THE PARABOLIC-PARABOLIC KELLER-SEGEL MODEL IN R? f
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Abstract. This paper is devoted mainly to the global existence problem for the two-dimensional
parabolic-parabolic Keller-Segel in the full space. We derive a critical mass threshold below which
global existence is ensured. Using carefully energy methods and ad hoc functional inequalities we
improve and extend previous results in this direction. The given threshold is supposed to be the
optimal criterion, but this question is still open. This global existence result is accompanied by a
detailed discussion on the duality between the Onofri and the logarithmic Hardy-Littlewood-Sobolev
inequalities that underlie the following approach.
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1. Introduction

Within living organisms, cells may communicate and therefore interact through
chemical signals. This signaling pathway is of crucial importance for cell particles to
move in the right direction or to organize themselves spatially. Biological challenges
involving this phenomenon are numerous. It is known to be so actually in immunology
and inflammatory processes, in bacterial growth colony and at some key stages of
embryonic development for instance. Among mathematical models describing spatial
organization of biological population through chemical signals ([27], [10], [15]) we
highlight the following Patlak-Keller-Segel (PKS) model for chemotaxis ([21],[26])

88—:::/<;A71—XV~(nVc)7 t>0, z€Q,
5 (PKS)
58—§:7;Ac+5n—ac, t>0, z€Q,

where n denotes the density of a cell population and ¢ is the concentration of a
chemical signal attracting the cells. The parameters x, xy and 3 are given positive
constants, while €, 7 and « are given non-negative constants determining the type of
evolution undergone by ¢. The set 2 is either a bounded domain in R¢ or the whole
space R%. In any case, boundary conditions or decay conditions at infinity have to
be given for the densities n and ¢ together with the initial conditions n(-,0) =ny and
e(+,0)=c¢p if £>0.

The modeling interest of such a system is to exhibit a phenomenon of “critical
mass” at least in dimension d=2. In a system like (PKS), the coupling between
the cell equation and the chemical equation is a positive feedback: the more cells
are aggregated, the more they produce a signal attracting other cells. This process
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is counter-balanced by pure diffusion of the cells, but if the amount of cells is suffi-
cient this non-local chemical interaction dominates and cells attract themselves. Thus
model (PKS) provides a simple phenomenological description of an instability broadly
encountered in biology. The starvation stage of the slime mold amoebae Dictyostelium
discoideum for instance is governed by this process, driving the population of unicellu-
lar organisms into a multicellular one ([28], [18]). More recently, a (PKS) type model
has been suggested to solve a remarkable pattern formation issue in the human brain
[20].

It is not overemphasize to say that system (PKS) has been the subject of a
huge quantity of mathematical analysis over the last thirty years. The results of
all these investigations can be simply summarized saying that the global existence
or the blow-up of solutions of (PKS) is a space dimension dependent phenomenon.
In particular, in dimension d=2, the above biological instability has been precisely
described mathematically at least when e =a=0. Indeed, for the parabolic-elliptic
system it has been shown that there exists a threshold for the initial mass M =
Jono(x) dz. For values of M under this threshold the solution exists globally in time,
while above this threshold the solution blows-up in finite time ([2],[6],[16],[24]). The
modality of the blow-up has also been analyzed [17], as well as the critical case, i.e.
when the initial mass M equals the threshold value ([5], [3]).

Let us mention that in dimension d >3 a similar critical phenomenon has been
investigated. In this case, the L%-norm of the initial density ng plays the same role as
the initial mass M in dimension d=2. Indeed, in [11], [12], [13] the authors proved the
global existence of weak solution of system (PKS) of parabolic-parabolic, parabolic-
elliptic and parabolic degenerate type under a smallness condition on ||ng|| ja/2. How-
ever, up to our knowledge, blow-up for large ||ng||za/2 is still open and we conjecture
that no critical threshold exists as in dimension 2.

Despite of all these results, mathematical open problems around (PKS) still sub-
sist, especially for the full parabolic-parabolic system (PKS) (¢>0). Let us observe
that, whenever ¢ =0 (quasi-stationary hypothesis for the chemical ¢), the system re-
duces to a single parabolic equation with a quadratic nonlocal nonlinearity, ¢ being
expressed as a convolution between n and a kernel. On the other hand, when £ >0 the
full parabolic-parabolic system is more difficult to handle with, since the equations
are strongly coupled. However, we will see that in this case the densities n and c play
dual roles in some sense (as it is highlighted by the dual inequalities used throughout
this paper), providing some interesting features and structure to the system (PKS).

The goal of this paper is to tackle the global existence problem for the full
parabolic-parabolic system (PKS) with € >0, n>0, «>0 in dimension d=2 and in
the whole space R2. Indeed, for this problem the optimal threshold of M for the global
existence of solutions has not been found yet. A result exists in this direction in [23],
but it does not give the exact critical mass. Here we obtain the optimal critical mass
value using the energy method ([16],[2],[6]) and ad hoc functional inequalities on R2.
One more time, the free energy functional

S(t):/ n(z,t)logn(x,t) dm—/ n(z,t)e(z,t) dx
R? R2
1 2 @ 2
+= | |Ve(z,t)|* de+— | “(z,t) dx
2 R2 2 R2

comes out to be the key ingredient leading to the global existence of solutions under
the optimal smallness condition for the mass. Indeed, £(t) together with its evolution
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equation provide a gallery of a priori estimates on the solutions (n,c¢) and we shall
make use of each of them. For instance, they allow to prove that the cellular flux
in (1.1) n(V(logn—c)) € L'(R;f, xR?). Therefore, the equation on n holds in the
distribution sense. Surprisingly, no specific restrictions on ¢y are required even for
the fully parabolic-parabolic case under interest, except of course suitable regularity
of the initial data.

It is convenient to adimensionalize system (PKS) through the following change of
variables

t—T1=xt, n(m,t)%ﬂ(x,T):ﬁ—X n(aj,z> , c(x,t)ﬂé(x,r)zx c(a:,Z) .
nK K K K

Therefore, the system under consideration will be

on = A —V-(AVeE) , t>0, z€R?,

£0;¢ = A¢+n—ac , t>0, xr €R? (1.1)
A(-,0) = () = 2 no(-) ,  &-,0)=G()=% co(-), weR2.

with =2 >0 and &= 2 >0. The tilde sign will be removed in the sequel for clarity.
Moreover, fast decay conditions at infinity for n and ¢ have to be associated with
(1.1). Concerning the cell density, this decay will be expressed in terms of moments
of n.

After this change of variables, the only parameters of the system to deal with are
the total mass of cells M = fR2 no(x) dz, which is conserved along time, the inverse
diffusion rate of the chemical ¢ and the chemical degradation rate o >0. The latter
seems to play no essential role, unless it induces slightly technical difficulties in the
estimates.

Our main results are the followings.

THEOREM 1.1 (Global existence). Assume € >0 and a>0. Let (ng,co) be non-
negative initial conditions for the parabolic-parabolic system (1.1) such that
(H1) nge LY(R?)NLY(R?,log(1+|z|?)dx) and nglogng € L*(R?) ;

(H2) coe H'(R?) if a>0 while co € LY (R?) and |Veo| € L2(R?) if a=0 ;
(H3) noCo ELI(RQ) .
Assume in addition that the mass is sub-critical, i.e. M <8m. Then, there exists a
global weak non-negative solution (n,c) of (1.1) such that
ne L>®((0,00); LY (R?))NL52.((0,00); LY (R?,log (1 + |z|?)dx))

loc

and  nlogn € Lig, ((0,00); L' (R?)) ;
c€ L. ((0,00); H'(R?)) if a>0;
c€ Lf5.((0,00): L"(B?)) and |Ve| € Li5((0,00); L*(R%)) if a=0 ;

drc€ L, ((0,00):L*(R?))  and nce L. ((0,00); L' (R?)) ;

t
// n(z,s)|V(logn(z,s) —c(z,s))|* deds<oo Vt>0;
0 Jr2
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t —c(z,8))|? dzds t e(x,s)|? deds
E(t)—i—/o /Wn(x7s)|V(logn(x,s) (z,8))|* dxd —1—5/0 /R2|8 (z,s)]° deds<E(0) .

Moreover, n€ L3S ((0,00); LP(R?)) for any 1<p<oo (regularizing effect).

Let us observe that the global existence result given in Theorem 1.1 holds true
under the optimal condition ng€ L*(R2,log(1+ |z|?)dr). This is weaker than the
hypothesis ng € L' (R?,|z|2dz) used in [6] for the global existence result in the case e =
a=0. As a matter of fact, we can adapt Theorem 1.1 to the case e =a =0 and slightly
improve the result in [6], (see Appendix 8.3). On the other hand, the hypothesis
no € LY (R?,|x|?dz) remains still necessary to obtain a blow-up result for the parabolic-
elliptic system (1.1). Nevertheless, we can extend the blow-up result in [6] to the case
a >0 as follows. The same blow-up result for the full parabolic-parabolic system is
still, at our knowledge, an open problem.

