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ABSTRACT. We classify the global behavior of the weak solution of the Keller-Segel system of
degenerated type. For the stronger degeneracy the weak solution exists globally in time and
it shows the time uniform decay under some extra conditions. If the degeneracy is weaker the
solution exhibit a finite time blow-up if the data is non-negative. The situation is very similar
to the semi-linear case. Some additional discussion is also presented.

1. KELLER-SEGEL SYSTEM

1.1. Survey for Non-degenerated Case. This note is concerning the temporal behavior of a
global solution of the degenerated parabolic elliptic system. Before introducing the problem we
consider, let us start from the original model of the chemotaxis called as the Keller-Segel system
introduced in [16]. The semilinear type of the original Keller-Segel system is the following form:
For A >0,

ou — Au+V(uVy) =0, ze€R" t>0,
oy — A+ p=u, ze€R" t>0,
u(0,z) = up(z), =€R",
P(0,2) = o(z), = eR"

(1.1)

Here the unknown function u(t, z); R4 x R™ — R, denotes the density of a mucus amoeba and
U(t,z); Ry x R™ — R stands for the potential of chemical substances. In order to exploit the
contrast between the existence and non-existence of the solution, Jéger-Luckhaus [14], Wolansky
[38] and Nagai [22] considered the parabolic-elliptic version of the above system:

u— Au+V(uVy) =0, ze€R" t>0,
(1.2) — A+ p=u, xzeR" t>0,
u(0,2) = ug(z), =€R".

It has been studied in detail for the asymptotic behavior of the solutions for the above systems
([14], [40], [1], [23], [9]). In fact this system (1.2) has a strong connection with the self-interacting

particles that studies largely by Biller [1], [2] and reference therein.
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The above systems are also connected to a simplest model equation of the semiconductor
devise simulation of bipolar type (cf. [21], [15]):

on —An —V(nVy) =0, zeR" t>0,
op—Ap+V(pVy) =0, xzeR" t>0,
—AYp=ce(p—n)+g, z€R" t>0,

n(0,2) = no(z), p(0,z) =po(z), =€R"

(1.3)

where n(t,z) and p(t, z) denote the density of the negative and positive charge, respectively and
g(z) denotes the background charge density which is a given function. When the background
charge can be neglected, the equation is considered as the two species version of the Keller-Segel
model except the sign of the nonlinear interaction. The semi-conductor devise model chooses a
stabler sign of the nonlinearity that makes the system admits large data global solutions. Note
that the unstable case, there is an analogous blow up result holds for the above two species
system (see Kurokiba-Ogawa [20] and Kurokiba-Nagai-Ogawa [19]). In the both cases (1.2) and
(1.3), the critical case for the equation is n = 2 in the scaling point of view. This is corresponding
to the well known Fujita exponent 1+ 2/n for the semilinear heat equation ([12]) and the two
dimensional case the quadratic nonlinearity is exactly corresponding to the critical situation.
The existence, the uniqueness and the regularity theory for the corresponding problem in a
bounded domain has already been done by many authors. Here we concentrate the Cauchy
problem in R? to examine the scaling invariance point of view.

The result for the global existence for the Keller-Segel system (1.1) can be summarized as
follows:

Theorem 1.1. ([25]) Let A > 0 be constants and n = 2. Suppose (ug,vo) € (L' (R?)NL2(R?)) x
HY(R?) are positive. Then under the condition either for (1.1),

(1.4) /]R2 up(z)dx < 4w
or for (1.2)
(1.5) /R? ug(z)dx < 8,

then the positive solution to (1.1) (or (1.2)) ewists globally in time. Namely (u,v) € C([0,00); (L?N
LY x (H' N LY)) N CY((0,00); H? x H?) and it satisfies that for all T > 0, there exists a finite
constant C' = C(T) such that
{1+ u(0) log(L + u()} + IVl + 5A(0)]B < OT),
(1.6) R? 2 2
t€[0,T7.

In the both cases, the role of the generalized free energy (1.6) is important to obtain the time
apriori estimate for the solutions. Note that it has already proved that if the initial data satisfies

/ uo(x)dx > 8w
R2

then the positive solution blows up in a finite time (cf. Biler [1], Nagai [22] and Nagai-Senba-

Yoshida [27]).
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On the other hand, to discuss the analogous result for the simpler system A = 0 of (1.2) we
encounter a different kind of technical difficulty. For this case, it is also known that the solution
with ug > 0 blows up in a finite time if [, uo(x)dz > 87 (Biler [1], Nagai [22], [24] and Nagai-
Senba-Yoshida [26]). For the whole space case, the restriction that the solution having the finite
second moment [, |2|*u(t)dz < oo is removed by the scaling method in Kurokiba-Ogawa [20].

Besides when the domain is bounded in R? with the Neumann boundary condition, Senba-
Suzuki [31] showed that the L' density shows a concentration with the measure 8¢ if the data
is the radially symmetric. This can be generalized for the non-radial case by Senba-Suzuki [32].

The second system (1.2) with A = 0 also has analogous property of its structure. However
the proof of the global existence is rather complicated since the behavior of the solution of the
second equation is different from the first one. Namely we can not use the free energy functional
directly to derive any a priori bound for the solution which is not considered in the literatures
before. We discuss on this direction in [25] in details. One may summarize those existence and
non-existence result for the whole space case as follows:

Theorem 1.2. ([25], [20]) Let A = 0 in (1.2). Suppose ug € L'(R?) N L?(R?) is non-negative
everywhere.
(1) Then under the condition

(1.7) /]R2 uo(z)dr < 8,

the positive solution to (1.2) ewists globally in time. Namely (u,v) € C([0,00); (L? N L) x
Wheoy N CL((0,00); H? x W) and it satisfies that for all T > 0 there exists a finite constant
C = C(T) such that
/ {1+ u(t)) log(1 + u(t) — u(t) }dz < C(T), € [0.7].
R2

(2) On the other hand, if the positive initial data satisfies

(1.8) /]R2 uo(x)dx > 8,

then the solution does mot exists globally. Namely it blows up in a finite time.

