with A € L%(R). Moreover, assuming smallness in the initial data, it was
proved that these solutions can be extended globally in H*(R). The main
tool used in [14] was the Strichartz estimates satisfied by solutions of the
linear problem.

Another problem studied in the context of the Boussinesq equation is
scattering of small amplitude solutions. This question was investigated by
several authors, see for instance Linares and Scialom [16] and Liu [17] for
results in one dimension and Cho and Ozawa [6] for arbitrary dimension.

Here we consider the local well-posedness and uniqueness problems,
studying the integral equation associated to (1). To describe the integral
formulation we first consider the following modified linear equation

uy + A%u =0, xR t>0, (2)
u(x,0) = ¢, w(x,0) = Aq.

First, we recall that the solution to the linear Schrodinger equation

1Whu+Au=0, xR t>0,
u(z,0) = ugp

is given by

S(tyuy — (e—it\él%o)v . (3)



On the other hand, applying the Fourier transform to the equation (2),
we obtain that the solution is given by

u(t) = Be(t)¢ + Bs(t) A, (4)

where the operators B.(t) and Bs(t)A are completely describe by the unitary
group (3), that is

B.t) = 5 (S(t)+S(~1) )
and
BiNA = o (S(1) - S(-1)). (6)

Therefore, applying the Duhamel’s principle, the integral formulation of
the initial value problem (IVP)

Utt+A2u+A(f(u)—u):0’ xR t>0, ;
u(z,0) = ¢, wy(x,0) = Ay (7)

is given by

u@%=34ﬂ¢+BAﬂA¢+:Alﬁﬁ—iﬁAU&U—uﬂﬂMﬂ (8)

Since the operators (5) and (6) are linear combinations of the Schrédinger
unitary group and its adjoint, we have that the structure of (8) is very
similar to the Schrédinger’s integral equation. Therefore, applying well
known results for this last equation we establish new results about local
well-posedeness and uniqueness for the generalized Boussinesq equation (7).

The local well-posedness question was first raised by Hadamard [11] in
the case of Laplace equation and refined by Kato in the case of an initial
value problem (IVP) (see, for example, [12]). In the present work, we adopt
the following definition

Definition 1.1 (Well-posedness) We say that the IVP (7) is locally well-
posed in H*(R™) x H*(R"™) if for any initial data (¢, ) € H5(R™) x H*(R™)
there exists a time T > 0, a subset E of C([0,T]; H*(R™)) and a function
u € E such that

(i) Existence and Uniqueness The function u is the unique solution in
E of the integral equation (8) (interpreted in a distributional sense).



(17) Continuous Dependence The flow map is (at least) continuous from
a neighborhood of (¢, 1) in H*(R™) x H*(R™) into C([0,T]; H*(R™)).

Remark 1.1 If T can be taken arbitrarily large, we say that the well-
posedness is global.

To obtain a solution of (7), we analyze the integral equation (8) applying
a fixed point argument. That is, we find T" > 0 and define a suitable com-
plete subspace of C([0,T]; H*(R")), for instance =g, such that the integral
equation is stable and contractive in this space. Then, by Banach’s fixed
point theorem, there exists a unique solution in =j.

However, to define the subset =3 we will need some auxiliary conditions,
which is based on the available Strichartz estimates for the Schrodinger
equation

Definition 1.2 We call (q,7) an admissible pair if they satisfy the condi-

tion:
2 1 1
—=n - —
q 2 r)’
where
2<r<oo , ifn=1,
2<r<oo , ifn=2,
2
2 < " ifn>3.

Now, we can define the (auxiliary) space

Vs

(1-A)"2 <ﬂ {LIL" : is an admissible pair})

= ﬂ {L?H; : (¢q,r) is an admissible pair}
where HS = (1 — A)"3 L.

With these notations and definitions, we have the following result on the
local well-posedness for the generalized Boussinesq equation (7).

Theorem 1.1 Assume (f1) — (f3) and s > 0. Then for any (¢,v¢) €
H*(R™) x H5(R™), there are T > 0 and a unique solution w of (7) with the
following properties

(1) u € C([0,T]; H*(R™));



(ii) w € Vs.

Note that this theorem cover the cases analyzed by Linares [14]. In
fact in one dimension and with nonlinearity f(u) = |u|[*"'u, assumptions
(f1) = (f3) impose the restrictions k > 1l and 1 <k <5 for s=0and s =1,
respectively.

On the other hand, the above theorem generalizes the local result of
Linares [14] in two ways. Firstly, it provides local well-posedness in H*(R)
with s # {0,1} and s <2+ 1/2, which up to our knowledge are not present
in the literature for the generalized Boussinesq equation in one dimension.
Moreover, it includes the IVP associated to (7) in arbitrarily dimension.