THEOREM 1.2 (Blow-up). Assume e=0 and a>0. Let ng be a non-negative
LY(R?) function with super-critical mass, i.e. M >8n and finite second momentum
Iy. Let n be a non-negative smooth solution of (1.1) with c¢=By*n and B, the
Bessel kernel, and let [0,T*) be the mazimal interval of existence. Then, there exists
a positive universal constant C such that if

2 1 2
< — .
oz/R2 |z|*no(x) dx< 4C2M(M 8m)° , (1.2)

M(M787?j;%\/aMIg) :

The paper is organized as follows. In Section 2 we give a set of technical tools to
be used in the sequel and we describe briefly the dual strategies that give the required
a prioriestimates. In Section 3 we derive the a priori estimates in both cases o> 0 and
a=0 (amoung wich the key equi-integrability estimate) from the so-called Onofri’s
inequality on the whole space R? . In Section 4 we re-derive those estimates using the
dual strategy based on the logarithmic Hardy-Littlewood-Sobolev inequality. Section
5 is devoted to the proof of the regularizing effect acting on the solutions. Section 6 is
a short description of the regularization procedure which leads to the rigorous proof
of global existence when combined with the a priori estimates derived in Sections 3
and 4. Blow-up of the solutions in the special case ¢ =0 is shown for a super-critical
mass in Section 7, under a smallness condition on o [, |2[*no(x) dz. Finally, several
complementary results are given for the sake of completeness in Section 8.

In the sequel, we will denote by C' every positive constants that may vary from
line to line in the computations. Only the dependence on crucial parameters will be
written explicitly. Moreover, (u)4 and (u)_ will denote the positive and negative part
of u as usual, while L (R?):={f e L'(R?), f>0}.

the solution blow-up and T* <

2. The free energy and the moments control It is well known that system
(1.1) is equipped with the following free energy functional

S(t):/wn(aj,t)logn(x,t) da:—/R2 n(z,t)c(z,t) dx o)
%/RQIVC(QCJ)I? dx-l—%/R262(x,t) dz .

In the kinetic equation literature, the first term fsz n(z,t)logn(z,t) dr is usually
referred to as the physical entropy. However, here it will be more convenient and
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natural to define the entropy in the line of [9] as

E(n;c)(t):/RZ(n(z,t)logn(o:,t)fn(x,t)c(m,t)) dx | (2.2)

including also the potential energy term [, n(x,t)c(z,t)dz. On the other hand, the

potential energy term has also to be included in the chemical energy associated to the
elliptic equation —Ac+ac=n, i.e.

Fa(c;n)(t):%/w|Vc(3v,1f)|2 dx—i—%/R2 *(x,t) dx—/Rzn(x,t)c(x,t) dx , a>0.

(2.3)
Thereby, the free energy £(t) is a superposition of (2.2) and (2.3) thus reflecting the
strongly coupled property of system (1.1). The quantity £(¢) will play a fondamental
role in the research of a priori estimates starting from the following proposition.
PROPOSITION 2.1. Let (n,c) be any non-negative and sufficiently smooth solution of

(1.1) with finite free energy (2.1). Then E(t) decreases along the trajectories of the
dynamical system associated to (1.1), since

%E(t):—/Rzn(x,t)W(logn(a:,t)—c(x,t))|2 dm—e/R2|8tc(x,t)|2 dr<0.  (2.4)

Proof. The equation on n can be written as O;n=V- (nV(logn — c)) Then, using
the mass conservation, we obtain

on(x,t) (logn(z,t) —c(x,t)) dxz%Azn(x,t)logn(x,t) de— | On(x,t) c(x,t) dx

R2 R2

:-/ n(z, )|V (logn(z,t) — c(@ )2 dz . (2.5)
R2
On the other hand, testing the equation on ¢ against d;c, we have

2
E/ |0;c(z,t)]? dx:—g/ Vel ) dm—i—/ n(x,t) Ope(x,t) do
R2 dt R2 2 R2

d c2(w,t)
o=
dt Joz 2

(2.6)
dx

We conclude by summing (2.5) and (2.6). O
Equation (2.4) measures the dissipation of the free energy due to the entropy
production term

I(t):-/R2n(;zc,t)|V(logn(x,t)—c(m,t))|2 dx (2.7)

and to the chemical production term ¢ [g, |8¢c(x,t)|? da. Let us observe however that

any weak solution of (1.1) is not expected to satisfy (2.4) but the inequality

t —c(xz,8))|? dzds t Lo(x,s)|? deds
5(t)—|—/0 /RQn(x,s)|V(logn(:r73) (z,s))|* dzd —&—5/0 /R2|8 (z,s)]° dzeds<&(0) ,

(2.8)
as it is under the quasi-stationary hypothesis e=a =0 (see [6]).
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The time-monotonicity of £(t) given by (2.4) provides us with an upper control
of the entropy (2.2). But a control from below of the entropy is also needed in order
to obtain a priori estimates on the solution and then the global existence result. In
the case of the parabolic-parabolic system (1.1) on a bounded domain  CR?, the
strategy usually followed uses essentially two primary tools: a minimization principle
with respect to n of the entropy E(n;c¢) and the Moser-Trudinger inequality. Moreover,
their combination gives the a priori estimates under the exact critical mass value for
M (see [2], [7], [16], [24)).

Concerning system (1.1) in the whole space R? under interest, the first result we
give here is that the same method above can be followed. However, in order to do so,
one has firstly to reinforce the space decay of ¢ as |2| — 400 in order to minimize the
entropy E(n;c) with respect to n and secondly to employ an ad hoc Moser-Trudinger
type inequality, i.e. the Onofri’s inequality [25].

The second result is that an alternative strategy, dual in some sense to the previous
one, can be also adopted. The technical tools to be employed are: the minimization
with respect to ¢ of the chemical energy F,(c;n) (2.3) and the logarithmic Hardy-
Littlewood-Sobolev inequality (HLS in the sequel, see Lemma 4.1 and [8]) if =0, or
a modified version of this inequality if & >0 (see Lemma 4.2). This method is new
and it is somewhat the extension to the parabolic-parabolic system (1.1) of what was
done in [6] for the parabolic-elliptic system (1.1) with e=a=0. Indeed, in this case
the free energy reads as

S(t):/RQn(x,t)logn(x,t) dwf%/ n(z,t)c(z,t) dz | (2.9)

]RQ
with the concentration of the chemical given by c(z,t)=—5= [o.loglz —yln(y,t) dy,
and hence it is well adapted to apply the HLS inequality.

No matter of the method followed to obtain the necessary a priori estimates, we
are in any case lead to consider the following modified free energy functional

EH(t)zé'(t)—/ n(x,t)logH(x) dx
R2
:E(n;c—i—logH)—i—l/ |Ve(a,t)? d;v—l—g/ (x,t) do |
2 R2 2 R2

where

1 1

Ho) = e T Py

(2.10)

has been chosen so that Js:=4mH is the Jacobian of the usual stereographic projec-
tion on the sphere § : R2U{oo} —S? and [, H(z)dz =1, (see [22]).

The introduction of the function H will appear to the reader more natural in
Sections 3 and 4 where the two methods will be developed respectively. Here, let
us observe that, by opposition to £(t), the functional Ex(¢) is not time decreasing.
However, we can control its time-growth by the following computation. We have

% . n(z,t)log H(x) dm:—/Rgn(x:t)ngH(ﬂC)-V(logn(x,t)—c(gc,t)) de

:2/ n(z,t)Viog(1+|z|?)-V(logn(z,t) —c(x,t)) dx
RQ
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and using equation (2.4), we obtain

%SH(t):—/Rzn(x,tﬂV(logn(x,t)—c(a?,t))|2 dx—e/R2 (e, ) de

_2/ n(a,t)Vog(1+ [2%)- V(logn(e,t) — c(x, 1))

R2

:—/ n(z,t)|V(logn(x,t) —c(x,t) +log(1+|z|?))? dx—e/ |Orc(x, )| da
R2 R2
—|—/RQn(m,t)|Vlog(l+\x| )7 dx

where

4|x|?
n(z,t)|Viog(1+|z|? 2d:v——/ ————n(z,t) de <M .
./11@2 ( )} (1+] ‘)| r2 (1+]2]?)? (%)

As a consequence, £y (t) grows at most linearly in time.

Before concluding this preliminary section, we state the minimization lemmas
for the entropy and the chemical energy respectively. Moreover, we derive also some
bounds for the moments of the density n in term of the entropy production (2.7) that
is shown to be locally integrable in time in the sequel (see Theorem 3.2).

LEMMA 2.1 (The entropy minimization). Let ¢ be any function such that e¥ €

-1
LY (R?) and denote n= Me¥ (f]R2 e? dx) , with M a positive arbitrary constant. Let
E : L1 (R?*)—RU{oco} be the entropy functional

B(m)= [ (n@)logn(a) ~n(a)i(@)) da

and RE : L% (R?*)—RU{oco}

RE(n|ﬁ):/ n(z)log (n(z)/n(z)) dx
R2

the relative (to @) entropy. Then, E(n;v) and RE(n|m) are finite or infinite in the
same time and for all n in the set U={ne Ll (R?) , [p.n(x) de=DM} it holds true
that

E(n;o) — E(mi;) = RE(n|)) >0 . (2.11)

The entropy minimization Lemma 2.1 is now a classical lemma and the proof
can be found for exemple in [9], where a more general class of entropy functionals
including E(n;v) is considered. Anyway, being this lemma of primary importance
and for the sake of completeness, we will give the proof in the appendix 8.1.

