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Article history: The Keller-Segel system describes the collective motion of cells that are attracted by
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! drift-diffusion equation for the cell density coupled to an elliptic equation for the chemo-
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attractant concentration. This paper deals with the rate of convergence towards a unique
stationary state in self-similar variables, which describes the intermediate asymptotics of

fg?l/]vevffgjgel model the solutions in the original variables. Although it is known that solutions globally exist
Chemotaxis for any mass less 8, a smaller mass condition is needed in our approach for proving an
Drift-diffusion exponential rate of convergence in self-similar variables.
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1. Introduction and main results

In its simpler form, the Keller and Segel system reads

au
ﬁzAu—V-(qu) xeRz,t>0,

—Av=u xeR%, t>0, (1)
u(,t=0=n9g>0 x e R2.

Throughout this paper, we shall assume that

no € L} (R?, (1 +|x/%) dx), nologng € L'(R?,dx), and M:= / no(x)dx < 8. (2)

R2
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These conditions are sufficient to ensure that a solution in a distribution sense exists globally in time and satisfies
M = [pau(x,t)dx for any t > 0, see [9,7,4]. In dimension d =2, the Green kernel associated to the Poisson equation is a
logarithm and we shall consider only the solution given by v = —% log| - | % u. Such a non-linearity is critical in the sense
that the system is globally invariant under scalings. To study the asymptotic behaviour of the solutions, it is therefore more
convenient to work in self-similar variables. Define the rescaled functions n and c¢ by

1 X X
ux,t) = ———n| —, t(t and v(x,t)=c| —, t(t 3
(x,0) 0 <R(t) ()) (*, 1) (R(t) ()) (3)
with R(t) =+/1+ 2t and t(t) =logR(t). The rescaled system is
]
5:An—V-(n(Vc—x)) xeR2, t>0,
1
c=——Ilog|-|*n xeR% t>0, (4)
2
n,t=0=nyg >0 x e R%.

Under assumptions (2), it has been proved in [4] that
Jim .40 = necf s 2, =0 and - Hm [ Ve, 40 Ve | 52, =0
where (no, Cx) is the unique solution of

Coo—Ix2/2 1
Moo =M—————— = —ACoo, Withcoo =—=—10g| | *Neo.
%) fRz eCoX2/2 gy ) 00 o gl | )

Moreover, ny, is smooth and radially symmetric. The uniqueness has been established in [2]. Notice that, as a direct calcu-
lation shows, Vi, = nso(Veao — X) and therefore (ny, o) is a stationary solution of (4). As |x|] — 400, N is dominated

by e~(1-9X*/2 for any € € (0, 1), see [4, Lemma 4.5]. From the bifurcation diagram of Mool oo g2y as a function of M, it
follows that

Mli_)ITa+||noo”LOC(R2) =0. (5)

Under the assumption that the mass of the initial data is small enough, we first obtain estimates of the time decay rate
of the LP-norms of the solution u of (1). Similar bounds have been obtained in several papers on Keller-Segel models such
as [12,11,6] (also see references therein). The interested reader may refer to [1,13] for recent results relating the parabolic—
parabolic and the parabolic-elliptic Keller-Segel systems. Nevertheless none of these previous works deals with (1). See
Remark 2 below for more details. In a second step we prove the convergence of n(t) to ny, in the weighted Sobolev space

H1(e|"|2/4 dx) as t — +oo. Finally, we establish our main result, an exponential rate of convergence of n(t) to ny in Lz(n;}):
Theorem 1. There exists a positive constant M* such that, for any initial data ng € L2(ngo1 dx) of mass M < M* satisfying (2), the
rescaled Keller-Segel system (4) has a unique solution n € CO(R™, L1 (R%)) N L*®((t, 00) x R2) for any T > 0. Moreover, there are

two positive constants, C and §, such that

d
/In(x,t)—noo(X)l2 X_<ce veso0.
]RZ

Noo(®)
As a function of M, § is such that limp .o, §(M) = 1.

Remark 1. As it has been proved in [7,4,3], the condition M < 87 is necessary and sufficient for the global existence of the
solutions of (1) under assumption (2). The extra smallness condition in Theorem 1 appears at two levels in our proof:

1. We first prove a uniform decay estimate of the solution of (1) by the method of the trap. Our estimates and the version
of the Hardy-Littlewood-Sobolev (HLS) inequality we use require that M < M1 for some positive, explicit constant M.
This question is dealt with in Section 2.

