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Blow-up for a nonlinear PDE with fractional
Laplacian and singular quadratic nonlinearity

Diego Chamorro? Elena Issogliof*
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Abstract

We consider an n-dimensional parabolic-type PDE with a diffusion given by a fractional
Laplacian operator and with a quadratic nonlinearity of the ‘gradient’ of the solution, con-
voluted with a singular term b. Our first result is the well-posedness for this problem: We
show existence and uniqueness of a (local in time) mild solution. The main result is about
blow-up of said solution, and in particular we find sufficient conditions on the initial datum
and on the term b to ensure blow-up of the solution in finite time.
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1 Introduction

In this article we consider the following partial differential equation

@ 1\2
Bu = —(—A)Su+ ((—A)iu) %0,
(1.1)
u(0,z) =up(z), =R,

where ug : R” — R is a given initial function, the unknown u : [0, +00[xR" — R is a real-
valued function, the term b is a real-valued (generalised) function on [0, +0o[xR™ (in particular
it is singular in the space variable x € R™ because it belongs to a fractional Sobolev space
of low or even negative order), and (—A)2 with 0 < o < 2 is the fractional Laplacian oper-
ator (see Section [2| below for a precise definition of all these objects). Our main objective is
to study well posedness and blow-up times for solutions to equation in any dimension n > 1.

Blow-up questions for similar fluid-dynamics equations have been studied in the past. No-
tably the most important fluid-dynamic equation is the Navier-Stokes equation, given by

Ol = At — (i - V)d — Vp, div(4) = 0, (0, x) = up(z), (1.2)

where @ : [0, +0o[xR3 — R? is the fluid velocity, p : [0, +00[xR3 — R is the pressure of
the fluid and @y : R3 — R3 is an initial data. Although existence of mild solutions for
is known in many different functional spaces (see the book [16]), the study of unique global
solutions for big initial data is a very challenging open problem. In order to study the possible
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blow-up for the Navier-Stokes equations, Montgomery-Smith in [I8] proposes a simplified scalar
equation, called the Cheap Navier-Stokes equation, which reads

N[

Ou = Au+ (—A)2 (u?), u(0, ) = uyp, (1.3)
where u : [0,+0o[xR?® — R. The link between the cheap and the standard Navier-Stokes
equation can be seen by noting that, under mild assumptions, the nonlinearity (@ - V)@ can be
rewritten in the form div(d ® @). From the point of view of regularity, the terms div(d ® @)

2”) however the action

and (—A)%(uz) are quite similar (both involving the “derivative of u
of the operator (—A)% in the Fourier variable is given by the symbol |£|, which is positive,
while the symbol of the derivatives 9; for 1 < j < n in the divergence operator is ¢{; and this
symbol conveys sign information that is usually very difficult to exploit. In [I8] the author uses
Fourier-based tools to show blow-up in finite time for the solution of when the initial data
ug is suitably chosen. He also finds an explicit upper bound for the blow-up time. Note that a

vectorial version of (1.3)) is considered in [I], see also [17] or [19].

In recent years we also started to see a growing interest in the study of PDEs with singu-
lar coefficients (like b in our case), see e.g. [8, 9] [10, [I1] to mention only a few works. These
equations mainly arise from Physics, but may find other applications in different fields too. One
possible interpretation of the singular coefficient is to view it as one realisation of some random
noise (hence linking to Stochastic PDEs). Depending on the degree of singularity of the noise,
different techniques can be employed to solve SPDEs, the most general being regularity struc-
tures [7, [6] and paracontrolled distributions [3, 4] 5]. In the present paper we do not need these
sophisticated tools, because the degree of singularity of b is not so bad. Instead we make use of
more classical Fourier-based tools together with properties of fractional Sobolev spaces and the
action of a suitable semigroup acting on those spaces.

Our interest in equation (|1.1]) was sparked by a similar non-linear equation with a distribu-
tional coefficient which was introduced and analysed in [I1]. The equation reads

Ou = Au+ (Vu - Vu)b,
(1.4)
u(0,x) = up(z),

on [0,7] x R™, where the term b is assumed to be singular in the space variable, in particular
b € L>([0,T],C7(R")) with 0 < v < 1 (here the space C~7 is a Besov space of negative order,
hence it includes distributions). In [I1] the author proved the existence of a unique mild solution
u:[0,T] x R" — R of in the space C¥([0,T],C?>~7*¢) for some small v,¢ > 0. The non-
linearity Vu - Vu imposes some restrictions on the time of existence T' of the mild solution, and
in particular the unique mild solution of found in [I1] is local in time, i.e., it only exists
up to a small time ¢ty < T' (depending on ug) or, equivalently, it exists until time 7" but it must
start with a small enough initial condition ug (depending on 7). The question on whether the
solution of explodes in finite time is still open.