LEMMA 2.2 (The chemical energy minimization). Assume a>0 and let f be an
LY (R?) function such that
(A1) if >0 then f>0 and flogfe L'(R?) ;

(A2) if a=0 then feL*(R? log(1+|x|?)dx), [, f(x) dz=0 and f can be decom-
posed as f=fi+fo with fi>0, fi€L;,(R?), filogfieL'(R?) and f2€
L?(R?).
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Finally, let us denote

o Bax f)(x) if a>0,
C(%)_{(Erkf)(ac) if =0, (2.12)
where * denotes space convolution, B, denotes the Bessel kernel B,(z)=
22
ﬁ 0+Oo% e~ Gt gt and E2(Z):—%log|z| is the fundamental solution of the

Laplace’s equation in R?. Then, c€ H*(R?) when a>0 while |Veé|e L2(R?) when
a=0, with

—n_ [ (VBaxf)(z) ifa>0,
vc(x)_{(Vwa)(x) ifa=0. (2.13)

Moreover, if a>0 then for all c€ H'(R?), the chemical energy Fy(c; f) is finite and
it satisfies

Fa(ei))=Fof@if) =5 [ V=@ dit§ [ (e=2Pa) de=0. 1)

while if «=0 then for all ¢ such that |Vc| € L*(R?), the chemical energy Fo(c;f) is
finite and it satisfies

R )= f)=3 [ [Vle=o)@) di>0. (2.15)

Let us observe that whenever f € L?*(R?) in (2.12) the chemical energy minimiza-
tion Lemma 2.2 can be obtained easily applying the variational method, at least for
a>0. However, we want to use here minimal hypotheses on f and therefore the
proof becomes a little more technical, expecially when aa=0. Again, for the sake of
completeness, the proof is given in appendix 8.2

LEMMA 2.3 (Moment Lemma). Let ¢ be a given smooth function. Let n be any
non-negative and sufficiently smooth solution of dyn=An—V-(nVe), with fast decay
at infinity and total mass M. Then, for any 6 >0, we have the following bounds for
the evolution of the moments of n:

/ n(x,t)log(1+|z|?) dzg/ no(x)log(1+ |z|?) dx—|—%t
R2 R2 26
5 (" 9
—|—§ n(z,s)|V(ogn(z,s)—c(x,s))|* dxds ;
0 JRr2
(2.16)
M
/ |z|n(x,t) dmﬁ/ |x|ng(z) dax+ ——<t
R2 R2 26

+g/0 /RQ”(%S)W(lOgn(:U,s)—c(x,s))|2 dxds ; (2.17)

t
|z|?n(2,t) dx§2/ 2|21 (2) da+2 t// n(z,s)|V(logn(x,s) —c(x,s))|? drds .

R? R? 0 JR2
(2.18)
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Proof. Writing the equation on n as Oyn=V- (nV(logn—c)), it follows that
d
& e tyote) de=- / 0,1V () -V (logn(a,t) — c(a, 1)) d

R2 R2

< |V¢ } n(x,t) dz+5/ n(x,t)|V(logn(z,t) —c(z,t))]? do ,
25 2 Jo

with § >0 arbitrary. Taking successively ¢(x) =log(1+|z|?) and ¢(x) = ||, observing
that with the first choice of ¢ we have

)

Vool =| 2t

<1
L+]z[?

and using the mass conservation property, inequalities (2.16) and (2.17) are proved.
Inequality (2.18) follows in a similar way since for ¢(z)=|z|? it holds true that

dt/ lz*n(z,t) do= 2/ n(z,t) - V(ogn(z,t)—c(x,t)) dz

<2< » lz|*n(z,t) d:v) v (/ﬂ@n(m,tﬂV(logn(m,t)—c(x,t))|2 dx) v .
(2.19)

Thereby, integrating (2.19), we obtain

. lz|?n(z,t) de < l</ﬂ§2 |z|?n0(z) dx) 1/2—|—/0t (/R2 n(z,s)|V(logn(z,s) —c(z,s))? dx) Ust] 2
§2/]R? |z|2no () do+2 t/ot/RQn(x,sﬂV(logn(m,s)—c(m,s))|2 dx ds

and the lemma is proved.
0

The proof of the previous lemma is based uniquely on the equation on n and on the
specific expression of the weight function defining the moment. The evolution followed
by ¢ doesn’t play any role and the lemma holds true also for the (PKS) system with
non-negative coefficients ¢, 7 and a. Of course, one can estimate the evolution of other
moments than those considered in the lemma. Here we have considered the most useful
and used. In particular, the local in time bound of the weighted L' (R?, log(1+ |x|?)dz)
norm of n together with the following lemma will be of primary importance to obtain
the key a priori bounds and the key equi-integrability of n giving the global existence
with a regularizing effect.
LEMMA 2.4. Let 1) be any function such that e¥ € L*(R?) and let f be a non-negative
function such that (f 1gp<1y) € LY(R?)NLY(R?, | (x)|dx). Then, there exists a con-
stant C' such that

/R J@ogf@)- dr<O= [ gy de (2.20)
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Proof. Let us denote v=f 1ys<1}, m= [pv(z) dr<oco and T(z)=
melﬁ("’c)(fR2 e¥(®) dz)~!. Then, by the entropy minimization Lemma 2.1 we have

[ @ ogo(@)=o(@yi@) do> [ (#()ogta) ~tla)u(a) do

R2

=mlogm —mlog </ e?@) da:) =C,
R2

which gives (2.20) thanks to the identity [p. f(z)(logf(z))- dx=
- fR2 z)logu(z) da.

3. A priori estimates from the Moser-Trudinger-Onofri inequality In
[25] Onofri obtained the following sharp inequality on the sphere S?

/Sze”(S) ds<exp{/S2 (v(s)+i|vou(5)|2> ds} 7 (31)

for all functions v € L'(S?,ds) such that |Vov|€ L?*(S?,ds). Here, ds is the uniform
normalized surface measure on S? so that sz ds=1. Moreover Vj is the covari-
ant gradient with respect to the metric ds? =d6? +sin?6 d¢?, (6,¢) being the polar

coordinates, i.e.
o\ ? A
2_ o\ —2
|Vou|*= (69) + (sind) <8¢>

With the help of the stereographic projection S, the same inequality can be stated
equivalently on R? as follows
LEMMA 3.1 (Onofri’s inequality in R?). Let H be defined as in (2.10). Then

/]R? eu(m)H(x) deexp{/RZu(x) (x) dm+ﬁ Vu(z)|? dm} 7 (3.2)

for all functions we L' (R?, H(x)dx) such that |Vu(z)| € L?(R? dz).
Proof. It is sufficient to apply the Onofri’s inequality (3.1) to the function e with
G=uoS! and we get

/Rze“(z)H(x) dx:/szeﬁ(s) alsgexp{/S2 (ﬂ(3)+1|voﬂ(s)|2) ds}
:eXp{/R2u(x) dg;+7/ |Vu(z)|? da;} :

since |Voa(s)|? = (4nH (z)) " |Vu(x)|? and ds= H (z)dz.
0

Thanks to inequality (3.2), we are now able to follow the first strategy giving a
priori estimates, namely the minimization of £(¢) with respect to n. More precisely,
first we apply the entropy minimization Lemma 2.1 with ¢y =(146)c+log H and then
we make use of the Onofri’s inequality (3.2) with u=(1+0)c. Working in this way, we
are able to obtain the optimal threshold value, namely 8m, for the mass M. Observe
that this is the same threshold as the one obtained in [6] for the parabolic-elliptic
(PKS) system with e = a=0 over R?, as it would be expected. Moreover, we optimize
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the result given in [23], where the author obtained the global existence of non-negative
solutions (n,c) of (1.1) over R? under the smallness condition M <4x. This is due
to the fact that in [23] the author use a Brezis-Merle type inequality for the heat
equation on R? instead of a Moser-Trudinger type inequality as (3.2).
We give the announced estimates first formally in the following Theorem. The
procedure leading to the rigorous existence result will be given later in Section 6.
THEOREM 3.2 (A priori estimates). Assume €>0 and a>0. Under the same
hypotheses (H1)-(H2)-(H3) as in Theorem 1.1 and for sub-critical mass M <8, let
(n,c) be a non-negative solution of (1.1), supposed sufficiently smooth with fast decay
as |x|—+oo. Then, nlogne€ L>(0,T;L*(R?)), ne L>(0,T;L(R?,log(1+|z|?)dx)),
for any T> O and the following a priori estimates hold true for all t>0 :
(i) [gan( logn(x )y de<C(1+t) ;
(i4) [gzn( z,t) de <C(1+t) ;
(i) Hc(ﬂ\lmez) <C(+)  ifa>0, and |[Ve(t)|2sm <CO+Y)  ifa=0;
(iv) E(t)>—-C(1+t) ;
(v) EH( )> C(M,a) ifa>0,and Eu(t)>-C(1+%) ifa 0;
(vi) fo Jrzn(z,5)|V(logn(z,s)—c(x,9))*  drds <E(0)+2 [pono(z 10g(1+\x| Ydz+
C(1+t) ;
(vii) € [} [z |Osc(@,5)|? ds < C(1+1) .

