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Asymptotic estimates for the parabolic-elliptic Keller-Segel model in the plane

JUAN F. CAMPOS SERRANO AND JEAN DOLBEAULT

ABSTRACT. We investigate the large-time behavior of the solutions of the two-dimensional
Keller-Segel system in self-similar variables, when the total mass is subcritical, that is less than
8 7 after a proper adimensionalization. It was known from previous works that all solutions
converge to stationary solutions, with exponential rate when the mass is small. Here we
remove this restriction and show that the rate of convergence measured in relative entropy is
exponential for any mass in the subcritical range, and independent of the mass. The proof
relies on symmetrization techniques, which are adapted from a paper of J.I. Diaz, T. Nagali,
and J.-M. Rakotoson, and allow us to establish uniform estimates for L? norms of the solution.
Exponential convergence is obtained by the mean of a linearization in a space which is defined
consistently with relative entropy estimates and in which the linearized evolution operator
is self-adjoint. The core of proof relies on several new spectral gap estimates which are of
independent interest.

1. INTRODUCTION
Consider the two-dimensional parabolic-elliptic Keller-Segel system
%zAu—V-(uV@) reR? t>0,
(1.1) v==Gyxu reR?, t>0,
u(0,2) =ng >0 r € R?,
where G denotes the Green function associated to —A on R?:
Ga(o) = —5- logle] , = € B
2(2) == —5_ loglal| , @ :

The equation for the mass density u is parabolic, while the chemo-attractant density v solves an
(elliptic) Poisson equation: —Awv = u. The drift term corresponds to an attractive mean-field
nonlinearity, which has attracted lots of attention in mathematical biology in the recent years:

see [24], 25| 26], 37, [39], 40] for some recent overviews. According to [27, 23] 10, [14], it is known
that if

(1.2)  mngeLl (]R2 J(1+ |2 dx) , nollogne| € L*(R*) and M := o dr < 8w,

R
then there exists a solution u, in the sense of distributions, that is global in time and such that
M = [gou(t,z) dx is conserved along the evolution in the euclidean space R2. There is no
non-trivial stationary solution of (I.I]) and any solution converges to zero locally as time gets
large. In order to study the asymptotic behavior of w, it is convenient to work in self-similar
variables. We define R(t) := /1 + 2t, 7(t) := log R(t), and the rescaled functions n and ¢ by

u(t,z) == R 2(t)n (T(t),R_l(t) z) and wv(t,x):=c (T(t),R_l(t) z) .

Key words and phrases. Keller-Segel model; chemotaxis; large time asymptotics; subcritical mass; self-similar so-
lutions; relative entropy; free energy; Lyapunov functional; spectral gap; logarithmic Hardy-Littlewood-Sobolev
inequality.
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2 J.F. CAMPOS SERRANO AND J. DOLBEAULT
This time-dependent rescaling is the one of the heat equation. We observe that the non-linear
term is also invariant under such a rescaling. The rescaled systems reads
%—’Z:An—l—v'(nx)—v-(nVc) reR?, t>0,
(1.3) c=Ga#*n reR?, t>0,
n(0,z) =mno >0 r€R?,

Under Assumptions ([2)), it has been shown in [I0] Theorem 1.2] that there exists a solution
n € C°(0,00; LY (R?))NL (0, 0o; LP(R?)) for any p € (1, 00) (also see [23] for a priori estimates)
such that

tli)l})lo In(t,-) — nOO”Ll(]R2) =0 and tll}go [Ve(t, ) — VCOO”LZ(RQ) =0,
where (N, €0 ) SOlVes
eCoo—le|/2

(1.4) Moo = M fR2 P2 gy with coo = Go * N -

Moreover, ns, is smooth and radially symmetric. Existence of a solution to (L4]) has been
established in [2] by ordinary differential equation techniques and in [35] by partial differential
equation methods. The uniqueness has been shown in [5]. To recall the dependence of n
in M, we will write it as nqo,ps whenever needed.

A simple computation of the second moment shows that smooth solutions with mass larger
than 87 blow-up in finite time; see for instance [27]. The case M = 87 has been extensively
studied. We shall refer to [5] [6] [7] for some recent papers on this topic. The asymptotic regime
is of a very different nature in such a critical case. In the present paper, we shall restrict our
purpose to the sub-critical case M < 8.

In [§ (also see [23]) it has been proved that there exists a positive mass M, < 8= such
that for any initial data ng € L?(n_} dz) of mass M < M, satisfying (L2)), System (L3) has a
unique solution n € C%(0, oo; L' (R?)) N L.(0, 0o; LP(R?)) for any p € (1,00) such that

loc
dx

2
/R In(t.2) = noe(a)* 5

for some positive constants C' and §. Moreover ¢ can be taken arbitrarily close to 1 as M — 0.
If M < 87, we may notice that the condition ng € L?(n3! dz) is stronger than (LZ). Our main
result is that M, = 87 and § > 1, at least for a large subclass of solutions with initial datum
ng satisfying the following technical assumption:

<Ce % vt>0

(1.5) Je€ (0,87 — M) such that / no«(0) do < / Noo,M4e(x) dr Vs >0.
0 B

(057)

Here ng (o) stands for the symmetrized function associated to ng. Details will be given in
Section

Theorem 1. Assume that ng satisfies (LH),

no € L2 (ng dr) and M := ng de < 8 .

R2
Then any solution of (L3) with initial datum ng is such that
dz
2
t —
[ Intt.) = nes(a)? 5

for some positive constant C', where no is the unique stationary solution to (L4) with mass M.

<Ce 2 VYt>0
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This result is consistent with the recent results of [11] for the two-dimensional radial model
and its one-dimensional counterpart (see Proposition [0 for more comments). For completeness,
let us mention that results of exponential convergence for problems with mean field have been
obtained earlier in [I5], [T6], but only for interaction potentials involving much smoother kernels
than Ga. The technical restriction (IH]) on the initial datum looks rather strong as it imposes
a uniform bound with a decay at infinity which is the one of a stationary solution (with larger
mass). However, it is probably not as restrictive as it looks for well behaved solutions. For
instance, it can reasonably be expected that the property holds true after a certain time delay
for any solution corresponding to a smooth compactly supported initial datum. Solutions with
a slower decay at infinity may be more difficult to handle. Both issues are open and probably
require a significant effort for reaching a complete answer. This is why they are out of the
scope of the present paper whose aim is to establish that the exponential convergence holds for
arbitrary masses less than 87 and at a rate which is independent of the mass.

Our paper is organized as follows. In Section [2, we will apply symmetrization techniques
as in [20, 2I] to establish uniform estimates on |[n[|;,g2). Then we will prove the uniform
convergence of n to Ny using Duhamel’s formula: see Corollary [Tl in Section Bl Section @ is
devoted to the linearization of the problem around n., and to the study of the spectral gap
of the linearized operator. A strict positivity result for the linearized entropy is also needed
and will be proved in Section Bl The proof of Theorem [l is completed in the last section. It
is based on two estimates: Theorems [[5] and [I7] (also see Corollary [I8)) that are established in
Sections [ and [l respectively. Some of the results of Sections [ and [l (see Theorem [I5 and
Corollary [[8) have been announced without proof in [12] in connection with a new Onofri type
inequality, whose linearized form is given in Inequality (5.2)).

2. SYMMETRIZATION

In this section, we adapt the results of J.I. Diaz, T. Nagai, and J.-M. Rakotoson in [21]
to the setting of self-similar variables. Several key estimates are based on an earlier work of
J.I. Diaz and T. Nagai for the bounded domain case: see [20]. For a general introduction to
symmetrization techniques, we refer to [28]. We shall therefore only sketch the main steps of
the method and emphasize the necessary changes.

To any measurable function u : R? + [0, +00), we associate the distribution function defined
by u(t,7) := |{u > 7}| and its decreasing rearrangement given by

Uy 2 [0,400) — [0,400], s = ui(s)=inf{r >0 : u(t,7) < s}.

We adopt the following convention: for any time-dependent function u : (0,+o00) x R? —
[0,4+00), we will also denote by wu, the decreasing rearrangement of u with respect to the
spatial variable, that is, u.(t,s) = u(t,.)«(s).

