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Abstract

In this paper, we study the asymptotic and blow-up dynamics of the attraction
Keller-Segel chemotaxis system of equations in scale of Banach spaces Ej = H 20:4(QY),
-1<a<1,1<g<co, where Q C RY is a bounded spatial domain. We show that
the system of equations is well-posed for a perturbed analytic semigroup, whenever

1
+3-3 . . . . .
2x+a< (—Nf” ) ° *, where y is the chemical attractivity coefficient, a is the rate of

production of chemical, and g, 8, y are of the scale spaces. Thus, as t oo, the asymp-
totic dynamics are captured in the limit set MU {0}, where M = |QIL - spatial aver-
age solutions. The constants for the sharp space embedding E C LO2(Q) (1 <O < )
indicate that for either the application of Banach fixed point theorem, or the global
existence of solutions, no need of either the time for a contraction mapping, nor the
initial data of the system of equations, to be small, respectively. In blow-up dynamics,
we prove that the solutions blow-up at the borderline scale spaces E, @ = % indepen-
dent of time 7 > 0, if the chemo-attractivity coefficient dominates the Moser-Trudinger
threshold value. An analysis of the finite time bounds for blow-up of solutions in norm
of L?P(Q),1 < p<6and Q c RN, N = 2,3, is also furnished.
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1 Introduction

In this paper, we study the asymptotic dynamics of the following classical Keller-Segel
chemotaxis! system of equations.

vi = Av—Av+aw in Qx(0,7),
wy = Aw—-V-(wyVv) inQx(0,7),

dzv = 9zw=0 ondQ =T, (D
v(0) = vy, w(0)=wy inQ,
where Q c R is an open bounded domain with smooth boundary T,
v := chemical concentration,
w = cell density,
A := rate of decay of chemical,
a := rate of production of chemical,
X = chemical attractivity coefficient,
V- = div, il := unit normal vector pointing outwards of T'.
In what follows, we will often let I = [0,T), I = (0,T).
We will study the system of equations (1.1) in nested scale of Banach spaces
Ey = H*9(Q) = (I-A))?LIQ), for —1<a<l,1<g<oo, (1.2)

with dual spaces [Eg,]*, fora >0, Ll] +4 =1, endowed with the dual spaces product (-, )44
of the L9(Q2)—spaces. By nested, we mean that if @ > §3, then the identity mapping i : Ej
Eg is such that i € L(E“,Es), and in operator norm, [|i]l, g < 1. The defined scale of Banach
spaces (1.2) are a special case of inhomogeneous Sobolev spaces H>(Q), se R, 1 < g < o0,
or Bessel potential spaces, which coincide with the standard Soblolev spaces when s =a € Z
[2,9].

To achieve the above-mentioned objective, we first make precise the notations to be
used for the function spaces. To this end, we state that in the absence of any danger of
causing uncertainties or confusions, we will use the same space notation

H>(Q) = H(Q;R?) (1.3)

for both Sobolev spaces of either single or vector real-valued functions. More prominently,
if the components of the vector-valued functions are in different spaces (s; # s»), then we
will use the notation

H™(Q) := H""29(Q) = H"1(Q)x H*>9(Q) := Z;'”z.
In a similar fashion, we will use the notation

Z; = E;l @E;z = E;, if 51 = s7. (1.4)

IChemotaxis is the migration and organisation of cells induced by changes in the concentration of chemical
substances secreted by the cells themselves.
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Now, consider in (1.1) the uncoupled elliptic equation in L9(€2) and define the operator

Ao =( oo _OA ) : D(Ag) € LI(Q) — LIQ), (1.5)
with domain
D(Ap) ={u=(v,w)" € H*(Q): dqu=0 onT, 1<g<cof. (1.6)

It is well known, following [3, 11, 29, 31], that (1.5) is a sectorial (or C* for short) operator
in L1(Q). Therefore, by the complex interpolation- extrapolation method (see [3, 32]), the
product scale spaces of (1.2)

EZ = H*™(Q) = (I - Ap) "LI(Q)

[ A+A-p" 0
- 0 (1+A)

:E;’XEZ‘:EZ, for —-1<a<1,1<g<oo,

)U(Q;Rz) (1.7)

incorporating the boundary conditions, are well defined, and we can identify

1 -1
E)=D(Ay), E;=H"(Q), E)=LYQ), E,;*>=H"(Q).