Proof. Let us consider first the case a>0. Let § >0 and 6>0 to be chosen later
-1

and let us define m = Me(FT9@H F(z) (/ eH0)e@t) i (1) dm) . We observe
R2

that, thanks to the Onofri’s inequality (3.2), c(t) € H'(R?) is sufficient in order to
have 7 well defined and n(t) € L*(R?). Then, we can apply the Entropy Lemma 2.1
with ¢»=(146)c+logH to obtain

E(n;(146)c+logH) > E(n;(1+6)c+logH)

= MlogM — Mlog (/
R

2

e(H0)e@t) b (1) dq;) . (33)

Furthermore, applying Lemma 3.1 with u=(140)c to the last term in the right hand
side of (3.3), we have for the modified free energy functional £ (t) (2.10),

Eu(t) :E(n;(1+5)c+logH)+5/
RZ

n(z,t)c(z,t) d:r+%/ |Ve(x,t)|? d:rJr%/ A(x,t) do
R2

R2

leogM—i—;(l M(lgd) )/ Ve(w, 1) da:—M(1+5)/ oo, ) H (z) da
7T R2 R2

+0 | n(z,t)c(x,t) dac—i—%/R2 A (w,t) dx (3.4)

R2

1 1—- M(1+5) |Ve(z,t)|? doe+ E—M(1+5)§ /02(:10,15) dx+ Mlog M
=2 8t ) Jee 2 2 ) Jo

+6 [ n(z,t)c(z,t) d:v—M(l—i—é)i~ H?(z) dx . (3.5)
R2 20 JRr2

8 .
Next, we choose ¢ >0 small enough such that M < ﬁ and 6 >0 such that a>

M(1+5)5. This is possible because M is less than the critical mass value 87. As a
consequence, since £ (t) grows at most linearly, (3.5) gives us (ii), (iii) and (v).



12 The parabolic-parabolic Keller-Segel model in R?

When a =0, we have to estimate differently the term [, c(x,t)H () dz in (3.4).
That can be done using the following identity,

/ c(z,t) dx:lMt—&—/ co(z) dz (3.6)
R2 9 R2
and the fact that H is bounded. Again, whenever |Ve(-,t)| € L?(R?), we have that n
is well defined, 7(-,t) € L' (R?) and we can obtain (ii), (iii) and (v) as before.

From now on, let & >0. Proposition 2.1 , the Moment Lemma 2.3 and the defini-
tion (2.10) of H give us the following estimate

// n(z,s)|V(logn(z,s) —c(x,s))* dads
o JR?

§5(0)—5(t):5(0)—5H(t)—/ n(x,t)logH (x) dx

R2

:5(0)—5H(t)+M10g7r+2/ n(z,t)log(14|z|?) da
R2

1
gS(O)—EH(t)+Mlog7r+2/Rzno(x)log(1+|:c\2) d:v+th

—|—5/0 /RQTL(QJ,SHV(logn(z,S)—c(z,s))| dxds .

Choosing 0 <1 and using the lower bound (v) on Eg(t), we obtain (vi). As
a consequence of (vi) and of the Moment Lemma 2.3 again, we have that n€
L>(0,T; LY (R?,1og(1+ |x|?)dx)).

In the same way, we obtain (vii) and the lower bound (iv) for the free energy £(¢)
since Efg Jg2 10rc(s)[? ds <E(0)—E(t) and E(t) =En () + [gon(2,t)logH (x) d.

To conclude it remains to prove (i) and that nlogn € L>(0,7; L' (R?)). This is a
straightforward consequence of Lemma 2.4. Indeed, from the free energy definition
(2.1) and the previous estimates it follows that

—C(1+1) < / n(z,t)logn(z,t) de <C(1+t) .
R2

Next, appling Lemma 2.4 to n with ¢(z) = —(1+§)log(1+|z|?) and arbitrary § >0 in

order to have e¥ € L' (R?), we have

/R2 n(x,t)(logn(z,t))+ dx:/]Rz n(x,t)logn(x,t) der/ n(x,t)(logn(x,t))— dx

R2

SC(1+t)+(1+6)/ n(z,t)log(1+|z|?) de+C < C(1+t)
RQ
and we have obtained (i). Finally, the identity

/ |nlogn| das:/ nlogn d:c+2/ n(x,t)(logn(z,t))- dz
R2 R2 R2
gives us that nlogn € L>(0,T;L*(R?)). O
REMARK 3.3 (The critical case M =8m). . We cannot afford the critical mass
value M =8 in the previous Theorem. Indeed this necessarily leads to §=0 in (3.5).

Then one can prove successively estimates (v), ||c(t)||%2(R2) <C(1+t) if a>0, (vi),
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ne L (0,T; LY (R?,log(1+ |x|?)dx)), (iv), (vii), but we can’t obtain the fundamental
estimates (i), (i) and (iii).

REMARK 3.4 (The case a=0). When a=0, in Theorem 3.2 we can use the
necessary and sufficient hypothesis on ¢y to apply the Onofri’s inequality (3.2), i.e.
co € LY(R?, H(x)dw) instead of co € L*(R?) and |Veo| € L?(R?). However, we can ob-
tain only estimates exponentially increasing in time. Indeed, using the identity

5% c(x,t)H(z) dac:/ c(x,t)AH(x) dx—i—/ n(x,t)H(z) dx

R2 R2 R?
2
and the computation AH (z) =2 [&Lﬂix‘;;} , we have

Ei c(x,t)H () dz§4/ c(x,t)H () dx—l—% .

dt R2 R2
Then,

(e ) H (@) do<e ([ co@)H(z) dut L) . (3.7)
R2 47

Plugging (3.7) into (3.4) instead of (3.6), we obtain the assertion.
On the other hand, under the stronger hypothesis co € H'(R?), Theorem 3.2 holds true
in the case a =0 with the additional estimate [, ¢(x,t) do < C(1+t+12) that follows

by
€ € K
f/ (1) dng/ c2(x) dm—|—/ / n(x,t)e(x,t) dr .
2 R2 2 R2 0 R2

REMARK 3.5 (The case o =0, corrected solutions). . In the peculiar case a=0,
one can develop another sort of solutions based on the following chemical deviation

u(z,t):=c(x,t) — glogH(aS),

with M <8w.  With this change of wvariable, it is sufficient to assume initially
co € L'(R?, H(z)dz) and V (co+ £log(1+4|z[?)) € L*(R?). The second hypothesis is
hardly biologically relevant because it breaks the mon-negativity assumption on cg.
However, it allows us to solve the technical difficulty arising from evaluating the in-
tegral [po c(z,t)H(x) dx in (3.4) and to obtain the same estimates as in Theorem 3.2
(except for (iii) where Vu has to be read instead for Ve) in the following way.

The function log H satisfies the remarkable equation

—Alog H(x) =2Alog(1+|z|*) =87 H(x) . (3.8)

Therefore, the pair (n,u) verifies the system

On=An—V-(nV(u+ 2LlogH)) (3.9)
ediu = Au+n—MH | '
which admits the following free energy
- 1
E(t):/ n(xz,t)logn(x,t) dac—/ n(z,t)u(z,t) dm—i—f/ |Vu(z,t)]? dx
R2 R2 2 Jpe (3 10)

M
—— | n(x,t)logH(z) de+M | w(z,t)H(x) dz .
8w R2 R2
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It is worth noticing that the free energy E(t), up to an additional constant, is exactly
the original free energy E(t) corresponding to the variables (n,c) and that

jtg() /Rzn(x,t)W(logn(x,t)—c(x,t))|2 dx—s/R2|8tc(m,t)|2 de . (3.11)

Then, reasoning as before, we write

E(t)=6 n(x,t)logn(xi)dx—i—(l—é)E( I 5)+10gH>

R2

+<1—5—§i) /Rzn(x,t)logH( )dx—i—l/ |Vu(z,t)|? dx+M/ (z,t)H(v) dz |
(3.12)

with some degree of freedom 0 <6< 1 to be chosen later. We next apply the Entropy
Lemma 2.1 and the Onofri’s inequality (3.2) to obtain

E +logH | > Mlog M — Mlog /eu@x”/(l*&)H(m)dm
(1 (5) RZ

M M
> - - 2 .
> MlogM =9 /Rzu(x,t)H(x) dx T6m(1=0)2 /}R2 [Vu(z,t)|* dz

Plugging this estimate into the corrected free energy (3.12), we deduce

Et)>6 | n(x,t)logn(z,t) de+ (1—6—M> /Rzn(a:,t)logH(x) dx

R2 8w

1 M )

Choosing 0 <6 <1 small enough to ensure (1— ) >0, the bootstrap argu-

_M
8m(1-9)
ment goes as previously. From the definition of H, the Moment Lemma 2.3 and the
evolution equation (3.11) of E(t), we obtain

5 [ n(z,t)logn(zt) da:+1( )/ Vu(z,b)? do

R 2

87r+5 / / n(z,s)|V(logn(z,s) —c(z ,8))\2 dxds
Sg( )+2(1—5—8—)/ o(x )log(1—|—|x| ) dz+(1— 5—%)Mt.
7 Jre 8

Finally, it remains to apply Lemma 2.4 as done in Theorem 8.2 to control the contri-
bution [ n(logn)_ da.