Based in the proof of Theorem 1.1, we can also obtain results in the life
span and blow-up of the solutions given above. This is done in the following
two theorems

Theorem 1.2 Let [0,T*) be the mazimal interval of existence for u in The-
orem 1.1. Then T* depends on ¢, ¥ in the following way

n n
(i) Let s > — and 0 > 0 such that — < o0 < s. Then T* can be estimate

in terms of ||| e and ||| ge only. Moreover,

T" — oo when max {||¢||me, || ae} — 0. (9)

(13) Let s < g and o > 0 such that

n n 2
06[0,2)(][2—]?_1,5}, (10)
n 2
ia) I n 2
(tia) If o > 5 T h 1
and || D?%|| 2 only. Moreover,

, Then T™* can be estimate in terms of ||D° || 12

T* — oo when max {||D||r2,||D¢||r2} — 0.

the time T* can be estimated in terms of

n 2
ib) I = - - —
(i) If o = %~ 2
D¢, D% € L2, but not necessarily of their norms.

Theorem 1.3 Suppose, in Theorem 1.2, that T* < co. Then

(a) In case (i), max{|u(t)| e, |A  us(t)|| o} blows up at t = T* for all
o such that g <o < sy



(b) In case (iia), mas{|D°u(b)l|ye, | D7 A ur(t) | 2} blows up at ¢ = T*
for all o # g - and in (10).

k—1

Note that part (ii) of Theorem 1.1 is an essential part; without such
a condition, uniqueness might not hold. In this case, we say that (7) is
conditionally well-posed in H*(R™), with the auxiliary space Y.

A natural question arise in this context: Is it possible to remove the
auxiliary condition? In other words, is it possible to prove that uniqueness
of the solution for (7) holds in the whole space C([0,T]; H*(R™))? If the
answer for this last question is yes, then we say that (7) is unconditionally
well-posed in H*(R™). In [12], Kato introduce this notion and extensively
studies it for the nonlinear Schrédinger equation

iug + Au+ f(u) =0, =€ Rt >0,
u(z,0) = up,
where f is a nonlinear function satisfying certain hypotheses.
Based on the integral formulation (8), we will use Kato’s argument to

prove the same kind of result for the generalized Boussinesq equation (7).
The next theorem gives a precise statement of our uniqueness result.

Theorem 1.4 Assume (f1) — (f3) and let s > 0. Uniqueness for (7) holds
in C([0,T]; H®) in each of the following cases

n
N
() s> 2

1 2
i)n=10<s<=and k< ——:
(i7) n=1, Ss<gandk< oo

1

(iii)n:2,0§s<1andk<‘ii;

n 4 25 4+ 2
] > < —, k<min<1 1 .
(w)n_3,0_3<2, _mln{ +n—25’ +n—2s}

The fundamental tool to prove Theorem 1.4 are the classic Strichartz
estimates satisfied by the solution of the Schrédinger equation. We remark
that parts (i), (i), and (7i7) of the above theorem are identical, respectively,
to (i), (¢ii), and (éi) for n = 2 of [12], Corollary 2.3. However, for n > 3,
we include the high extreme point for the value of k, in the range of validity
of the theorem. This is possible due to the improvement in the Strichartz
estimates proved by Keel and Tao [13].

For the particular case where f(u) = |u|[*~'u, we can also improve The-
orem 1.4 for a large range of values k. This is done in the following theorem.



Theorem 1.5 Letn > 3, 0 < s < 1 and f(u) = |u/*"1u, with k& > 1
satisfying (f3). Uniqueness for (7) holds in C([0,T]; H®) if k verifies the
following conditions

(1) k>2;

(2) k>1+n3323’ k<1+min{2i§i,is_+£};
(3) k<1+n_28;

(4) k§1+%.

n+ 2s

Remark 1.2 Note that the restriction k < seems natural. In fact,

n—azs

1 (R™), which ensures that the equation

this assumption implies |u*~tu € L}

2 k—1,\ _
{utt—AtH—A u+A(\u| u)—O, r e R"t>0, (1)

u(z,0) = ¢, u(z,0) = Ay

makes sense within the framework of the distribution.

Theorem 1.5 is inspired on the unconditional well-posed result proved by
Furioli and Terraneo [9] for the case of nonlinear Schrodinger equation. As
in [9], the proof of this theorem relies in the use of Besov space of negative
indices.

The plan of this paper is as follows: in Section 2, we introduce some
notation. Linear estimates and other preliminary results are proved in Sec-
tion 3. The local existence theory is established in Section 4. Finally, the
unconditional well-posedness problem is treated in Section 5.

2 Notations

In the sequel ¢ denotes a positive constant which may differ at each
appearance.

We use local in time versions of the space-time Lebesgue spaces L{L",
which we denote by LqTLQ, equipped with the norms

1l za.zy = IS M Lr @yl Lagory)-

Now we recall the definition of homogeneous Besov spaces. Let w €
C2°(R™) be such that supp w C {¢€:271 < ¢ <2}, w(é) >0for 27 <& <2



and ) ey w(279€) =1 for £ # 0. Denote A/]\f = w(277¢) A(f). We have the
following definition

Definition 2.1 Let s € R, 1 < p,q < oco. The homogeneous Besov space is
defined as follows:

B;q(R") ={feS'R")/P: {2j5||Ajf||Lp}j€Z ell(z)}
where P is the space of polynomials in n variables.