The threshold case ||ug|[1 = 87 is considered recently by Biler-Karch-Laurengot-Nadzieja [5]
for the radially symmetric case.

1.2. Degenerated Case. The second problem we would like consider here is the degenerated
version of the modified model of the Keller-Segel system.

Ou — Au* +V(uVy) =0, zeR" t>0,
(1.9) —AYp+Xp=u, xz€R" t>0,
u(z,0) = up(z), =e€R",
where av > 1 and A > 0. An analogous variant of the semiconductor system like (1.3) is also our

motivation. In that case, the stabler sign of the nonlinear interaction is chosen.
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The striking difference between the semilinear system (1.2) and the degenerated case (1.9) is
that the equation essentially includes the hyperbolic structure in it and the finite propagation
of the support of the solution may occur. If the solution is strictly positive, the solution is
considered similarly as the semi-linear case. As is mentioned for the semilinear case, there exists
a finite time blow up solution for a certain initial data and analogously the finite time blow up
possibly occurs for the degenerated case. More precisely, when the data is positive and have the
large initial value in the sense of L!, then the solution for the modified version of the Keller-Segel
system blows up in a finite time ([22], [1]) when n = 2 and for higher dimensional cases, the
condition is getting weaker since the system is less stable. For the degenerated case, we expect
an analogous situation.

If there is a point where the solution varnish, the equation is essentially degenerated and
therefore the notion of weak solution is required.

Definition. Let a > 1. Given ug € L'NLY(R™) with ug(z) > 0 for x € R", we call (u(t, x), ¥ (t, z))
as a weak solution of the system (1.9) if there exists T' > 0 such that

i) u(t,x) >0 for any (¢,z) € [0,7) x R,
ii) u € C(R™ x [0,T)) with Vu® € L?(R" x [0,T)),
iii) For arbitrary test function ¢ € CHH(R™ x [0,7)),

[ atwoos— [ woo)as
:/t /]RN (u(T)Op(1) — Vu(1) - Vo (1) + u(T)VY(T) - V(1)) dadr

for 0 <t < T, where ¢ = E,, *u and E,(-) is the fundamental solution of —A + X in R".

The difference between the degenerated case and semilinear case appears where the solution
vanishes. By this regards, it is important to show the finite propagation of the support.

The existence of the weak solution is obtained by an application of the standard theory of the
parabolic equation. Note that the equation does not have the comparison principle of solutions
for any type nor the semi group representation as is possible for the semilinear case, the proof of
the existence requires some approximation procedures involving the parabolic regularity theory.
The following result due to Sugiyama [34] is one of the explicit proof of them.

Proposition 1.3 ([34]). For o > 1, there ezists T > 0 and a weak solution (u,v) of the degen-
erated Keller-Segel system (1.9) for ugp € L*(R™) N LY(R"). Moreover
(1) if 2 < a the weak solution exists globally in time,

(2)ifl < a<2-— % and the initial data ug is sufficiently small in L' sense, then the weak
solution exists globally.

The exponent o = 2 — % is corresponding to the Fujita exponent for the semilinear and

quasi-linear parabolic equation of the following type (cf. Fujita [12]):

Ou — Au® =uP, xeR"™ t>0,
(1.10)

u(z,0) = up(z), =e€R",
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where oo > 0. The exponent p = o+ % =142 with 0 = a(n—2) 42 is considered the threshold
for the global existence and finite time blow up for the small data solutions. The aim of this
paper is to fill all the case of the exponent and give the classification of the global existence and
finite time blow up of the degenerated case of Keller-Segel equation. More specifically, if the
exponent satisfies the other condition, then the solution blows up in a finite time for the large
initial data.

Theorem 1.4. (Global existence) Let A = 1. For a > 1, let (u,v) be a weak solution of the
degenerated Keller-Segel system (1.9) for ug > 0 obtained in the above Proposition.

(1) Letn > 2, Ifa > 2— %, then the solution exists globally in time. Moreover the weak solution
satisfies the uniform estimate as follows:

[u(®)lloo < C(lluoll1, uolloo, A uoll2)
fort € [0,00).
(2) Let n > 3. Ifa <2 — % and the initial data is small in the following sense: there exists
a constant C' > 0 such that
[uolly < C(I\EnllLﬁ),

where Ey, is the fundamental solution of —A+1 in R™. Then the solution exists globally in time
4

and moreover if 2— =5 < « the solution satisfies the uniform boundedness estimate as in above.
Theorem 1.5. (Finite time blow up) Let (u,) be a weak solution of the degenerated Keller-
Segel system (1.9) with X = 1 for ug > 0 obtained in the above Proposition. Assuming that
n>3 and a <2— 2, and the initial data ug € L'(R™) N L*(R™) with |z|>ug € L' (R™) satisfies
the following condition:

1
a—1
where A = (—A + 1)Y/2 is the Bessel potential in R", then the weak solution does not exists
globally in time. Namely there exists T,, < oo such that for some initial data ug the weak
solution blows up in a finite time Ty, in the following sense;

wW(0) =

T, -
Juollz = 5 1A~ woll3 < 0,

lim sup [[u(t)]], = oo

t—Tm

for all p € [, ).