In particular, if we denote the complex interpolation by [-, -]y, then the fractional order scale
spaces associated with the operator (1.5)-(1.6) satisfy [3, 11]

Xy = [LYQ),E, = D(A)]e — H**(Q):=EJ, 0<a<l, 1<g<o, (1.8)

where the inclusions are strictly continuous. In general, the embeddings (1.8) are not
known, except in the case where Q is of class C*, or the boundary conditions are of the
Dirichlet type. We refer the reader to [3, 11] for more details.

For discussion convenience, we formulate the system of equations (1.1) in an abstract
evolutionary equations framework. To this end, we let u = (v,w)" € Eg for some a € R, and
observe that the system of equations (1.1) takes the form

{ U+ Au h(u, Vu), (19)

w0 = upeZ)” :=ELxE], B=v,

where A=A, € .[j(EgJrl , EZ) denotes the realisation of the sectorial operator (1.5)-(1.6) in
L9(Q), such that A_, € LIEI*!, E,*) is defined by

(A_qu,2)qq = vath+/lf vg0+waV1ﬁ, Vz=(p,¥) € E;’/, (1.10)
Q Q Q

in the weak variational form if a = %, that is as well very week if @ = 1, since the distribu-
tional derivatives of the variables in system of equations are passed onto the test functions.
The non-linear term

h(u,Vu) = aw + PwyVv) € Eg ® E;,“,
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for @ > 8 > 0 such that E;,“ 2 E;,B , is defined by

(h(u,Vu),z) ((@w, =V -(wx Vo) " (0. 9) g

fwg0+XwavV¢

= Aaw,@)gq HPWXVV),W)gy Vz= ()" € Eg (1.11)

Thus, (1.9) is understood in the context of the identity
(U + Au, Z>q,q’ = (h(u, Vu), Z)q,q’ , VYz= (90, w)T € EZI .

It is important to observe that the variational equivalent formulation (1.9) of the system
of equations (1.1) gives an easier configuration to treat the non-linear term

=V -wxyVv) = -xVw - Vv —ywAv

in solving the equations for a solution compared to working directly with the original system
of equations, since the action of the semigroup {7'(f) := ¢ : ¢ > 0} on the operator V- do not
commute [16]. This can however be resolved to some extent (see [16], and/or independently
using Hardy-Littlewood-Sobolev inequality [9]). Nevertheless, the results in this paper are
much finer as far as the well-definition of (1.11), and the treatment of the question are
concerned.

In this regard, it follows, using [3, 11, 30, 31], that the realisation of the operator (1.5)
is an infinitesimal generator of an analytic semigroup

(SO)=eM: teR"): E®

Y+ E forany afeR (1.12)

in the scale spaces. Thus we can solve the homogeneous equations corresponding to (1.1).
Moreover, Duhamel’s principle provides the integral equation

f
u(t) = e Muy + f e M= pu(s))ds (1.13)
0

as the solution to the evolutionary equation (1.9) in adequate function spaces by means of a
contraction mapping, and vice-versa.

If we take, in (1.1), the dual spaces product between the spaces L7(Q2) and L9 (Q), where
L =1, using z = (1,1)7 as the test function, then we deduce that

q
v——/lfv+afw:vQ(t)—e % +af ~A=9)yp6(s)ds

= vo()=e" ﬂ’vg+79(1 e, Ve (0,7),

d
since —fwzo:wQ(t)szozwg, Vi€ (0,7),
dt Q Q

1,
q

in which we have set ¢q = fQ ®.
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Thus, if T = oo, then we have the limit set
an?® ’
M:{AeRZ;A:[Tﬁ,w&] } (1.14)