Rearrangement techniques are a standard tool in the study of partial differential equations:
in the framework of chemotaxis, see for instance [I1, [I8],34] in case of bounded domains, and [21]
for unbounded domains. Let us briefly recall some properties of the decreasing rearrangement:

(a) For every measurable function F': R* — R, we have
o0
F(u) dx :/ F(uy) ds .
R2 0

In particular, if u € LP(RY) with 1 < p < oo, then [ull Lo @y = Il Lo @y
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(b) If w € WH4(0,T; LP(R™)) is a nonnegative function, with 1 < p < oo and 1 < ¢ < oo,
then u, € WH4(0,T; L?(0,00)) and the formula

pu(t,T)
/ %(t,a) do = / %(t,:n) dz
0 ot {u(t,)>r} OF

holds for almost every ¢ € (0,7"). Here pu(t,7) denotes [{u(t,-) > 7}|. See [2I, Theo-
rem 2.2, (ii), p. 167] for a statement and a proof.

As in [21], let us consider a solution (n,c) of (3] and define

k(t,s) := /OS ny(t,o) do

The strategy consists in finding a differential inequality for k(t,s). Then, using a comparison
principle, we will obtain an upper bound on the L? norm of n. In [21], the method was applied
to (LI). Here we adapt it to the solution in rescaled variables, that is (I3]).

Lemma 2. If n is a solution of (3] with initial datum ng satisfying the assumptions of
Theorem [, then the function k(t,s) satisfies

ke L= ([0, +00) x (0,+00)) N H' ([o, o) W0, +oo)> N L2 ([o, o) W2P(0, +oo))

loc loc

and
%—4#3%—(1@+2s)%§0 a.e. in (0,4+00) x (0,400) ,
k(t,0) =0, Fk(t,400) = [ganodx forte (0,+00),
k(0,5) = [ (no)s do fors>0.

Proof. The proof follows the method of [21), Proposition 3.1]. We will therefore only sketch the
main steps that are needed to adapt the results to the setting of self-similar variables and refer
to [21] for all technical details.
For 7 € (0,n4(t,0)) and h > 0, define the truncation function 77} on (—o0,+00) by
0 fs<rt
Try = s—71 ifr<s<7t+h

h ifr+h<s

and observe that T 5 (n(t,-)) belongs to W1P(R?) since n(t, ) € WHP(R?) and T, is Lipschitz
continuous. Now we integrate (L3) against T »(n) over R? and integrate by parts to obtain

a—nTTh(n) de+ | VnVT,p(n)de = / n(Ve—2) VT, p(n) de .
pz Ot 7 R2 ’ R2 ’
We have that |[{n = 7}| = 0 for almost every 7 > 0. Hence one can prove that

| on on ok
}LE)I%)E - E TT,h(n) de = /{n>7—} E(tax) de = E(tnu'(taT)) :

Next we observe that

1 1
lim — [ VnVT h(n)der = lim — / \Vn|? dz — / |Vn|? da
h—0 h R2 ’ h—0 h {n>7} {n>7+h}

= 2/ |Vn|? da .
ot Jin>r)
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Consider the function
0 if s <7,

s 0T, )
@Th:/a ’h(a)da: %(32—72) fr<s<t+h,
’ 0 80'

Mr+8) ifr+h<s.

Integrating the Poisson equation for ¢ against @, ;(n), we get

/ VeV, (n) de = / nVeVT, p(n) de = / n®;p(n)dx,
R2 R2 R2

thus proving that

1
= lim —/ n(n?— 12 da:—i—/ n(r+2%) de
h—04 <2h {r<n<7+h} ( ) {n>7+h} ( 2)

_ T/ ndr = %(t,u(tﬁ)) k(t, u(t, 7))
{n>7} 5

since 7 = n,(t, u(t, 7)) = %(t,,u(tﬂ')) and f{n>T} n dr = (;l(m) n«(t,s) ds = k(t,u(t,7)). On
the other hand,

1 o1 .2
hli)HO1+ — /R2 n(x)z - VT ,(r) de = hlg& 7 /R2 - VO, p(n)de =— hlg& — /R2 P, p(n) do
ok
= —2’7’|{’I’L>’7’}| = _2%(157/‘(7577))/‘(7577)

Using the inequality
8/L 0 )
4 tL71) < —(t, 1) =— d
wult7) < ghT g [ el da

(see [20, Proof of Lemma 4, p. 669], and also [34, pp. 25-26] or [I8] p. 20], and [38] for an earlier
reference) we obtain

Seit,r) [ Ok Ok
< _m (—E(t,,u(tﬂ')) + o (6 (7)) (k(E plt, 7)) + 2u(t77>)>

for almost every 7 € (0,n.(t,0)). Integrating over (11,72) C (0,n.(¢,0)), as in [I9] Lemma 2],
we get

1 rbm) ok ok ds
— i it t 25)) L < o=
= [ (e Reake +29) T < ner
where
ok ok
T —Ty = %(taﬂ(tﬂ'l)) - %(tyu(t,ﬁ)) :
Hence dividing by (u(t, 72) — u(t,72)) and then taking the limit completes the proof. O

The next result is adapted from [20, Proposition A.1, p. 676] and [2I, Proposition 3.2, p. 172].
Although it is unnecessarily general for our purpose, as the function g below is extremely well
defined (and independent of t), we keep it as in J.I. Diaz et al. and give a sketch of the proof,
for completeness.

Proposition 3. Let f, g be two continuous functions on Q = R x (0,+00) such that
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(i) f, g€ L¥(Q) N L0, +00; W2 (0, +00)), FF, 8¢ € L2(0, +00; LE (0, +00)),
(ii) %(t, s)‘ < C(t) and ‘%(t, s)‘ < C(t)max{s~'/2,1}, for some continuous function
t— C(t) on RT.
If f and g satisfy
af 4ﬂsgsf (f+2s)%§%—47rsa——(g+2 )—s a.e. inQ,
f(t,O) =0=g(t,0) and f(t,+o0) < g(t,4+00) for anyt € (0,400) ,

f(0,5) < g(0,5) for s 20, and g(t,s) > 0 in Q,

then f < g on Q.
Proof. Take w = f — g. We have
ow 0w ow 0 f 8w
—4 —2s— <w —_—.
s T s = s T 5s
Multiplying by w4 /s, and integrating over (4, L) with 0 < § < 1 < L, we obtain

10 [Fwl L/ ow, \? dw, =L by,
2(%/ . ds+47r/6 <8s> ds — 4wg(t,s)w+(t,s) :5_ : g(u@) ds

</L 2%_’_ 3_’[1) @
- Fy eraS w+839

thus showing that

10 wi L/ ow, \? Lw? Lw+ ow
< -
28t/ . ds+47r/5 <8s> ds_C'(t)/5 . ds+/5 . D5 gds+G(t,6,L),

where G(t,0, L) uniformly (with respect to ¢t > 0) converges to 0 as § — 0 and L — +00. Now
using the fact that g(t,s)/v/s < C(t) we obtain that, for some constant K > 0,

L L 2 L, 2
/ we O <47r/ dwy ds+KO2(t)/ YT s,
s S Os s Os s S

yielding
L2
Lo / YL gs < (14 K C@) Ot )/ YE G+ G5, .
20t 5 s
From Gronwall’s lemma and w4 (0,s) = 0, with R(t) := 2f0 (1+ KC(r))C(r)dr, it follows
that

L o2 t
/ —+ ds < 2RO / e B Q(7,6,L) dr
é

$ 0
Taking the limit as § — 0 and L — 400, we obtain

oow2
/ —+ds§0,
0 S

which implies f < g and concludes the proof. O

Using Lemma[2 and Proposition [ we can now establish uniforms bounds on [|n||z»g2) and
Vel oo (r2), which are enough to justify all integrations by parts that are needed in this paper.