Remark. For the initial data satisfies the condition in Theorem 1.5, the L' norm of the data ug
is naturally large. Especially for the critical case, a = 2 — %, the data has to have the large L'
norm.

For the proof of the local existence of the weak solution, one may adopt the argument of
Sugiyama [35] and standard theory of the degenerated parabolic system (as in the theory of
p-Laplace heat flow). In fact, the global existence result for the system is heavily depending on
the a priori bound for the approximated solutions. One may find the a prori bound by argument
from Theorem 1.4.

For bounded domain €2, the analogous blowing up problem is considered by Biler-Nadzieja-
Stanczy [6]. They showed the non-existence of the solution in the bounded domain Q C R™ for

the Dirichlet boundary condition and the Neumann boundary condition. In those settings, the
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weighted density [, |#|?u(t)dz can always make sense and the proof is rather simpler. Analogous
result for the Cauchy problem is also considered by Sugiyama [35].

For the semilinear case, @ = 1, it has already been proved that n = 2 is the critical case
a=1=2-— % and the solution may blow up in finite time for the large initial data. Our
theorem is a natural extension of those semilinear case. In particular, the case of the Cauchy
problem, the threshold of the global existence and finite time blowing up of the solution is
determined by the size of the L' norm of the initial data. Especially the semilinear critical
case, the threshold number 87 is connected with the best possible constant of the isoperimetric
inequality via the Trudinger-Moser type inequality ([27]). The similar result can be also obtained
by using the improved Brezis-Merle type inequality (Nagai-Ogawa [25]).

The crucial part of the proof is to show the apriori bound for the weak solution in time
globally. It is well understood that the solution of the semilinear equation (1.2) satisfies the
following conservation laws:

/Ru(t)dx:/ updz,

n ]Rn
W(t)+/0 /nulK(u,wﬂzdxdt:W(()),

with
W)= [ (1 (o) og(1 +ul)de — [ u(e)o(t) do+ S(F6I3 + [00)1B)

KW@Lw@)EV<bQ1+u®)—¢)

n

The global existence part of the weak solution of the degenerated system in the above theorems
are essentially depending on the corresponding conservation laws of the quasi-linear case (cf. for
the semilinear case [3]).

Finally we discuss about the asymptotic behavior of the global small solution when the de-
generacy order is less than the critical case. We denote the weighted Lebesgue space Lh(R") =
{f € DP(R™); |- |of () € LP(R™)}.

Theorem 1.6. (Decay of solution) Let 1 < o < 2 — 2 and we assume that ug € Ly(R") N
L>*(R™). Then the corresponding global weak solution u(t,x) of (1.9) satisfies the following
asymptotic behaviors:

(1) For 1 < a <2— 2 if we assume that for some absolute constant Cy, > 0, |Jug||y < Cy, then
we have

(111) lu()llp < O+ oty 2 (3),

where C' is only depending on ug and n.
(2) For 1 < a <2 — 2, we assume the initial data is small in L' sense. Then for M = |luo|x
and for some v > 0,

Ju(t) = MU(#)[ly < C(1 +0t)™,
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where U(t) is the Barenbratt solution given by
U0) = (140 (4 s )
(L+oat)?/7 ),

where A > 0 is a constant so that ||U(t)||1 =1 and 0 = n(a— 1)+ 2. In particular, the solution
u(t) satisfies the uniform decay estimate (1.11).

The semilinear version of the above asymptotic result is obtained by several authors (see for
example, Biler-Dolbeault [3] for the case (1.2) and Kozono-Sugiyama [18] for the case (1.1)).
The proof of the above asymptotic behavior is depending on the second moment identities.
The method developed by Carrillo-Toscani [8] for the Fokker-Planck equation can be applied in
our case. There is a variational formulation on the stationary solution of the porous medium
equation (see Otto [30]) and the back ground of the proof is lying on this fact. Under the
self-similar scaling (cf. Giga-Kohn [13]) we introduce the new scaled variables (¢',2') as

{t’ = %log(l + ot)
o' =ax/(1+ot)/°
one can find the scaled equation is of the form
O — div (Vo* + zv — e V) =0 t>0,z€R",

(1.12) — e 2Ap+ \p =,

v(0, %) = uo(x),
with Kk =n+2— 0 =n(2 — «), where

v(t,z) = e"u <l(egt - 1),azet> ,

o
1

g

B(t,x) = ™) ( (e7t — 1),met> .
Then the scaled equation (1.12) also has an analogous entropy; setting
Wi, 6)(t) = 3¢ [ ol dz,
2
H(v(t)) = 0 / v*(t)dx —|—/ |22 (t)dz,
Rn n

o —

SH() -

Ks(z,v(t), ¢(t)) = K(z,v,0) = V(%

the following identities holds in formally (Proposition 4.1):

/n v(t)dx = /n uo(x)dx,

Wi(t) + /Ot [/ v |K(2,0,) ()] dedr + e~ FF27 /R ’V¢(T)’2dx:| dr = W,(0).

Hence the decay of the solution follows from the analogous estimate for the global existence
of the weak solution. The convergence to the limiting solution is derived from computing the
second time derivative of the moment.

1
Ua—l + E‘x’2 _ €_Nt¢>.

This paper is organized as follows. In the following section, we derive the above entropy

and free energy bound formally. Based on this conserved quantities, we show the time apriori
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estimate for the global weak solution in section 2. In section 3, we show the formal blow up
proof. The last two sections 4 and 5 are devoted to the proof of the decay of the solution.