Inspired by Montgomery-Smith [I§], we replace the nonlinear term (Vu - Vu) in by
((—A)%u)2 in order to be able to apply Fourier-based tools. Indeed, from the point of view of
regularity the terms (Vu - Vu) and ( (—A)%u)2 are quite similar (much like in the Navier-Stokes
case), but the term Vu - Vu encodes cancellation properties that are extremely difficult to han-
dle, while the operator (—A)% has a positive symbol (like in the cheap Navier-Stokes equation
(1.3])) which allows the use of Fourier-based tools. We note that we also replaced the pointwise
product between the nonlinearity and the term b with a convolution. This makes the equation



in some sense smoother, hence one would expect that existence of a solution is easier to obtain
while blow-up is harder to obtain. The main technical advantage though is that the techniques
we use here to show blow-up are Fourier-based, which means that the convolution will become
a product at the Fourier level, and the latter is easier to deal with. Finally we replaced the
Laplacian with the more general fractional Laplacian.

The plan of the article is the following: In Section [2| after recalling some notation and
useful facts, we state our main results of well posedness of equation in Theorem |1} and
of its blow-up in Theorem [2l Then we present the proof of well-posedness in Section (3| and of
blow-up in Section ] We conclude with a short Appendix containing a technical proof.

2 Notation and main results

2.1 Preliminaries

We give here a precise definition of all the terms of equation ([1.1)) and we start with the diffusion
operator (—A)% with 0 < a < 2. In the particular case when a = 2, it is the usual Laplacian
operator —A. If 0 < a < 2, the operator (—A)2 is defined at the Fourier level by the expression

—

(—A)3 (&) = [€1°B(E), (2.1)

for all functions ¢ in the Schwartz class S(R™) and where ™~ (or -*') denotes the Fourier transform.
In particular we have

(—2)70(6) = €]B(),  with ¢ € S(R?).
For s > 0 real, |we define the operator (Id — A)2 by the symbol (1 + [£[2)2, i.e.:
((ra - 8)50) " (©) = (1 + IE)35(0)

where ¢ € S(R™). See [2, Section 6.1 & Section 6.2.1] for further details on these two operators.

For 0 < a < 2, the semigroup associated to the operator —(—A)% will be denoted by
—t(-A)%
e

by

and its action over functions in the Schwartz class S(R") is given in the Fourier level

Q —

(%) (€)= e () = B (E) x BL6). (2:2)

which implies that we have a convolution kernel p§*:

e () — gk (2.3)

See the survey paper [I5] for more details on the definition of the fractional Laplacian and its

corresponding semigroup e #=2)%  See also [12, Sections 3.6-3.9]. We gather in the lemma
below some useful results associated to the kernel p§'.

Lemma 2.1. For 0 < a < 2 consider the kernel pf* associated to the operator —(—A)%. We
have the following properties:

(i) For allt >0 we have ||pf|1 =1,
(ii) For allt >0 and s > 0 we have

I(7d = A)2pf |1 < Cmax{L,t7<},

for some constant C' > 0.



Recall that when o = 2, then the semigroup e is the standard heat semigroup, for which all
previous results are also true.

The first point of this lemma follows from the fact that p¢ is given in [I4, formula (7.2),
Chapter 7], which is a probability density. The second point can also be deduced from the
general properties of the symmetric a-stable semigroups given in the books [12] and [14], but
for the sake of completeness, a sketch of the proof of this inequality is given in the appendix.

Next we introduce Sobolev spaces, for more details see the book [2l Chapter 6]. We define
nonhomogeneous Sobolev spaces H*(R"™) with s € R (see in particular [2, Definition 6.2.2.]) as
the set of distributions ¢ € §’(R™) such that the quantity

lellzre = 1 (1d = D)3 ol 2, (2.4)

is finite. The expression in defines a norm and the space H*(R™) endowed with this norm
is a Banach space. If s > 0 then the norm ||f||zs is equivalent to ||f||z2 + |[(=A)2 f]| 12 (see [2}
Theorem 6.2.6.]). Note that we always have the inequality ||(—A)2 f|z2 < ||f|lzs. The latter
quantity is actually the norm in the homogeneous Sobolev space H* (R™) and it is denoted by
| fll s := [(=A)2 f|| 2 (see [2, Theorem 6.2.7]). Note also that we have the space identification
H°(R™) = L?(R™) and that, for any 0 < sq, s1, we have the space inclusions

H c [?c H .

Note that negative regularity Sobolev spaces H ~*(R"™) can contain objects that are not necessar-
ily functions, in particular if s > % then the Dirac mass dg belongs to H~*(R"), see [2, Example
6.2.3).

Notation: We will often use the function space L ([0, Tp], H'(R™)), which for brevity we
sometimes denote by L{°H}.

2.2 Existence and Uniqueness

In this paper we are mainly interested in mild solutions of the problem (|1.1]), which we introduce
below.

Definition 2.1. We say that uw € L{°H} is a mild solution of (L.1)) if it is a solution of the
following integral equation

u(t,z) = e_t(_A)%uo(:r) + /Ot -8 <<(—A)éu)2 * b> (s,x)ds. (2.5)

Our first main result deals with the existence of such mild solutions.

Theorem 1 (Existence and uniqueness). Let (—A)2 be the fractional Laplacian operator with
0 < a <2, and let uy be a given initial data that belongs to the Sobolev space H(R™). Further-
more, let us assume that we are in one of the following cases:

Case 1) Let 1 < a <2 and let b € L*([0,+oo[, H Y(R™)) with 0 <~y < a — 1.
Case 2) Let 0 < a <1 andlet b € L>=([0, o0, H'(R")) with0 <1 —a <~y < 1.