Theorem 4. Assume that ng € L% (ny) dz) satisfies (LB) and M := [z ng du < 8. Then,
for any p € [1,00], there exist positive constants Cy = Cy(M,p) and Co = Co(M,p) such that

Hn(t, ’)HLP(Rz) < Cl and HVC(t, ’)HLO"(RZ) < CQ Vi>0.
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Proof. The function M,(s) := fB(o, <7 Moo, M+e dx satisfies

drsM!'+2s M.+ M. M. =0.
By direct application of Proposition Bl we obtain
k(t,s) < M.(s) VY (t,s)eqQ.
By [18, Lemma 1.33], we deduce
17| L2 (0,00) < IME| 20 (0,00)
which yields the result. More details on M. and cumulated densities will be given in Section 5]
0
3. UNIFORM CONVERGENCE

Wit the boundedness results of Section [2 in hands, we can now prove a result of uniform
convergence for n and Ve, if (n,c) is given as a solution of (3] satisfying the assumptions of
Theorem [11

Consider the kernel associated to the Fokker-Planck equation

Kt z,y) = ! RS LR eR?, t>0
7x7y T 27T(1_e_2t)e € b y 9 N
This definition deserves some explanations. If n is a solution of

on

— =A V-

5 n+V-(nzx)

with initial datum ng, then u(7,&) = R™?n (logR,R™'¢) with R = R(1) = V1+27 is a
solution of the heat equation

0
a—::Au, u(t =0,-) =ng,
whose solution is given by
1 _le=yl?
u(§, 7) e T mo(y) dy .

T dnr R2
By undoing the change of variables, we get that the solution of the Fokker-Planck equation is
given by
n(t.o) = [ K(to.)maly) dy.
R
Consider now a solution of (I.3]). We have the following Duhamel formula.

Lemma 5. Assume that n is a solution of (L3l with initial data satisfying (L2)). Then for
any t >0, © € R?, we have

t
n(t.a) = [ Kta)mo) dy+ [ [ VoK =) nisg) Vels.y) dy ds.

This is a standard fact whose proof relies on the fact that (¢,2) — K(t,z,y) is a solution of
the Fokker-Planck equation with a d-Dirac function initial value. Details are left to the reader.

Using the semi-group property, we deduce from Lemma [l the expression for n(t + 1,z) in
terms of n(t,x) as

t+1
n(t+1,z)= | K(t,z,y)n(ty) dy+ / Vo K(t+1—s,2,y)-n(s,y) Ve(s,y) dy ds
R2 t R2
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for any ¢t > 0. Since ny is a stationary solution, we can also write that

t+1
noo(@) = | K(t,2,y) noo(y) dy + / VoK (t +1—s,2,) - noo(y) Veso(y) dy ds
R2 t R2

for any ¢ > 0. By taking the difference of the two expressions, we get that

n(t + 17%) - noo(x) = R2 K(t7x7y) (n(t7y) - noo(y)) dy

t+1
+ / g VeK(t+1—s,2,y) (n(s,y) Vs, y) = noo(y) Ve (y)) dy -
t
This provides a straightforward estimate, which goes as follows:

It + 1) = nooll ey < K ()l oo sy It ) = el gy

1
+/0 IVE (s, )l oo (r2;1r2)) ds R(T)
where * + + =1 with p € (2,00), ¢ € [2,00) and r € (1,2), and
R = sup (s, Mgoaey IVels,) = Venllageny + [1(5.) = ol ogey [Venlgague) -
sE(t,t+1)

A direct computation shows that

—t ‘et17 ‘2
€ t - 2t31
(1 —e 202 (e'z—y)e 251

VK(t,z,)=

and hence, for some explicit, finite function r +— k(r),

Si=

ol 4
IVK(t,z, ')HLT(R2 = (1= —2t </ |2|" e 2(*-1) dz> ZH(T)e?’t (e2t_1)223

is integrable in ¢ € (0,1) if € [1,2). On the other hand, R(¢) converges to 0 by Theorem [
and the fact that
Jim [(6,) = el =0 and i [[V(t) = Vel =0

according to [I0, Theorem 1.2]. Hence we have shown the uniform convergence of n towards n
as t — oo and

tllglo [n(t,-) — ”ooHLp(R2) =0

for any p € [1, 00|, by Holder’s interpolation. As for the convergence of Ve(t,-) towards Ve
as t — oo in L4(R?) for q € (2, 0], we need one more interpolation inequality.

Lemma 6. If h = (—A)~1p for some function p € L?>=¢ N L**¢(R?), with ¢ € (0,1), then there
exists an explicit positive constant C = C(g) such that

IRl gz < € (10l amsry + 0l 2vege)) -

Proof. This follows by a direct computation. We can estimate |Vh| by

Vaa) = 5 [ P) g,

21 Je |z — v
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for any = € R? and split the integral into two pieces corresponding to |z —y| < 1 and |z —y| > 1:
by Holder’s inequality, we obtain that

1 P(y)
2m lx—y|<1 |$ - y|

dy < C1(e) [lpll p2+e(r2y

with Cl (E) = % (27‘(‘ (1 + E)/E)(1+E)/(2+E) and

1 r(y)
27 lz—y|>1 ‘.’L’ - y’

dy < Cae) 1l 2« o)

with Ca(e) = &= (27 (1 — 6)/6)(1_6)/(2_6). The conclusion holds with C' = max;—; 2 C;. O

Hence we have also shown the uniform convergence of Ve towards Ves, as t — oco. By
Holder’s interpolation, the convergence holds in LI(R?) for any ¢ € [2,00]. Summarizing all
results of this section, we have shown the following limits.

Corollary 7. Assume that n is a solution of ([L3)) with initial data satisfying the assumptions
of Theorem[d. Then

Jim [In(t,) = necllpgazy =0 and  Jim [[Ve(t, ) = Veso| ez = 0

for any p € [1,00] and any q € [2, ).

4. SPECTRAL GAP OF THE LINEARIZED OPERATOR L

Assume that n is a solution of (L3)) and consider f and g defined for any (¢,x) € RT x R? by
n(t,z) = neo(x) (L + f(t,z)) and c(t,z) = coo(z) (1 + g(t,2)) .

Then (f,g) is a solution of the nonlinear problem

(4.1) U Lf=—LV-[fnaVlgew) z€R2, 150,
’ —A(gCs0) = f o zeR?, t>0,

where L is the linear operator

Lf=—V [V —ge)].
(o]

Such a formulation has already been used in [§], but there only estimates of the lowest eigen-
values of £ were considered. Here we are going to establish the exact value of the gap. The
goal of this section is indeed to establish that £ has a spectral gap in an appropriate functional
setting. To characterize the spectrum of L, it is necessary to specify the domain of the oper-
ator £. Heuristically, it is simpler to identify the eigenfunctions corresponding to the lowest
eigenvalues and define only afterwards the norm for which £ turns out to be self-adjoint. We
will
- identify some eigenfunctions of the linearized Keller-Segel operator £ in Section E:1],
characterize the kernel of £ in Section 2]
determine an adapted functional setting for £ and related operators in Section [£3]
show that the spectrum of £ is discrete in Section [£.4],
and finally establish a spectral gap inequality in Section
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4.1. Some eigenfunctions of the linearized Keller-Segel operator L. Using the fact
that n. depends on x = (x1,22) € R? and on the mass parameter M, we observe that the
functions

foo = Omlogneenr ,
fii = Ogylognenm, t=1,2,

for = 1+%z-Viognew ,

are eigenfunctions of £. Here Oyrnoo ar denotes the derivative of the function ne = neo, i with
respect to the mass parameter M, while d,, stands for 0/9,,. We shall use two indices for the
numbering of the eigenfunctions because of a spherical harmonics decomposition that will be
studied in Section A precise statements goes as follows.

Lemma 8. With the above notations, we have

L foo = 0,
Lfii = —fii,
Lfoqr = —2fo1.

Proof. Assume that M € (0,87) and consider the unique solution ny, of (L4]), which is also
the unique stationary solution of (L)) such that (L2) holds. For brevity, we shall omit to
mention the dependence of 1y, = noo a7 in M.

Let us differentiate with respect to M each term of Ane + V- (oo ) — V - (neo Vo) = 0,
where coo = G2 * noo. It is straightforward to check that goo := Oulogcs is such that
90,0 Coo = G2 % (f0,0 o) and L foo = 0. Since

6000_% ‘x‘z

_ 12
ng ec=—3 121" gy

it is clear that ggo is non-trivial, and therefore fyo = Oarlogn is a non-trivial solution to

Lf=0.
By computing
0

:8—:171

and observing that

—Aceo =M

= Neo »

0

<An°° + V- (2nx) = V- (neo Vcoo)> with — A <ac°°> _ Oneo

8—2171 _al‘l

a—mlv-(xnw) = o, + V- <:17 o, > ,

we obtain that fi 1 := 0;, log n associated with g1,1 = é 0z, Cxo 1s an eigenfunction of £, such
that —L f1,1 = fi,1. The same observation holds if we differentiate with respect to z;, i = 2.