It is well-known that B3,(R") = H35(R"), where H3(R"), with 1 <
p < 0o, denote the homogeneous (generalized) Sobolev space defined as the
completion of S(R™) with respect to the norm

1 gy = IIEF FE) Nincany

For further details concerning the Besov and (generalized) Sobolev spaces
we refer the reader to [1].

3 Preliminary results

To treat the integral equation (8), we need to obtain estimates for the
operators B.(-) and Bs(-)A. From the definition of these operator and the
well-known Strichartz inequalities for solutions of Schrédinger Equation we
can easily prove the following two lemmas

Lemma 3.1 Let (q,7) and (v, p) admissible pairs and 0 < T < co. Then
(@) [1Be()bll e pr + 1Bs(-)Ahll papr < cl[hll 2
(i) 181 g1 < ellol
where Br(g) = fg Bs(t —t")Ag(t)dt'.

Proof Since the above estimates are valid for the Schrodinger group
(see [15] Chapter 4), using (5) and (6) the lemma follows.
|

Lemma 3.2 Let (q,7) and (7, p) be admissible pairs. Then
@) 1811y, < cloly s,

(i) 1Be)hlg 5o, + I BoCYAR] g 5 < bl



Proof It follows from Theorem 2.2 in [5] and definitions (5) and (6).
|

Remark 3.1 Lemma 3.2 is still valid if we replace B;’Q(R") by the homo-
geneous Sobolev spaces HS(R") (see [5] page 814).

Another important result are the estimates for nonlinear term that ap-
pear in equation (7). For the next two results see Lemmas A1-A4 in [12]
and Lemma 2.3 in [9)].

Lemma 3.3 Assume (f1)-(f2) and for 0 < s < k, define D* = F Y¢S F,
then

. k—
(i) 1D f ()l < ellullfols,,, 1Dl L

1 1 1
where — = — 4+ —, 11 € (1,00], r2 € (1,00);
T (&) 9

(i) | D*(uo)||r < c(|1D%u]|zri[Jo]lLoe + llulla | D*0] Lr2)
11 1 1

1
where — = — + — = — 4+ — 1, € (1,00), ¢; € (1,00], i = 1,2.
r 1 q2 q1 r2

1 1

Lemma 3.4 Letk>1,5s>0,p€c[l,00), s < min{n,k} and = — 2 < -.
D p n~k

Let o = — " Then there exists c > 0 such that for all g €

s—l—k(n—s)
p

HS(R"), we have
(i) lgl*~gllzry < ellgllfy.:
p

(i) Nlg*ll g < ellgll, -

4 Local well-posedness

First, we present some numerical facts that will be important in the
proof of the local well-posedness result.

Lemma 4.1 Let k > 1, there is ¢ > 2 and an admissible pair (v, p), such
that
1 1 k-1
+

p2 q



Proof In the case n > 3, we have to satisfy the following system

1 (k-1

q
2n

n—2

1_
P
2<p< )

thus, it is enough to choose ¢ > max{n(k — 1), 2}.

In the case n = 1, 2 it is sufficient to satisfy the following system

1 1 (k-1)
p 2 q
2<p<oo,
which is clearly satisfied for every ¢ > max{2(k — 1), 2}.
|
n 2 n .. .
Now by (f3) we have 5 w1 <s< 5 then it is always possible to

choose o > 0 satisfying (10).

Lemma 4.2 Assume (f3). Then, for all o satisfying (10) there exist (p1, p2)
and (q1,q2) such that

(1) (p1,p2) is an admissible pair;

(1) There exists an admissible pair (q1,[32) such that:

1 1 o

e H
(13i) p1 < @15

kE—1
, 1 =1,2, then there exists s1 > 1 such that (s1,72)

@@U%zi+

[ 7 %
is the dual of an admissible pair and

Proof To obtain the points p1,p2, q1, g2, 82,71, 72 and s1, we need to
solve the system of equations corresponding to conditions (i) — (iv). We
consider several cases.

10



(b)

(c)

:oo7izf_i;
q1 “ 5 n

1 k—1 1 o 1 1 k-1/1 o
—=—"nlz—-=),—=>—-"[=—-=).
p1 4 2 n) py 2 2 2 n

Then, for fo = 2, it is easy to verify properties (i) — (¢i7). On the
other hand, according to (vi), (r1,r2) are given by

L_k-1 (1 o\ 1 _1 k-1(1 o
m 4 2 n) o 27 2 \a )

1 k—1 1
Setting — =1 — n ( — U), we have that (s1,r2) is the dual of
n

S1 4 2
1 1 2
(p1,p2) and o < P if and only if o > g 1
n 2
n>3o=s=————20
2 k-1
In this case we can easily verify properties (i) — (iv) for the points
n(k—1
41 =00, @2 = g;
2
1 1 1
=2 —=5-—
P2 2 n
P2 =2;
1 1 1
r=2 — =4
ro 2 n
Note that (r1,72) is the dual of (p1, p2).
2
—20=s=1-—="_>0
n=2o0=s 1 2

For n = 2 the pair (2,00) is not admissible. So in this case we choose

a=q =2k-1)

p1 =3, p2 = 6;
6 3
=T g
. . . ) . 1 1
Now it is easy to verify that properties (i) — (iv) hold for 53

1) Note that k£ > 3 and thus (4i7) holds. Moreover, (r1,72) is

11



the dual of the admissible pair (6, 3).