4. A priori estimates from the logarithmic HLS inequality In this
section we follow the strategy dual to the previous one, starting from the minimization
of the modified free energy functional £ (¢) with respect to ¢ and giving the same
a priori estimates. The role of the Onofri’s inequality (3.2) will be played by the
logarithmic HLS inequality below when =0 and by its generalization to the Bessel
kernel B, when o>0 (see Lemma 4.2). Therefore, the cases a>0 and a=0 have to
be treated separately again.
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LEMMA 4.1 (Logarithmic Hardy-Littlewood-Sobolev inequality in ]RQ) For
all non-negative functions feLY(R?) such that [g f(z) de=M, [g. f(x)log(1+
|z|?) dr < oo and Jge f(z)log f(x) da is finite, the following inequality holds true

- [ ] t@ogle—lf sy < [ fogfdsrcon . @)
R2 JR2 R2

The proof of Lemma 4.1 can be found for example in [8]. Let us observe here that
the logarithmic HLS inequality (4.1) written equivalently on S? is dual to the Onofri’s
inequality (3.1) in the sense that extremal functions for one inequality determine
extremal functions for the other inequality (see [4], [8]). As an exemple of this kind
of duality results, we show in the appendix 8.4 how one can obtain directly inequality
(4.2) from the Onofri’s inequality on R? (3.2).

The generalization of inequality (4.1) to the Bessel kernel B, (whose definition
is given in Lemma 2.2) is the following Lemma 4.2. One possible interpretation why
an additional “logarithmic” momentum appears in (4.2) is that the homogeneity of
the logarithmic kernel —log|z| has been broken in the Bessel potential B, (consider
for instance the dilation fx(z)=Af(Az)). It shares indeed the same singularity for
small |z| but for large |z| B, is a positive exponentially decreasing function. For other
extensions of Lemma 4.1 see [4].

LEMMA 4.2. For all non-negative functwns fELl(RQ) such that fRQ x)dr=
Jaz f(2)log f(x)dx is finite and [, f(x)log(1+|z|?) dx < oo, the following mequalzty
holds true

|| t@Baa-nizdy< [ foogfa)ds
R2 JR2 T JR2

(4.2)
%/ﬂpﬂxﬂogm|xl2>dx+C<M>~

Proof. The Bessel kernel B, is a positive radial decreasing function such that

B, (z) — +00 when |z| — 0 as %log< ) +0O(1). We only prove below the upper side

[2]
of this asymptotic estimate, which is sufficient for our purpose. Indeed, following [14],

2
B, can be written as the sum of the three integrals [ +fT12 +f1+°° , with r=|z| < 1.
For the first and third integrals we have respectively

1 /71 . 1 /71 . 1 [+t®ey
— — e wm dt<—/ e dt:f/ Ldy<oo
y

d Jo 2 “Ar J, 4
and
1 [T®1 _.» 1 [T
— e mT < e dt < o0 .
471' 1 t 471' 1

The second integral satisfies

1 1 R B 1 2, 1 1
— (ot <— | e motgi< —e (@t Doe( = ) . 4.
an© og( > 47 /,,2 t = ar® sz (43)
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As a consequence of (4.3), lim|,|o Ba(2) =400 and

/R2 R2f (x—y)f dxdy</R2/|1 y|<1 <C—log|x y|) fly)dxdy
j£2)( B )y
z—y

<CM27—//f Yog |z —y|f(y)dxdy

o log|z — dzdy .
L sl

Using the inequality

1 1 1
log|a —y| < S log2+ S log(1+2[*) + 5 log(1+ [y[*) , (4.4)

it follows that
1 s M 9
— f(@)log|z —y|f(y)dedy <OM*+ — [ f(z)log(1+|z|?) dx
T JR2 J|z—y|>1 2w Jgr2

Applying the logarithmic HLS inequality (4.1), we obtain (4.2).
O

Proof. [Proof of Theorem 3.2] We first consider the case > 0. Let 0<d <1 to be
chosen later and let ¢ be the quasi-stationary state (2.12) corresponding to (1—49)"n
ie. ¢(x,t)= ﬁ(Ba *n(t))(z). Then, by the minimization Lemma 2.2, the chemical
energy (2.3) satisfies

Fa(c;lﬁ(s)ZFaG;lié)2(11_5)/H£2n(x,t)c(:c,t)dx, a>0.  (4.5)

This is possible as soon as n(t) € L'(R?) and n(t)logn(t) € L'(R?). Next, from (4.5)
and Lemma 4.2 we obtain

E(t):/RQn(m,t)logn(x,t) dz+(1—6)F, (c;lﬁé) +5<;/Rz Ve(a,t)? dx—l—%/Rz (1) dm)
E/RZ n(x,t)logn(x,t) dx_Z(ll—(S)//szX]Rz n(x,t)Bo(z—y)n(y,t) dx dy

+4 (1/ |Ve(x,t)|? dx+g/ () d:c)
2 R2 2 R2

M M , 1
> (1_877(1—6)> /Rzn(x,t)logn(m,t) da:—m/]RZn(a:,t)log(l+|x| ) da— = C(M)

1
+4 (/ |Ve(z,t)? dx—i—g/ c*(x,t) dx) .
2 R2 2 R2

Moreover, using the definition (2.10) of H it follows that

E(t)> (1_871'(]1\/[—6)> AQn(m7t)logn(x,t) alx—i—%/]Rz n(z,t)log H(z) dzx

1 9 o 9 1
+4 (2/Rz|Vc(x,t)| dx+§/ch (x,t) d:c) 71—_60(M) .
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Therefore, the modified free energy Ex(t) verifies

Eu(t) > (1—87T(11”_5)) Azn(m,t)log<7}§a&€)) do

1 9 «Q 9 1
+6 (2/]1{2 |Ve(z,t)] dx—i—g/]ch (z,t) dm) mC(M)

and the Theorem follows from the above estimate. Indeed, since

/Rzn(x,t)log (7}5325))) dx:/R2 (ﬁgg;))bg(rg?;» Hz) de>—e'

choosing 0<d <1 such that M <8w(1—¢) and using the facts that Ex(t) grows at
most linearly, estimates (iii) and (v) with & >0 of Theorem 3.2 follow. The remaining
estimates of Theorem 3.2 follow as in section 3.

To conclude, let us consider the case a =0. In this case, the minimization principle
(4.5) does not hold true since Vé(t) =V Ey*n(t) does not lie in L?(R?) in general.
Nevertheless we can obtain the required estimates by considering the corrected quasi-
stationary state ¢(z,t) = ﬁ(Eg*(n(t) — MH))(x), whose gradient does belong to
L?(R?) by Lemma 2.2. Indeed, choosing f; =n and fo=—MH, the hypothesis of
Lemma 2.2 are satisfied as soon as n(t) € L'(R?), n(t)logn(t) € L'(R?) and n(t) €
L'(R? log(1+ |x|?)dz). Hence,

1
. _ > =.
I (0,1_5(71 MH)) > Fy (C’l
1

1

6(nMH)>

ST /R (nla, )~ MH(@)e(r,) da

Then, acting as before, we obtain

E(t) :/ n(z,t)logn(z,t) de+(1—68)Fo (c;(1—6) " (n— MH)) +g/ |Ve(z,t)|? do
R2 R2

-M | c(z,t)H(z) dz
R2

1
Z/R? n(x,t)logn(x,t) dx—l—m//RQXRZ(n(x,t)—MH(a:))log|x—y\(n(y,t)—MH(y)) dzdy
+g/RQ|VC(LL‘,t)|2 dx—M ch(x,t)H(x) dz

1
= n(x,t)logn(x,t deri// n(x,t)log|x —y|n(y,t) dedy
[ ntetyogn(et) dot = [ nGetiosle—yinu.

M // M?
- H(x)log|zr —y|n(y,t dxdy—i—i// H(x)log|lr —y|H (y) dzdy
57 (1=0) ) foe (z)log |z —yln(y,t) 17 (0=0) ) e e (z)log |z —y[H (y)

—|—é/ |Ve(x,t)? dx—M/ c(z,t)H(x) dw .
2 R2 R2

Using inequality (4.4), it is straightforward to prove that

M M
D T — >__ - 2
27 (1—9) //WXWH(QJ)Iog\x yn(y,t) dedy > x(1=9) /R2 n(z,t)log(1+|z|%) dz

1
—C(M) .
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Finally, applying the logarithmic HLS inequality (4.1) to n, we arrive exactly to the
estimate

E(t)> (1_87r(12\45)> /Rzn(x,t)logn(m,t) clav—l—%/R2 n(z,t)logH(x) dx

+15/ Ve(@, )2 do—M [ e(a,t)H(z) do— ——C(M)
2° Jon o 1-5

and the proof follows as in section 3.

0

REMARK 4.3. Again, we see here that the mass M cannot equal the critical value 87
(see Remark 3.3).