Next consider the dilation operator D := x-V. If a is a vector valued function, an elementary
computation shows that

D(V-a)=V-(Da)—V-a.
Since a = Vo, 4 T Noo — Moo Ve 1 such that V-a = 0, we get D (V-a) = V- (D a) and hence
0:D<Anw+v-($noo)—V'(nochoo)> :V-D<Vnoo+:nnoo—nochoo>.

Next, we observe that
D (Vi) =V (Dns) — Vi



ASYMPTOTIC ESTIMATES FOR THE KELLER-SEGEL MODEL 11

so that
VD (Vng) =A(Dneo) — Aneo -
It is also straightforward to observe that
D(zney) =2no +xDne and D (Vew) =V (Deo) — Vo -
Let fo1 =1+ % Dlogne, =1+ ﬁ D neo. By writing D (Acs + o) = 0, we get
—A(Dcx) + 200 =Dnoe =2(fo1 — 1) neo

since
D (Ac)=A(Dc)— 2Ac.
Hence, using the fact that 2 Acyy = —2n, the function go; := é (—A) Y (noo fo1) is given
by
Coo0 90,1 = §Dcoo .
Collecting these identities, we have found that

2N L (D lognes) — V - [Vnoo — T Noo — 2Neo <V(coo go,1) — Vcoo> 4+ Neo D (Vcoo)] =0.
Using
2<V(cw go.1) — Vcoo) — V(D) — 2Vea = D (Vews) — Vew |
this gives
Noo L (D 1og neo) — Ange + V- (2 Nop — Neo Vo) =0 .
Hence, owing to the fact that D logne, =2 (fo,1 — 1) and
Noo £ (D lognes) =210 Lfo1 +2V - (N Vess)
we get

— 2N L fo1 = —Anoe + V- (2 Noo + No Vo)

D
=2V (2700) = 47100 <1+ 2”""

) =4ns fo1 -

We have finally found that —£ fo1 = 2 fo,1, which completes the proof. O

Noo

Remark 1. The fact that 1 and 2 are eigenvalues of L was known in the limit M — 04 : see [§].
It is remarkable that these two eigenvalues are independent of M but this can be explained by
noticing that the corresponding eigenfunctions are associated with invariances of the problem
before rescaling.

The functions Oy, lognee, @ = 1, 2 correspond to the invariance under translation in the
directions x;. A decentered self-similar solution would converge in self-similar variables to the
stationary solution, in relative entropy, exactly at a rate e=*, thus showing that A\i1 = A2 =1
are eigenvalues by considering the asymptotic regime.

The function D lognes is associated with the scaling invariance. In original variables, a
scaling factor corresponds to a translation in time at the level of the self-similar solution and it
can easily be checked that, in self-similar variables, a solution corresponding to the stationary
solution rescaled by a factor different from 1 converges, in relative entropy, exactly at a rate

e~ 2t thus showing that Ao,1 = 2 is also an eigenvalue by considering the asymptotic regime.
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4.2. The kernel of the linearized Keller-Segel operator £. By definition of n,, we know
that log ne, = ,uo(M)—l—coo—% |z|2, so that fo.o = uH(M)+go.o ceo Where goo = Opr log coo is such
that —A(g0,0 o) = —Afo0 = f0,0M. The normalization constant s is determined by the
condition that M = [ps oo dar, that is pg = log M —log ( [pe ecoo—lal?/2 dz). By differentiating
with respect to M, we also get that

1
lu’é)(M) = M |:1 - /RQQO,OnooCoo d$:| .
The function f = fyo solves £ f = 0 and is such that the equation for g = f/c reads

—Af=ncf.

It is not a priori granted that such an equation has at most one solution, up to a multiplication
by a constant. The uniqueness issue is the purpose of our next result.

Proposition 9. The kernel Ker(L) is generated by foo = Onlognes, which is the unique
solution in L?(R%,ne dx), up to a multiplication by a constant, to

—Afo,0 = f0,0 "o -

Proof. We have already seen that fpo € Ker(L). It remains to prove that Ker(L) is one-
dimensional. Let f be such that £ f =0 and g = ¢3! G * (f noo). An elementary computation
shows that
0 :/ Lf(f—9gcoo)noo dx :/ IV(f — gcoo)|* neo dz
R2 R2
thus proving that f = g co + 1 for some real constant yf, (depending eventually on M, with
the same notations as above). Hence any solution of £ f = 0 has to solve

Hf=0

where H := —A — ny is a Schrodinger operator with potential n.., at least if one assumes
that V(f — G2 * (f noo)) belongs to L%(ne, dr). As we shall see later in the discussion of the
domain of definition of £, this is indeed a natural assumption. Altogether, we are interested in
characterizing the ground state of the Schrodinger operator H (with energy level 0) and prove
that it is uniquely determined, up to a multiplication by a constant. It is clear that H has no
negative eigenvalue, otherwise the free energy functional

Fln] = [ n1og (n ) ot [ 00e) = el T = 0l (00) — el sy

would not achieve its minimum for n = nq, (see [10] for a proof).

Since ne is radially symmetric (see for instance [I0] for a summary of known results),
Schwarz’ symmetrization applied to H shows that the ground state is radially symmetric. The
function n., seen as a potential, is smooth. By standard elliptic theory, the ground state is
smooth as well. Hence, if f € H'(R?) solves H f = 0, it is uniquely determined as a solution of
an ordinary differential equation by the Cauchy-Lipschitz theorem, up to a standard analysis
at the origin. Indeed, by considering abusively n, and f as functions of r = |z|, we find that
f is given by

4+ +naef=0
f0)=1, f(0)=0

(up to a multiplication by an arbitrary constant). This concludes the proof. ]
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4.3. Functional setting and operators. In order to go further in the spectral analysis, to
define correctly the domain of the operator £, to justify the assumption that V(f —Ga*(f ne))
belongs to L?(ne dx) and to establish spectral gap estimates which are crucial for our analysis,
some considerations on the functional setting are in order. On L?(R? n., dx), let us consider
the quadratic form Q; obtained by linearization around n., that is

Qulf] = lim — Flnoo(1 + f)]

e—0 ¢

It takes the form

A= [ P des g [ @) na(o) Tog o =yl F) nec(a) dody.

As a consequence of its definition, Qq is nonnegative.

Lemma 10. Assume that M € (0,8 7) and consider neo defined by (L4). Then

// Z) neo () log |z — y| f(y) noo(y )dazdy—/ f Moo gCoo da;</ If|? oo dz
R2xR2
for any f € L?(R?,ns dz), where g coo = Ga * (f noo). Moreover, if

(4.3) / f fooneo dz =0,
R2
then equality holds in the above inequality if and only if f = 0.
Notice that, if f € L?(R?, ne dzx) is such that

(4.4) fne de=0,
R2

then (£2) can be written as

(4.5) /R V(g o) da < /R 2 nee da

It is indeed well known that V(gcs) is in L%(R?,dx) as a solution of —A(gcs) = fneo only
if ([4.4) holds. Lemma [I0] will be improved in Section [B] (see Corollary [I8]); the proof of such a
result is independent of the remainder of this section.

Proof of Lemma[I0l To prove (£2]), we recall that the free energy n +— F[n| achieves its min-
imum for n = ny, according to the logarithmic Hardy-Littlewood-Sobolev inequality (see [22]
for detailed considerations on this formulation of the inequality), and observe that Qi[f] > 0
for any smooth function f with compact support satisfying (£.3]). The inequality then holds for
any f € L?(R? ns dx) by density of smooth functions with compact support in L?(R?, n. dz).