(d) n=1i0¢ [o,é)m (;—1:15]

In this case we consider two possibilities.

If £ > 3 set

1 1/1 1 1/1
—=\|\z—0), —=Z |z —0O
q1 4 2 q2 2 2

If £ < 3 then there exists m € N — {1,2} suchthat1+2m712k>
8
1+2—m. Then, set
1 1 /1 1 1 1
—=—z-0),—=(1—-——)|=z-0
@ 2m\2 q2 2m=1 ) \ 2
For (p1,p2) set, in both cases
1 k—1/1 1 1 k-1/1
—=—|z=-0),—=z———(=z—0|.
P1 8 2 7p2 2 4 2
A simple calculation shows that () — (iv) hold for
1/1
By 1 1
P2 <1—2m_1> <2—0>+0 , otherwise
and
k-1 /1
1>~ (=_
1 3 (2 o k>3,
o 1 3 1
51 1—(k—1) <2—J> <8_2m> , otherwise.
(&) n=1 12 5
e n— M =S=—— —
7 2 k-1-
Set
4
@ =5(k—1), g2 =2(k - 1);
p1:5,p2:10.
Therefore
1 3 20 )
=—-———,r1=—andry=-.
B2= g "oy T g 2= g

12



We have that (r;,r2) is the dual of the admissible pair (20, g) More-
over, (7i7) is verified since k > 5.
|

Now we have all tools to prove our first main result.
Proof of Theorem 1.1
We consider three cases.

Case (i) s > g

Choose o € (%, s} and define
X5 = {’U, S L%OHS : H’U,”L%OHO' < N and HDSUHL%OL2 < K}

Remark 4.1 Note that X° with the L%OLQ—metm'c 18 a complete metric
space.

By the Sobolev Embedding we have for all ¢ > 2 and v = g _n (note
q

that v < g <o)
[u(®)llze < c[DTu(®)] L2 < cllu®)]ze-

Then, we obtain
|’UHL§9L‘1 < cN.

We need to show that N, K and T can be chosen so that the integral
operator

B(u)(t) = Bo(t)g + Ba(t) A + /O By(t — )A(f(u) —u)()dt (12

maps X?° into X?® and becomes a contraction map in the L%OLQ—metric.
Since D? commute with B., B and By (see (8)), we have

le(@lgre < 19@)lggre + 1D7®(w)l|pse 2
< c(llae + 16l + 1Br(F(w) = w)l g 2+

+ I BHD7(f(u) = w) 12 )

¢ (I9llazo + 161 + 1Br ()l g 12 + | Br (D7) e 12

+ 1 Br(F )l egen + | Br (D7 ()2 -

IN

13



So using Lemma 3.1 (i), we have for all (v, p) admissible pair

|e@lizre < c(lélue + Ilae + luly gz + 107wl gy 22
F1E o + 1D F @ )
< c(Ilue + 1lue +Tllullzue) +
e (@) or + 107 @)l ) -

Let ¢, and p be given by Lemma 4.1. Then, using (f2), Holder’s
) lity ( 1 1 n k—1
inequality (— = =

quality (=5

) and Lemma 3.3 we obtain
1®(u)llLsore <c (@l me + 9] e + Tlull e rre) +
! k— k—
+ e (llull ezl o + 1Dl e el
<c(Igllae + lllae +Tllull g o) + (13)
/ f—
+ e (g el 0 )
<c(l6llme + l¥llme) +eN (T + T4 NF1)
By an analogous argument, we obtain
ID*®Wlre < c(ID*6]g2 + D" 2) + K (T + T N*1) .

Since v # 1, it is clear that we can choose N, K and T such that ® maps
X? into X°%.

14



Now we have to prove that ® is a contraction in the L%OLQ—metric. In-
deed, using Lemma 3.3 (i) and Holder’s inequality we have

19(w) ~ B zr2 < IBr(F() = f@)llpzre + [Bru— )| gz 2
< eI = £y + lu = vl 2)
1
< cfﬂh//‘fﬁu+ﬂ—AMXu—de +
0 L L'
T = o]l e 1)
1
1/4 ! .
< (T [Irous -l 0,0
flu = vl[pgerz + cTlu — vl o2
< (T (ullbzdy + lollstye ) +T) llu — o]
~ C u L%OL‘I v L%OL‘? u v L%oLQ

< 4ﬁWNFHJjM—MWB.
Then @ is a contraction in the L7 L2-metric for suitable N and T > 0 and

by standard arguments there a unique solution u € C([0,T]; H*(R™)) N Vs
to (7).

