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SHARP WELL-POSEDNESS AND BLOWUP RESULTS FOR
PARABOLIC SYSTEMS OF THE KELLER-SEGEL TYPE*

PIOTR BILER', ALEXANDRE BORITCHEV?, AND LORENZO BRANDOLESES

Abstract. We study two toy models obtained after a slight modification of the nonlinearity of
the usual doubly parabolic Keller-Segel system. For these toy models, both consisting of a system
of two parabolic equations, we establish that for data which are, in a suitable sense, smaller than
7/(In 7)3, where 7 is the diffusion parameter in the equation for the chemoattractant, we obtain
global solutions. Moreover, for a class of data larger than 7, we obtain the finite time blowup, in the
whole space as well as in a bounded domain, with two different techniques. Thus, our analysis implies
that our size condition on the initial data for the global existence of solutions is sharp, for large 7,
up to a logarithmic factor. These results show that global-in-time solutions can be obtained more
easily with bigger diffusion coefficient 7, similarly as is known for weaker nonlinear cross-diffusion
terms compared to the strength of diffusion in the first equation.

Key words. chemotaxis, cross-diffusion, Besov spaces, pseudomeasures, global-in-time solu-
tions, blowup.
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1. Introduction and main results. This paper is concerned with parabolic
systems (TM) and (TM’) below, depending on a diffusion parameter 7 > 0:

u = Au — uAp,
Tor = Ap + u, reRY t>0, (TM)
U(O) = Uo, 30(0) = $o,

and

up = Au+ (Ap)?,
T = Ay + u, zeRY >0, (TM)
U(O) = Uo, 30(0) = ¥o;

We introduce these model systems in order to show the influence of the parameter
7 in the second equation (a linear nonhomogeneous heat equation) on the size of
admissible initial data leading to global-in-time solutions, and to finite time blowup,
respectively.

Our main motivation is to analyze those issues for the parabolic-parabolic Keller—
Segel system describing chemotaxis,

uy = Au — V- (uVep),
T = Ap + u, zeRY t>0. (PP)
u(0) = ug, ¢(0) = o,
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Note that we have chosen, the so called minimal version of Keller—Segel system
with the diffusion coefficient and the chemotactic sensitivity in the first equation of
(PP) equal to 1. This should make clear the strong discrepancy between diffusion
speeds in the both equations measured by 1 and 7 which is our key assumption in the
paper: 7 > 1.

We studied the global existence of solutions for (PP) in the recent companion
paper [5], for initial data inside balls centered at the origin and of radius R = R(7) > 0,
in different functional spaces. The optimal value of R(7) expresses the best possible
size conditions on the data preventing blowup. Interestingly, the asymptotic behavior
of the radius R(7), as 7 — 400, seems to be sensitive with respect to the choice of
the norm. But in [5] we could not completely achieve our program for (PP), because
of the lack of results on finite time blowup.

Our studies the case 7 > 1 in general parabolic system (PP) have been moti-
vated by global-in-time results obtained in [9] and for special (self-similar, two space
dimensions) solutions in [7, 8]. More information on that issue is summarized in [2].

In the present paper, for the models (TM) and (TM’), we will be able to achieve
our program, by providing nearly sharp size conditions for both the global existence
and the blowup. We stress the fact that both toy models have the same scaling
properties as (PP), so their analysis should bring new light on the mathematical
analysis of the Keller—Segel system.

The issue of finite time blowup is largely open for (PP). In fact, the first blowup
results for the doubly parabolic Keller—Segel systems were obtained only very recently
by M. Winkler: see [19, 20], where the radially symmetric problem was considered
in a ball and in [21] in the whole space. For nonradial solutions no blowup result is
available. Some concentration phenomena for (PP) have been shown in [9]. There,
a supplementary information on L! solutions is derived from entropy functionals and
other specific properties of those drift-diffusion systems.

The above systems (TM) and (TM’) degenerate into the quadratic nonlinear heat
equation (NLH) when 7 = 0 and a compatibility condition, Ayg + 1o = 0, is put on
$o:

u = Au + u?,
‘ zeRe, > 0. (NLH)
u(0) = uyg,
In the same way, (PP) degenerates into the classical parabolic-elliptic Keller—Segel
system when 7 = 0:

ur = Au— V- (uVp),
Ap+u=0, zeRY t>0. (PE)
u(0) = wo,

Note that (TM) and (TM’) have the same structure of steady states as (NLH), so
they are related in a way similar to that as (PP) relates to (PE). However, (NLH) has
a number of specific properties (such as variational structure, energy functional) that
are not immediately extended to systems like (TM) and (TM’). In fact, such systems
feature cross-diffusion terms which make their analysis delicate.

We prove in Sec. 2.2 existence for (TM) in the framework of Besov-type spaces,
very close to optimal spaces with respect to the admissible initial data leading to
local-in-time solutions. Next, in Sec. 3.1, such existence and regularity results are
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shown for (TM), and for (TM’) in Sec. 3.2, in the framework of pseudomeasures,
similarly to the presentation in [5, Sec. 2].

Section 4 is devoted to proofs of blowup, for (TM) in Sec. 4.1 and for (TM’) in
Sec. 4.2. The proofs are based on the idea going back to [15] (and used for (PE) in [3]).
We prove that the Fourier transform of solutions tends to infinity in an appropriate
sense in finite time, so that the solution itself necessarily becomes nonsmooth. Thus,
the technique used in the proof of Theorem 4.1 differs much from the usual approaches
to nonlinear parabolic equations (see e.g. [16, Ch. 17]). A more traditional approach
involving moments of solutions is presented in Sec. 5 for the model (TM’) considered
in bounded domains. Our analysis illustrates that existence and well-posedness results
for both toy models have nearly optimal character with respect of the size of the initial
data, if one considers functional spaces of appropriate regularity.

Besides formal similarities of (TM), (TM’) with (NLH) and (PE) when 7 = 0,
or with (PP) when 7 > 0, there are rigorous results on singular perturbation limits
7 N\ 0 for small solutions of Keller-Segel systems for which blowup does not occur.
Indeed, solutions with ¢q = (—A)~lug are recovered for 7 = 0, in the sense of
suitable convergences in [17, 4, 14, 12] where various functional settings are proposed.
Similar results hold also for the toy models but our main interest here is rather the
behaviour for large 7 than for 7 close to 0. Note however, that a natural conjecture
that blowup phenomena should be continuous with respect to the parameter 7 — 0
has not been, unfortunately, up to now rigorously proved, neither for (TM)—(NLH)
nor (PP)—(PE).