2. FREE ENERGY ESTIMATE AND UNIFORM A PRIORI BOUND

2.1. Conserved quantities. We start with the following lemma for the conservation law and
the entropy functional:

Lemma 2.1. Let (u,v) be a weak solution of (1.9). Then we have the following inequalities:

(2.1) /R” u(t)dx = /R" uo(x)dz,
¢ 2
(2.2) LWQ+A/LMM@M|M&§W@)
with
-t u(t)||a — 1 u x
W)= oz =5 [ utu) do.
wt — 1/1)

(2.3)
K (u(t), ¢(t) = v (
Proof of Lemma 2.1. For the completeness, we show the formal proof of those conservation

a—1

a—1

laws. Multiplying (1.9) by Llu
a [e—

/n&gu(ailuo‘_l —1[)) d:nz—/n (Vuo‘—u~V1,Z)) -V(ailuo‘_l —1[}) dx

= [l Gy - o)

— 1 and integrate by parts, we see

(2.4)

From the second equation,

1d
/ u-Opdz = oo (IVY)* + [¢]*) da.
n R?’L
Thus the left hand side of (2.4) is
d/ 1 N 1 .
(25) Gl = [ v derg [ (V0P + o) de).

a—1

Combining (2.4) and (2.5)

(2.6) %W@+/ﬂW(

Integrating in time of both side of (2.6), we obtain the desired estimate. The rigorous justification

«

ut — w) ‘Qd:c =0.

a—1

requires some regularizing argument for the equation in order to escape the degeneracy. |

2.2. Uniformly boundedness. We only show the a priori estimates for the global existence
of the weak solution. The local existence theorem requires some approximation procedures. We
do not go into the details in this direction.
Under the condition o > 2 — %, we show the uniform boundedness of the solution (u, 1)), To
see this, the apriori bound for L% is essential. We start from the following auxiliary lemma
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Lemma 2.2. Let E, be the fundamental solution of (—A + 1) in R™. Then for u € L*(R™) N
LY(R™), let p = Enu be solution of the second equation of the system (1.9), we have

1

1—
(27) | s = 5 (1018 + 101) < VBl o Il 57

a(n—2)

P —l<a-1

where v =

Proof of Lemma 2.2. The first identity in (2.7) is obtained directly from the second equation.
By the Holder inequality,

1 1

(2.8) [ wbds < full ol for s+ =1

Rn r T
While

17
()l < Jull ™ ull
under .
r (6%

and by the Hausdorff-Young inequality,
[l < N Enll | oy llulla

with

If we wish to choose v+ 1 < a, then by

1 1 -2 1

we see

This relation yields

and this condition gives a uniformly boundedness of the L norm of the solution.

Proposition 2.3. (1) Let o > 2 — 2. Then we have

a(y+1)

lu(@®)la + %(va)u% +e@I3) < C(W(0) + CulluollT ™)

for all t € [0,00), where v < a — 1. In particular,

a(y+1)

luolle < C(W(0) + Chlluoll;).

(2) Let 1l <a<2— % Then there exists a constant C = Cy, which is only depending on n such

that for the weak solution satisfying ||ugll1 < Cy, we have
lu(®)lla < C(n, [luollr, W(0))
for allt € [0, 00).



Proof of Proposition 2.3. By the entropy bound (2.2), it suffices to show that

/n u(t)y(t)dx

is controlled by ||u(t)||% and W (0). To see this we see by Lemma 2.2 that under the condition
a>2—2

n’

/n u(t)e(t)dz <Cllu(t)|ly " |lu(®)] 57

a(l—y)

<ellu()lly + Celluolly ™"

(2.9)

and the desired estimate follows from (2.9), L' conservation law and entropy bound W (t) <
W(0).
For the case 1 < <2 — %, we again use Lemma 2.2 and the entropy bound (2.2), we see

2 -
IS < W) + [ Enll - ol lu()IZ

When o =2 — % then v + 1 = « and the smallness condition
2
1- -1
luolly™ < ——F I1Enll /a2

directly gives the uniform boundedness of [[u(t)o. For 1 < o < 2 — 2, there exists a constant
Co which is determined by W(0), , n and [[Ep || n/m-2) such that for [[ug|[1 < Cp then we also
see that

lu(®)lla < C(n, a, [[uollr, W(0))

uniformly in ¢. (|

Remark The exponent of L' norm of the right hand side of the proposition satisfies

a(l —7)
a—(+D =

Theorem 2.4. Let n > 2 and suppose that a« > 1. Then under the condition that ||u(t)|q is
uniformly bounded in t, we have for any t > 0,

[u(®)lloo + [[¢(t)loc < CW(0), [Juol[1; [[uolleo, v ).

Hence the weak solution globally exists.

Proof of Theorem 2.4. Firstly we observe that for some ry > n, we have the uniform bounded
estimate for ||u(t)||,, by Proposition 2.3. We apply the standard parabolic estimate and we see
for any r > « that

d 2r
— s v 2 _ T4 . < r+1
210) Gl o IV Ol = [ V) - Veods < a7

where v = %(a +7r —1). Now we invoke the Gagliardo-Nirenberg interpolation inequality

11/ < ClFILE IV AN,

(2.11) v _x7(1—0)+0<1_ 1>

r+1 r 2 n
10



for some x > 1. It follows by substituting f = u?(¢),
lu()l21 < Cllu)li IV @l

r+l = /X
If we assume that o(r + 1)/ < 2 which is assured under the condition
2
(2.12) 2= <a,
xn
we have
(2.13) lu(®)I751 < Cllu)]12, + 11V @13
with

B=(1—0)r+1) <1_%>_1.