Then there exists a time Ty > 0 such that the equation admits a unique mild solution in
the space L>=([0,Tp], H*(R™)).



The proof of Theorem [I]is postponed to Section [3] Before moving on, some remarks on the
assumptions on b in this theorem are in order.

The singularity of the term b(t,-) (in the space variable) is driven by the parameter ~, for
which we impose a condition related to the smoothness degree a of the fractional Laplacian
operator. If 1 < o < 2 then b(¢,-) can be quite singular (in fact since the exponent —v is
negative, b can be a distribution). On the other hand, if 0 < o < 1 then b(¢,-) is not allowed
to be a singular distribution and in fact it needs to be Sobolev regular of order v (for some
small but positive v) to ensure the existence of a mild solution. In some sense the parameter
~ must compensate for the weaker smoothing property of the kernel pf* when 0 < o < 1. We
can see that if the function b(¢,-) is more singular than what assumed in Theorem [l that is if
—v < —(a—1) in Case 1) and if v < 1 — « in Case 2), then the existence of such mild solutions
is not granted by this result. We believe this is a hard threshold that cannot be overcome by
using different techniques, unless one enhances the term b with extra information and uses tools
like regularity structures or paracontrolled distributions.

In terms of function spaces, we do not claim here any kind of optimality. For example, it
should be possible to obtain this existence theorem in a more general framework, by considering
Triebel-Lizorkin spaces Fj  or Besov spaces B, , for the space variable. Nevertheless, for the
purpose of this article the space L{°H} is enough.

2.3 Blow-up

Here we will see that under suitable assumptions it is possible to exhibit a blow-up phenomenon
in finite time for the mild solution u of equation .

In order to explicit the blow-up time, we will work with a special initial data iy of the form
ug = Awg, where A is a positive constant that will be made explicit later and where wg : R” — R

is a function defined in the following way: Let {n € R™ be given by {1 = &2 = ... =&on = %
Then we define the function wy in the Fourier level by the condition:
©0(8) = Le—go)<iy (2.6)

We can thus see that, since ug is bounded and compactly supported in the Fourier variable, then
it belongs to all Sobolev spaces H® for 0 < s < 4o00.

In Theorem [2 below we show that, even though the initial data ug is a smooth function, the
unique solution found in Theorem [I] blows up in finite time, provided that the initial condition
has norm large enough. As before we will decompose our study following the values of the
smoothness degree o and the corresponding assumptions on b.

Theorem 2 (Blow-up). Let us consider the fractional Laplacian operator (—A)2 with 0 < o <
2, and let the initial condition ug be of the form

Uy = Awo, (27)

where wy is given by (2.6) and A is a constant such that A > en25+n yhere we recall that n
is the dimension of the space. For some parameter p > 0 such that p+ o < dn+ 2, let the term
b be such that
o~
Cr(1+ €)% <B(1,9), (2.8)
where the constant C1 is independent of t and satisfies the bound

+a
max{1,2% 1}n "2 2100 1Hrte < 0y < 4o

Furthermore, let us assume that we are in one of the following cases:



Case 1) Let 1 <a <2 and let b € L>=([0,4o00[, H7(R")) with 0 <~y < a—1.
Case 2) Let 0 < a <1 and let b € L*=([0,4o0[, H'(R")) with 1 —a <y < 1.

Then the mild solution u of (1 I) obtained in Theoreml blows up at (or before) time t, := 2@ ,
in particular |[u(ts, )| g1 = +oo.

The proof is postponed to Section [4] We observe that, hidden in the assumptions we make,
there is a relationship between the dimension n and the parameters p and v, as pointed out in
the Remark below.

Remark 2.1. If we combine assumption (2.8)) together with the fact that b(t) must belong to a
given fractional Sobolev space, then we get a link between the parameters v, p and the dimension
n. In particular:

Case 1) Using (2.8) we have

J
2

16t )l = (Td = A)Z b(t, )|z = 1+ )2 B(t, )12

) 1/2
> M a P F e =6 ([ gme)

Since we require ||b(t,-)|| g-+ < +o0o0 we must necessarily have

d€ < 400,

1
/]R" (1 + ¢~ 0rtr)

which is satisfied only if 2(y + p) > n > 1.
Case 2) In this case one deduces analogously the condition 2(p —v) >n > 1.

We note that in both cases we can freely choose p large enough to reach any desired dimension n,
as long as p+a < 5n+2 (i.e. p < 5n+2—a which can always be satisfied together with p > 5 —~
or p > 5+, respectively).

We make a few comments on the meaning of the extra assumptions in Theorem [2| in par-
ticular on the choice of uy and on the restriction on b. An example of admissible b is given in
Example below.