of L' spatially integrable solutions, in the distributions sense.
On the other hand, considering the corresponding stationary equations to the system of
1

equations (1.1), if we take ¢ = Inw—yve H'(Q) = E2, w € L*(Q), w # 0 as a test function
in the cell density equation, and then integrate by parts over €2, taking into account the
boundary conditions, then we find, by using Green’s formula, that

v
0 = fV-(VW—W)(VV)gD:fV-w(—W—XVv)go
Q Q w

= —j‘wN(lnw—)(v)l2
Q

& infwf IV(Inw — yv)* < waV(lnw—)(v)l2 =0
Q Q Q
= Inw-yv=cte, and w=Ke"" (1.15)

0
Q

where K = e™2 , using (1.14). Otherwise if we suppose that (1.15) is false, then we would
have that

aw,

<p:1nw—XveV:{¢eH1(Q): f¢:o}
Q

which is the set of functions orthogonal to constant functions in H 1 (Q). Thus, since ¢ # 0,
fQ |Vg|> = 0 would leads us to conclude, with the aid of Poincaré inequality, that ||| 1 @ =0
is valid, leading us to a contradiction. Ergo, ¢ must be a constant, and the implied in (1.15)
must be valid.

It henceforth follows, by substituting w = KeX" into the stationary v— equation, that we
obtain the semi-linear elliptic problem

=Av— XV
{o Av—Av+aKeX’ inQ, (1.16)

0;v=0 onT.

Due to the exponential nature of its non-linear term, its well-posedness in the scale of
Banach spaces Eg B = % depends strongly on the following Moser-Trudinger lemma.

Lemma 1.1 ([1, 21, 37]). Let 8 €(0,N) be a positive real number and 1 < g = 2—1\[; < oo, Then,

< CunlQl ifx <xng
sup f eMVdx (1.17)
Q

feEy = +o0 fx=xng
=AY fll <1
where, 1
. N
N \7 [722%T(B)
XNg = ( ) [ N—Q,E(’B (1.18)
on-1) | )
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T

(

-

is the Moser-Trudinger threshold value, and wy-1 =

RN,

is the measure of a unit sphere in

—
N

Furthermore, (1.16) can be viewed either as a non-linear eigenvalue problem, or a non-
local elliptic problem (see [8, 14, 15]), under adequate transformations of the equations
variables in (1.1) of the nature

|Qw(z, x)

U(t,x) = W,

o(t,x) :)((v(t, X)— L f v(t, x)dx), (1.19)
1l Jo

leading to a transformed version (1.31) of the original Keller-Segel chemotaxis equations
in (1.1), which we will discuss more towards the end of this section.

It is important to note that the study of (1.34) can be significantly involving, in the con-
text of establishing the Palais-Smale condition, in view of the Trudinger-Moser inequality
and Pohozaev’s identity for non-existence of solutions. It is in this regard, that we will only
confine ourselves to its impact on the blow-up dynamics of the system of equations (1.1) on
the basis of (1.18).

Among the questions to be answered in this paper, before the above-mentioned blow-up
analysis, is the question of whether the complete system elliptic differential operator

Aw) = Ay—Pw)
_ -A+A  -a By o ) » .
) ( VoonV) A )-Zq = EixE] ~ ExE]. (120)

is an infinitesimal generator of an analytic perturbed semigroup to the semigroup (1.12),
defined by the uncoupled system elliptic differential operator, where y <8 < a <y +1 and
w e EZ fixed . In this direction, we first have the following lemma.

Lemma 1.2. Consider the system (1.1), and assume that u = (v,w) € Zf; V.= Ef]’ X Eg, with

the scales satisfying a > 1, 0<a—y<1,

= z,
1 N N
—+—<a+y, and 1+—<2a+y. (1.21)
2 2q 2q
Then the product wyVv € E?, with weak form P(wyVv) € E;,ﬁ , defined by

(PWxVV),¥)gq = wx Vv, V), o :Xf wWWWy eR, VYye Ef;,, (1.22)
Q

is well defined. Moreover,

sup

(1.23)
Wiheg<t WX VVlayg

(P(W)(VV), '7[’>E;;’EZ/ ) (x+%—%
<
a (Neir)

”P”L(E;;,Ef) =

In particular, the weak form P € Llip(E",E[;,) is a linear, continuous and Lipschitz operator
between the scale spaces.