In the global-in-time existence results below the initial data uy does not have to
be positive. We will systematically make the assumption ¢y = 0, which simplifies the
presentation, but it is not essential.

Notation. In this paper we adopt the following notation and conventions. The
expression A < B, where A and B may depend on several parameters, means that
there exists a constant ¢ > 0, depending only on the space dimension, such that
A <c¢B. When both A < B and B < A we will write A ~ B.

For a function f € L'(R?), the definition of the Fourier transform that we use
is f(f) = [ f(z)exp(—i§ - ) dz. This definition is extended to .#”(R?), the space
of tempered distributions, in the usual way. The space of general distributions is
denoted 2'(R%).

In this paper we will deal with mild solutions. These are solutions of the integral
formulation of (PP). The exact meaning of the integral must be understood in the
specific functional setting.

2. Besov spaces. In this section, we study the local and the global solvability of
(TM) in Besov-type spaces. The singularity of Ay is somehow too strong to directly
perform the bilinear estimates arising from the the nonlinear term uA¢p in the usual
way. For this reason, we will study (TM) as a perturbation of the original model
(PP). Accordingly, the nonlinear term in will be decomposed as

uAp =V - (uVp) — Vu- V. (2.1)

The first term on the right-hand is nothing but the nonlinearity of (PP). In our
previous paper [5], the solutions to (PP) were constructed in a ball of the space

£, = {u € L>(0,00; LP(RY)), [Jull,, := esssup '~ CP)|[u(t)]|, < oo } . (2.2)
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But the presence of the second term requires to have additional information on
[IVu(t)||,. For this reason, we will need to work in the subset of the space &, given
by

F, o= {u € L°(0,00: WP (RY) : [ul, = [Jull, + llull, , < oo}, (2.3)
where we define
lulll, , = esssupy o t%/2= CP [ Wu(t)],.

The purpose of this section is to establish the following:

THEOREM 2.1. Let w9 =0 and d > 3. For2d/3<p<dand2/d—1/p<1/q<
1/d, there exist Cq.q,C; ;> 0 such that if we denote

v:=1/2-d/2(1/p—1/q) (2.4)
and
[woll g~c-arm < Cqat?, (2.5)
then there exists a global mild solution w € Fp, to (TM), such that

[ul, < Cqalluoll - @-arm- (2.6)

tA

Such a solution is uniquely defined by condition (2.6). Moreover, u(t) — e'“ug €

BC(0, 00; LY?).

We will reduce the proof of this theorem to a few lemmas, established in the
following subsections. For larger initial data the size condition (2.5) may not apply.
In this case, local-in-time solutions can be proved to exist, under stronger regularity
conditions on the initial data.

REMARK 2.2. As mentioned in the introduction, our main interest is for 7 > 1.
Notice that the exponent in (2.4) is such that v < 1/2. When p — d, we have ¢ — d,
which forces v — 1/2. Thus, according to Theorem 2.1, the size of the admissible
data for the global existence would be worse than O(y/7), as 7 — +o0. This is not
completely satisfactory, in view of next blowup result (Theorem 4.1 below): the latter
will make evidence of a class of initial data of size O(7), whose solutions blow up
in finite time. Thus, there is a substantial gap between our two results on global
existence and on finite time blowup.

Such a gap is due to a technical limitation, related to the use of Besov spaces.
Assuming that the initial data belong to slightly less rough spaces, we can almost
completely close this gap, up to a logarithmic factor in 7. This will motivate the
analysis of (TM) in a different functional setting, in Section 3.

2.1. Review of known estimates in £,. In this short subsection we briefly
recall without proof some results obtained in [5] in order to study the original system
(PP).

We recall the classical LP — L7 inequalities for the heat semigroup (see e.g. [18,
Ch. 15, (1.15)] or [10]), valid for 1 <p < g < o0 :

le™®fllq < C(d, p, gt~ "= £,

o - (2.7)
Ve flly < C(d, p, q)t=/2=40/p=1/0 /2| f|
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Following [5], let us introduce the (respectively, linear and bilinear) operators L
and B given by:

t
Lz(t) := T_l/ VeTﬁl(t_S)Az(s) ds, (2.8)
0

B(u, 2)(t) := — /O Vell=)A . (u(s)Lz(s)) ds. (2.9)

Below, all constants are implicitly assumed to depend on d. They are also im-
plicitly assumed to depend on p and ¢ in the lemmas below, proved in [5, Section
3].

LEMMA 2.3. If0<1/g<1/p<1/q+1/d and 0 < 1/p, then fort >0
L=l < Cr 12+ 01 250 a) )

LEMMA 2.4. If1/d < 1/p+1/g < 1,0 < 1/q < 1/d and the conditions of
Lemma 2.3 hold, then we have

I1B(u, 2)lll, < C7= 12D | ],

In order to apply both lemmas, we should check the compatibility of the conditions
of the exponents p and ¢q. The two lemmas, combined, require that:

[1/p—1/d| <1/q¢ <min{l/p,1—1/p}; 1/¢g<1/d and 0<1/p, with d>1.

This requires choosing p so that 1/d < 2/p < min{1 + 1/d,4/d}. In other words,
in order to find a suitable ¢ to use the lemmas above, a necessary and sufficient
assumption is:

d>2; max{d/2, 2d/(d+1)} <p<2d.

The last lemma that we will need is the following [5, Lemma 3.7]:

LEMMA 2.5. If d > 2 and 2d/3 <p < d and u € &,, we have
1B (w, w)(t)|laje < C7=3/2F42 w3

2.2. New estimates in F,. Here we complete the results of the previous sub-
section with some additional estimates that we need to solve (TM). We will assume
that d > 3. Otherwise, we cannot find admissible parameters for the technical lemmas
which we are using. In the same way as we did when studying the classical Keller—
Segel model in [5, Sec. 3], all constants are implicitly assumed to depend on d, as well
as on p and ¢ in the lemmas.