2. Rates of convergence in self-similar variables are given by the spectral gap of a linearised operator, denoted by £, which
is associated to (4). This gap is estimated by a perturbation method, which gives two further restrictions on M. See
Sections 4 and 5.

The first occurrence of an extra smallness condition, in the proof of the sharp time decay of the LP-norms, is not surprising.
It appears in several similar estimates as for example in [12,11,6] and references therein. On the other hand, the estimate
of the spectral gap of the linearised operator L is rather crude. See Remark 4 for more comments in this direction.
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Fig. 1. The method of the trap amounts to prove that H(z, M) < 0 implies that z= ¥ (t) is bounded by zo(M) as long as H(zo(M), M) > 0, i.e. for M < Mo(p).
For some p > 4, the plots of the functions z+— H(z, M) with M < M(p) and z+> H(z, Mo(p)) are shown above.

Under a smallness condition for the mass, we shall also obtain a uniqueness result for the solutions of (4), see Section 5.
For sake of simplicity, we shall speak of the solution of (4), but, in the preliminary results, the solution has to be understood
as a solution of the system which is achieved as a limit of an approximation procedure, as in [9,4].

Our results are actually stronger than the ones stated in Theorem 1. We can indeed consider any solution of (4) as in [4]:

neC'(RT, L(R?)),
nlogn, n|x*> € L (R, L'(R?)),
2V/n+xv/n —/nvee L' (R, 12 (R?)),

and prove all a priori estimates by standard but tedious truncation methods that we shall omit in this paper.

2. Decay estimates of u(t) in L (R?)

In this section we consider the Keller-Segel system (1), in the original variables.

Lemma 2. There exists a positive constant M1 such that, for any mass M < M1, there is a positive constant C = C(M) such that, if
u e CORT, LV (R?)) NL® (R x R?) is a solution of (1) with initial datum nq satisfying (2), then

loc

|u® || o2y < CET1VE>O.

Proof. The result of Lemma 2 is based on the method of the trap, which amounts to prove that H(t|[u(:, t)|l oo 2y, M) <0
where z+— H(z, M) is a continuous function which is negative on [0, z;) and positive on (z1, z2) for some z1, z; such that
0 <21 <23 <oo0. Since t > tlu(, )|l (g2, is continuous and takes value 0 at t = 0, this means that t|ju(-, t)|| ;oo (r2) < 21 <
zo(M) for any t > 0, where H(zo(M), M) = sup,(,, -,; H(z, M) > 0. See Fig. 1.

Fix some to > 0. By Duhamel’s formula, a solution of (1) can be written as

¢
u(x,t0+t):/N(x—y,t)u(y,to)dy+//N(x—y,t—s)V-[u(y,to+s)Vv(y,to +s)]dyds (6)
R? 0 R2

where N(x,t) = #ef""z/ %) denotes the heat kernel. Next observe that

¢ ¢
oN 0
//N(x—y,t—s)v-[u(y,to+s)Vv(y,to+s)]dyds= Z /a—)q(~,t—s)*[(ua—;>(~,to+s)]ds.

0 R i=1.2

Taking L°°-norms in (6) with respect to the space variable, we arrive at

ds.

i L°(R2)

t
1 aN ]
||u(.,t0+t)||Lw(R2) < m||u(~,to)||Ll(R2) + _2122/”a—xi(.,t_s) s [(ua—;>(.,to +s)]
=hso

We now consider the convolution term. Using first Young's inequality and then the explicit expression for the kernel N, we
can bound it using k5 = [|dN/3xi(-, 1)|l ;o g2y Dy
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t

t
aN ad oN ad
/H—(nt—s)*[(u—v)(',to +s)] ds</H—(',t—S) (u—v>(~,to+5) ds
0 BX,' aXi L%°(R2) 5 aX[ L (R2) 8x,- LA (R2)
‘ d
v
zlcaf(t—S)’“’é)’% <ua—)(-,to +5) ds
g Xi LA (R2)

where 1/0 + 1/p = 1. To enforce integrability later, we impose o < 2. On the one hand