Similarly we see that
1_
lu@)l; <Cllu@ "IV (1)1
<Cllu()||} + [IVu” (®)[13,
where rp/y <2 under 1 — = < o and

5 =(1—pr (1 = %)1

(= (1 (= 1))
l—p+(a—1)/r
1 pt (-1
1—p+(a—-1)/r
since (1 — p)(a—1)/r < (v = 1)/r. Thus combining (2.10), (2.13) and (2.14), we obtain

(2.14)

r<r,

d
(2.15) g el + Collu®)lly < Cllu@)ll}, + Cllu®)|}
with

o(r+1) -1
=(1-0)(1 1——- .
s=1-o)a+n (1- D)

Let us firstly choose that x = r/a > 1. Then we see from (2.15) that

2 1@z + Collu(®)l7s < Cllu()lla + Cllu)]1,
under the condition that 2 — ni“ < «. Since by the assumption, the right hand side is uniformly
bounded in ¢, it follows that by multiplying e°f into both side of the inequality, we see that

t
le(@)ll75 <lluollrg + (C sup IIU(t)HngCHUOII‘f)/O em=ds

te[0,7)

(2.16)

0
<[luoll7g + Clluoll7 + Cts[%%] lu(®)]15-
€l0,

The above estimate combining the Sobolev inequality and the elliptic estimate implies

V() lloo < Cllu®)]lr

for some r¢g > n, where C' is independent of ¢, implies the uniform bound for ||V)(t)||cc-
11



Now we show for the general case r € [rg, c0]. Starting from the L" inequality (2.10),

d 2r
LIl + 2 IV O <o)l [ (90l
dt a+r—1 Rn
(2.17)
27’”V¢Hoo (t) (r—at1)/2)i 7, 5
7’+OA H HT‘ a+1 H H27
where v = 1(a+7 —1). Analogous to (2.11), the Gaghardo—N irenberg interpolation inequality

1l r1-a)/7 < CIFIE IV A,

v _xl-o (1 1
r+1—a« r 2 n

for some x > 1. It then follows by substituting f = u7(¢),

(2.18) lu(®) 7573 < Clu@)| G0 v @50

If we assume that o(r + 1 — «)/y < 2 which is assured under

1-— r < a,
n
we have
lu(®) 73176 < CHU(t)Hf/g + [V ()]]3,
where
1_ -1
B=(1-0)1+r—a) <1— w>
~

_ 2v(1-o)
C2y/(r+l1—a)—0
., l—oc+(1-0)(a—-1)/r
l—o+4+2(a—1)/(r+1—a)
Thus we again use (2.10), (2.15) that

<r.

d s
—IIU(t)Hii + Collu(®)ll} < Cllu@)lI}, + Cllu@)S,

under the condition 2 — —5 < «. Note that all the constants appearing the above inequality
is depending on r but they can be chosen uniformly bounded as r — oco. It follows that by
Cot

into both side of the inequality, we see that

t
u@®)||- < |Juol|™ + (C’ sup [ u(t )HT/X + CHUOH1> /0 o—Colt—3) g

multiplying e

telo,T

For sufficiently large r > n, we see that

lu(®)lr + M < CY7(M + sup Ju(t)ll,/y)

te[0,7)

for all ¢ € [0,T], where M = max(|luo||1, ||uo]/co). Now choosing r = x™, we see by Nash-Moser
iteration argument that

lu(t)loo < C°2m X" (M + sup_[u(t)]lr,).

te[0,7

This combining with the estimate (2.16) yields the desired uniform estimate under the uniform

bound of ||u(t)||q-
12



For the case 1 < a < 2 — —%- we draw back to the estimate (2.15):

2
(2.19) %Hu(t)H: + Collu®)lly < Cllu@®), + Cllu@®)
with
2y(1-0)  1—=o+{A—-0o)a—-1)/r _

B

T /rt1l) -0 1-o+t(@—2)/r+1) M

Thus it follows an analogous estimate as in (2.2) with u, may be larger than 1. Let r = rg > n

is fixed and we choose x > 1 properly so that by finite times iteration,

u()llrg < COZFX" (M A+ sup_[[u(t)]] pyom ) TT= 8,
te[0,T]
where the exponent r/x™ reaches in [1, a] and hence we have

|lu(t)|lr, < C independent of t.

The rest of the argument is similar to the case 2 — ni” < a.

Note that we can eliminate the initial restriction ||ug||, by the parabolic regularity argument.
The regularity of ¢ (t) immediately follows from the standard elliptic estimate for the second
equation. |

Lemma 2.5. Let a > 1. For any f € L*(R") with |z|*ug(x) € L*(R™) then we have

1-k
if=c ([ lePirwi) e

where

B 2ce

Can+2)—n
Proof of Lemma 2.5. For simplicity we assume f > 0. The general case can be easily obtained
by a simple modification. For r > 0 chosen to be later, we see for some constants a, b > 0,

f@ys < [ f@yds+ [ )iz
Rn B, Be

1/a b
n/a’ o 9
(2.20) <ar (/B £ ()] dx) +3 /B |z f () da

' b
<ar™® || fla+ 2 / 22 f(2)dz
T Rn
=Arla—1)/a + Br 2= f(r).