The second term on the right-hand side of (2.1) motivates the introduction of a
second bilinear operator. We define

B(u, 2)(t) := /0 e=9)2(Vu(s) - Lz(s)) ds. (2.10)

We will proceed similarly to the proofs in [5] of the results in the previous subsection,
where we have already estimated [[B(u, z)[|,. Here we need to study the quanti-
ties || B(u,2)(®)l,, + |||B(u,z)(t)|||1p and || B(u, z)(t) This will be achieved in
Lemma 2.7 and Lemma 2.8, respectively.

ll,-
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Both of these lemmas require a preliminary linear estimate for [|[LVu(t)[|,

LEMMA 2.6. Under the assumptions
0<1/¢' <1/p<1/q'+1/d; p<d,
we have [|LVo(t)|l,, < C7= /220210 = 120y,

Proof. Using (2.7) we get:

t
ILvo@)ly < CT’I/O [t (¢ = 5)) 72U T (s) |, ds
t
< 07.—1/2+d/2(1/1o—1/q’)HM”1 / (t — )~ 1/2=d/20/p=1/d") o=3/2+d/2p g
— P
0
< O AR ) 2

|
LEMMA 2.7. If ¢' satisfies the assumptions of Lemma 2.6 (and a fortiori those
of Lemma 2.3 with ¢’ playing the role of q), and moreover

2/d<1/p+1/¢ <1; 0<1/¢ <1/d,
then
IV B, 2)(O)ly + VB, 2)(B)l, < Cr= Y2420 /r=1/a)=3/244/20 ][]
Proof. Since we have
VB(u,z) = B(Vu,2) + B(u,Vz) and VB(u,z) = —B(Vu,z),

it suffices to estimate ||B(Vu, )|, + || B(u, VZz)||p-
First, we use (2.7) and Holder’s inequality and then, respectively, Lemma 2.3 and
Lemma 2.6, ending by the change of variables § = t/s:

1B(Vu, )|l

. C/ —L/2=d/20 |7y () ||, | L2(s) || ds

t

< CT71/2+d/2(1/p71/q')\/ (t - 8)71/27d/2q'873/2+d/2p871/2+d/2q’ ds - |||u|||1 |||Z|||

= D P
0

< CT—1/2+d/2(1/p—1/q’)t—3/2+d/2p|||u|||1 |||z||| )

= P P

Then, similarly, we get

1B(u, V)|,

<0 [ =97 LV ds

t

< Crm i) [ gyt it gl
0

<CTf1/2+d/2(1/p7l/q')t73/2+d/2p|||u||| |||z|||1 )

= P P
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LEMMA 2.8. With the same assumptions as in Lemma 2.3 for q" playing the role
of q, and if moreover

2/d<1/p+1/¢" <1; 0<1/¢" <2/d,
we have

1B (u, 2)(t)]l, < Cr~/2+d/20/p=1/a")y=14d/2p ] ]

Proof. Using (2.7), Holder’s inequality and then Lemma 2.3 we get

1B, 2)(®)],
<c / =124 | Fu(s) [, L2(5) g ds
t
< Cr V20 p-1/a") / (t — s)= /2" =32/ 2512420 gy, o))

0
< O VHH2AP=1 A1 20 y|l2]|
- P

d

To find an admissible p < d, so that ¢ from Lemma 2.4, ¢’ from Lemma 2.7 and
" from Lemma 2.8 do exist, a sufficient condition is

max{1/p—1/d,2/d —1/p} < 1/q,1/¢',1/q" < min{1/d,1 —1/p}. (2.11)

(The conditions on ¢ and ¢’ are in fact less restrictive than those needed for ¢’). This
is possible for d > 3 and d/2 < p < d.

Our last lemma will be useful to see that the fluctuation of the solution, i.e. the
difference u — e ®ug, not only belongs to the space Fp» where v will be constructed,
but also to L>(0, co; L4/2).

LEMMA 2.9. Let d > 3 and d/2 < p < d. There exists a constant C; > 0 such

that
1B, u) a2 < Crul. (2.12)
Proof. Here and below we assume that d/2 < p < d, and r, ¢ = ¢’ = ¢” given by
1/r=3/(2d)+1/(2p); 1/p+1/q=1/r.
Therefore

2/d—1/p<1/qg=3/(2d) —1/(2p) <1/d <1-1/p,
and moreover
1/q>1/p—1/d,

so the assumptions (2.11) are satisfied. In the next four inequalities, we use respec-
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tively (2.7), Holder’s inequality, Lemma 2.3 and the change of variables § = t/s:
t
1B (u, w)(t)aj2 < C/ (t — )~ 2O DY Tu(s) Lu(s) ||, ds
0
t
< C/ (t = )=V Tu(s) ||| Lu(s)| ¢ ds
0
t

< / (t — 5)1/4=d/(40) =5/4+d/ ) g . []

— T P
0

<C, [[u]]i

0

Proof of Theorem 2.1. To prove the first theorem, we observe that if uy €
B;gi‘d/m, then Vugy € 3;353/2‘d/2”), and the Besov norm of Vug is equivalent
to that of ug. Applying twice [1, Theorem 2.34], first to ug, next to Vug, we deduce
that e ®ug € Fp and

le 2 uoll 7, < Clluoll ==

The usual fixed point lemma (see, e.g., [13, Theorem 13.2] or [2, Lemma 1.1.1]) applies
in a ball of F,,, thanks to the bilinear estimate

IIB(UW v)]]p + IIB(U’7 v)]]p S CT—1/2+(d/2)(1/p_1/q) [[uﬂpﬂvﬂp7
that follows combining Lemmas 2.6, 2.7 and 2.8 with ¢ = ¢’ = ¢’’. The solution u is
thus constructed in a ball of F,.