(153 )
<Lla—Xi (- to+s)

with 1/p + 1/q =1/p, by Hélder’s inequality, whereas, on the other hand,

av
< ||u('9t0 +S) ||LP(R2) a_xl(7 to +S)

LP (R2) L9(R2)

Chis
LI(R?) Son [u-to+9)] 1)

ov
H—(',fo +5)
0X;i

with 1/r — 1/q =1/2, by the HLS inequality. Here Vv is given by the convolution of u with the function x — —x;/(27|x|?)
and Cyrs denotes the optimal constant for the HLS inequality. Collecting all these estimates and using the fact that
flu(, t)||L1(Rz) =M for any t > 0, we arrive at

M ksCHis
4wt T 0w

1,1 ; 1. 1 2—1_1
Hu(-,to—i-t)”Loo(Rz) — Mp T /(t—s)’(]’g)’i Hu(-,to—i-s)HwaRz)' ds
0

t

KoCHs 141 1.3 1,01 5 y_1_1
=°TMu+r/(t—s)a 2(tg+s)P T [to +9)[uC to+9) | o2, ] 7 " ds.
0

Now take to =t, and multiply the inequality by 2t to get

t

M 2k5C 1.1 1,1 _1_1

2t||U(',2t)||Loo(Rz)_E§%M}J+:t/(t—5)‘%_%(t+5)‘l’+} 2[(t+s)||u(-,t+s)||LOC(]Rz)]2 P ds.
0

Observe that for any t > 0 we have

up E+)[uCt+9)|| o) < Oggtkllu(-, 25) | oo 2y = W (),

1

3__
whereas >—5=

1 1
E—Fal‘ld

t
1,1 o
t/(t—s)%—%(ws)ﬁr 2ds = ——.
2—0
0

From Duhamel’s formula (6), it follows that u € CO(R*, L°(R?)) and + is continuous. Hence we have

10 1 1
2 .

2k45C 141
o HLSIVIPJrr

Y (t) < M, Co(y ()’ with Co =
2w

Consider the function H(z, M) =z — Coz’ — M/(27), so that H(y(t), M) < 0 and notice that 6 > 1. For M > 0 fixed,
z+> H(z, M) achieves its maximum H(zo(M), M) = 251 (Co0)/ =9 — M at z = zo(M) = (Co6)'/1=?). For M small enough,
as we shall see below, H(zo(M), M) > 0. Since  is continuous and v (0) = 0 then ¥ (t) < zo(M) for any t > 0. This provides
an L* estimate on v which is uniform in t > 0.

Recall that the exponents o, p, p, q and r are related by

1 1

—+—=1, 1<0o <2,
o p

1 1 1
—+-=— p.q>2
p q9 p

1 1 1

———==, r>1

r q 2
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For the choice r =4/3, g =4, it is known see [10], that the optimal constant in the HLS inequality is Cpis = 2./7.

As a consequence, we have Cp = ‘ifiMﬂ LG with o = 3;‘54. The exponent p > 4 still has to be chosen. A tedious

but elementary computation shows that there exists Mo(p) such that H(zo(M), M) > 0 if and only if M < Mp(p) and
SUPpe(4,+00) Mo(P) = limp_, 4 oo Mo(p) ~ 0.822663. O

A simple interpolation argument then gives the following corollary.

Corollary 3. For any mass M < M1 and all p € [1, oo], there exists a positive constant C = C(p, M) with limy_.o, C(p, M) =0, such
that, if u is a solution of (1) as in Lemma 2,

Ju® o ey < ct™17») vt o,

Remark 2. Similar decay rates for the LP-norms of the solutions to global Keller-Segel systems have been obtained in
a large number of previous references, but always in slightly different situations. For instance, in [12], the authors consider
a parabolic-parabolic Keller-Segel system with small and regular initial data. More recently, in [6] a parabolic—parabolic
Keller-Segel system is considered for small initial data and spatial dimension d > 3. On the other hand, a parabolic-elliptic
system is treated in [11] where the equation for the chemo-attractant is slightly different from ours.

Remark 3. The rates obtained in Corollary 3 are optimal as can easily be checked using the self-similar solutions (ns, Coo)
of (4) defined in Section 1. This is the subject of the next section.