5. Regularizing effect In the previous section it has been proved implicitly
that under the hypothesis of Theorem 3.2, in particular for sub-critical mass M, the
solution n of system (1.1) is locally in time equi-integrable, i.e. there exists a modulus
of equi-integrability w(T';k), T >0 and k>0, such that

sup / (n(m,t)—k)+ dr<w(T;k) and lim w(T;k)=0. (5.1)
0<t<T R2 k—-+o00

Indeed, obviously fR2 (n(x,t) —Ic)+ dx < M for any k>0, while for k>1 we have
1
/]Rz (n(z,t) —k)+dx§ Togk e (n(z,t) —k)+logn(x,t) dz

1 C(1+t)
< 1 < .
<ok /]R2 n(z,t)( ogn(a:,t))+dx_ logk

In this section, following a now classical idea initiated in [19], we will obtain a
priori estimates for the LP-norm of n, with the help of the equi-integrability property
(5.1) and of the fact proved in Theorem 3.2 that d,ce L?(0,T;L*(R?)). Since the
hypothesis ||ng]| z»r2) < 00 is not required, the following result is an hypercontractivity
type result.

THEOREM 5.1. Let T >0 and 1 <p<oo. Under the hypothesis of Theorem 3.2, there
exists a constant C(T') not depending on ||no||prr2) such that

/ nP(z,t) de<C(T)(1+t"7) , VO<t<T, (5.2)
R2

i.e. the cell density n(-,t) belongs to LP(R?) for any positive time t.

Proof. Let k>0 to be chosen later. We derive a non-linear differential inequality
for the quantity Y, (t):= [z (n(x,t) — k)% dz, which guarantees that the LP-norm of
n remains finite whatever ||ngl|z»r2) is (possibly infinite).

First step : the differential inequality. Multiplying the equation on n in (1.1) by
p(n— k)’fr_l yields, after integration by parts,

-1
% (n—k)ﬁdac:—élM ‘V(n—k)ﬁ/z 2dx—(p—1)/ (n—k)% Acdx
R2 p R2 R2 (5.3)

—pk:/ (n—k)2" " Acdz .
R2
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There is some subtlety hidden here because we cannot use directly —Ac=n— ac, as
it is the case for the parabolic-elliptic system (¢ =0). However, using the equation on
¢, one obtains

d
G | m=ppdes 4 /|v Y2 de

+(pf1)/H£2(nfk)ﬁ+ldx+(2pfl)k/

R2

fe(pfl)/ (n—k)5 0 dxfepk‘/ (nfk)’_flatc dz (5.4)
R2 R2

(n—k)?_dz +pk® /]Rz (n— k)ﬁ__l dx

and the additional non-linear terms [,(n—k)} 0 dx and [g, (n—k)fflatc dzr can
be estimated in the following way. Using the Gagliardo-Nirenberg-Sobolev inequality

/ ut(z) dxﬁC/ u?(z) de | |Vu(z)]? dr
R2 R2 R2
with u=(n— k‘)ﬁ/z7 we obtain
1/2
‘/ (n—k)ﬂ&tc dl“ < (/ (n—]g)ip d:(:) ||(r“)tCHL2(]R2)
R2 R2
1/2 1/2
gc(/ O I O L O 5 O R e e
R2 R2
2 2
<eOW0relfaqeey [ (k)2 dat = [ V(=1 a5

On the other hand, by interpolation and the same Gagliardo-Nirenberg-Sobolev in-
equality as above, we have for p> %

1/2
‘/ (n— k)2 18,c ddg(/ (n— k)2 dm) 10ec| 12 (g
R2 R2
o 1/2
g(O(M,p)+c(p)/ (=02 dz) " 0re] 2 ey
RQ
SC(M,p)”atcHLz(Rz)+€C(p,k)||atCH%2(R2)/ (Tl—k)g_ dx

/{v —k)PPP de. (5.6)

ska

Inserting (5.5) and (5.6) in (5.4) gives for p> 3

—1
% (n—k)ﬂdmﬁ—w/ IV (n—k)?do
R2 p R2
+(p—1)/ (n—k;)ffldm+(2p—1)k/ (n—k){;dwpk?/ (n—k)." ' da
R2 R2 R2
+€C||at0||%2(R2)/ (n—k‘)ﬁ dx-f—OHatCHIﬂ(Hp) . (57)
R2
Next,

)p/2\2dx in term of [5,(n—k)" P+ 4z and of the modulus of equi- 1ntegrab1hty w(T k),
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with the help of the Sobolev’s inequality. Indeed,

/Rz(n—k)Tldxz/Rz ((n—k)f;l)>2dx§(](/ﬂp
—c) (AZ<n—k>i|V<n—k>§dz)2
<) [ by do [ V-1 Pdo

gC(p)w(T;k)/ IV(n—k)"*Pde, YO<t<T. (5.8)
R2

Moreover, since for p > 2 it holds true that

/W(n_k)]rldmSAQ(n—k)+d$+AQ(n—k)ﬂdx : (5.9)

inserting (5.8) and (5.9) in (5.7) gives for p>2 and 0<¢<T

4 n—k)L dx — 1 n—k)2 da
7 [ an <00 (1 s ) [ e

C(l +€||atCH%2(R2))/ (’ﬂ* k)g_ dI‘FCHatC”LQ(RQ) +pk2](/510)
R2

Finally, for any fixed p we choose k=k(p,T) sufficiently large such that

1
6':pC(p)w(T;k(p,T))_1>O' (5.11)

This is clearly possible because w(T;k) —0 as k— 4o0o0. For such a k, using the
interpolation

: a-3
/ (n—k)% dx < ) (/ (n—k)2H dx)
R? R?
1 (1-1)
M= (/ (n—k)2 dx) )

we end up with the following differential inequality for Y),(¢), p>2 fixed and 0 <t <T

IN

d 1
Y S —(p- )M FTE Y (1) +C (1+5\|atc(t)||§2(R2)) Y, (1)

(5.12)
+C3 (1+2e(t) 22z )

where 3= -£5>1.

Second step : estimate on Y, p>2. Let us write the differential inequality (5.12)
as follows for simplicity

%Yp(t) < YI+ Y, (61 (), 0<t<T (5.13)
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where yz(p—l)M7ﬁ5>O and f(t)= (1—|—6H8tc( )||2L2(R2)) with C=
max{C7,C2}. Next we show that there exists a constant C'(T) not depending
on Y,(0) such that

Yp(t)SC(T)tp%, 0<i<T, (5.14)

by comparison of Y},(t) with positive solutions of the differential equation

d

ZZ(t)=—7 ZJ)+ 2O +[() , 0<t<T. (5.15)
.. . . 6 1/(ﬁ71)
To do that, let Z, be a positive solution of (5.15) with Z,(0) > <7) (such

a solution exists from Carathéodory regularity of ordinary differential equations).
Because f(t) is positive, Z, satisfies the differential inequality

d _
2= Z8(t)+CZy(t), 0<t<T. (5.16)

5)1/@—1)

Therefore, since (7 is a constant solution of Z'(t)=—v Z%(t)+CZ(t), by

=\ 1/(8-1)
comparison in (5.16) we get Z,(t) > (%) , V0<t<T. As a consequence, from

(5.15) Z, satisfies also the differential inequality

ZZ(t) <=y Z8()+h(t)Zy(t), 0<t<T, (5.17)

1/(B—-1) . - .
where h(t)=|( 1+ <WC ) f(t). Integrating (5.17) over (0,t), it is straight-
forward to prove that

i
Zy70(0) 2 2 PO)l RO g (5) [P o<i<T,
0

Then, thanks to the estimate (vi) in Theorem 3.2 and by the definition of h(t), it
holds true that

Z;*ﬁ( )> Zl (0)6C(1 EfoT ||8t5(5)“2L2(R2)dS eC(lfﬁ)t
el kﬁ)sngHatc(s)l\iz(Rz)ds(l_ecu_g)t)

C
>y(3—1) CO=AA+DLCA-BT y_(T) ¢, 0<t<T,
and therefore
1
Zp(t)_C(T)tp—_l, 0<t<T . (5.18)

where C(T') does not depend on Z,(0).
Finally, let Z, be a positive solution of (5.15) with Z,(0)=

=\ /(6=1)
max{(g) ,YP(O)}. Again by comparison, Y,(t)<Z,(t), ¥V 0<t<T and
(5.14) follows by (5.18).
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Third step : LP regularity of n. To conclude, it is sufficient to observe that for
any k>0 we have

/ nP(z,t) dx:/ nP(z,t) daz—l—/ nP(x,t) dx
R2 {n<2k} {n>2k}

< (2k)P—1M+2p/ (n(z,t) — k)P dz
{n>2k}

< (2k)P1M 2P /R (n(z,t)— k)t du , (5.19)

where the inequality P <2P(x — k)P, for 2 > k2, has been used. Therefore, estimate
(5.2) follows for any p>2 by (5.14) and (5.19) choosing k=k(p,T') sufficiently large
such that (5.11) holds true. For 1< p< 2, the Theorem follows by interpolation.

O

6. Global Existence We are now able to prove Theorem 1.1 collecting all
the estimates proved in the previous sections. In order to do that, we need first to
regularize the chemotaxis system (1.1) and then to prove that the a priori estimates
hold true and pass to the limit. Being this procedure quite technical and usual, we
just sketch the proof. For the parabolic-elliptic case with =0 one can consult for
example [6], where the regularizing procedure has been written in full details.