The fluctuation u — e ®uq also belongs to BC(0, 00; L%?). Indeed, for t > 0, we
have the estimate,

lu(t) = e"®uollasa < [|B(uyu)(t)llay2 + By u)()llag2 < Crlul,

that follows combining Lemma 2.5 and Lemma 2.9. The continuity with respect to ¢
is standard and we skip it here (see [5]). O

REMARK 2.10. For more regular, but possibly large, initial data, local-in-time
existence of solutions to (TM) can be proved in several ways. For example, if d > 3,
ug € LY?(R?) and p is as in Theorem 2.1, then there exists 7 > 0 such that a
solution u € f},j does exist. Here, F, r is defined in the same way as F,, with
the time interval (0,7 replacing (0,00). The space F, 1 is the subspace of F, p of

functions v satisfying the additional condition

tim (70 jo(0)], + #2279 @ |Tu(0)]],) = 0.
t—0+

A simple approximation argument (using the density of LP in L%? and the L%/2 — P
estimates for the heat hernel and its gradient) proves that if ug € LY?(R?), then
etPug € fp’T. Thus, the size condition on the data needed to apply the usual fixed
point theorem can be ensured just taking 7' > 0 small enough (with a nontrivial
dependence on ug and not just [ug|q/2, due to the approximation procedure). The
solution that we obtain is easily proved to be in BC(0,T; L%?) and to be unique in
Fp.1-
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REMARK 2.11. An analogous analysis of (TM’) is not possible since the bilinear
term has a more singular structure when using Besov spaces. This is one of the reasons
why we need to introduce pseudomeasures.

3. Pseudomeasures. In this section we will study both toy models (TM) and
(TM’) in pseudomeasure spaces. We begin by recalling some definitions and state-
ments of results from [5]. The functional setting is more restrictive than in the previous
section, but the size conditions will be less stringent when 7 > 1 and the proofs will
be shorter. Indeed, when working in pseudomeasure spaces, it is no longer necessary
to treat the nonlinearity of the toy models as a perturbation to that of (PP).

Let a € R. For a < d we introduce the pseudomeasure space

PMO={f € S (RY): [ € LL(RY), [[fllpate = esssupeepa [€]°F(€)] < oo}, (3.1)

where fdenotes the Fourier transform of the tempered distribution f.
We will construct our solutions in the space

Yo = {u € Li5.(0,00;. 7" (RY)): |Ju]2,
= essSUPys g, gepe TV (€, 1) < oo} (3.2)

When a = d — 2, the space %;_o, agrees with the space
X = L>(0,00; PM*2),

already used in [6, Theorem 2.1] to establish a global existence result for the parabolic-
elliptic Keller-Segel system (PE) for d > 4 and small initial data in PM9~2. When
a # d — 2, our space % is slightly larger than the space

Vo =% NX

considered in [6, Section 4] (d > 3) or in [17] (d = 2).
We start recalling a result of [5] for the classical parabolic-parabolic Keller—Segel
system:

THEOREM 3.1. Let o9 = 0. Letd > 2, 7 > 0 and ug € PM?2(R%). There erists
kq > 0, depending only on d, such that if

ol paga—2 < ka  (when 0 < 7 < e?),
33
or [[uo | prga-—2 < % (when T > %) (3.3)

then (PP) possesses a global mild solution uw € X. More precisely:
- In the former case, u € X N %7%, and this solution is unique in the ball

{u: ”“H%% < 2Kq}.
- In the latter case, u € X N % _4/1,+, and u is the unique solution in the ball
{us llulloy_.)\,, <2643°7/(elnT)’}.
The analog of Theorem 3.1 for our two toy models is the following result:
THEOREM 3.2. For d > 3 the assertion of Theorem 3.1 holds for both systems
(TM) and (TM).

The proof of Theorem 3.2 is conceptually the same as that of Theorem 3.1, but
different technical restrictions appear on the parameters that are involved in the
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estimates. For reader’s convenience we briefly outline the proof of Theorem 3.2. This
will allow us to illustrate why the case d = 2 should be excluded for the toy model.

LEMMA 3.3. Let 0 < o, B < d such that o+ 8 > d. Then
2|~ % 2|77 = O, B, d) || ~FP,

with

Clo, B,d) =7 (3.4)

Proof. See [6, Lemma 2.1]. O
Another Lemma used in [5] (refining [17, Lemma 3.2]), is the following:
LEMMA 3.4. Let s >0, A>0,6>0,0<b<1 and §. =min{s,1}. Then

/ e (57 AL~1Hd gg < 4(5*_114_}’56_”.
0

3.1. Pseudomeasures for the system (TM). Taking the Fourier transform
in (TM) we get

t
(e, 1) = e (€) — / e~ (=N TR G(€, 5) ds
0
t (3.5)
= PG (6) + (2m) / / =N . )nP(n, ) dnds.
0 JRA

Notice that
Blns) =7t [ e a0 do
0
Therefore,
(&, 1) = e "1 (¢)
d L nl? 2 1 2. ~
+ (2m)” /// e t=9)lel o=z (5=l g (e — 1, s)u(n, o) dndo ds.
oJo Jre T
(3.6)

By definition, by a solution to (TM) on (0,7, with 7' > 0, we mean any function
u on (0,00) with values in .#/(R%) such that for a.e. 0 <t < T, u(t,-) is locally
integrable in R? and for a.e. 0 < s <t < T and & € R? the integrand in (3.6) is
integrable in (0,t) x (0,s) x R%, and (3.6) holds for a.e. (£,t) € R% x (0,7).

Such solutions can be constructed via the standard fixed point algorithm as the
limit uw = limy_, o ug, where

t s
1
Uk+1 :emuo—/ e(ts)A[uk(s)A/ er (578, (5) do | ds,
0 T 0

for K = 1,2,..., in an appropriate function space. We already gave an instance of
such a construction for (PP), using pseudomeasure spaces in [5, Sec. 2].
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Proof of Theorem 8.2. The case of (TM). We can write the problem (TM) in the

integral form
u(t) = e"®ug + B’ (u,u)(t),
where B’ is the bilinear operator
B’ (u v)(&, 1)

(2m)~ /// —(t—s)l&l?e—%(s—a)mPa(g—n,s)ﬁ(n,o)dndods. (3.7)
Rd

Proceeding as in [5], assuming for simplicity that |lulle, = ||v||#, = 1 and applying
Lemma 3.4, Lemma 3.3 and then again Lemma 3.4 with v = —b+1+(d—a)/2 playing
the role of b we get the estimate:

t ps
|B’/(m)|(§ﬂf) < (27r)’d7*1/// o= (t=9)Ié]> o= L (s—0)n|* ¢—1+(d—a)/2 ;—1+(d—a)/2
0J0 JRY

x[€ = n|~In|~*** dndo ds
87'b_1 ¢ 2
—(t—9)[&]* ;—14+d—a—bj¢s _  |—a —a+2—2bd d
< g | e &= nl~ln nds
_ t
- 870 lc(aaa_2+2bvd)/ o (t=9)IEI = 14d—a—b|¢|~20+2-2b+d g
(2m)4(d — a)- 0
S ](/Tb—l‘§|—at—l—(a—d)/27

A

where,

32C(a,a — 2+ 2b,d)

K= Kabd) = it ey (d—a — o).