Remark 2.2.

o The assumptions of Theoreml are clearly satisfied, so we know that a (local) solution exists.
Here we furthermore pick a special uy and impose an extra condition on the behaviour of b
at infinity.

o The initial condition uy = Awqg is actually a smooth function because it belongs to all
Sobolev spaces. The key point is that we choose it so that its norm is large enough (because
we impose A bigger than some given constant). Note that the constant A is not optimal.

o The extra condition on b is expressed in terms of a lower bound on its Fourier transform.
The decay at infinity of the Fourier transform of a function/distribution is intimately related
to its reqularity. Condition i fact prohibits too much reqularity for the function b.
This is required to show blow-up, and it amounts to ensure that we are taking an element in
H=Y(R™) or HY(R™) which is actually ‘singular’, and does not in fact belong to a (much)
smoother space. Note that the constant Cq is not optimal.

e One could also add an upper bound of the form

P

b(t,€) < Co(1+ €)%,



with Cy > C4, which is a sufficient condition, together with 2(y+p) >n > 1 and 2(y—p) >
n > 1 respectively, to ensure that the element b does belong to the correct fractional Sobolev
space. The upper bound on b prevents growth at infinity (in particular the exponent —p/2
is required to be megative) hence restricting the ‘irreqularity’ of b. This condition is not
necessary, and could be violated pointwise, but the global behaviour of E(t,f) will be of this
form if we are to ensure that b belongs to the given Sobolev space. See also the second bullet
point in Example below for more details.

We conclude this section by giving two examples of admissible b that satisfy the hypothesis
of Theorem [ and Theorem 2

Example 2.1. Below we give two examples that are time-homogeneous, b(t,-) = b(-). If one
wants a function of time too, it is enough to multiply them by some f(t) > 0 which is bounded
and with L*°-norm smaller than or equal to 1.

o In dimensionn =1 and if% < a <2, we can consider b to be the Dirac mass oy (multiplied
by a constant C > C4, where C1 is given in Theorem @ Indeed 69 € H=V(R™) if and only
if v > 5. This corresponds to choosing p = 0.

e In dimension n > 1, let us fix any C > C1 and p such that 1+ 5 < p < 5n. Then we define
b via its Fourier transform by

b(6) = C(1+ g7/,

which formally gives b = C ((1+ |- \2)7P/2)v and b € H™7. It is often not possible to
calculate the explicit expression of b, but we know some of its properties. In particular
we know that b is a smooth function on R™ \ {0} and the (exploding) behaviour at 0 is
determined by the relationship between p and n, see [2, Proposition 6.1.5]. Note that these
examples are smoother than the Dirac delta, and nevertheless we still obtain blow-up of the
solution.

3 Existence and Uniqueness

In this section we present the proof of existence and uniqueness of a solution (Theorem .

Proof of Theorem[1 The main idea is to apply a Banach contraction principle for quadratic
equations in Banach spaces (see the book [16, Theorem 5.1]) We will work in the Banach space
L HL. To this aim, let us rewrite Equation (2.5 in the form

U=ty + BU,U),

niR

where U is u(t,z), the first term on the RHS is given by Uy := e H=4)
term is a bilinear application on L{°H} given by:

up(z) and the second

BU,V) = /Ot e (t=9)(=8)% ((—A)%u) ((—A)%v) + b ds.

We will prove the following estimates for the two terms

[Uol ooy <6 (3.1)
1BU, V) sorr < CllU||pse 2 [Vl oo m (3.2)
for some positive constants §, Cg. Once these estimates are in place, we only need to show that
5 <, (33)
4Cg

7



to conclude that there exists a unique mild solution of (1.1)) in the space L{°H! (following [16]
Theorem 5.1]).

The bounds on the term Uy(t,-) to get inequality (3.1) are independent of the paramenter
a, so will hold for Case 1) and Case 2) of the Theorem. By the definition of the semigroup

e =82 iy 1’ and the properties of its associated kernel p¢* listed in Lemma ﬂ we have

ot N = [|em 0w

Ip§ * (Id — A)Zug|| 12
1
P51 1(Zd — A)Zug| 2 < [uol| 1,

IA A

from which we deduce the inequality

sup |[Uo(t, )z < lluoll g =: 6, (3.4)
0<t<Top

and thus the control (3.1)) is granted.

We now turn our attention to the estimate (3.2)), for which a separate proof for each case is
required.

Case 1): 1 < a < 2. In this case we write (using the definition of Sobolev spaces H!)

1BUV) Lo m

/0 eI (Ca)iu(s, ) ((~)HV(s. ) # b(s, s

= sup
0<t<Ty

< s [0 (ayiugs ) (-89, < b, s

0<t<Ty

Hl

ds

L2

= sup /OtH(Id—A)%e—@—S)(—M% ((=a)kus,)) ((=2)8V(s5,) *b(s, )

0<t<Ty

and then by the definition (2.3]) for the semigroup, by properties of the Bessel potential and by
using Young inequalities for convolutions, we have

t
1BU V)| < sup /
0<t<Tp JO

((—A)%U(S, )) ((—A)%V(s, )) * (Id — A)_% b(s, )H ds

L2
t
< swp [ aa- )T,
0<t<Tp JO

[(1d— ) pg s

1
<[ (arues.) (Ca96s,H))|
X H(Id — A)"2b(s, -)HL2 ds.