The regularized system that we consider is

agt =An®—-V-(n°Ve?), t>0, xeR?
5% =Ac”+nxp° —ac’ , t>0, rcR?, (6.1)
ng('70) = no*ﬂaa CU(HO):CO*PU ) reR? )

for some regularizing kernel p? (z) = 25 p(£) with p€ DT (R?) and [5, p(x) dz=1. The
first step is to prove the global existence of a smooth solution (n?,c”) of (6.1). This
result can be obtained through a Picard fixed-point method, writing (n?,¢”) as

n"(t):G(t)*(no*pU)—/O VG(t—s)*(n(s)Vco(s)) ds ,

t/e
c"(t)ze_o‘t/EG(t/e)*(co*p")—l—é/o eTD/EG((t—s)/e) % (n7 (s/e) % p°) ds

with G(x,t)= ﬁe*“’w(“) the heat kernel in R?, because the nonlinearity is Lips-
chitz (see [2]). The smoothness of (n?,¢?) follows by the regularizing property of
the heat equation and by the smoothness of the initial data. The non-negativity of
(n?,c¢?) follows by the maximum principle. As a consequence, the a priori estimates
in Theorem 3.2 hold true for the regularized solution (n?,c¢?). These a priori bounds
give a global in time control of the energy and energy dissipation, still uniform in o.
This gives space compactness on ¢ and Vn. The Lions-Aubin compactness method
gives the required time compactness.
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7. Blow-up In this section we shall prove Theorem 1.2 which states a blow-up
result for the parabolic-elliptic system (1.1) and for super-critical mass, i.e. M > 8.
Since the same result in the case e =a =0 has been given in [6], we assume >0 so
that ¢= B, *n. The result in [ ] Will be recovered in the limit o —0.

Let us denote I(t) = [p, ||*n(x,t) dz. Then, I(t) satisfies the differential equation

%I(t):4M+2/R2n(x,t) - (VBgxn(t))(x) dt .

Using the computation

+oo oo
z 1 |z ‘2 1 P Iz‘2
Ba T sr = —s—ali- g
VB,(z) 877/0 12 e % 5 ‘Z|2/0 e T ds
and denoting go(2) = f+oo e—s—alic ds we obtain
iy z-(z—y)
=4M — — 3 4) dyd
dt //RQX]Rz 1 |z —y? ——5 Ja(r—y)n(y,t) dydz
_4M**// (e, t)ga (2 — y)n(y.1) dyda )
R2 xR2

Since g, is a positive radial decreasing function such that g,(z) <1 and g,(z) —1 as
a—0 for all z€R?, we recover from (7.1) the result in [6]. For >0 we have

d

4 1) =ant (1—8MW) o [ [ 00 -gale -t dyas - (r2)

and one has to estimate the second term in the right hand side of (7.2) in term of
I(t). Denoting r=|z|, we observe that

d «

el 2
%(l—ga(r)): ) 7‘/0 ;67570‘@ ds=2marB;(Var) . (7.3)

Then, reasoning as in Lemma 4.2, we deduce from (7.3) that

dir(lfga(r))g\/al(, V0<r<%, (7.4)

where K =2msup,¢(91)pB1(p) <+oo. As a consequence of (7.4) and since 0<1—
ga(2) <1 for all z€R?, we obtain the estimate

0<1—ga(2)<VaClz|, VzeR?, (7.5)

with C maX{K 1}

5)
M
i[(t) <AM ([ 1—— @C// n(x,t)|z—y|n(y,t) dydx
dt 8w m R2 xR2
M
<4M (1—) +@CM |z|n(z,t) dz
8w s R2
<4M <1M) +@CM3/2 I(t),
8m s
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1(t) <1(0) + / F(I(s)) ds (7.6)

where f(\) = 2L (87— M)+ @CM‘{S/%\%. Since f is a strictly increasing function such
that f(A*)=0 for A* = —5; (M —8m)?, the hypothesis (1.2) gives us I(0) <A* and
F(I(0)) <0. Therefore, [} f(I(s)) ds<0 as soon as (7.6) holds true and I(t) < I(0)+

tf(I(0)) as soon as (7.6) holds true, i.e. the second momentum becomes necessarily
10  _ 2]

FUI0)) = MM —8r—2CVailT)

of a singularity before.

non-positive for ¢t > — expressing in this way the formation

8. Appendix

8.1. The entropy minimization Lemma The entropy minimization Lemma
2.1 is very classical and several proofs are available. For example, we may use the

n
Jensen’s inequality with respect to the probability measure de, and we deduce

1
7 | (n(@)logn(z) —n(x)y(z) dw:‘/RJOg(n(x) M

()

e ) n(ac)dw

R2
> —log i/ ¥ @) dg :iE(mp).
= M Jge M

One can also invoke the Legendre transform of the functional [p.n(x)logn(z) dz to
find out (2.11). However, in these ways we loose the identity in (2.11). Therefore,
the following proof, in the line of [9], is more complete.

Proof. [Proof of the entropy minimization Lemma 2.1] First of all, by the definition
of m we have that n€lf and

logm =1 +log <M// e? dm). (8.1)
R2

Therefore, the entropy functional E is finite in 7 and it takes the value E(m;9)=
Mlog (M/ [sz€? dx). Next, it is easy to see that for any n in U, E(n;1) and RE(n|n)
are finite or infinite in the same time and that (2.11) holds true. Indeed, from
(8.1) we deduce nlog(n/m) =nlogn—nip—nlog(M/ [;.e” dz). The non-negativity
of RE(n|m) over the set U follows by the computation

RE(n|nm) = /]Rz (n(x)logn(x) —n(x)logn(x) — (logn(x) + 1)(n(x) —n(z))) dz ,

and the convexity of the function u+— ulogu. O

8.2. The chemical energy minimization Lemma

Proof. [Proof of the chemical energy minimization Lemma 2.2] Let us start first
with the basic regularity properties of ¢ (see[22]). If a>0, then c€ LP(R?), for all
p€[1,00) since f € L(R?) by hypothesis. On the other hand, when a =0, ¢€ L}, .(R?)
since f € L' (R?)N L*(R?,1og(1+ |z|?)dx). Moreover (2.13) holds true in D’(R?) as well
as —Ac+ac=f for a>0.
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Next we aim to justify the integration by parts arising in the computation (2.14).
Let us assume that we know a priorily that |Ve| € L?(R?). Then cAee LY(R?) for all
c€ H'(R?) and the following partial integration holds true

Ve(z)-Ve(z) dz:f/ c(x)Ae(x) da::/R2 c(x)(f(x) —ac(z)) dz . (8.2)

R2 R2

Indeed, thanks to the hypotesis and the basic properties of ¢ we can decompose
—AC=g; +go with g; >0 in L}, (R?) defined as

g:=f+a(@- ifa>0 and gi:=f1 ifa=0
and gs € L?(R?) defined as

g2:=—a(¢); ifa>0 and ga:=fr if a=0,

(see [22, Theorem 7.7]). Moreover, Fy,(c; f) is finite.
As a consequence of (8.2), we obtain (2.14) since

1/ ‘VC*VEF‘FQ/ (c—2)? de=Fu(c;f)+ / |ve)? dl’+g/ @ dx
2 R2 2 R2 2 R2

=Fo(6 f)—Fa(c f) -

It remains to prove that |Ve| € L2(R?). Let us consider first the case a =0 that is
much more complicated then the case >0 since the fundamental solution E5 does
not lie in any L?(R?) spaces and Vé=V E, * f in general does not lie in L?(R?) because
of the critical fractional Sobolev embedding (see [22]). The case >0 is considered
subsequently.

In the case a =0, the hypothesis fR? x) dz =0 allows us to substract any function
of x to the integrand inside Ve. Let us conslder two radii 0<r <1< R with R>e—1
and let us denote CB(0,7) =R?\ B(0,r). Then, we split V¢ in the following way

vax):_%/ (= - H“; 3 Teao.n(@)) 1) d

1cB(o,R) (x)) 1pon(r—y)f(y) dy

(Ix ? 1+| 2

<|:1c y‘Q 1—|—|x|2 CB(OvR)(I)> 1c3(0,r)(xfy)f(y) dy
= 11( +Iz (8.3)

and we will show separately that |I;]| and || lie in L?(R?).
Concerning I; we have for all z € R?,

1 1
@I <5 | o @l dy

|z[1eB(o,R) (7)
o e?) /R2 1p0,n(x=y)|f(Y)] dy - (8.4)
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Denoting Q, = {y€R2 2 fily) > ﬁ}, the first integral in the right hand side of
(8.4) can be split again in the following way

1

Rr2 [ =Y

10 (@—)|f ()] dy < / ﬁlmofﬂx—y)h(ynm(y) dy

2 |

+/ ! 1500, (=) f1(y)1lea, (y) dy
z2 [t —y]

7=
1
+ [ ot Lo =l dy
::1171(30)—1—[1’2(95)4—]1,3(96) . (85)