3. LP and H! estimates in the self-similar variables

Consider now the solution (n,c) defined in the introduction by (3) and solving (4). By Corollary 3 we immediately
deduce that, for any p € (1, co],

<C; Vt>0 (7)

for some positive constant Cq. A direct estimate gives

n(y,t n(y, ney,t
27| Ve) | ;o < sup .0 dy < sup / .0 dy + sup f .0 dy
| | xcR2 |X y| xcR2 |X - y|
[x=y|21 [x—yI<1

<M p—1
N
h <@TED T lInllpge,

where the last term has been evaluated by Hdlder’s inequality with p > 2. Hence we obtain

[ Ve® | g2y <C2 VE>0. (8)

Lemma 4. In (7) and (8), the constants C1 and C depend on M and are such that
lim C;(M)=0 i=1,2.
M—04

Proof. This result can easily be retraced in the above computations. Details are left to the reader. O

With K = K(x) = e¥/2, let us rewrite the equation for n as
in_1g. (KVn)=—Vc-Vn+2n+n?. 9)
ot K
We are now interested in the bounds satisfied by the function n(t) in the weighted spaces L2(K) and H'(K).
Proposition 5. For all masses M € (0, M), there exists a positive constant C such that, if n is a solution of (9) with initial data
no € L2(K) satisfying (2), then

In®©| 2, <C vE>0.

Proof. We multiply Eq. (9) by nK and integrate by parts to obtain

2dt/|n| de+/|Vn| de——/nVc~Vn1<dx+2/n21<dx+/n31<dx. (10)
R? R2



538 A. Blanchet et al. / J. Math. Anal. Appl. 361 (2010) 533-542

As in [8, Corollary 1.11], we recall that for any g > 2 and ¢ > 0, there exists a positive constant C(g, q) such that

/nZde< £/|Vn|21<dx—|— Cle, D lnliZg g2
R?2 R2

This estimate, (7) and (8) give a bound of the right-hand side of (10), namely

—/nVc-Vanx—i—Z/ndex—i-/n K dx| < /|Vn| Kdx+C
R2 R2 R2 R2

up to the multiplication of & by a constant that we omit for simplicity, from which we deduce that

— \%
2dt[|n| Kdx+ (1 s)/| n| Kdx <

We finally use the classical inequality, which is easily recovered by expanding the square in fRZ |IV(nK)|*K~1dx > 0, namely

/|n|21<dx< 5/|Vn|21<dx
R2 R2

as in [8] to obtain a uniform bound of n(t) in L2(K). O
Next we deduce a uniform bound in H!(K).

Corollary 6. Under the assumptions of Proposition 5, there exists T > 0 and C > 0 such that
VT
In® |41 i) < Cmax{l, 7} vt > 0.

Proof. Since n is a classical solution of (9), it also solves the corresponding integral equation,
t t
nx, t) = St)ng(x) — / St —s)(Vc-Vn)(s)ds + / St — s)(2n + nz)(s) ds
0 0

where S(t) is the linear semi-group generated by the operator —K~1V . (KV-) on the space L?(K). Then

t t

[n®] H(K) S |S®no ikt / |SE—5)(Ve-Vn)(s)| Hi k) 45 + / [NEBIUETBIO] H1 (k) 95
0 0

Using [|SOhl g1, < k(1 +t72) [z, for some « > 0, and (8), we obtain

1
;(””(t) I H1(K) — |S®mno Hl(K))

) (Ve V)(s) | 2, ds +

o

1 1 5
(l V= (1 " m)” (2n+1%) )] 12, ds

<

N
O | O—_

t
1 1
1+ Vel o vn ds—i—/(l-{- )Zn + Il n ds
( m)” e 2 V1112 ) = ) @inllzqo + Il e 52 )
0

t
1
<c20/<1+ F)‘]Vn(s)“Lz(l()ds+(2+C1)/<1+ \/_>Hn( )Hmm

with C; defined in (7) and C; in (8). Hence, for any 7 > 0 fixed, we have

t
—||”(t+f)||m<1<> <1+ )Cl+C3/<1+—>Hn(s+””Hl<K) (n)
0
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with C3 = max{Cy, 2+ Cy}. Let

t
1

If we choose T > 0 such that 5 = C3 fya+ J%)ds = C3(T+2+4/T), thatis, T = (/1 + (2kC3)~1 —1)2, then an integration
of (11) on (0, T) gives

T T
1 1
;H(T)<C1[<1+—ﬁ>(l+ )dS+C3/(
0 0

1
=T +4VT +T)C; + SoH(),

)H(T) ds

that is
H(T) <20 +4VT + T)kCy.