Remark 4.2 Note that, if ®(u) = u € X*, then by the proof of (18), we
have

el ey < e (ollis + 6l) +¢ (TN + K) + TV NEYN + K) ) (14)

for all (q,r) admissible pair. Therefore u € V.

2
Case (ii) sgg,oe [0,%) N (;_k—l’s}

Consider (p1, p2) and (g1, g2) given by Lemma 4.2 and define the following
complete metric space

lull g 2, [lull oy poo < L
T T
Yo = Que (1—A)5 (LFLX AL L) : [ Doullgs o, | Doull s 1y < K
[ D%ul| g0 2, ||Dgu||L§}LP2 <N

d(u,v) = [ull g2 + [[ull o1 oo -

15



By Sobolev embedding, we have

1
ag . J—
HuHLquL‘lz <c|D U”LquLﬁz ; where % ® + n

Recall that (g1, 2) is an admissible pair. Therefore, in view of (#ii) in
Lemma 4.2, we can interpolate between L%OL2 and L’;} LP2 and find 0 < a <
1 such that

lullpgr pae < CHDUUHIL;?LQIID"UH%I;LPQ < cN. (15)

Moreover, by (iv) in Lemma 4.2 together with (i) in Lemma 3.1 there
exists 6 > 0 such that

[(ullLare < Be(t)@llpare + (| Bs(t) A Lo o + [ Br(f(u) — u)|l Lo Lo
< (ol + 1l e + 1 Br(F@) g oo + 1Br () g 10 )
< (Il +1llze + T F() | ra s + el .12 )

where (a,b) € {(c0,2), (p1,p2)}-

Now using (f2), the definition of (r1,7r2) in Lemma 4.2 and Holder’s
inequality, we obtain

l@() gz <e (N8lze + 1llze + T Nul gy oo ull o, +
T ol e 2 (16)
<c(Igllze + Il 2 + T'N*L+TL).

Following the same arguments, using the estimates for fractional deriva-
tives (remember that ps # 0o) and the fact that D® and D? commute with
By, B. and B;A, we have

1Dy < (1Dl + D] e + T'NF'K + TK) (17)

and

ID70Wllg e < e (ID7Glz + D7) 12 + T'N*'N + TN) . (18)

16



On the other hand, from an argument analogous to the one used in case
(i), we have for (a,b) € {(0,2), (p1,p2)}

|0() = @)l gre < IBr(Fw) = FO)llggzo + 1 Brlu—v)llg 1o
< (TS @) = @)l s + = vl 2)
< ¢ <T9 /1 FOu+ (1= N)v)(u—v)dX -
0 LALr2
+T = ] e 2)
<

0 k-1 k-1
e (Il ey + ol ) lw =l e +

+cTllu — vl psore

< ¢ (TaNk_1 + T) d(u,v).
The proof follows by choosing suitable L, N, K and T.

n
C ffil)s<—g=-—_—=_
ase (111)5_2,U 2 %1

Let 7 < 1 and (pi1,p2), (p1,p2) be given by Lemma 4.2. Define the
following complete metric space

Jull 2 el o1 s < L
VP =que (LFH N LF Hy) (1D ullpge 2, [[D*ul| g1 por < K
HDUUHL;OLZ’ <N; HDJUHL’;LPQ <TN<N

d(u,v) = llull Lge 2 + l[ull 21 o -

Then, following the same arguments of (15), there exists 0 < o < 1, such
that

lull e < el D7ull 11 D7 < eroN.

L L? ull %;1 L2

As in the inequalities (16) and (17), we have for (a,b) € {(c0,2), (p1,p2)}
9@y < (lolle + [Wl2 + C*NPILATL),  (19)

and

ID*®(W)llgg o < ¢ (1Dl 2 + 1Dl 12 + (PN 'K + TK) . (20)
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On the other hand, the inequality (18) should be replaced by the follow-
ing two estimates

1D @) pr2 < ¢ (ID76]2 + | D Wl e + 7 HEDNF £ TN) - (21)
and

HDU(I)(U)HLZ;}LM <c (HBC(')DJ¢HL§1LPQ + HBSA(')DJW’L’;LPQ)

+ c (Tl+a(k—l)Nk + TN) .

Taking T small the terms HB’C(-)D"ngLz%le2 and ||BL<),A(-)D"w||,—f%1Lp2
can be made small enough (note that p; # oo ). So it is clear that the
operator ® maps Y? into Y.? (choosing suitable L, N, K, T, 7). The reminder
of the proof follows from a similar argument as the one previously used and
it will be omitted.

Finally, we remark that once we established that ® is a contraction in
appropriate spaces the proof of continuous dependence is straightforward.