Since for y € B(x,r)NSY, it holds true that fi(y)> ﬁ > % >1, we have

1

1
0§11,1(36)§/
R2 |x—y| ]0g< 1
[z—yl

) 150, (*—y) fi(y)log f1(y)1a,(y) dy .  (8.6)

Therefore, since the right hand side of (8.6) belongs to L?(R?) thanks to the Young’s
inequality, I1 ;1 € L?(R?) too. On the other hand, since for y € B(x,7)NC, it holds

true that f1(y) < Tiyl’ we have

0<Iiz(x) < / o= y|3/2 150, (T —=y)V f1(y)1lea. ( (8.7)

Again by the Young’s inequality the right hand side of (8.7) belongs to L?*(R?) and
so I1 5 too. The term I; 3 in (8.5) belongs to L?(R?) by Young’s inequality since f» €
L?(R?). Finally, since for z € CB(0,R) and y € B(x,r) we have |y| > |z|—r>R—r >0,
the second term in the right hand side of (8.4) can be dominated in the following way

|z|1eB(0,r) ()
BT / Lpon (@ =y)lf(y)] dy

|z|1eB(0,m)(
= (14 |z]?)log(1+( |1?|

/ F@)log(1+[y?) dy (8.8)

Therefore, it belongs to L*(R?). Collecting (8.4), (8.5), (8.6), (8.7) and (8.8), we
obtain that |I;| belongs to L?(R?).
Concerning I, it is enough to prove that |Is| € L?(CB(0, R)) since |I2| € L (R?).
Let x € CB(0,R) and let us define Q, ={y€R? : |y| <|z|/log(1+]|z|)}. Then,
1 T—y T
I(z)| < — _
RIS 5 [ e T

1epo,r) (@ =y)f(y)|1a, (y) dy

1 Tr—y T
— — 1 (x— 1cor d
JrQW/R2 o=y ItapP eBo.n) (@ =y)|f(W)lear (v) dy
221271(1?)—|—12,2(,I) . (89)

For z€CB(0,R) and y €, it holds true that |z|—|y| > || (1—@) >0 since
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R>e—1and
-y @ (=) (L+ [2*) —2(|=]* +[y[* —22-y)|
lz—yl* 1+[z[*| ™ (|| =y (1 +|z[?)
< 2+ y[+3Jyll=*+ |=[lyl*  log*(1+]z])
- (1+]z[?) |z[2(log(1 +x]) —1)2
log(1
ogltlel) oy (8.10)

= Jof(log(1+]x]) 1)

Therefore, |I1(z)| < 5= | fl|1g2)h(z), which implies that I ; € L>(CB(0,R)). Fi-
nally,

1 1

0<I. < — — 1 — 1cor d
< 272($)_27T e [T — | CB((],T)('T y)|f(y)] CQI(?J) Y
|z|

+m /R21CB(O7T)(I_y)|f(y)|1CQ;(y) dy . (8.11)

The second integral in the right hand side of (8.11) belongs to L?(CB(0,R)) because

Y| > oty for ¥ €CSY, so that

]

s [ enan(a—i)li)ten; 1) dy

||

<

= |2

2 Sy [ JosUH ) )] dye LHCB(.R)Y8.2)
(14 |x|?)log (1+m> R

In order to control the first integral in the right hand side of (8.11), we observe that
for all z€CB(0,R) and y € CSY,, it holds true that

log <1+1g('“")) <o (tog (14 A7) o (14 A )

14 gla—y| log(1+|z|) og(1+y
<log (1+]y|?) . (8.14)

Indeed, the function ¢(s) is strictly increasing for s> —1 such that ¢(e—

= log(i+s)
1)=e—1. Then using the inequality 3|z —y| <max(|z|;|y|), the first inequality (8.13)

follows. Moreover, for 2 € CB(0,R) and y € CQY,, we have

|yl
log(1+y[)

6—1<|x|)§|y| and

<yl < |yl?
< gt 4To <lyl <yl

and the second inequality (8.14) follows too. Therefore,

1
/ — epom (@) () 1ear (v) dy
R2 |:c—y\

S/ : 1 ) Lepo.n (@ —y)log (1+]y*) |/ (y)[1ea, (v) (8415)

L,
e = vhog (14 ity

Collecting (8.9), (8.10), (8.11), (8.12) and (8.15) we have proved that |[2|€
L?*(CB(0,R)) and the case =0 is solved.
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2
When o >0, we have that |VB,(z)|= %li—lga(z) with g4 (2) = 0+°°e*5*0“§|s ds,
(see Section 7). Therefore, |VB,(%)| has the same singularity as |VE3(z)| in 2=0
but |VB,(z)| — 0 exponentially as |z| —+o00. As a consequence, we can prove that
Ve=VB,*f € L*(R?) using the previous technique and without substracting any
function of x to the integrand in Ve. O

8.3. A remark on the case e=a=0 In the case of the parabolic-elliptic
system (1.1) with e=a=0 and

1
c(:r:,t):—%/]Rz log|z —y|n(y,t)dy ,

as far as global existence is concerned, it is sufficient to assume that the cell density
ng satifies both

/no(x)logno(x) dr<oo and /no(w)log(1+|m|2) dr<oo . (8.16)
R? R?

In fact, assumptions (8.16) are the optimal ones for several viewpoints. First, they are
minimal for applying the logarithmic HLS inequality (4.1). Furthermore, the combi-
nation of these two ensures that the mass does not escape to infinity by Lemma 2.4
and the balance is optimal again. Last but not least, it can be proved using free en-
ergy methods that conditions (8.16) are indeed propagated along the solutions, with
local in time bounds.

Following the lines of computation (3.4) for instance, we have to estimate
Jgzc(x,t)H(x) da from above. This can be done with the following calculation,

/ c(z,t)H (x) dac:fi// n(y,t)logle —y|H (z) dydzx
R2 21 R2 xR2

1
_ L / n(y.)logH(y) dy+C ,
87T R2

which can be viewed as an integration by parts knowing (3.8) (see also [8] where the
Euler-Lagrange equation for H is clearly noticed). The latter is then trivially bounded
from above because [, n(y,t)logH(y) dy is nonpositive.

Concerning the blow-up of solutions, the assumption on the second momentum,
Jzzlz*no(x) dez<+oo, seems to be however crucial. For instance, for the critical
mass value M =8, there exists a family of stationary states with infinite second
momentum but finite “logarithmic” momentum, for which blow-up does not occur
obviously (see [3],[5]).

8.4. The duality There is a true duality between the Onofri and the loga-
rithmic Hardy-Littlewood-Sobolev inequalities (see [8],[4]). We followed this idea all
along this paper. In this appendix we give a formal proof of this duality in the whole
space R? for the sake of completeness, and we next derive another proof of Lemma
4.2,

First of all, we write the Onofri’s inequality as

ioe( [ e o)< [ w@) deeg [ wu@far. san

Let f be a function satisfying the hypotheses of Lemma 4.1 and fR2 f(x) de=1 without
loss of generality. By the minimization procedure (see Lemma 2.2 and Appendix 8.2)
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we have

1
7i/Rz(f—H)(:z:)(Ez*(f*H))(z) da

zmuin{;/RJVu(ac)F dm—/RQ(f—H)(x)u(x) d:c}
zuin{ Log( [ @) do) - [ flauta) ar)

{—/ f(@)log f(z)— f(z)(Bru(z)+logH(z)) dx— [ f(z)u(z) d:c}

R2

| \/

> | faoss@) dot o [ f@)log(a) da

from the entropy minimization Lemma 2.1 (see Appendix 8.1). On the other hand,
the Euler-Lagrange formula for H writes [8],

1 1
—/ logle—y|H(y) dy=ylogH(r) +; | H(x)logH(x) dr+Co
R2 R2

It is in fact the dual formulation of the cancellation property (3.8). We deduce that

// x)loglz —y|f(y d:rdy—l—f// x)log|z —y|H (y) dxdy
R2 xR2 R2 xR2

_%//]W ©)logl—y|H(y >dxdy—f/ f(@)log f(x) da

+8—7T/R2f(x)logH(x) dx

> [ S@ogs@) oo [ HG@)ogH@) do+ T

2m
We have recovered the logarithmic Hardy-Littlewood-Sobolev inequality with the
sharp constant.
Following the previous lines there is another way to derive the modified inequality
for the kernel B, (Lemma 4.2). We proceed as above, more directly because the Bessel
kernel has nicer properties at infinity:

J@)(Baxf)(x) do
- {; (2)]? da:+2/Rzu2(a:) da— [ 1wyula) dx}
>m {;ﬁ ( 8T F (5 dm) /f d:c+2/R2 w2(x) dw—/eru(x)H(x) d:c}
>m { & [ J@oxf(@)~ (@) mula) +logH (@) do= | [(oule) do

+§/RQ 2(2) da— /Wu(:c)H(:z:) da:}

1 1
2_87/]R2f(x)logf($) dx+8742f(x)logH(x) dz+C(a) ,
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because we have for a>0:

/Rzu(x)H(x) dxgg/ u?(x) da:—|—i H?(zx) dx .

R2 2a R2

Let us mention to conclude this Appendix that there exists a third strategy to
prove Lemma 4.2, which is based on a "weak logarithmic HLS inequality” (see [4,
Theorem 3]).
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