It is worthwhile to remark the following about Lemma 1.2.
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Remark 1.3. a) The bounding estimate from above in (1.23) changes with the space em-
N

beddings E;T’ c L9(Q),1 < O < oo, in the critical situation, see (2.2) in the next sec-
tion.

b) The first yielding condition in (1.21) is consistent with studying the drift function only
with the div-operator (see [29]). The conditions in (1.21) are special cases of the
following

1 N1 1 1 1 1
2 2

N 1
—+———)s,8+y and 1+—(—+———)£2/3+y, (1.24)
9 p P 2\q p »p
relating to initial data spaces with all different exponents, implying P : Eg — E;ﬁ ,

Pe Lz,-p(Ey,Eﬁ,), and (1.21) is obtained when p = g. Since % <v, B <1, the gener-
alised condition yields Young’s inequality for convolutions, and p > g, p. Moreover,
the sharp optimal scale of Banach spaces embedding (2.1) are verified with p = ©.

¢) The estimate (1.23) simplifies the action of the semigroup (1.12) in controlling (1.13),
which does not commute with the div-operator V- in (1.1), but behaves in a similar
fashion as it does for # > 1. See [17, 36] for alternatives to this issue in dealing with
the w—integral equation solution directly from (1.1) and not from (1.13).

Thanks to Lemma 1.2, we have, on existence and uniqueness of solutions, the following
theorem.

Theorem 1.4. Assume in the v—equation of (1.1) that w € L"(i;Eg), with 1 < 0 < oo and
0<a-B< C% Then,

@
ve CLEHNCUHLENNCULES YN C (I E)), (1.25)

for any y' < B+ Ui B <a<pB+1. Moreover, since (1.5) is a sectorial operator,
we L7(0,00,Ef), veLT(0,00,E2), f<a<f+1, foranyBeR, and

limsup|wll, =0 and limsup|[Vv||,_1 = 0. (1.26)
t/'00 t,/"o0 2

(ii) Assume Lemma 1.2 is verified. Then, the w—solution of (1.1) satisfies
weC(LENN C(I';Ef]’) N C(I';EZIH) mCl(I';Eg') (1.27)
foranyy’ <y+1.

(iii) The system (1.1) admits a unique globally defined strong solution given by (1.13) and
conversely. Furthermore, if

1>

B+
2)(+a( 2 ) (1.28)

q \Ner
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holds, then the complete system differential operator (1.20) generates a perturbed
analytic semigroup in Z'ger = E’g X EZ, and

limsup||(v(t),w(t))T||ﬁ+y =A" e MU{0}, (1.29)
t,/'o0

where the limit set M, is as defined in (1.14).

(iv) If the first condition in (1.21) is satisfied with a strict inequality, then the unique glob-
ally defined strong solution in (iii) is a classical solution.

In particular, using (1.21) with y =0, ¢ = 2, and since a — % < 1, Theorem 1.4 implies,
by a density argument, the following corollary, which is important in the analysis for much
finer blow-up results and local controllability of the system for a control function f € L*(wX
(0,T7)), where w C Q.

Corollary 1.5. Consider the system of equations (1.1) with initial data (vo,wg) € L*(Q) x
LZ(Q) and Qc RN, N =1, 2, 3. Then the solution (2.5) satisfies

u, welL® (o, T; LZ(Q)) N2 (0, T; H' (Q)); Vv, wy € L2 (0, T, LZ(Q)). (1.30)

Moreover, the system (1.1) is given, for a.e. t € (0,T), by

fv,cp = —vaVw—/lwaafugo, Yo e H'(Q),
Q Q Q Q

f W - f VwVi + f wVwWy, Yy e H(Q),
Q Q Q

in distribution sense of functions in H='(Q).