Ll

Now by the properties of the kernel p¢* stated in Lemma and recalling that b € L°H, " we

8



can write

t Lin
IBU)llpem < C sup / max{1, (t — )5}

0<t<Tp JO

<[ ((=arsucs, ) ((=2)8v(s0)|| 166, - ds
< Ol Su<pTO/ max{1, (t — 5)" 5"}

<earius ] oy ds
<

ClIBIl oo - HUHL;»H; IVl oo 112

! iy
sup /max{l,(t—s) o }ds,

0<t<Tp JO

1+
where the term (¢ — s)fTW is integrable since 0 < v < a—1and 1 < a < 2, so we finally obtain

11ty
IBU V) Lgemy < CTy ™ [bll oo o 1Ul e 2 1V g 12

which is (3.2) with

14y

1—1=
Cp = CTy = (6] ey (3.5)

Case 2): 0 < o < 1. To start with, we proceed similarly as for Case 1) and we write

IBU V)| g2
< o [ = ate ST (o) (28)Ve) <
:OEFSPTO/ H (Id — A)zp (( A)zU(s, )) ((—A)%V(S, .)) % b(s, .)HL2 ds.

Note that, in this case, the regularity of the kernel p§* . is critical in the space we are working
with, since ||(Id—A)%p§‘_SHL1 < C'max{1, (t—s)_é}. This is the reason why we have to consider
b(s,-) € HY for some positive «, in particular for 1 —a < v < 1. Indeed the idea is similar as
Case 1), but here we multiply by (Id — A)2 the term b(s,-) (which makes it belong to a more
singular space) and so we can multiply by (/d — A)_% the kernel pf*, effectively giving it some
more regularity (and integrability). We get

t -
1BV s < sup / |- ays

0<t<Ty
((_A)au(s, .)) ((—A)%V(s, .)) x (Id — A)Fb(s, -)) s
< s [ a2z,
(o) (3310 ), - 5t
SCOEESPTO /Ot max{1, (t — s)_(lj)}
< (arsues,)) ((=2)5v0s,) || lots, )l ds,




having used again Lemma Now since since 1 — a@ < v < 1 by assumption, the term

_0=y .
(t—s) = s integrable and we obtain

(1—7)

1- 0=
IBUV)pomy < CTy 16l zee my 12U oo 1 IVl Lo 11

which is (3.2) with

(1)

177
Cp=CTy = [[bllpemy- (3.6)
The proof is completed by choosing Tp in (3.5) and (3.6)) small enough to ensure (3.3]). O

Remark 3.1. We observe that the existence (and uniqueness) of the solution is only local in
time. Indeed combining the constraint on § == |[ug|| g1 given by § < 1/(4CR) (see (3.3)) with the
expressions for Cg in the two cases and , we have that the initial condition must be
small enough depending on Ty and on the term b, in particular

(=5 =t :
e < LT ol PSS
Ol|H!
4C —(1-1=x _ .
;" a)”bHLt.}ng if0<a<l.

Alternatively, one can choose arbitrarily the initial condition, but the time Ty must then be small
enough, depending on the size of the initial data uy and to the size of the term b:

14y
(4Chollm bl ) * 1<a<2
0< Ty <

1—

(4C ol 6l ) © O<a <L

4 Blow-up

In this Section we investigate the time of explosion for the solution u, that is we prove Theorem
To this aim we first state and prove some auxiliary results about certain properties of the
solution 1.

Let u be the unique mild solution to the equation according to Theorem (1| The solution
exists on the time interval [0, Tp], where the size of Tj is related to the size the initial data ug,
see Remark [3.1] We denote by Ti,ax the maximal time of existence of the solution, which may
be infinite. Clearly Ty < Thax. The first interesting property of the solution of equation is
related to its positivity in the Fourier variable.

Proposition 4.1 (P/Qsitivity). Let the hypotheses of Theorem hold. Moreover let us assume
that ug(€) > 0 and b(t,€) > 0. Then the unique mild solution u of equation satisfies
u(t,&) >0 for all t < Tipax.

We observe that the assumptions in Theorem [2] imply the assumptions in Proposition [4.1]

Proof. Using the Picard iteration scheme, we know that the unique mild solution u found in
Theorem [1]is the limit in L{°H} as j — 400 of u;, where

o

t a 2
witea) =9 )4 [0 ((Caphya) o) s dorjz 1
0

If we take the Fourier transform in the space variable of u; and use the identity (2.2) we have

t ~
(1. €) = R0 + [ eI (1o (5, * el (5.€) Bls. €)) .

0

10



Since by hypothesis we have 1p(£) > 0 and E(t, €) > 0, then the positivity of the right-hand side
above carries on in the Picard iteration and the limit u satisfies u(¢,£) > 0. O

We can see from Theorem [2] that to show blow-up we need a specially chosen initial condition
ug = Awg, where wy is defined in . The proof of the blow-up will be done iteratively, and
for this argument we need the following functions wy : R® — R defined iteratively from wgy by
the condition:

Wi(§) = Wp—1(&) * Wp—1()- (4.1)

These functions &y have some useful properties which are collected in the following lemma.