[ ]
Proof of Theorem 1.2

(i) By (13) we have to choose N, T such that

co (max{||¢]l o, [0l e }) + coN (T + TN <N (23)

Setting N = 2¢g (max{||®|| ge, ||¢||g-}) this inequality becomes

T+ T (2co max{|| ¢l e, ¢l })* ™ < 1/2¢0.

This inequality is clearly satisfied for

1 "(1-
_ . . L)Y (1=F)
[ _—CO mln{l,2(m&X{H¢||H Nl ee}) }

Now setting ¢ = 1/4¢y and 6 = 1/4" we have

T* = ¢ (min {1,2 (max {6 [4]l=})7 }).

Note that (9) does not follow direct from the inequality above. To
prove (9) we will use an iterative argument. Set 7' = T = 1/2c¢p.
Thus, inequality (23) becomes

co (max{|¢]| gre, |9 | e }) + er N* 7 < N/2 (24)

18



(iia)

for some ¢1 > 0.

It is clear that (24) has a solution N if max{||¢|| ge, ||¢| g} is suffi-
ciently small. In fact, we have more than that. An application of the
implicit function theorem tell us that there are 6 > 0 and A > 1 such
that if max{||¢|| g, ||¥|gs} < 0 < & then N < A, where N is the
solution of (24).

It follows that if max{||¢| g, |||z} < A3 then we can find Ny <
A~"F1§ such that the solution exists in the interval [0,7]. Moreover
by construction

|w(T)|| e < Ny < X77H6.

We want to repeat this argument. Therefore, we first need to control
the growth of ||A~ uy(t)||go. Since u(t) is given by (8) we have that

A_lut(t) = B; (t)A¢ - Bc(t)'@b - /0 Bc(t - t/)(f(u) - u) (t/)dt,'

Thus, applying the same argument used to prove (13), we obtain

1A g (T)|ge < AT ue(T)| Lo mie
< co (max{||¢||me, [¥]lg}) + N/2+ et NF7

Since Nj is the solution of (24) we also have

1A e (T)|[ e < Ny < AL,

Now, solving equation (7) with initial data u(7T) and A" u(T), we
can ﬁPd Ny < A "12§ such that the solution exists in the interval
[T,2T). Moreover,

max {||u(27)| g, HA_lut@T)HHcf} < AR5,

Repeating this process we can find N;, ¢ = 1,...,n, such that the
solution exists on the intervals [0,T7],...,[(n — 1)T,nT], so that T* >
T. Thus T™* is arbitrarily large if max{||¢|| g, ||¢| m-} is sufficiently
small.

The proof is essentially the same as (i) using inequality (18) instead
of (13).
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(iib) In view of (21) and (22), we have to choose N, T, 7 such that
¢ (max{ D762, | D76 12} + 7 HE"INF £ TN) < N
and
c (maX{Bl, By} + riteltk=1 Nk 4 TN) < TN.

where By = HBc(')DU¢HL’}1LPz and By = HBSA(')Daw”Lg,ILPQ'

But the sizes of By and By depend on T and D%¢, D% (but not
necessarily on their norms). That is why 7% cannot be estimated only
in terms of || D7¢||r2 and || D] 2.

|
Proof of Theorem 1.3 We use an argument first used by [21] (see
also [5] page 826).

(a) Let T™ given by Theorem 1.2 and ¢t < T™*. If we consider u(t) and
A~y (t) as the initial data, the solution cannot be extended to a time
> T*. Setting D(t) = max{||u(t)||go, [|A™ u(t)| g-}, it follows from
(13) and the fixed point argument that if for some N > 0,

eD(t) + ¢N ((T ) (T — t)l/VlNk_l) <N

then T < T*.
Thus for all N > 0, we have

eD(t) + cN ((T* — 1)+ (T* — t)l/"*/Nk’l) > N.

Now, choosing N = 2¢D(t) and letting t — T™ we have the blow up
result.

(b) The proof is similar to part (a).

5 Unconditional well-posedness

The aim of this section is to prove Theorems 1.4 and 1.5. We start with
the following uniqueness result.
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Lemma 5.1 Let (p1,p2) and (q1,q2) such that
(7) (p1,p2) is an admissible pair;

(i7) There exists 6 € [0,1] such that

1 k —1
(4i7) If = — , 1 =1,2, then there exists s1 > 1 such that (s1,72)

Y2
is the dual of an admzsszble pair and s1 < 711.

Then uniqueness holds in X = L%"L2 NLALe.

Proof The proof follows the same ideas of Lemma 3.1 in [12].

Using Holder’s inequality and interpolation we have, in view of (i7), that
X C LHLP.