Injecting this estimate into (11), we obtain

1
—||ﬂ(t+r)||H1(K) (1+J>C1+C3H(T) <1+$)C1+2(n+4ﬁ+nx€1€3

for any ¢ € (0, T). This bounds |[n(T + 7)1k, for any T > 0, and thus completes the proof with C given by the right-hand
side of the above inequality at t=T. O

We shall actually prove that n(t) can be bounded not only in H'(K) but also in H1(ngo1). However, in order to prove
that, we need a spectral gap estimate, which is the subject of the next section.

4. A spectral gap estimate

Introduce f and g defined by
nx,t) =ne®)(1+ f(x,t)) and c(x,t)=coo(®)(1+ g(x,1)).

Using the fact that (n., Coo) is a stationary solution of (4) and the slightly more precise identity Vi, = neo(VCoo — X), it
turns out that (n, ¢) is a solution of (4) if and only if the pair (f, g) is solution of the non-linear problem

d 1
a—{—ﬁ(x t,f,8)= —@V[fnooV(gcoo)] xeR% t>0, (12)
—A(Cxog) = o xeR%* t>0,

where L is the linear operator given by

1
[’(X’ (8 f? g) = n_v : [nOOV(f - gCOO)]

The conservation of mass is replaced here by fRZ frneedx=0.

Lemma 7. Let o be a positive real number. For any g € H' N L1(R?) such that f]RZ gdx =0, we have

/(|Vg| L )dx> /|g| dx.

R2
Proof. The Poincaré inequality for the Gaussian measure duy (x) = e~*>/29) dx is given by

GfIVflzdua >/|f|2dua VfeH'(duy) suchthat /fdMa =0.
2 2 2

The result holds with g = fe—**/(49)_ Notice that for o = 1, the second eigenvalue of the harmonic oscillator in R? is 2
thus establishing the optimality in both of the above inequalities. The case o # 1 follows from a scaling argument. O
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Proposition 8. Consider a stationary solution ny, of (4). There exist a constant M, € (0, 8) and a function A = A(M) such that, for
any M € (0, M), A(M) > 0 and

/|Vf|2noodx>A(M)/|f|2noodx Vf e H (nedx) such that/fnoodx=0.
R2 R R2

Moreover, limy .o, A(M) = 1.

Proof. We define h = /g f = ~/Ae~W*/4+¢/2 f with 3 = M( [z e~IXI*/4+¢x/2 4x)=1 By expanding the square, we find that

|x|*

1 1
IV f*ns = |Vh|? + Th2 + Zchoolzhz +hVh- (x— Veso) — X Vesoh?.

An integration by parts shows that

/th~xdx:—/h2dx.

R? R?

Another integration by parts and the definition of c., give

1 1 1
/th-VCOOdX: 5/hz(—Acm)dx: 5/hznmdxg §||noo||Loo(Rz)/h2dx.
R2 R2 R2 R2

Recall that by (5), limy— o, [Moclljoo g2y = 0. On the other hand, we have

1 21 [ |x? 1 o?
E/X'Vcoohde<O. /| | thX+_U—1/|VCOO|2h2dX
R2

o2 4 402 —
R2 R?

for any o > 1. Hence it follows from Lemma 7 that

2 2
2 oV P gy 1
/|Vf|2noodx>(;—1——< ’—5||nw||Loo<Rz>) /hzdx

402 1)
R? R?
= A(M) —_——
= g2 |f[?noc dx

The coefficient A(M) is positive for any M < M, with M; > 0, small enough, according to (5), (8) and Lemma 4. Notice that
for each given value of M < M>, an optimal value of o € (1, 2) can be found. O

We shall now consider the case of an initial data ng such that ng/ne € L?(ns), which is a slightly more restrictive
case than the framework of Section 3. Indeed, there exists a constant C > 0 such that for any x € R?> with |x| > 1 we
have |coo + M/(27) log |x|| < C, see [4, Lemma 4.3], whence ns.K = e behaves like O (|x|~M/2™)) as |x| — oo. If (n,¢) is
a solution of (4), then

on 1 5
— — NV | —Vn | =(Vcso — V0) - VN 4 2n 4+ n”.
at Noo

Corollary 9. Under the assumptions of Theorem 1, if M < M>, then any solution of (4) is bounded in L®(R™*, Lz(ngo1 dx)) N
L®((t, o0), H' (n3} dx)) for any T > 0.