If equality holds in ([@2]), then the Euler-Lagrange equation amounts to —Af = f n.,, which
characterizes the kernel Ker(L) according to Proposition 0

By [@2), Q1[f] is nonnegative, and positive semi-definite on the orthogonal of the kernel
of £, for the natural scalar product on L?(ns dzx), i.e. for any f € L?(ne dz) such that (@3]
holds. Using previous notations, we may write

:/R2f(f_gcoo)n°°dx with  gcoo = G2 * (f neo) -

If [@4) holds, we can also observe that

[f] = /]R |f|? oo dz — /R V(g coo)|? duz .
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To Q1 we associate its polar form L; defined on smooth functions with compact support such
that (Z3) holds and define its Friedrich’s extension on L?(n., dz), that we still denote by L;.
By construction, L; is a positive self-adjoint operator with domain D(L;) C L?(ne dz). On
D(L;), we shall denote by (-, -) the scalar product induced by L;. Explicitly, this means that

)= [ Fnados o [ @ nae) Yozl = ol Flo) nacty) dedy

The scalar product (-, ) induced by L; is defined on the orthogonal of fj o, but can be extended
as a bilinear form to L?(ns dz). If f € L?(no dx) is such that (@) holds, then we notice that

<f7f0,0> = /sz(fQO — Gy *fo’o)noo dr =20

because fo.0 = G2 * (f0,0 noo) + p1f- With these notations, notice that we have
for any f € D(L;), with equality if and only if f = 0.

We can also define the quadratic form Qs as
. 1
Qulf] = [ V0~ gem)Prn do with g = Gax(fne).
R 00

As for Qq, we define Q2 on the set of smooth functions such that (£3]) holds and extend it.
The associated self-adjoint nonnegative operator is denoted by Ly and it is again a self-adjoint
operator, with domain D(Ls) C L?(ne d).

Proposition 11. With the above notations, the restriction of L to D(Ly) is a self-adjoint
operator for the scalar product (-,-) with domain D(Ly), such that

(f,.Lf)=—Qa[f] V[eD(y)
and Ker(£) N D(L2) = {0}.

Remark 2. The function foo is an eigenfunction of L but this is not the case of f = 1. With
the notations of Section[f1), the functions fo1 and fi; are orthogonal to f =1 in L*(R? ny dx)
fori =1, 2, but this is not the case neither for foo.

4.4. The spectrum of L is discrete. We define

Ay = in nd A= lim mn :
VT fep(langoy Qulf] d s fe D(Lff) \ {0} Qulf]
supp(f) € R*\ B(0, R)

First, let us give a heuristic approach of the problem. As an application of Persson’s method
(see [36]), the bottom of the essential spectrum of £ can be characterized as

inf Gss (L) = Ao -

To prove that £ has a spectral gap on D(Lz), it is enough to show that A is positive: either
A = Ay, or Ay < A, is a nonnegative eigenvalue, which cannot be equal to 0. This is
summarized in the following statement.

Proposition 12. With the above notations, Ay is positive and

(4.6) A Quf) € Qulf] Y f e D(Ly).
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For any f € D(Ly), if (£4) holds, then Inequality (6] can be reformulated as

A / 2o d < / V(f — g o) g di + Ay / V(g co)|? da
R2 R2 R2

The proof of Proposition [I2] can be done by considering £ as a perturbation of the operator
fr>n V- (ne Vf) defined on L?(R% n., dx). This was the method of [§]. However on such
a space L is not self-adjoint and justifications are delicate because of the logarithmic kernel,
away from the small mass regime.

In practice, Persson’s method is not well designed either to handle convolution operators,
although it can probably be adapted with little effort. This may even have been done, but we
are not aware of such a result. Moreover, as we shall see below, we have: Ay, = oo, which
further simplifies the proof. For these reasons, we will therefore give a direct proof, based
on some of the tools of the concentration-compactness method (see [29, [30] 31, B2, B3]) and
adapted to the case of a bounded measure, ny, dz, as in [9]. In that framework, A, corresponds
to the problem at infinity. For simplicity, let us split the proof into Lemmas [I3] and [I4]

Lemma 13. With the above notations, Ay, = 0.

Proof. Recall that

6600_% ‘w‘z

Noo = M PRy
Je €®>72 P da

where coo = (—A) ! ny is such that

. M
limsup | coo () + = log ||| < oo .
|x|—o00 2m

As a consequence, we know that

|z

Noo(X) ~ |x| ™ e 2 as |z| — 400, with a= o

™

We can expand the square |V(f — gcso)|? and get
Qulfl = [ IV( = gen)l o da
:/ IV 1% o da:—i—/ V(9 coo)|? N diz
R2 R2
+2 fV(gcoo)-Vnood:E—2/ (= Ages)) noo dz .
R? R?
Assume that f is supported in R? \ B(0, R), for R > 0, large. Then
[ 1(=age) nedo= [ |50 ds
R? R?
< sup @) [ [P do e B [P0 do
R2 R2
on the one hand, and we know from Persson’s method that

fR2 IV f|?neo do

lim inf =
B feply\ (o JelPreds
supp(f) C R*\ B(0, R)
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on the other hand, so that, for any € > 0, there exists R > 0 large enough for which

/R2|f|2noo d:ngz—:/R2|Vf|2noo dx

for any function f € H'(R? ny dzr). Equivalently, we can write that there exists a positive
function R — ¢(R) such that limp 1~ c(R) =0 and

0< [ 1(=Alge)no do < R (R)

for any function f € H' such that supp(f) € R?\ B(0, R).
Assume first that Condition ([4.4]) is satisfied. We notice that

fV(gcoo) - Ve dx
]R2

§2/Rz\f\/@\ V(g cs0)] [(Vew — 2) /i) da

can be estimated by

fV(gcso) - Vne dx
R2

1/2
<2 s |(Vew = ) Vitwe| ([ 1P ds [ [9(gen o)

|z|>R

As a consequence of ([@H), we find that

fV(gco) - Vng dx

<2 sup [(Vew =) Viie] [ 117 da
R2

R2 |z[>R

<2 sup [(Vew — ) Vino| &(B) [ [Vf o da
R2

|z|>R

On the other hand, since Condition (4.4)) is satisfied, we know for free that

Ql[f']:/R2 ]f]znooda:—/R2\V(gcoo)]2da;S/R2\f\2noo dr .

As a consequence, we have obtained that

lim inf Q[/] = lim inf fRz ]Vf]znoo du =
Rooo feD(Ly)\ {0} Qlfl Roe feDLy))\ {0} Jez [f P 10 dc ’
supp(f) C R*\ B(0, R) supp(f) C R*\ B(0, R)

which proves our claim.

If Condition (4] is not satisfied, the proof is more complicated. By homogeneity, there is
no restriction to assume that % ng f?ne dz = 1. Let 6 := ﬁ fR2 fne dr and f:= f—0,
g:=g—06. Then fR2 fne dr = 0. Notice that, by the Cauchy-Schwarz inequality, we have:

0 € [—1,1]. Moreover, if 6 # 0, then B(0, R) is contained in supp(f).
With these notations, we first have to estimate

fV(gcoo)-Vnoodx:29/ f\/ﬁchoo'V\/ﬁooda;+2/ FVne V(dces) - Vi/ng, dx .
R2 R2 R2

By the Cauchy-Schwarz inequality, we have

/ fVeo - Vi/ng dx
R2

2
S/ s dw/ Voo Vo | da
R2 R2\B(0,R)
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and it is simple to check that the last integral in the right hand side converges to 0 as R — oo.
The second integral can be estimated as before by writing

2
/ PV V(i) - Vi dz| < sup [V |? / P e da / V(5 coo)? da
R2 R2 R2

|z|>R

and by recalling that ng | f |2neo dz = M. From these estimates, we conclude that

lim inf Qa[f] = 0.

Roee f e D(Ly) \ {0}
supp(f) C R*\ B(0, R)

We also need to estimate Qi[f] and this can be done by showing that
1
il =M+ 5 [ (Fe)@) togle— ] (7 10)0) dndy
™ R2xR2

is bounded from above if we still impose that [gs |f|* neo dz = M. Using the crude estimate
2logle —y| <o —y> <2(jaf’ +[y*) V(z,y) € R* xR?

and, as a consequence,

// (F noe)(a) ogla = o] (Fro)) dedy <2 [ fne do / yl2 (f moo) () dy
R2 xR2 R2 R2

we conclude by observing that
1/2
Neo dX
\B(0,R)

1/2
and /R2 yI? (f neo)(y) dy < VM </R ly[* nse dy)

both converge to 0 as R — oo. g

fnoodznﬁ\/M(/
R2 R

\B(0,R)

Lemma 14. With the above notations, A1 > 0.