Then f/(r) = LAr"/o=1 — 2Br=3 = 0 gives

22 _ B
ro/ T2 = e
Thus
B\ att2-n
-
and desired inequality follows. a |



3. FiNniTE TiME BLoOw-UP

3.1. Dimension Analysis. Let A > 0 and p > 0 be a scaling parameter. We introduce the
following scaled solutions:

(3.1) {u/\,u = Au(pz),

Yap = M2 ().
A direct computation gives

Lemma 3.1. By the scaling we see

lJunullt =A™ Jull1,

652) sl =A%~
/qu,\dx—/\Q(u)_(”“)/ updz.

Now we see if the initial entropy may be chosen as negative.

Lemma 3.2. Let n > 2. and u € L' N L®. For X\, p > 0 we define the scaled function
uy, = Au(pzx). Set |[uapulli = A,, then for o <2 — 2, by choosing A\ >> 1 large enough then
1
W) =——
(0) a—1 [[ux

1
o — 5/ up (A + 1)ty dr < 0.
Rn
Ifa=2-— % then by choosing A sufficiently large, we have the same conclusion.

Proof of Lemma 3.2. By |luy,lli = \u™ = A, we have u = (A\/A)/". Then we have for
positive constants B = %, C = 3| A~ ||,

1 o, —n a 1 —n - —
W(ua,) = Al = 5% )2 [ (-8 ) uds

AZAS
A2OALC
AT (B—amentTiT) a1
ANTH(B-CNTY), A<

—AB\1 —C

(3.3)
—AN! (B —

Hence when a < 2 — % then by choosing A large, we have W < 0 under the condition. If
o =2 — 2 then choose A = ||u|; sufficiently large, then we have W < 0.

(|

3.2. Virial Law and Blow-up. In this section, we show the non-existence of the weak solution
and finite time blow up by a formal way. The argument is almost similar to the one in [6] (cf.
20]).
Lemma 3.3. Let (u,v) be a weak solution of (1.9). Then it follows that

d

A4 —

z[2u(t)dz = 2n|ju(t)||S + 2/ zu(t) - Vip(t)de.
Rn

14



Proof of Lemma 3.3. Multiplying the equation by |z|? and integrate it by parts. We obtain
it (|

Here we show the rough result on the finite time blow up.

Theorem 3.4 ([6]). Letn >3 and 1 < o < 2 — 2. Then for ug € L* N L with |z|?ug(z) €
LY(R™) and

1 1

(35) W(0) = —— lluollg — 1(~A+ 1) 72w <.

The corresponding weak solution obtained in Proposition 1.8 blows up in a finite time.

Proof of Theorem 3.4. The proof is essentially similar to the one in [6]. We only give the
formal observation. First we see from Lemma 3.3 that
d

(3.6) i .

|lz|?u(t)dz =2n||u(t)||* + 2/ zu(t) - Vip(t)de.
R™

Next we invoke the Pokhozaev identity for the second equation. We multiply the elliptic part
of the system by the generator of the dilation = - Vi and integrate it by parts, it follows

| o Votutds = [ V) 659,00) + - IV@)do+ ;5 [ 2 Vo0Pds
n R” Rn
(3.7 =(1-3) [ weopa =5 [ w0k

~(1-3) [ wouods - o

Combining (3.6) and (3.7), we obtain

d

&t o | *u(t)dz =2nlu(t)||5 + (2 - n) / u(t)p(t)de — 2| (1)]3

Rn

~2n-2) (2ol - 5 [ uovas)

+ (20 = 2022 ot - 2113

942
—2(n— 2)W(H) + 20 (%) (o) — 213,

Hence by assuming n > 3 and o < 2 — % then it is possible to choose the initial data such as
W(0) < 0 by Lemma 3.1 and we see

d
(3.8) — [ |z]Pu(t)dz < W(0) <0,
dt Jgn
which yields a contradiction within a finite time. |

4. TIME DECAY OF SMALL SOLUTION

In this section, we consider the decay and asymptotic behavior of the global weak solution of

the degenerated Keller-Segel system.
15



4.1. Rescaled equation. To avoid the confusion, we change the notation slightly.
ou — Au® +V(uVy)=0, zeR" t>0
(4.1) —AYp+Mp=u zeR" t>0
u(0,z) = up(x), xe€R",

We introduce the new scaled variables (¢',2') as

{t’ = Llog(1+ ot)

(4.2) o' =ax/(1+ot)/°

and introduce the new scaled unknown function u(t’, z’) by
In regarding to the presence of A > 0, we may choose the scaling that maintain the A term as
it is. Namely we let

—n/o 1 d
u(t7;U) = (1—|—0't) / v (; log(1+0t)am>

-njo 1 z
Y(t,x) = (1+ot)™ d)(;log(l—i—at),m).

Or it may be written as

v (t', l'/)

! 1 ! !
ent U (_(eat _ 1),$,6t>

a

o

10) (t’,a:’) e"tli/) <l(egt/ - 1),$’et/>
and the resulting scaling equation of (v, @) follows by setting k =n+2 — o0 =n(2 — a),
O — div (Vo + zv — e V) =0 t>0,z€R",
(4.3) — e %Ap+ \p =,
v(0, %) = uo(w),
In this case, the vanishing exponent as before can be found as a = 2 by
0=0c—-n—-2=n(a—2)

and thus the subcritical case is corresponding to av < 2. Hereafter we analyze the above rescaled
equation (4.3) to see the asymptotic behavior of the solution. We slightly change the outlook of
the solution as follows:

The existence of the weak solution of (4.3) can be proven by a similar way to the original
equation. Indeed the scaling does not change any analytical feature of the original weak solution
so that the solution can be obtained from the weak solution of (1.9). Namely we again consider
the nonnegative weak solution v(¢, z) as before.