(3.8)

However, the conditions for the validity of this estimate are not the same as for the
analogous estimate established for (PP) in [5], because we needed to make a different
choice for the parameters. Namely, we need here a < d and 0 < b < 1 in the
first application of Lemma 3.4. We need also 0 < a < d, 0 < a+2b—2 < d and
2a + 2b — 2 > d for the application of Lemma 3.3. And we finally need d —a — b > 0
and 0 <~ <1, with vy = =b+ 1+ (d—a)/2, for the second application of Lemma 3.4.
All these conditions are not compatible when d = 2. When d > 3 they reduce to:

d=3: 3—2b<a, 5-b<a<3-b, 0<b<1 (3.9)
and
d>4: d—2b<a<d-—b, a#2, 0<b<1. (3.10)

Ford:?)and%<a<3,0rford24,d—2§a<danda7é2, one can always
find b satisfying such conditions. Hence the bilinear operator B': %, X %, — %,
is continuous when « is in such ranges. In this range, B’ is continuous also as an
operator B': %, x %, — X. Indeed, to see this we just need to change the choice
of the parameter v, and to take v = d — a — b: we should now replace the previous
condition 0 < —=b+ 1+ (d — a)/2 < 1 with the new condition 0 < d —a —b < 1. But
this new condition is satisfied given (3.10).
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Now, for any 0 < b < 1, we can always choose, for example a=d— 7b in a such
way that the requlred conditions on a hold. Moreover, K'(d— b b,d) ~ b 3asb\,0
and K'(d — 4b,b,d) remains bounded as 0 < b < 1 with b bounded away from zero.
So, the followmg estimate holds:

1B (w0l vl O<b<D, @

<
—50 T 4k,
for some constant x; > 0 only depending on d > 3. For the system (TM), the

remainder of the proof is now carried just like in Theorem 3.1. O

REMARK 3.5. We do not know if the above result for (TM) holds for d = 2.

3.2. Pseudomeasures for the system (TM’). The goal of this subsection is
to establish the proof, for the system (TM’), of Theorem 3.2.

Proof of Theorem 3.2. The case of (TM’). The bilinear operator associated with
(TM) is

1 [° -
; w(s) = = / (= B (s) ds,
T
B (u,v)(t) = / =92 (Ap)(A)(s)ds with . 0.
0 W(s) = f/ eI AY () dA.
T Jo
(3.12)
It is convenient to rewrite B”(u,v) in terms of its Fourier transform

/ (L 120) x (|- PD)(E ) d,

B0 = g |

or, more explicitly,

T f o= (=) [€2 = (s—)|E—n[2r L o= (s—A)ln[?r
7w, 0)(E 1) ////Rd (3.13)
\5—77| In|*@(& —n,0)0(n, A) ds dAdo d.

When u and v both belong to %, (with ||u|le, = ||v||#, = 1 for simplicity) we can
estimate

— 72 trs s 2 2_—1 2_—1
B"(u,v)|(&,t) < o~ (t=9)IEl" o= (s—a)[€=nl"r7" o= (s—=N)[n["T
Flen< o [[ ] -

x € — P70 y|? o~ AT 2\ A=0/2 g5 A\ do dn.

Applying twice Lemma 3.4 with A = |¢ — n|?>77! or A = |n|?>7~!, and in both cases
0 = (d — a)/2, we obtain, for any 0 <b <1,

// —(t s)|€]? |€ ,'7|2 a— 2b|77|2 a—2b d a— deSd’I’]
(3.15)

64 7—2+2b

BT )l€.0) < Gy

Applying now Lemma 3.3 with « = f = a + 2b — 2 we get
64C(a+2b—2,a+2b—2,d)772+2 g[t-2a-t0+a
(2m)4(d — a)3

t
x/ ef(tfs)|§|2571+(1+d7a72b)ds'
0

|B7 (u, v)|(&, 1) <
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The last step is the application of Lemma 3.4 with A = [£|? and 6 = 1+ d — a — 2b.
We find, for any 0 <~ <1,

\B"(u,0)|(€, 1) < K"(a, b, d) =22 |¢[A—20—4b+d=271+d—a—2b—y (3.16)

where

256 C'(a +2b — 2,a + 2b — 2, d)

Kb = mid— a2 +d—a—2).

(3.17)

We want B”(u,v) to belong to %,: this requires 4 — 2a — 4b + d — 2y = —a and
l+d—a—2b—~=—1+(d—a)/2. Both equalities are satisfied when

v =2+d/2—a/2—2b.

Let us collect all the conditions that we need on a and b for the applicability of the
previous lemmas: we needed 0 < b < 1, d—a > 0 for the first application of Lemma 3.4,
0<a+2b—2<d,2a+4b—4 > d for the application of Lemma 3.3, 1+d—a—2b > 0
for the second application of Lemma 3.4 and finally 0 < 4+ d —a —4b < 2 (the latter
condition correspond to the restriction 0 < v < 1). Thus, we can collect all these
conditions in the following system

F<b<,
d-2+2<a<d+1-2b, (3.18)
2+d—4b<a<d.

Conditions (3.18) are not compatible for d = 1,2. For d = 3 and % < a< 3, or
otherwise for d > 4 and d — 2 < a < d, a # 2, we can always find b satisfying the
system. Therefore, we deduce that

B": %, x %, — %, is continuous

for either

d=3 d>4
3 or
5<a<3 d—2<a<d, a#2.