Returning to the uniqueness question, suppose there are two fixed points
u,v € X of the integral equation (12). Then w = u — v may be written as

w = By(f(u) - f(v) — Bi(u—v).
But for (a,b) € {(00,2), (p1,p2)}, we have by Lemma 3.1 (i) that

1Br(u=v)llpgre < clu—wvllpyre (25)

< Tllu—vl|pgere- (26)

It remains to estimate the term Bj(f(u) — f(v)). Suppose first that
s1 < ri. In this case, using (7i7), Lemma 3.1 () the Mean Value Theorem
and Hélder’s inequality, we obtain for § = = — L - > 0

S1

1Br(f(u) = f(o)llrgre < CHf(U)—f(v)HL;lm

A

0
< 1 f () = SOz
0 k— k—
< )| (Jul* = 4+ o) (= o) gy s
0
< T (”u‘quL‘YQ + ”u’quLtn) Hu_UHL?L”'

When s; = r; we have 8 = 0 in the above inequality. To overcome this
difficulty we use an argument introduced by Cazenave (see [4] Proposition
4.2.5.). Define

= s (fw) = F(v)),
IN = uoieny (f(w) = f(v)).
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Therefore by Lemma 3.1 (i7) we have for (a,b) € {(c0,2), (p1,p2)} that
IBrfnllore < eNFHlu— vl pe
S CNk_lT”'LL — UHL%OLQ‘

On the other hand, using (7i7), Lemma 3.1 (i7), the Mean Value Theorem
and Holder’s inequality, we obtain

k—1
N
1B g < € (Lguepts syl + 10D o) 0=l 2 oo

Since |u| + [v] € LA L%, it follows by dominated convergence that
H1{|u‘+|v|>N}(]u\ + \v])HLquLQQ — 0, when N — oo.
By choosing N large enough, we can find ¢ > 0 such that
lu = wllgprpos + llu = vl g2 < TN Hu = |z 2

Set d(w) ||wHLz;1 r2 T |wl[zeep2. Therefore, in both cases we can find
n

a function H(T') such that H(T') — 0 when 7" — 0 and

d(w) < H(T)d(w).

Taking T > 0 small enough such that H(7Tp) < 1, we conclude that d(w)
must be zero in [0,7p]. Now, since the argument does not depend on the
initial data, we can reapply this process a finite number of times to extend
the uniqueness result to the whole existence interval [0, 7.

[

By Sobolev embedding, we know that for s > 0
C([0,T); H®) ¢ L¥(L* N LY), for some q > 2.

Therefore, in view of Lemma 5.1, the unconditional well-posed problem
can be reduced to find pairs (p1,p2) and (g1, ¢q2) satisfying the hypotheses
(1), (#i) and (i7i). We remark that is at this point that the restrictions on &
and s appear (see Theorem 1.4). In the next lemma, we treat this geometric
problem.

Lemma 5.2 We have three cases:
(i) If n =1, uniqueness holds in L3®(L? N LY) for all

q = max{k,2};
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(ii) If n =2, uniqueness holds in L3 (L* N L9) for all

1<1 J 1< ) 1 1
-< = ~ <ming =, —— ¢
q k an q 27k—1]"

(iii) If n > 3, uniqueness holds in L (L* N LY) for all

1< . 1+1 1 1 2
—<min (=+~-) -, =, —— 7.
q - 2 n)k 2 nk-1)

Proof Affirmations (i) and (ii) follow from Corollary 2.2 (see also
Theorem 2.1) in [12]. On the other hand, the proof of (iii) is a little bit
different from Kato’s proof since we have one more admissible pair, namely

2n

(2, 2). So we will give a detailed proof of this item. We consider
n—

several cases separately

()

(b)

2
1<k<1+-—
n

Set (p1,p2) = (q1,92) = (00,2). It is easy to see that there exists s; > 1
satisfying (i) — (4i¢) of Lemma 5.1 (with § = 0). Then uniqueness
holds in LL? and therefore in LL? N LI L% fol all (g1, ¢2). Note

2
that if £ = 1+ —, we have that (r1,r2) must be given by 1 = oo
n

1 1 1
and — = 3 + —. Therefore, (2,r2) is the dual of the admissible pair
9 n

(2323)
n—2

2
1+ —<k<1+
n

n —
1 1\ 1 1 1 1
Let by, = | = + — ] —. By the restriction on k& we have — —— < b, < =.
2 nj)k 2 n 2
1
Therefore there exists an admissible pair (ag, k) such that [, = b
k

1
Let (00, q) such that — < b;. By interpolation we obtain
q
LELPNLPLI C LPLA N L L,

If uniqueness holds on L%OL2 N L%OLB’C, then it holds, a fortiori, in
LPL? N LELLIY. Therefore, we just need to verify that (p1,p2) =
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(o, Br)s (q1,q2) = (00, Bk) satisfy the hypotheses of Lemma 5.1. In-
deed, in this case (i) — (i) can be easily verified (for 6 = 0). On the

1 1 1 k
other hand, (r1,r2) must be given by — = — and — = —.
oo o r2 Ok

2
Thus, (s1,72), with s; = 2 is the dual of the admissible pair (2, n2> )
n—

Moreover

< <:>1>n
sp<r - > —
1 1 573

4
k>1+—
() k= +n—2

In this case
(27)

1
Let (00, q) such that — < By the same argument used in
q

2
n(k—1) B
item (b) it is sufficient to prove that uniqueness holds in L L?NLF LY,

1
where — = ————. Therefore, we need to verify that (pi,p2) =
q n(k—1)

2
(2, 7712) and (q1,q2) = (00, q) satisfy the hypotheses of Lemma 5.1.
n J—
It is clear that (i) holds. On the other hand, in view of (27) we can
find 6 € [0,1] such that (i7) holds. Now, we turn to property (7).