4.2. Rescaled Conservations of Mass, Entropy and Moment. We revisited to the con-
servation laws and the entropy functional for the rescaled equation (4.3):

Proposition 4.1. Let k = n(2—a) > 0 and assume that the initial data ug € L*(R™) N LI(R™)

with ug > 0. Let (v, ¢) be a weak solution of (4.3) and set the functionals Wg(v, ¢), H(v(t)) and
16



Ks(v, ) as follows:

W.(0,0)(t) = 3H(() = e [ o)) do
(4.4) H(v(t)) = - i 1 /R” v*(t)dzr + /n |lz| 2 (t)dz,

Ko, o(0),6(6) = V(20 4 Slalt —e09).

1
Then we have the following identities:

/nv(t)dx - /nuo(a:)dx,

) Wi(t) + /ot U v Ks(,0,9)(7)f dadr 4 =27 /

|V¢(T)|2dx} dr < Ws(0).

n

Proof of Proposition 4.1. Let kK = —(0 —n —2) = n(2 — a) > 0. Multiplying (1.9) by
1
@ ey §’$|2 — e "¢ and integrating by parts, we see that

—1
a a—1 1 2 —kt
6w< v+ 5]3:\ —e ¢> dx

a—1

1 2
:_/ U‘V( a vo‘_1+—|az|2—6_“t¢)’ dzx.
Rn a—1 2

While the left hand side can be treated as;

1
[ (g + ot )

d 1 1 B 3
~dt Lxl/ana dx+§/n|x‘2vd$—/n€ tv¢dw} +/nv.8t(e tgf)) de.

By the elliptic part of the system,

/nv-atgi)dx :e_2t/V¢~V8t¢dm~|—)\/anb~8tgb dz

1d
C2dt Jgn

(4.6)

(e2"Ve|* + A¢[?) dx+e_2t/R \Vo|?da.

Namely we obtain

/ v O(e ") dx :li/ e "veds + fie_”t/ vodx

+ e~ (k21 / \Vo|dx — ke "™ / vodr.
Rn n
Thus the left hand side of (4.6) is

(4.7)
d 1 1 1
Gtz [ e [ etuodas g [ eugan) et [ w0
S o)) + e 2 [ 6P,

17



Combining (4.6) and (4.7),
(4.8)

W)+ [ [ [ on|Kaaotm o[ de e [ wora] ar = wauo

Again the rigorous justification requires regularizing argument for the equation and we obtain
the inequality version of (4.8) as a consequence. (|

The following estimate is a direct consequence of the above a priori bound of the rescaled
solution.

Proposition 4.2. Let (v(t), ¢(t)) be a weak solution of (4.3). For the case 1 < a < 2— 2 with
small data

[uollr < Cn.
(1) Then we have
lo(@)llq < C
forall1 < g < oo and
(2) for alln/n —1 < r < oo,
Vo)l < Ce*.

Proof of Proposition 4.2.

The proof goes in a similar way of proof of Lemma 2.2. Let E) ; be the fundamental solution
of (—e#A+ ) in R™. Then for v € L'(R™) N L*(R"), let ¢ = E); *v be solution of the second
equation of the system (4.3). Then we have

—kt

(& _ —K —K -
@9) S (HIVOIE+AIGIE) = [ e tugde < e Bl oy ol (0L
for any v = zgz:?g —-1l<a-1.

Indeed, by the Holder inequality,

1 1
/ vode <ol ol for -+ 5 =1
R T T

1— 1 vy
(1.10) <Pl ollole (2 =1-7+2

- 1 n—2 1
1— 1+ B
<NBxell g el el (P =t o 1>.

Under the assumption a < 2 — %,

a(l—é)ﬁ(’7+1)<1—é>:n;2

and this gives 7 + 1 > a. Hence noting that [[E) t[|;,/(n—2) =~ Ce?' < Cer, we have

(4.11) 6_”t/n v(t)p(t)dz <Cllo()ll; ™ [lo(¢)lla+

and

lo®)l1a < Ws(0) + Clluolly " llo()lIa",
18



where v + 1 > «. Therefore under the smallness condition

luolly < Cn,
we reach the bound
lv@lla < C
uniformly in ¢. Hence for 1 < ¢ < 2 — 2 | the estimate (4.11), L' conservation law and the

entropy bound
Wi(t) < Wi(0)
imply
! 1 a(1=y))
m”“(t)”g t5 /Rn |z |2v(t)dz < C(W4(0) + Cullugl;~ ")
for all ¢ € [0,00), where v < o — 1. Here we note that
a(l—y) _nla—2)+2a

(4.12)

a—(1+7) no + 2

For the case ¢ > 2 — %, the estimate is quite similar to the proof of Theorem 2.4. We apply
the standard parabolic estimate that we see for any ¢ > « that

i q _ q 2r 8 2
. 0@+ nla = Dle®llf + - =7 IV (I3
=(g— e | Vu'(t)- Vo(t)de < Clq— e "2 ||u(t)127]

R™

by the positivity of (v, ¢), where v = %(Oz +q—1). Noting kK > 2 under 1 < a < 2— %, the very
much similar argument in the proof of Theorem 2.4 implies

[o(®)llg < C(Ws(0), [[uoll1s lluollo)

for any 1 < ¢ < oo and we obtain the desired apriori estimate for ¢ € [0, 00). Note that one can
eliminate the initial restriction ||ug||, by the parabolic regularity argument.