Lemma 4.1. For all k > 0 we have that

(i) the support of the Fourier transform @y, is contained in the corona

{€ e R™: /n2F < |¢] < vn2FT1},
where n is the dimension of the Fuclidean space;

k n
(ii) the L'-norm of &y is given by ||©k| 1 = (12’—2)2 , where v, = 1“(2711) is the volume of the
2

n-dimensional unit ball.

Proof. Both properties can be seen by induction.

(i) We will show by induction a slightly different support property, which implies the support
property stated in the Lemma. In particular, we show that the support of &, is contained in
the hypercube

{eeR":2F <& <28l vi=1,... n},

to which we refer below as ‘hypercube support property’. It is clear that if the support of
©y is contained in the hypercube above, it is also contained in the corona {£ € R™ : {/n2F <
€] < /n2Ft1}, because the smallest Euclidean norm for ¢ in the hypercube is given by |¢] =
30 E2 > /S 22k = \/n2F, and similarly for the largest we have |¢| < /n2k+L.

Next we prove the hypercube support property.
Initial step. The hypercube support property is clearly true for £ = 0 from the definition of
wp given in with the specific choice of . In particular we have that for £ € supp(@y) =
{|¢ — &l < 2} we have that each component of ¢ is such that 20 < & < 21,
Induction step. We will work with n = 1 in the induction step, because the proof for n > 1 can
be done component-wise.
Let £ > 1 and assume that the hypercube support property holds for & — 1, that is, for £ €
supp(@g_1) (here & € R) then 2F~! < ¢ < 2%, Let us calculate the support of @;. By definition
we have

() = [ B )ins (€~ n)n
= [ T ey Lt ceaty @ (031 (€ — n)n (42)
It is easy to check that
(2Pl cp<ofin{2bl <6 —p< 2k} C{2F <€ <2ty
because from the second set we have 28~ + 7 < € < 2% + 9 and combining it with the first set

we get 2871 4 2F=1 < ¢ < 2F 1 2% Therefore equation (4.2) can be multiplied by Lok cgcoriny
without changing its value. Thus clearly supp(@) C {2F < ¢ < 251} as wanted.

11



(ii) Here we calculate the L'-norm of &y.
Initial step. We set k = 0 and we easily get

Un

ool = [ de=1B0.5)I= 5.
{lé—¢ol<3}

k—1
Induction step. By the hypothesis of induction we assume that [|@Wg_1]/71 = (5—2)2 , for some

k > 1. Note that all functions &y, are positive. Then using the hypercube support property from
part (i) and the definition of @y we have

Bl = [ Buede = [ aue)de

]Rn

- / / Bt (1) D1 (€ — m)dn dé
{2k <€, <2k 1, vi} JRn

Op—1(n)@—1(& — n)dn d§

/{2’c <€;<2k+1 v} /{2k1<m<2k, i}

- / B (n) / Bir(€ — n)de dn
{2k—1<n; <2k Vi) {2k <¢;<2k+1 i}

_ / 1 () / Br1(6 — m)de dn,
{2k—1<n; <2k, Vi} n

having used the fact that given n; € (281,2F) and & — n; € (271, 2%), then we automatically
have & € (2%, 2¥+1) for all i. Thus the inner integral is the L'-norm of &j_1 and we get

1@l = / Bt ()Gl 1y
{2k—1<n; <2k, Vi}

T /R Bi1(n)dn

= [|@rk—1l71-

k—1 k
Then we obtain ||Wk||;1 = (12’—2)2 2= (;—2)2 as wanted. O

The next result is a key lower bound for the Fourier transform of the solution u of equation
(1.1)) associated to initial data ug. This lower bound makes use of the functions wy, defined above
and of another family of functions, ®, given by

Oy (t) 1= e 25 g0k, (4.3)
Proposition 4.2 (Lower bound). Let the assumptions from Theorem @ hold (in particular
uy = Awyp), and let &y, be defined as in Lemma starting from wy. Let t, = 12(3). Then the

unique mild solution u of equation verifies the following lower bound for all k > 0
for any t > t,.

Proof. In order to prove the inequality (4.4]) we will first derive a general lower bound which will
be used later on. Using the mild formulation (2.5) and recalling the fact that p®(§) = e el by

identity 1) and the fact that (—A)%u(t, €) = [€|u(t, &), we have for all ¢ > 0, and in particular

12



for all t > t,, that

U(t,€) = pF(&)to(€) + /0 P (&) (JE[T(s, €) * [€[ii(s, €)) B(s, ) ds
= () + /0 eI ([efii(s, €) * |€]i(s, €)) b(s, €) ds (4.5)

We now proceed to show (4.4]) by induction.

Imtml Step. We set k = 0 Note that by assumption we have b( ) > 0 and since we have
Uup(€) = AW (&) > 0, so by the positivity property stated in Proposition we have u(t, &) >0

for all £ > 0 and thus all the terms inside the integral on the right-hand s&de of (4.5) are posmve

Thus we can erte u(t, &) > ety (€). Now we use the definition of ®( given in and of

wp given in (2.6), Uy = Ay, together with the fact that supp(@g) C {1 < |¢] < 2} to get

U(t, €) > e G (&) = e 11" Ao (€)
> Ae™2"Bg(€) = ADo(t) @0 (€),

which is (4.4) for £ = 0.