Proof. Tools for the proof of this lemma are to a large extent standard in concentration-
compactness methods or when applied to models of quantum chemistry like in [I7], so we
shall only sketch the main steps and omit as much as possible the technicalities of such an
approach. We will actually prove a result that is stronger than the one of Lemma 14k A; is
achieved by some function f € D(Ls).

Consider a minimizing sequence (f,)nen for the functional f — Qa[f]/Q1[f] defined on
D(L2) \ {0}. By homogeneity, we may assume that fR2 f%ne dz =1 for any n € N, with no
restriction, while Qa[f,,] is bounded uniformly in n € N. Let F), := f,, /n.,. In the framework
of concentration-compactness methods, for any given € > 0, it is a standard result that one can
decompose F;, as

F,=FY+F?+F,

/ |FV 12 da +/ \F2) 2 da +/ |Fo|? da =1
R2 R2 R2

where F,gl), F? and F, are supported respectively in B(0,2 R), R?\ B(0, R,) and B(0,2 R,,)\
B(0,R), R, > R > 1, lim,,_,o, R, = 00,

for any n € N, with

/|F,gl>|2d:nze—e and /|F,§2>|2dx21—9_5
R2 R2
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for some 6 € [0, 1], which is independent of e. As a consequence, we also have that [, |1;TL|2 dr <
2¢e. A standard method to obtain such a decomposition is based on the IMS truncation method,
which goes as follows. Take a smooth truncation function x with the following properties:
0<x <1, x(z) =1for any x € B(0,1), x(z) = 0 for any € R?\ B(0,2), and define
xr(7) == x(z/R) for any # € R?. Then for an appropriate choice of R and (R, )nen, We can

choose
FY =xgF, and F® =,/1—x% F,.

If # =1, then (Fygl))neN strongly converges in L?

loc

liminf [ |VF,|* dx > / |VF|? dz and / F?de>1—c¢.
R2 R2

n—o0o R2

(R2,dz) to some limit F' and we have

Now we repeat the argument as € = ¢,, — 04, take a diagonal subsequence that we still denote
by (F},)nen, define

Fr(Ll) = Xp Fy, F7(12) - \/%Fn and F, = F, — Fr(zl) - F,(LZ) )

where lim,,_ R%l) = +oo and Rg) > 2R511) for any n € N. Since limits obtained above
by taking a diagonal subsequence coincide on larger and larger centered balls (that is when R
increases), we find a nontrivial minimizer f = F/\/n_, such that [po F? dz = [po f*neo da =1,
since all other terms are relatively compact. Notice that Qi[f] > 0 because the condition (Z3])
is preserved by passing to the limit. Hence A; is achieved and we know that A; is positive
because Q is positive semi-definite. N

Assume now that 8 < 1. We know that fR2 |Fy|? do < 2¢, and hence

lim |Fo|? dz=0.
n—oo R2

It is not difficult to see that cross terms do not play any role in the integrals involving con-
volution kernels, as it is standard for Hartree type (or Schridinger-Poisson) models. As a
consequence, we can write that

lim Qulfa] = lim QufV)+ lim Qu[ff?)]
where fy(f) = F,ﬁ“/\/ﬁw, i =1, 2. Proceeding as above, we may find a limit f of (f,sl))neN, in
L?(ne dx). Tt is then straightforward to observe that
(2)
Ay = tim 2ol gy QQ[fHQ?[f’(‘Q)] .
n—oo Qq[fn] ~ n—oo Q] + Qi[£Y]

If 6 > 0, we know that Qz[f] > A1 Q1[f] and lim,, Qg[f,sz)]/Ql[ 7(L2)] > A1 by Lemma [I3] so

that lim,, . Q2] f,s2)] = 0 and f is a nontrivial minimizer: we are back to the case # = 1, but
with a different normalization of f. If # = 0, it is clear that Q;[f] = 0 and we get

()
A > lim Q| ?2)] =
again by Lemma [I3] a contradiction with the fact that Qo[f]/Qi[f] takes finite values for
arbitrary test functions in D(Lz) \ {0}. This concludes our proof. O

Remark 3. For any k € N, k > 1, define the Raleigh quotient

Ak = inf Q2[f]
f€D(Ly) \ {0} Qi[f]
(Finf)=0,7=01,..k—1




ASYMPTOTIC ESTIMATES FOR THE KELLER-SEGEL MODEL 19

where f; denotes a critical point associated to Aj. Critical points are counted with multiplicity.
Since the orthogonality condition (fj, f) = 0 is preserved by taking the limit along the weak
topology of L?(neo dx), building a minimizing sequence for k > 1 goes as in the case k = 1. It
is easy to check that Ay is then an eigenvalue of L considered as an operator on D(Lg) with
scalar product (-,-), for any k > land limy_, Ay = 0.

4.5. A spectral gap inequality. We are now going to prove that Ineq. (4.6]) holds with
Ay =X = 1,4 =1, 2. This is our first main estimate.

Theorem 15. For any function f € D(La), we have
Qi[f] < Qaf] -
Recall that, with the notations of Section dl Q1[f] = (f, f) and Qz[f] = (f, L f).

Proof. We have to compute the lowest positive eigenvalue of L. After a reformulation in terms
of cumulated densities for the solution of (3]) and for the eigenvalue problem for £, we will
identify the lowest eigenvalue Ao = 2 when L is restricted to radial functions, and the lowest
ones, A\i;1 = A12 = 1, when £ is restricted to functions corresponding to the £ = 1 component
in the decomposition into spherical harmonics.

Step 1. Reformulation in terms of cumulated densities.

Among spherically symmetric functions, it is possible to reduce the problem to a single
ordinary differential equation.

Consider first a stationary solution (1., cs) of (L3) and as in [4] or [3] (also see references
therein), let us rewrite the system in terms of the cumulated densities ® and ¥ defined by

1
Dd(s) :i= — Neo(x) dx |
)= 5 B(0,V3) )
1
U(s):= — Cool() dx .
)= o B(0,\/5) )

Notice that ®(s) = 5= M.(ws) for e = 0, with the notations of the proof of Theorem @l The
motivation for such a reformulation is that the system can be rewritten in terms of a nonlinear,
local, ordinary differential equation for ® using the fact that n. is radial. With a slight abuse
of notations, we can consider ny and ¢y, as functions of r = |z|. Elementary computations
show that

noo(v/5) = 20/(s) and nh(v3) = 415 9" (s),

coo(Vs) =2W'(s) and i (V/s) =4V/s¥(s).
After one integration with respect to r = /s, the Poisson equation —Ac,, = ne can be
rewritten as

—Vs o (Vs) = ®(s)
while the equation for n., after an integration on (0,r), is
B (V/5) + V3 N0 (V5) — ool(v/5) i (v/5) = 0.
These two equations written in terms of ® and ¥ are
450" =&
and
q)//_’_lq)/_ 2@/\:[///
5 .
After eliminating U”, we find that ® is the solution of the ordinary differential equation

1 1
4.7 O+ P+ —PD =0
(4.7) +2 +2s
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with initial conditions ®(0) = 0 and ®(0) = £ n(0) =: a, so that all solutions can be para-
metrized in terms of a > 0.

Consider next the functions f and g involved in the linearized Keller-Segel system ([L3]) and
define the corresponding cumulated densities given by

1
o) =g [ (el d
W(s) = (g¢)(@) da
27 JB(0,v3)

If gcoo = (—A) 71 (fnso) and f is a solution of the eigenvalue problem
—Lf=Af,

then we can make a computation similar to the above one and get
!/

(oo Y(V3) = 26/(5) . (e J)(V3) = 4150 (5) = 272(V/5) 9/(s)

(9co0)(v's) =24¢/(s) and (geo)'(v's) =459 (s) -
The equations satisfied by f and g are
—Vs(gc0) (V) = é(s)
and
V3 (oo /) (V3) = s (9600 (V3)) + A (s) = 0.