The estimate for the potential term ¢ directly follows from the estimate for v(¢) and the
Hardy-Littlewood inequality: by V¢ = (—e 2'A + 1)~1Vu,

1IVollq =[(—e"*A+ 1)7lvv||q
<Ce®||(—e A+ 1) e 2 Av|,
<ce®|v|, < Ce*

with ¢ > n/(n —1) and

—
S| =
S

(|
Once we obtain the above uniform bound for the rescaled solution, we can immediately obtain
the time decay estimate for the solution of the original equation.
(4.14) / vt 2')dx' :/ MDYyt 3)de = (1 —I—Ut)(q_l)"/g/ ul(t,x)dx
in the original variables (t,z). Hence we obtain the following decay estimate for the original

solution as a corollary of Proposition 4.2.
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Proposition 4.3. Let up € LI(R™) N L*>® and (u(t),1(t)) be a weak solution of (1.9). Then for
1 <o <2— 2 with small initial data ||luoy < e, we have
n 1
[u(t)lly < C(1+o1)~o 070
forall1l < g < o0.

5. ASYMPTOTIC PROFILE

The expected asymptotic profile of the decaying solution is governed by the principal term
and it is corresponding to the Barenbladt solution of the single porous medium equation

Oou—Au® =0, xzeR"t>0.

Applying the method of the transport equation or Fokker-Planck equation due to Carrillo-
Toscani [8].
Definition. For o > 1, we let

a—1
20 || 271/
A_ )
a—1\(1+at)l/e N

where 0 = n(a — 1) + 2 and A is chosen such that ||U]|; = 1.
We have the following result.

(5.1) Ut,z) = (1+0t)" 7

Theorem 5.1. Let A>0and 1l < a <2 — % Then for any positive initial data ug € L3(R™) N
L>(R™), the decaying weak solution u(t,x) in Proposition 4.3 with the small initial data satisfies
the following asymptotic behavior: For M = ||ugl|1,
1
[u(t) = MU(#)[[y < (1 +at)"= 7"

where o =n(a—1)+2 and v =n(2 — a) — 2.

Here, we only give a shortened story of the proof of Theorem 5.1. The detailed version may
appear in elsewhere. Applying the method of the transport equation or Fokker-Planck equation

due to Carrillo-Toscani [8], we compute the time derivative of the 2nd moment: For a weak
solution u and v of (4.3) , we let

(5.2) H(v(t)) E/n 2*o(t)dz + — 3 : /R v (t)de,

(5.3) T(o(t) E/nv(t) ‘v (af 0 (1) + @) i,
(5.4) (o(t)) = / kG ‘v (%va_l(t) + @ _ e_’“qb(t)) i

It is now well understood that for a weak solution v and ¢ of (4.3) , the functional H(v) plays
a metric for the solution spaces: Namely we have
t t
(5.5) |H(v(t)) — H(v(s))] §2/ J(v(T))dr —|—/ e " {/ 2T (1) da +/
S S
where k£ = n(2 — ). In particular, for 1 < a < 2 — 2, we have that H(v(t) is monotonically
decreasing in ¢ and

(5.6) Hw(t) < H(ug),  t>0.
20

()] .

n n



The inequality (5.5) follows from the similar way we derived (4.5) in Proposition 4.1. Under
the condition 1 < o < 2 — % we see k > 2 and we have already seen that |[v] gi} < C and
lll2 < C, it follows

H(v(t)) <C

and for some appropriate sequence {t, },

lim H (u(ty))—H () + 2 /0 " Ju(r))dr

Ooe—n’r . 2 6271}@—&-1 T rdT
§2/0 /n(!¢()|+ (7)) dadr < o0,
[H (v(tn)) — H(v(tm

)|
< " )i +2 / "o [ (0(n)? ot i(m)) dodr 0. num - oc
tm tm e

and this shows that {H (v(t,))} is the Cauchy sequence in n — oc.

On the other hand, one may observe that the functional I(v) has time decaying properties:
Since 2(k — 2) = 2n(2 — @) —4 > 0 under the condition @ < 2 — 2, we choose 7 such that
v=2—n<min(2(k — 2),1) and it follows that

(5.7) I(v(t)) < e ¥t (I(UO) +C /O - e"—%—?))%zf)

This is obtained by the direct estimate for the functional I(v) with aid of the regularity of the
solution.

On the other hand, by a suitable subsequence t,, {H(v(t,))}n is a Cauchy sequence there
exists a constant H., such that nh_)rrgo H(v(tp)) = Hoo. Moreover, d(f,g) = |H(f) — H(g)]

becomes a metric and the set
X={feL*R"),zf L' f>0}

is a complete metric space by this metric we conclude that there exists a limit function vy, in
X such that

V(tn) = Voo by — 00
in X. While by (5.8) I(v(ts)) — 0 (n — 00),
I(veo) =0

and we obtain Vv ! = —2=Lz. this concludes by recalling M = [[uol|1,

a—1 1/a—1
Voo(x) = MV (2) =M |A— \a?|2 ,
2av n

where A is chosen such that the L' norm of V(z) is normalized as 1. Again by estimate (5.5)

gives

(5.8)

0< Hw(t) — H(vs) < — 2/ I(v(T))dr +/ e T {/ > v (1) dx +/ ¢(T)|2dx] dr
t t n n
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the desired estimate

[v(t) = MV || < Ce~ (=2t

follows from the Csiszar-Kulback inequality. This gives Theorem 5.1 by change of the variable

into the original variables.
The entire proof relies on the regularity theorem of the degenerated parabolic equation and
the crucial estimate for I(v) requires some estimates. The detailed discussion will be shown in

elsewhere.
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