Induction step. Let k > 1. Consider ¢ > t, and assume that the inequality (4.4]) holds for k — 1,
that is T(¢, &) > A2 @y 1 (¢) Dp_1(£) . Since we have Tig(¢) > 0, by the lower bound (4.5) we
get

t o~
e > /0 e~ =9IE" (€fii(s, €) + |€fii(s, €)) B(s, €) ds

t o~

> / e~ (6] A% By () Dy (€) €147 D1 () Tk 1(6) ) B(s, €) ds
0

t o~
> A7 /0 e 2 () (1€]Dhor (€) * €@ (€)) B, €) ds.
>

t
ClAQk /0 6—(t—s)|§\“¢%_1(5) (|€|@p_1(&) * |€|@p_1(€)) (1 + |£|2)—§d5, (4.6)

P

having used in the last inequality the lower bound C;(1 + |£]?)72 < E(t,{) assumed in (2.8).
Recall now that the support of the functions @ _1(€) is contained in {\/n2F~1 < |¢| < /n2*} by
Lemma part (i), and in particular one has 28~! < |¢| if £ € supp(@g_1). Using this bound
and the expression Wy, = Wi_1 * W1 we have

€181(€) 61516 = [ 16— nlBiale ~ mlnBea(addn
> [ 2B 2 G )y = 24 05,(6),

and thus from (4.6)) we obtain
t
f(t.¢) 2 o™ [ IR ()22 ()1 + g s (1.7)
0

Thanks to the support property from Lemma for ¢ € supp(@y) we have |¢] < /n2F L. Since
by assumption p > 0, we get

L
2

(14]£)% < max{1,227 1} (1+|¢]°) < max{1,22 1} (1+n22¢+tDP) < max{1,25 1 Inz2k+tDe+1,
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Thus we can write
n_%2_(k+1)P_1

~ -2 55
SO0+ 2B

, (4.8)

and plugging this lower bound into (4.7) together with the explicit expression for ®; given in

(4.3), we obtain

t —£o9—(k+1)p—1
~ (t—s)|e| 1)~ n-22
it €) > 1 A” / e IR} ()27 Do) ——p-ds
0 max{1,227"}

_e t
> Cin j 2—122(k—1)—p(k+1)A2k/ 6—(t—s)\§|a@k(é—)q)z_1(S)ds
~ max{1,2271} 0
_e t
> Cin i 2122(k1)p(k+1)A2k/ e*(tfs)\ﬂa@k(f) <6752(’“_1)+°‘275(2(k_1)71)25n(k71)>2dS
" max{1,2271} 0
_P
> Cin™>2 27122(k71)7p(k+1)A2k672t2<k’1>+°‘2710(2(k’1)71)210n(k71)
~ max{1,277'}
t
X / e~ 5, (€)ds. (4.9)
0

We now use again the support property for @, so that in the integral above we have |{| < V/n2k+l
and the integral can be bounded from below by

t t [ a G 9o
[t aygds > [ eI Ng €as = gyt et
0 0

In(2)

e and since o > 0 we have that

At this point we observe that, thanks to the choice of t, =
(L= ™) > (1) > (1= e ) 2 (1 - e = ]

for all ¢t > ¢, and for all k£ > 0, so that the integral above is in fact bounded by

t
/ e~ (=95 (€)ds > @y (E)n— 5 2~k +D g1,
0

Plugging this into (4.9) and doing some algebra we get
u(t,§)

_p
> i11n2i_1}2—122(k—1)—p(k+1)A2ke—2t2(k1>+°‘2—10(2(k1)—1)210n(k—1)@k(£)n—‘;2—04(k+1)2—1
maxq1l, 22
Cin %" —1o(k+1)(2—p—a)olOn(k—1) 42F —takte o 52k 1)~
maxq1l, 22
Cln_HTa —1-10 P k _jok+a k__ )~
_ 92 n42—p—a g2% —t2 92 5(2 1)2k(10n+2 P a)wk(‘f)-

max{1,2% 1}

We remark now that by hypothesis we have 0 < p+a < 5n+2 thus we have 10n+2—p—a > 5n
and we obtain

_ptao

~ Cin
max{1,227"}

> A% @, (1)35(6),

21710n7p7aA2k67t2k+°275(2k71)25nkak (©)

where in the last line we used the hypothesis that Cj > n”2" 2100~ 1+p+a max{1,2% 1. O
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Using the tools and results above, we can now prove blow-up, that is we can prove Theorem 2]

Proof of Theorem[4. We prove Case 1) and Case 2) together because the specific values of the
parameters a and v do not play a role here.
Let ¢ = t.. First note that [[u(t,-)[|g1 > [[u(ts,)||z1. Therefore it is enough to show that the