These two equations written in terms of ¢ and 1 become

—481/1/,:(;5

and
q)//
4SGW—E;d—2@%M>+A¢:0.
After eliminating 1", we find that ¢ is the solution of the ordinary differential equation

@ A+29

!/ /

¢ — — ¢ + $=0.
q>/ 4 S

Taking into account the equation for ®, that is
@//

1
o 2

Lo
25’

we can also write that ¢ solves

s o S+® , A+29
(4.8) " + 53 ¢+ 1s $p=0.

Recall that the set of solutions to (7)) is parametrized by a = ®'(0). It is straightforward to
remark that ¢ = %CP solves (L8) with A = 0. The reader is invited to check that s — s ®'(s)
provides a nonnegative solution of ([4.8) with A = 2.

Step 2. Characterization of the radial ground state.
It is possible to rewrite (48] as
d Ao\ A +20 . s 1 [* (o)
4 (ot 99 o) 0 with =5 —/—d .
7 <e ds>+ 1s © ¢»=0 with af(s) 515 o o
The equation holds on (0,00) and boundary conditions are ¢(0) = 0 and lims_,~ ¢(s) = 0. By

the Sturm-Liouville theory, we know that A = 2 = Ag 1 is then the lowest positive eigenvalue
such that ¢ is nonnegative and satisfies the above boundary conditions.
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In other words, we have shown that the function fp; found in Section [4.I] generates the
eigenspace corresponding to the lowest positive eigenvalue of L restricted to radial functions.

Step 3. Spherical harmonics decomposition.

We have to deal with non-radial modes of L. Since ny, and co, are both radial, we can use
a spherical harmonics decomposition for that purpose. As in [I3], the eigenvalue problem for
the operator £ amounts to solve among radial functions f and g the system

w1 k? / / /
- —;f +T—2f+(7"—coo)(f —(9c)) —nec f=AF,
n 1 / k?
—(9¢s0) _;(gcoo) +ﬁ(gcoo):noofy

for some k € N, k > 1. Here as above, we make the standard abuse of notations that amounts
to write ns and ¢ as a function of r = |z|. It is straightforward to see that k = 1 realizes the
infimum of the spectrum of £ among non-radial functions. The function f = —nl_ provides a
nonnegative solution for k = 1 and A = 1. It is then possible to conclude using the following
observation: f is a radial C? solution if and only if r — r f =: f(r) solves —Lf = (A+ 1) f
among radial functions, and we are back to the problem studied in Step 2. The value we look
for is therefore A =1 = A1 = A1 2.

—_—
—
—_
—_
—_—
—_—
—_—

—
—_
—
—_—

FiGURrE 1. Using a shooting method, one can numerically compute the lowest
eigenvalues of —L for k = 0 (radial functions, plain curves) and for the k = 1
component of the spherical harmonics decomposition (dashed curves). The plot
shows that 1 and 2 are the lowest eigenvalues, when mass varies between 0 and
87 ~ 25.1327. See [13] for details and further numerical results.

In other words, we have shown that the functions fi ; and f; » found in Section [L.I] generate
the eigenspace corresponding to the lowest positive eigenvalue of £ corresponding to k£ = 1.
We are now in position to conclude the proof of Theorem

Either the spectral gap is achieved among radial functions and Ay = 2, or it is achieved
among functions in one of the non-radial components corresponding to the spherical harmonics
decomposition: the one given by k = 1 minimizes the gap and hence we obtain A; = 1. See
Fig. 1 for an illustration. U

As a consequence of Step 2 in the proof of Theorem [I5] we find that the following inequality
holds.
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Proposition 16. For any radial function f € D(Lg), we have

2Qu[f] < Qa[f] .
where, with the notations of Section[f], Qi[f] = (f, f) and Qa[f] = (f, L f).

This observation has to be related with recent results of V. Calvez and J.A. Carrillo. As a
consequence, the rate e~ 2! in Theorem [I] can be replaced by e~ 4? when solutions are radially
symmetric, consistently with [I1, Theorem 1.2]. The necessary adaptations (see Section [6]) are
straightforward.

5. A STRICT POSITIVITY RESULT FOR THE LINEARIZED ENTROPY
Lemma [I0 can be improved and this is our second main estimate.

Theorem 17. There exists A > 1 such that
(5.1) A/ e (A (fnso) dxg/ |f1? noo dx
R2 R2

for any f € L?(R?,ny dz) such that @3) holds.

Proof. Let us give an elementary proof based on two main observations: the equivalence with
a Poincaré type inequality using Legendre’s transform, and the application of a concentration-
compactness method for proving the Poincaré inequality. Recall that by Lemma [I0] we already
know that (5.1]) holds with A = 1.

Step 1. We claim that Inequality (B.]) is equivalent to
(5.2) A [ |hPne dz < / |Vh|? dx
R2 R2

for any h € L?(R?,ny dz) such that the condition fRZ h fo,0 oo dx = 0 holds, i.e. such that h
satisfies ([4.3]). Let us prove this claim.

Assume first that (.2]) holds and take Legendre’s transform of both sides with respect to
the natural scalar product in L?(n dz): for any f € L?(R? ny dz) such that (@3] holds,

1 1
sup </ fhns do — = h% neg d:z:> > sup (/ fhne do — — |Vh|? d:z:>
h R2 2 Jp2 h R2 2N g2

where the supremum is taken on both sides on all functions h in L?(R?, n., dx) such that h sat-
isfies (43]). Since semi-definite positive quadratic forms are involved, the suprema are achieved
by convexity. For the left hand side, we find that the optimal function satisfies

f=h+ufoo

for some Lagrange multiplier 1 € R. However, if we multiply by fo,0 700, we get that p = 0, so
that the left hand side of the inequality is simply % fR2 f%no dz. As for the right hand side,
we find that the optimal function f is such that

1
A
for some Lagrange multiplier u € R. In that case, if we multiply by (—=A)™Y(fo.0n) = fo.0,
we get that

oo = —— Ah + 11 fo,0 oo

N/ fgo"oodl’:1 Ah(—A)_l(J"oonoo)dﬂﬁ:—l/ h fooneo dz =0
rR2 A R2 ’ A R2 ’

thus proving that 4 = 0 as well. Hence the right hand side of the inequality is simply
% Jgez foe (—A) 71 (f noo) da, which establishes (5.1)). It is left to the reader to check that
Inequality ([B.2]) can also be deduced from (5.1I) by a similar argument.
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Step 2. Let us prove that (5.2) holds for some A > 1. Consider an optimizing sequence
of functions (hy)n>1 such that fR2 h2n. dr = 1 and fR2 by, fo0 Moo dx = 0 for any n > 1,
and lim,, oo fR2 |Vhy,|? de = A. As in the proof of Lemma [[4, we are going to use the IMS
truncation method. Consider a smooth function y with the following properties: 0 < x < 1,
x(z) = 1 for any € B(0,1), x(x) = 0 for any = € R?\ B(0,2), and define xr(z) := x(z/R)
for any « € R?. It is standard in concentration-compactness methods that for any € > 0, one
can find a sequence of positive numbers (R,,),>1 such that

hgzl) = XRn hy and hg) =/ 1- X%{n I

and, up to the extraction of a subsequence, there exists a function h such that

/ VA2 dz > nA—¢ and / VA |2 de > (1 —n)A —¢
R2 R2

for some n € [0, 1], where the sequence (th))nzl strongly converges to Vh and

lim WD 2y de = h? neo dz =: 0
n—oo R2 R2

(this implies the strong convergence of (hg))nzl towards h in L?(ns dz)) because

d—2 2
Td d 4
/ WD 2 nyg do < </ ]hgl)]f_—dz Moo dx) / N dx
R2\B(0,R) R2 R2\B(0,R)

is uniformly small as R — oo by Sobolev’s inequality and because the last term of the right

hand side is such that limg_. s fRZ\ B(O,R) ngé2 dx = 0. Of course, we know that

nA > / |Vh|*> de > A6
R2
by definition of A. The above estimate also guarantees that

/ WD P node =1, >0 as n—oo.
R2\B(0,R)

By construction of (hﬁf))nzl and (h,(f))nzl, we know that |h,(11)|2 + |h,(12)|2 = |hy,|? and hence
0@ = 1. This also means that n = 1 and hence h is a minimizer, since the constraint passes to
the limit:

n— o0

/ h fo,0 oo dz = lim hy, fo,0 Moo dz =0 .