Proof. The uniform bound in Lz(ngo1 dx) follows from (10), up to the replacement of K by 1/n., which is straightforward.
As for the bound in L*°((t, 00), Hl(ngol dx)), one can observe that the linear semi-group S(t) generated by the self-adjoint
operator —nwV-(éVn) on the space L?(n3}!), with domain H?(n3}), satisfies 1SN0l 41t g < for some

o0

% ”nO ”Lz(no_o] dx)
Kk > 0, see for instance [5, Theorem VIL7]. The estimate then follows as in Corollary 6. O

5. Proof of Theorem 1

This section is devoted to the proof of our main result. If we multiply Eq. (12) by fns and integrate by parts, we get

%%f|f|2nmdx+/|Vf|2noodx=fVf~V<gcoo)noodx+fo-V(gcoo>fnoodx. (13)

R2 R2 R2 R2
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The first term of the right-hand side can be estimated as follows. By the Cauchy-Schwarz inequality, we know that

[ 5 Vg dx < 19 Pl |96 12 g
R2
By Hélder’s inequality, for any q > 2 we have
_ 1
“ V(gcoo) ” LZ(noo dX) g Ml/z 1/q ”nOO ”LQ(RZ) ” V(gcoo) ” Lq(RZ) .

The HLS inequality with 1/p =1/2 + 1/q then gives

1
7 \N¢ _ Cuis
dX) < -0 T I foollip (m2)-

1 1
| V(goo) | 1o g2y < E( / ‘(fnoo) T
R2

. . . 1/2 .
By Holder’s inequality, || fieollip@r2) < I flli2ny, ax) ”nOOHLé/?(R%' from which we get

/ VF - V(8o oo dX < Cull Fll a1V F 20 ) (14)
RZ
where C, = C.(M) := CHLS(271)*1M1/2*1/4||noo||¥/22(R2 lIn °°”L°0(R2 goes to 0 as M — 0.

As for the second term in the right-hand side of (13), using gc. = ¢ — co and the Cauchy-Schwarz inequality, we have

/ V- V(8Cs0) s 0% < [1VC — Veos ooty 1 2 a0 1V F 20
RZ
< (IIVell oo g2y 4 1V ool oo ®2y ) I f 2 diy IV Fll 2 ey iy

We observe that V(gcw) = Ve — Vi is uniformly bounded since [|Vcl|jeo@z) < C2(M) by (8), and [V |l o g2y is also
bounded by C,(M), for the same reasons

/Vf-V(gcoo)fnoodX<2C2(M)||f||L2<nocdx)IIVfIILz(nOOdX>~ (15)
R2

Moreover, according to Lemma 4, we know that limy_.o, C2(M) =
By Proposition 8, || fll 21 dx) < IV flli2(ny, )/~ AM) with limp_. o+ A(M) = 1. Collecting (14) and (15), we obtain

Cs(M) +2C2(M)
2dt/|f| Moo dX < —[1 =y (M)] /|Vf| Neodx with y (M) := — A
R2 R2

We observe that limy;_,g+ ¥ (M) =0. As long as ¥ (M) < 1, we can use again Proposition 8 to get

Zdtfm Noo dx < 8/|f| Moo dx  with§ = AM)[1—y(M)]. (16)

Using a Gronwall estimate, this establishes the decay rate of || fll;2(n, dy) = == «/_ = || 12(R2)-

If n; and ny are two solutions of (4) in CO(R*, L1(R?)) N L*®((t, o0) x R?) for any 7 > 0, inequality (16) also holds for
f = (n2 —n1)/ne. As a consequence, if the initial condition is the same, then n; =nj, which proves the uniqueness result
and concludes the proof of Theorem 1.

Remark 4. Proposition 8 and (14) rely on rather crude estimates of the spectral gap of the linear operator £, defined on
L2(ns), with domain H2(n.). The operator has been divided in two parts which are treated separately, one in Proposition 8,
the other one in (14). It would probably be interesting to study the operator £ as a whole, trying to obtain an estimate of
its spectral gap in L?(n) without any smallness condition.
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