H!-norm explodes at t,. Using the definition of the H}-norm and the Plancherel theorem we
have

ey = 1=t Ea = [ [€Pfac..©)ae

—+o0
22/ €2, €)[2de
=0 ¥ {v/n2k<|g|<y/n2k+1}

and by Proposition [4.2] and the definition of the functions ®; we have

+0o0
k —~
ey = > [ 6247 @3 (1.)07(6)de
T —p {vn2k<|g|<y/m2k+1}

+o0o

> / ¢ 2A2k+1e—t*2k+a+12—10(2’6—1)210711@@]%({)(1{
o ” {vn2k<|¢|<y/n2k+1}
—+00

> anzk:AzkHet*zHaﬂz10(2k1)210nk/ @z(f)df- (4.10)
k=0 {vn2k<g|<y/mn2k+1}

Next we look at the integral part only. We see that since supp(@y) C {v/n2*F < [¢] < /n2k*1}
and since Wy > 0 we have

/ BRE)E = |Gl 2.
{vn2k<|g|<y/n2k+1}

To find a lower bound for [|@g|/2,, let us denote by C(y/n2¥,/n28+1) the dyadic corona given
by the set {\/n2% < |¢| < v/n2FT1}. Then the volume of the corona is given by

|C(\/ﬁ2k, \/,712164-1)‘ — Un((\/,ﬁ2k+1)n _ (\/ﬁ2k)n) — vnn%(Q” _ 1)2nk — C(n)Q"k,

where the constant C'(n) := Unn%(Q” — 1) is independent of k. Now by Hoélder’s inequality we
obtain

1 1_ nk,
C(vn2¥, vn2"H) 2|k | 12 < C(n)22°% || @I 12,

k
and recalling that we have the identity ||Wg|;1 = (5—2)2 , stated in Lemma then we can
write

IN

1| 2

. . ok (2 e _
”WkH%2 Z C(n)ilzinkuwkuil _ C(n) 12 nk (l) — C(n) 12 nkvzk+12 n2k+1.

2n
Plugging this into (4.10) we obtain

400
k+1 k+o+1 k_ 1 k+1 o ok+1
||u(t*’)|‘§{i Zzn22kA2 e ts2 2 10(2 1)210nk0(n) 12 NkUTQL ) n2
k=0
+o00
_ k41l _ 4 oktatl _10.0k o oktl k41 _
:n2100(n) 1ZA2 e 142 9—10-2%9—n2 > U727/ 2(10n+2)k2 nk

k=0

+00 A2 2k it
= n2100(n)71 Z (WQIO—{-Zn) X 'UTQL 2k(9n+2). (411)
k=0
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Since v2" "' 2kOn+2) > 1 then ([I.11)) becomes

+oo 2 2k
_ A
Jutte )y = 020 Y (o)
k=0

A sufficient condition for the latter series to diverge is WMA172 > 1. Setting A = (22547

210+2n
In(2)

e~ one has

and substituting ¢, =

A2 (eln(2) 25—|—n)2 e21n(2)910+2n

et+29+1910+2n 6%2%1210%” T e2In(2)91042n T 7
so any value A > e™(25t" will make the series diverge. Hence the norm |[u(t,,-)|| m1 will
explode too. O

We observe that our proof of blow-up does not work if A is chosen small enough so that the
series converges. This can be easily seen by formula (4.11)).

Appendix
We sketch here a proof for the second point of Lemma (see also [13] for general a-stable
laws) and for simplicity we only study the estimate

I(=A)2p | < Ct s (4.12)
Indeed, by definition we have ((—A)Sp?)/\ (&) = |¢fe el = ta (\téﬁ\se_‘téﬂa), since this

quantity is a function that belongs to L' in the ¢ variable, we can apply the inverse Fourier
transform to obtain

s s 1 1 1o .
o)) = it [ (et ) e
1

- i [ (i) gy — 5 s (- a) e (R,
-

thus, taking the L'-norm we have the homogeneity identity ||(=A)2p® |1 =t a ||(=A)2p%| 11,
and thus we only need to prove that [|[(=A)2p¢||: < +ooc.

For this we recall the Riemann-Liouville representation of the operator (—A)z (which can
be seen by passing to the Fourier level):

+oo
AN = g [ T A e

where h, is the standard heat kernel, I' is the usual Gamma function and k is any integer such
that k > s/2. Then, taking the L'-norm and since ||h, |1 = ||p$]|1 = 1, we have:

1(=2)2 ()|

1 1
< - —s/2—1 Ak
S rT € e (X PYICN U P

+o0
+/1 Tk—s/2—1||(_A)’th||L1IIP?IlleT>

1 L k +0c0
R =5/2=1)|(_ Ak k—s/2—1)( _ A\k
=Tk —s/2) </0 T 1(=4) plllleT+/1 T 1(—=A) hT||L1d7->

“+o00
< Ol(=A)*pT L + C’/1 TR dr < O (=AY S + O,
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It only remains to prove that ||(—A) p§||1 < +oo, where k is an integer. For this we use the

estimates given in Theorem 7.3.2, page 320, of the book [14]:
m
‘ < Cmin{l, || ™ }p(z), for m=1,2,...

&rimpl (v)

From this pointwise estimate we easily deduce that ||(—A)*p$|z1 < 400 and the proof of
is now complete.

The same ideas apply to the case a = 2 which is easier to handle as it corresponds with the
usual heat kernel.
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