R2 R2

The function h is a solution of the Euler-Lagrange equation:
—Ah=Ahny .

By Proposition @ if A = 1, then h and fyo are collinear, which is a contradiction with the
constraint. This proves that A > 1. O

Notice that the functions n., and ¢, being radial symmetric, we know that a decomposition
into spherical harmonics allows to reduce the problem of computing all eigenvalues to radially
symmetric eigenvalue problems. This provides a method to compute the explicit value of A, at
least numerically.

Remark 4. Inequality (5.2)) is a Poincaré inequality, which has already been established in [12]
as a linearized version of an Onofri type inequality. This Onofri inequality is dual of the
logarithmic Hardy-Littlewood-Sobolev type inequality that has been established in [10] and ac-
cording to which the free energy functional F[n| is nonnegative. In this paper, we make use
of the linearized versions of these Onofri and subcritical (in terms of the mass) logarithmic



24 J.F. CAMPOS SERRANO AND J. DOLBEAULT

Hardy-Littlewood-Sobolev inequalities, and of improved forms that are obtained by requiring
some addition orthogonality constraints.

A straightforward consequence of Theorem [I7]is that we can estimate ng % neo dz in terms
of Qi[f] = [pe f (f — 9 o0) Moo daz. This result has been announced in [12].

Corollary 18. For the same value of A > 1 as in Theorem[I7, we have

A
g e do < 7 Qlf]

for any f € L*(R?,ny dx) such that @3) holds.

Proof. We may indeed write

Ql[f]:Ajzl fznooda:—i-—(/ \f\znoodx— /fnoo —A)_l(fnoo)da:>

and use the fact that the last term of the right hand side is nonnegative. O

6. THE LARGE TIME BEHAVIOR

This section is devoted to the proof of Theorem [II Our approach is guided by the anal-
ysis of the evolution equation corresponding to the linearization of the Keller-Segel system:
see Section The key estimates for the nonlinear evolution problem have been stated in
Theorem [I5] Theorem [I7, and Corollary Nonlinear terms are estimated using Corollary [7

6.1. A linearized evolution problem. We recall that the restriction of £ to D(L;) is a
self-adjoint operator with domain D(Ls), such that

(fLLf)=—-Qlf] VfeD(Ls).

and Ker(£) N D(Lg) = {0}
By Proposition [[], any solution (¢, z) +— f(¢,x) of the linearized Keller-Segel model

U—rf TER2, t>0,
~A(gc) = free TER?, t>0,
has an exponential decay, since we know that

LU, £, =2(5), £7(0,)

that is
SQIE )] = 2Qulf(t )] < ~2Qulf (1)
by Theorem Hence we obtain
Quf(t,)] < Qu[f(0,)]e”*" VteR".

Here we adopt the usual convention that Qa[f] = +o0 for any f € D(L;) \ D(L2).



ASYMPTOTIC ESTIMATES FOR THE KELLER-SEGEL MODEL 25

6.2. Proof of Theorem [l Asin [§], Eq. (L3) can be rewritten in terms of f = (n — ns) /Moo
and g = (¢ — ¢x)/Cx in the form of (A1), that is

)
8_{:gf_iwnmfwgcoo)] :

The computation for the linearized problem established in Section can be adapted to the
nonlinear case and gives

G QU] = =2Qulf (6] + 2 [ V(= geu) Fr - Vigess) do

with —2Qq[f(t,-)] < —2Qq[f(¢,-)] according to Theorem
As noted in Section E23] Condition ([@3) is satisfied, which means that (f, fo0) = 0. Indeed,
using the explicit expression of fy 0 = s log 1o ar, we recall that

G fon) = [ £ foanado— [ n (<8) (o) da
= / f(t,-) (Omnoo — Moo Onr Coo) dx
R2
1

= —<1+ OM Coo Moo da:) ft, ) neo dz =0
K R2 R2

because of the mass conservation.

To get an estimate on the asymptotic behaviour, we have to establish an estimate of the last
term of the right hand side, which is cubic in terms of f. For this purpose, we apply Holder’s
inequality to get

2
([ 90 —ge) P Vigen)dn) < Qulf) [ Procde V(e e -
R2 R2

Using Corollary [I8 we find that the right hand side can be bounded by

A
A1 Qi[f1Q2f] V(g Coo)HZLOO(RQ)
and limy—o0 [[V(9(t, ) Coo )|l oo g2y = 0 according to Corollary [l Therefore, there exists a
positive continuous function ¢ — 6(t) with lim;_ . 6(¢) = 0 such that

%Ql[f(t,-)] < = 2Qu[f(t, )] +8() VQuUF ()] Qalf (£,)] < (8(2) — 2) Qal£(2, )]

where the last inequality is a consequence of Theorem For some t, > 0, large enough, we
have that 6(¢) — 2 < 0 for any ¢ > t, and by Theorem [T again, we get that

S Q] <~ 2 - ) Q)] Vo>t
thus proving that limy_, Qi[f(¢,-)] = 0. Now we can give a refined estimate of the decay of
IV (9 coo)|| oo (2)- Applying Lemma [6 with € = 1, we get that
199 coo)llpoeqzy < € (I1F ool ey + 11 mocll ey ) -
Using Holder’s inequality, we find that
1f nooll 12y < VM Hf\/ﬁooHLZ(RQ) ,

2/3
1 nocll ey < [1F Vel [Farge) I1f moollfo ey ool 2 ey -
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According to Corollary [I8] || f \/ﬁooHiz(Rz) is bounded by ﬁ Q1[f], so that

5(t) < O(QuIf(t,))*?) as t—o0.
As a consequence, we finally get that

limsup e?* Qq[f(t,-)] < o0,

t—o00

which completes the proof of Theorem [Il O

Remark 5. From the estimate of Theorem [, we can deduce uniform rate of convergence.
Indeed, by repeating the computations of Section [3, we may now give a refined estimate of
R(t). From Theorem [, we deduce the estimates

1
s, nsl? N VO
— 7 = dx
- 2 1—e 2t

Neo

e, = el < (Ineclisges |

’TL(S, ) B 77,00’2

1
P
(s, <) = nooll Lo (r2) < <|Hn(s, ) = Moo [P "ooHLoo(R2)/ dﬂ?) = O(e™%/P)

R2 Neo

Moreover, the equivalence of Qi[f] with [ge f*>nos dz and Theorem [ shows that
IVe(s,-) — VcoonLg(Rz) =0 ™) as s— o0,

and, as a consequence of Corollary 7,
IVe(s,-) = Vool Lamey = O(e™1) as s— 0.

Hence with p =2q = ;’_—’“1 we have shown that

2(r—1)
[n(t,-) — noo”Loo(R?) =0 <€_ 3r t) as t— o00.

Reinjecting this estimate in the above ones, we can even get an improved rate of convergence.

7. CONCLUDING REMARKS

As a conclusion, let us summarize the main novelties of the method developed in this paper.

(a) Symmetrization and comparison with the symmetrized problem are applied in rescaled
variables, and not in the original ones as was done in previous papers. As a consequence,
algebraic decay estimates in the original variables are obtained, and not only bounds.

(b) These estimates are sufficient to reduce the nonlinear problem to a linearized one. Still
one has to understand the spectrum of the linearized operator.

(c¢) As a consequence of the invariances of the original equation, the three lowest modes can
be identified. They are independent of the mass (which is not the case for the other
ones).

(d) Our results strongly rely on new, sharp functional inequalities. Getting sharp loga-
rithmic Hardy-Littlewood-Sobolev inequalities in the subcritical range of masses is a
consequence of previous papers, but the fact that it has to be done in self-similar vari-
ables (after rescaling) has to be emphasized. The Onofri counterpart, which is obtained
by a Legendre transform, has been established recently in [I2] and is of independent
interest. Linearization of both inequalities allows us to establish sharp spectral gap in-
equalities (and improvements under orthogonality constraints) that are crucial for this
paper and may prove to be useful for other mean field type problems.
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(e) As far as we know, proving that the linearized operator is self-adjoint in the functional
space corresponding to the linearization of the free energy (which is a Lyapunov func-
tional) is a natural idea, but has not been exploited yet in this class of problems. The
scalar product is new, non-trivial, and we are not aware of the use of similar tools in
problems with a mean field term.
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