For each % < b <1, a suitable choice for a which is compatible with system (3.18)
is, e.g.,

a=d+4/3-8b/3 (d>3)
(for d > 4 we could also choose, e.g., a = d + 3 — 3b). We have

284 C(d —
d

K"(d+ % — 8b,b,d) =
(+ ?7) ﬂ_(%b

3 3

Therefore we get

4 8 ~ 1
K//(d+§7§b,b,d)~m, asb\§
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and that K”'(d+3 — £b,b, d) remains bounded for b in any interval of the form [$+¢, 1],
with 0 < e < %

Let us set 5 =2b—1, so that 0 < g < 1. Then, for d > 3, we can find a constant
!, depending only on d such that

1

HB//(U,U)H%F%B < m , (3.19)

1+
g llulle,_g, Iolley_y,

for any 0 < 8 < 1. We can also prove that, still for 0 < 8 < 1, the operator
BI/: %7%[3 X %*%B — X
is continuous. Indeed, for this, we just need to choose a different value for v, namely
y=14+d—a—2b.

This leads us to put the new condition 0 < 14d—a—2b < 1. But this new condition
is already ensured by system (3.18).

At this stage, one sees that the existence (and the uniqueness in a ball) of a
solution to (TM’) can be established in the same space as in Theorem 3.1 and under
the same size condition (3.3). O

4. Finite time blowup for both toy models: an iterative method involv-
ing the Fourier transform. In this section we establish the finite time blowup for
solutions to both toy models, assuming that the initial data are large. For the blowup
we will discuss to what extent the size conditions found in the previous section are
sharp in the limit 7 — oo.

The first method leads to finite time blowup for (TM), for a class of initial data
such that ||ug||ppga—2 = 7, for 7 large enough. Therefore, the gap between the global
existence and the blowup for such models is only logarithmic in 7.

The second method, a more “traditional” eigenfunction or moment one, will be
presented in the next section for the system (TM’) considered in bounded domains
with the Dirichlet boundary conditions. It seems that other classical approaches
to blowup questions in nonlinear parabolic equations (such as the energy method,
convexity method, Fujita method, see [16, Ch. 17]) do not work for those systems
because of the structure differences compared to the case of a single equation, and in
particular, because of different diffusivities in the both equations.

4.1. The model (TM). Let us recall that for, ug € L¥?, d > 3, there exists
a local-in-time solution to (TM), unique in the class precised in Remark 2.10. The
following theorem gives a sufficient condition on ug, for such a solution, to blowup in
finite time.

Our approach is closely related to that in [3, Theorem 3.1] which was inspired by
the blowup result in [15] for the so called “cheap” Navier—Stokes equations, producing
lower bound estimates for the Fourier transform. The key idea is that the structure
of the integral on the right-hand side of (3.6) implies that, if @(¢) > 0, then the
positivity of the Fourier transform will be preserved by the sequence of approximate
solutions uyg, and so by the limit u of such sequence as kK — oo when the latter does
exist in an appropriate sense.

Consider wy € L?(RY) defined by

U/}O(E) - ][Bo (5)5
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where I denotes the indicator function of a measurable set F, and By is the ball

with center %(1, 0...,0) and radius . Thus, the support of W is contained in the

annulus By = {3 < || < 1} !

Notice that wq is a complex valued function, but there exist of course real valued
functions ug € L?(R?), and even in .7 (R?) such that @y > @y: for example, one can
consider a function proportional to a well-chosen Gaussian.

THEOREM 4.1. Letd >3, 7 >0, A>0, and ug € ./(R?), such that

to(§) = Ao (§)-

Let t* be the mazimal lifetime of the (unique) solution to (TM). There exists a constant
ka > 0 (only dependent on d) such that if

A>rget/Tr, (4.1)

then t* < 1.

Notice that the right-hand side in (4.1) behaves like 7 as 7 > 1. Thus, the best
possible size condition to be put on the initial data, in order to obtain the global
existence for (TM), would be of the form

luoll < T

no matter the choice of the norm, and irrespectively of the functional setting where
one constructs the solution.

REMARK 4.2. In fact, our argument proves more than this. Indeed, we will
actually prove the following assertion that is stronger than Theorem 4.1. Let 7 > 0,
A>0,t">1and

to(§) = At (§).

If uw € C((0,T), L>=(R)) is a mild solution to (TM) on (0,7) such that @ > 0, and if
A is such that

(3t —1+e M)A > kge! /el T, (4.2)

then we must have 0 < T' < t*. In particular, under condition (4.2) the L°(R¢)-norm
of u(t) must blow up in a finite time.

Proof of Remark 4.2. By contradiction, assume 7 > t* and let u €
C((0,T), L=(R%)) be a solution to (TM) with @ > 0. Let us define, for k = 1,2, ...,
the dyadic ball

By = Bk—1 + Bi—1

(recall that By is the ball with center 2(1,0...,0) and radius ) and the dyadic
annulus

B, ={¢eR%: 21 < ¢l <2F}.
Let, for any integer k > 1, wy, = wgk, in a such way that wy, = w,%il. Then

Wy = (2m) "M Wp_1 * g1,
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and therefore,
supp Wy C By C Ey.

LEMMA 4.3. Under the assumption of Theorem 4.1, for oll k = 0,1,2,..., and
t € 10,7, we have

~ — k ~
u(é,t) > Bre 2 t][{tkgt<t*}(t)wk(f)a (4.3)
where (Br) and (t) are two sequences defined below in (4.5) and (4.6).

Proof. For k = 0, the conclusion immediately follows from (3.7), provided we
choose By = A and ty = 0. Indeed, the first term gives us

U, 1) > Ae e @y (€).