The system of equations (1.1) is the simplest description of a cell population, which pro-
duces a chemical signal and responds to it by performing chemotaxic movements. It was
originally developed in [18] by Evelyn Fox Keller and Lee A. Segel (1970), in the context
of investigating the aggregation of the cellular slime mold Dictyostelium discoideum. The
system of equations is a macroscopic model for chemotactic cell migration, where besides
diffusing randomly, the cells partly orient their movement towards increasing concentra-
tions of a chemical signal substance. Eversince its discovery, the system of equations has
attracted the attention of many scientists from varied perspectives. See [7, 13, 22, 33, 34]
for other natural phenomena that describe generalized models from the system equations
(1.1).

Now we give a brief review of some of the contributions to the topic. For some litera-
ture, we cite, among others, [5, 8, 12, 13, 16, 14, 19, 23, 24]. In [5], Corrias and Perthame
(2006) studied the system of equations (1.1) in the entire space RY, N > 3, with initial data

N
(vo,wo) € WYRM X LIARM)NL'RY), ¢ > 70 IVvolly < 1,

near optimum critical spaces. They proved that the system of equations is well-posed for a
solution satisfying

(v,w) e L>(I; WENRYN)) %
x L2 LYRMYNLARN )N L (1 LP(RYY),

loc
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forall p > g, and
1N
1272 |[Vv(@)ll, < C(T 5 lluollg, [IVvolln),

for r > N. In order to obtain global in time existence of solutions to the system of equations,
they had to impose an extra requirement on the cell initial data, that ||wll, < 1 be sufficiently
small, owing to a need to establish L”(R") energy estimates for the solution. An important
role in their proofs is played by LP(Q) - LI(Q),1 < p < g < oo, heat kernel estimates, to
show that the solution to the complete system of equations behaves in a similar way as
does the semigroup defined by the uncoupled elliptic differential operator, with much higher
contractivity in the smoothening or regularization effect estimates of the semigroup. Similar
results, to a great extent, were derived in [24] by Nagai and Yamada (2007), but with initial
data in much stronger spaces, i.e.

(vo,wp) € WHRM) x L'RMYNL*RY), N>1,

and without the need of the initial data to be small.

The objective of this paper, is to study the system of equations (1.1) in nested scale
of Banach spaces Eg,—l <a<1,1 <g<co. Itturns out that our results will agree, to a
great degree, with those of [5, 24], but without the need of the initial data to the equations
to either be small, nor to immediately belong in scale spaces embedded into the space of
uniformly bounded functions in Q. Special thanks are due to the Professors W. Kryszewski
and M. Clapp for referring the authors to the research paper [16] by D. Horstmann and M.
Winkler, whose approach is somehow related to that of this paper, but its study is technically
different in view of (1.8), taken in conjunction with that the system of equations are not
entirely the same. In [16], the system of equations (1.1) is of a semi-linear chemotactic
sensitivity function, to which a precise exponent threshold value for blowing-up of solutions
was established.

The question of blow-up of solutions to the system of equations (1.1) has been previ-
ously investigated by many other authors. See [8, 12, 16, 14, 15], to cite just a few. The
study insofar has been either via the radically symmetric method, or the Lyapunov function
approach associated to the equations. In relation to (1.19), the corresponding transformed
version of the system of equation (1.1) is the following

¢ = Ap—dp+ax(@—1) inQx(0,7T),
Y = MN=V-(YVo) in Qx(0,7),
Opp = Ozp=0 on0Q =T,
©0) = ¢o. Y(O)=yo in Q.
The well-posedness of (1.31) for a local weak solution satisfying (1.30) was established in

[8] by H. Gajewski and K. Zacharias. The transformed system of equations (1.31) was well
shown to accept the Lyapunov function

(1.31)