1
The pair (r1,r2) must be given by r; = 2 and — = 3 + —, which is
79 n

2
the dual of the admissible pair <2, nz).
n J—

Now we can prove our first uniqueness result.

Proof of Theorem 1.4 This is an immediate consequence of the last
lemma. Using Sobolev embedding and decreasing T if necessary we have

C([0,T); H®) ¢ L (L? N L9)

where
2n/(n —2s) if s <n/2;
g=4 any g<oo if s=n/2;
00 if s >n/2.
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So we have only to verify that uniqueness holds in L(L? N L9), but
Lemma 5.2 tell us when it happens.
[ |
Now, we turn to the proof of Theorem 1.5. First of all, define H (u,v)
by

1
H(u,v) = /0 A+ (1= N)w|*Ld. (28)

We will need some preliminary lemmas. The following result can be
found in [9] Lemma 3.8.

2n —2
Lemma 5.3 Letn > 3, 0 < s < 1, k>2and k <1+ n 25. Let
n—2s
h € H(R"™) with T = 7 . If k also verifies the following
s+(k—1)(§—s)
conditions:
2s
) k> 1 ;
@) +n—2s
45+ 2 4 n—+ 2s
N k<1 . _
(i) k < +mm{n—23’n—23’n—23}’
n+2-—2s
i) k<14 ——-—.
(4i7) k<14 —
Then there exist U,pvemfymga—f:s—g and
p
(1) s—1<o0<s
(2) —s <o <0
(3)s—(k—l)(%—s)Sagmin{s—i—l,g}—(k—l)(g—s>.

Such that if g € ng(R"), then gh € B;’,Q(R”) with

. < . .
lghlz, < clgl 1Al

n
(k—1) <§_S> 2n
where — = — + and <7l <2.
r p n n+2

To estimate (28) we use the following lemma.
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Lemma 5.4 Letn>3,k>2,0<s< g and s < k— 1. Suppose also that

1
(k—1)<2—2> <1 and define T =

n

s+ (k=1)(5 )

. Ifu,v € L H?,

. 2n —2
then H(u,v) € L HE. Moreover, T > 1 if and only if k <1+ " 5 )
n—2s

Proof By definition of H(u,v), we have

1
0y = [ M (0= 000y < (I gy + o1,

and using Lemma 3.4 (i) we have the desire estimate.
|
Furthermore, we have the following embedding lemma which proof can
be found in [18].

Lemma 5.5 H° — ng forall o < s and o — n_ s — g Moreover, there
’ p

exists vy > 1 such that (v, p) is an admissible pair if and only if s—1 < o < s.
Now, we can proof our last uniqueness result.

Proof of Theorem 1.5 First, we recall that 352 = H°, H® C H°

for all 0,5 € R and 0 < s. Then, using Lemma 5.5, we conclude that

(u —v) € LPBy 5N LF B ,, where o and p satisfy conditions (1) — (3) of

Lemma 5.3. Moreover, in view of Lemma 5.5 and condition (1) of Lemma
5.3, there exists v > 1 such that (v, p) is an admissible pair.

Thus, by Lemma 3.2 (i), we have for (a,b) € {(c0,2), (v,p)}
lu—vllpgp, < 1Bi(f(w) = F©0))lig gy, + 1 Brlu—o)llg 5,
< Al ~ FWly o+ ellu vl sy,

< dll(u—v)H(uv)

n
(k=1) (5 -5) 2n
where — = — + and < r’ < 2. Recall that this last
T P n n-+2

condition implies that (¢’,r’) is the dual of an admissible pair.

I pr, , +eTlhu=vllizp,

Then by Lemma 5.3, we obtain:

I =vlligay, < clllu=ovllgy, IH )l Ly + Tl = vl
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1 1 k—1
But———zl—( )<ﬁ—s)59>Osincek<1+

4
. Th
qg v 2 2 S s

n —

6
lu = vllgg g, < T llu = olly g I (s 0)llgge y + Tt = 0l e g,

Set w(u,v) = ||lu— ’U”L%03202 + |lu— UHL}BZQ’ therefore we conclude that

w(u,v) < e (TGHH(U,, U)HL%OHS + T) w(u,v).

Hence, for Ty > 0 small enough, u(t) = v(t) on [0, Tp] and to recover the

whole interval we apply the same argument as the one used in the proof of
Lemma 5.1.

|
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