Let k > 1. Assume that the inequality of the lemma holds with k£ — 1 instead of k.
Then, for all ¢, <t < t*, considering only the bilinear part in (3.7), we get

t S
2
u(é,t) > (27r)*d/ //L" ef(tfs)léfef%(sfa)|n|25}3_1672“%672’“—%
T

thk—1tk—1 R4

X Wr—1(§ = n)Wg—1(n) dndo ds

t
2k—4
> (27T)_d / /(5 — tk—1)2 e—(t—3)|§|ze—%(t*—tk71)22k726£716—2k5

T

tr—1 R4
X W—1(§ = n)Wk—1(n) dnds.
Thus, we can bound (&, t) from below as follows

t

22k—4 , -
a(g,t) > / (s —tr1) e (=92 =2 (" —te-0)2 7 g2 o =2"sy () s
th—1
¢ 2k—4
> ( / (s = ty1)e 72" ds>2 e 2GR e i (©).
T
th—1

Integrating by parts then we get, always for ¢ <t < t*,

k
N t—1tr_q 1 —e_(t_t’“*l)22 92k—4 2k—2 ok
() 2( 2k ok ¢ e R TR (3)
1_e_(t*_tk71)22k 9—4 T 2k—2 _oky
- <(tk 1) = o2k )Te R S T (I

We would like to establish the two bounds from below
(ty — tp—1) > 31702k and e F (T —tk-1)2% 77 >e 0 forall k>1, (4.4)

for a suitable positive constant § to be chosen later. This would imply that, for
te <t <t

U(E 1) > (38" — 1+ e 9m)2 2410702 =205, (¢),
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This last inequality is interesting only if the right-hand side is positive. This requires
3t* —1+e 7 > 0.

To ensure the validity of the first bound of (4.4) (and the condition ¢, = 0), a
natural choice is

t = t*(l _ 4%), (4.5)

so that ¢,  t*. The second bound of (4.4) can be rewritten as (t* — ¢;)22F < é7;
and we can ensure its validity for all k£ € N as soon as d is such that

t* < or.

The above conditions 3t* —14+e~497 > 0 and §7 > t* motivate us to restrict ourselves
tot* > 1.
We choose (fx) in such a way that

Bo = A, B = (3t* — 14 e #07)2 2k —1g=032 k=1,2,....

This choice leads to inequality (4.3). The assertion of the lemma follows by induc-
tion. O

In order to compute 8, we introduce M, such that
oM — (3t — 14 e PT)e 0274771

Notice that we have 5 = 2M’2k6,%_1 for £ > 1. Recalling that 5y = A, we deduce
that

k

2
By = (A 2M—4) 9I=MA2k o p_ 1 (4.6)
The Fourier inversion formula and the positivity of 4 imply that
[u®)lloe = [u(0,6)] = (2m)~|[a(t)]1-

Moreover, by Lemma 4.3, for all k£ € N,

*

~ __ ok ~ _ ok
[t = Bre™ *[|@]l > Bre "

W |1

By the fact that wy > 0 for all £ > 0, Fubini’s theorem and the formula for the volume
of the unit ball wg = 1“(%;2/2)7 we have
—~ —di o~ ok 1. 1ok
@kl = 2m) =@ |]F = ... = (2m)=)> ~H|@o|1?
= (2m)"(Ka),

with
1

Ky = .
47 RArd/2T(1 + d/2)

We conclude that when

AM e VK, > 1,
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then we have ||u(tg)|| L~ — oo for k — oo. But ¢, — ¢* and so

lim sup ||u(t)]|co = 0.
-t

This is in contradiction with the assumption that u € C((0,T), L>=(R%)) with T' > t*.
The size condition on A above can be rewritten in an equivalent form as

(3t  —14e )4 > rged T

where k4 > 0 is an explicit constant depending only on d. But § < ¢*/7 and so a
sufficient blowup condition is

(3t" =1+ e )A > ket HHYT) 7
0

4.2. The model (TM’). Similarly to the subsection above, we want to prove
explosion in finite time for large initial data. This time, we obtain a lower bound of
the type 72 so there is a much larger discrepancy with respect to the upper estimates
of the form 7(log7)™® sufficient for the global existence in Sec. 3. Similar lower
bounds appear in Proposition 5.1 for the problem in bounded domains.

To simplify notation, we assume from the beginning that 7 > 1/2, and we look
for initial data which would ensure explosion at time t* = 1. As previously, our goal
is to prove by induction that for some A(7) > 0, there is a sequence S, — oo such
that for t, = 1 — 47", provided

To(€) > Ao (€),
we have
U(E 1) > Bre Ly, <horey ()T (E), (4.7)

with the wy, defined as above, which implies as previously ||u(tx)|lcc — o0.
We begin by using the Fourier representation (3.13).

u(t) = e"®ug + B" (u, u)(t)

B//(u,u)(f t) //// —(t=9)I€ 2 g— (s e=nlT ! y=(s=N\) [~
Rd

|§—n| [n*a(€ —n,0)t(n, A) ds do dAdy.

Again, we proceed by induction and assuming that (4.7) holds with k — 1 instead of k,
we deduce that for ¢, <t < t*,

wey = (@m _2//// —(t=9)[¢]? o= (s=o) =T} o= (s=N)In|> 7
Rd

x & —n2[n)*a(¢ —n,0)a(n,\) dsdo dhdny

— —(t—s)|€]% \—(s—0 2
(2m) 47 2/ [ ‘/t /Rd (t=9)l¢l* g =(s=)e=nl"r " ¢ _ pi253(e — . o)
k— k—1

x e~ (=Nl |77|21’Z(777 A)dsdodAdn.

with
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From this we deduce that

u(¢, t)

t s s
2 2k—2 ~ _ok—1
> (27T)_dT_2/ / / / e—(t—s)|£| e—2 (S_U)/T22k_4/3k‘71wk71(£_n)e 2870
to_Vtp_Vitp_1J/ R

X efQ%fz(S*A)/T?k*‘lﬂk_1113k_1 (n)efzkflt dndodAds

t
> gt 2 P e [ (260 s e (9
th—1

t
> 9tk—8,—2,—2 F41/2m)(1—tg_1) / (s — tk_l)st v 613_1672%'&)%(5)

th—1

24k78 2k &

> S xR ORI g OB e )
Q4k—8 o _o2kt1q_ ok

> < T 2e 2 (1 tkil)(tk o tk—l)gﬂi_le 2 twk(€)~

3

In the last inequality, we used that 7 > 2. Now, with the same t; as in (4.5) (we
recall that here t* = 1), we get for some K > 0 and for ¢ <t < t*:

A6, 1) > (Kr*) 12 e B @i ().
So if we define
Bo = A; By = (Kr*) 71276}y,
we have proved that
(1) 2 Bre™” Ay cicomy (DBR(E).

As previously, we obtain that

2k:
B = (4/16K72)" 16K 7222,
which implies as above that we have blow up provided
A>16C, K72,

with Cy > 0 only depending on the dimension.

5. Blowup for the toy model (TM’) in bounded domains. The toy model
(TM’) features cross-diffusion terms which makes its existence and regularity of so-
lutions delicate as we have already seen. Compared to the standard example of the
square nonlinear heat equation (NLH), the nonlinearity in (TM’) is weaker that that
in (NLH). Indeed, one may represent

t—s

I I
Ap(t) = ;Ae7Agpo + ;/0 Ae = 2u(s)ds. (5.1)

Now it is clear that —Ap(t) is somewhat smoother and smaller than Llu(t) itself
since (5.1) involves two smoothing (or rather “averaging”) operators with respect to
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the both variables t and z, namely fot ... ds and Aet®. Thus, one expects sufficient
conditions for blowup of (TM’) to be stronger with 7 > 0 than those for 7 = 0,
i.e. for equation (NLH). Note that blowup results for parabolic systems, in particular
for various versions of doubly parabolic systems of chemotaxis, are scarce since there
are no general comparison principles available for parabolic systems, even for linear
ones. For some examples for the Keller—Segel system see, e.g., [19, 20, 21], where
supplementary information on solutions is extracted from entropy functionals and
other specific properties of those drift-diffusion systems.

Here, for simplicity of presentation, let us consider (TM’) in a smooth bounded
domain Q C R?, supplemented with the homogeneous Dirichlet conditions for both u
and ¢

u(z,t) = @(x,t) =0 for each ze€0Q, ¢>0. (5.2)
PROPOSITION 5.1. There are no global-in-time classical solutions of system (TM’)

with 7 > 2 and suitably large ug > 0, @o > 0 (of order 72, 7, respectively). More
precisely, if

N W

3\ 2
/Qz/)(x)uo(x) dz > 5)\7' , /Qz/)(x)goo(x) dz > -, (5.3)

where 1 > 0 is the normalized eigenfunction of A with the first eigenvalue X\, then
classical solutions of system (TM’) cannot be defined globally in time.

The proof of that result involves a generalization of the classical construction for
nonlinear heat equations, see e.g. [16, Th. 17.1], namely the moment method invented
about 50 years ago by S. Kaplan. This can be applied to sufficiently regular weak
solutions. Indeed, a smooth function vanishing at the boundary (¢ below) can be
used as a test function, and time-continuity in the weak sense is needed to perform
the computations below.

Proof. Let 19 be the first eigenfunction of the Dirichlet Laplacian on the domain
Q

A+ =0, o(x)=0 for each =z € IQ,

which may be chosen so that ¢(z) > 0 for each z € Q and [, ¥(x)dz = 1, here A > 0
is the first eigenvalue of the Dirichlet Laplacian. Define the moments

J() = / b)p(a,t)de, 1(t) = / la)ule,t) da. (5.4)
Q Q
Solutions of the system (TM’) satisfy a single second order in time equation for ¢
Tow = (T + 1) Ap; — A%p + (Ap)2. (5.5)

Suppose that we have a global-in-time solution ¢ of (5.5). It is easy to see that
after some integrations by parts we obtain

TJ(t) = =M1+ 1)J(t) = N2J(t) + ; Y(Agp) (5.6)

> A1+ 1) J() = A2J(t) + N2 J(1)2.
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Indeed, one has by the Jensen inequality

IR (/wa)zz (/QwAcp>2 </QA1W>2A2J2.

Now, the differential inequality (5.6) reads
; 1\ ;A2 A2
JA)+N 1+ =) J)+—J(t) > —J(t). (5.7)
T T T
Taking X (t) = e®*J(t), i.e. “zooming in” J(t), with o = 3 (14 1), we arrive at
2

K-~ (1 - 1>2X(t) > Aoty (2. (5.8)

T T

Clearly, X(t) > 0 but also X (t) > 0 since sgn X = sgn (j + aJ) . Indeed, we have
J= —%J—i— %I, so that

. 1 1
J+aJ:)\<1—>J+IZO (5.9)
2 T T

for all 7 > 1. In particular, X (¢) > 0 holds if 0 < ¢ # 0.
Therefore we obtain 2X ()X > 2/\726*”“X2X > %’\;d(e’o‘tX(tP)/dt, so we get
that

(X(t))2 - (X(o))2 > gx; (e X (t)® — X(0)).

Suppose that we can guarantee that

2 \?

(X(O))2 ~ S =X >0, (5.10)

Under this condition we continue with

X(t) 2a2\'? .,
—_— > | =— e 2
X(t)32 = \37 ’

and after an integration

2 (s~ xwm) > (32)/)\2 (=759,

Rearranging the terms we get

1 < 1 I 2 1/2 2 ( _ay 1) (5 11)
= e 2t — .
X ()2 — X(0)1/2 37 1+41 ’

as long as the solution exists. Now, if 7 > 1 and

X(0) = J(0) > 27, (5.12)
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then we arrive at a contradiction for large times.
From (5.9) and the inequality between the arithmetic and geometric means we
obtain

(X(o))2 > 42 (1 - i) J(O)%I(O).

Thus, to get (5.10), it suffices for 7 > 2 to have 1(0) > 2A\J(0)? since J(0) = X (0).
Now, conditions (5.10) and (5.12), sufficient for a finite time blowup, for 7 > 2 follow
from

J(0) > gr and  1(0) > gu(o)?.

Thus, the condition (5.3) in Proposition 5.1 can be satisfied for suitably chosen .J(0)
and 1(0) of order 7 and 72, respectively.

Summarizing, with sufficiently large ¢o (¢o = 7) and suitably large ug (ug > 72)
blowup of solutions occurs at a finite time. O

REMARK 5.2. An immediate generalization of the proof of Proposition 5.1 to
the case of the whole space R? seems not possible since the relation —Avy > i) for
some A > 0 cannot be valid for a function 0 # ¢ > 0 where, for instance, 1 has
either compact support or decays fast enough as x — oo, and is sufficiently smooth
to integrate A2 by parts four times. The above inequality fails near the boundary of
the support of .
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