1
He0 =5 [ (WeP+ag)+ [wiogu-n+n- [w-np 132

with lower estimate

1 1
)02 T () = 7 fQ (|Vso|2+w2)—|sz|1og(5 fg ew) (1.33)
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for ¢ > 0, and is bounded from below in a smooth domain Q c R?, provided that % <I1. It
follows again, by [8, 14, 15], that the solutions to (1.31), in time subsequence (#x)xen Such
that #; oo, converge to the stationary solution of the system of equations. In fact, this was

validated to hold for r " oo, and

() = ¢*  weakly in H 1(Q), Y(t) — " strongly in LZ(Q),

ast /" oo, where y* = ‘?zi and ¢ solves the non-local elliptic boundary problem (1.16) of
Q

the form

O:Ago—/hp+a/\((%—l) in Q,

070 =0 onT.

(1.34)

A complete treatise of this non-local elliptic problem and blow-up of solutions to (1.31),
in either finite or infinite time, was furnished in [14, 15], including the case without sym-
metry assumptions in [15].

This paper is organized as follows. In section 2, we give some preliminaries. Section 3
is concerned with the proof of Theorem 1.4. Note that in essence, it implies the following;
parting from the natural yielding condition (1.21) relating the initial data spaces of the
cell density and chemical concentration variable, the system of equations is globally well-
posed within the large time asymptotic dynamics, orthogonal to constant solutions decaying
to the null states. This in fact takes place at the same rate of the semigroup, by virtue
of an a priori approach to zero of the drift attracting chemical cue from that of the cell
density. Furthermore, using the best constant of the spaces embedding into L®(Q)-spaces,
1 < O < oo, it shows that for either application of Banach fixed point theorem, or global
existence of solutions, no need of either the time for a contraction mapping, or initial data
of the equations, to be necessarily small respectively. In particular, if (1.28) holds, the
system coupled differential operator is an infinitesimal generator of a perturbed analytic
semigroup in product scale of Banach spaces.

In Section 4, we give an alternative proof to Theorem 1.4 (iv), that if the first condition in
(1.21) is strictly attained, the solution of the system of equation (1.1) is a classical solution.
Section 5 gives some highlights on the blow-up of solution to the system of equations at
the borderline space EY,a = %, independent of time ¢ > 0. We comment that the question
of finite time blow-up of solution of the system of equations (1.1) has been previously
investigated by many other authors, see [12, 23, 16] among others. Section 6, studies finite
time upper and lower bounds for blow-up of solution of the system of equations (1.1) in
norm of L*?(Q),1 < p<6,and QC RN, N=2,3. Tt complements the elegant work initiated
by L.E.Payne and J.C. Song (2010) in [26] pertinent to the parabolic-elliptic equations of
the minimal chemotaxis model. The importance of both finite time bounds for blow-up of
solutions is in indicating the time for initial stage of aggregation and also when the final
stage of aggregation is reached

2 Preliminaries

Throughout this paper, generic constants will be denoted by C € R*. In the sequel, relating
to the particular spaces E%,—1 < @ < 1 associated with the operator (1.5), we will use || ||o
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as the norm notation, while in the case of the space L7 (I; E7),1 < 0 < oo, the norm notation
to be used will be || - ||.»-. Important for our analysis are the following Sobolev type spaces
embeddings [2, 3, 11, 30, 32];

< 2 if2e-Y <o,
q
E}CL?(Q) = 0{ < o if 20— =0, 2.1
< o if2a/—;>0,

with the best constants of the inclusions ([10, 37]) given by

2a 2a
2T (ravy \ ¥ _ .
(%) r(@)(%ﬁ;) ~ (2(Nem)™)* if 1 < g < oo,
2 2 2 N
0<2C¥<E,
Co = i (N )|n|l (2.2)
Tlag )7 . N
LN (1 1(1.1 ?L+% N\ & N 1f2(l=;,
2 Eafind iyt o)
g<p<o,

respectively, using Stirling’s formula in the case 1 < g < o0 and 0 < 2a < % of (2.1). The
inverse type embeddings to (2.1);

N . N
> yha if2e<g,

LYQ)CE" & «>0 (2.3)
> 1 if2a=§,

and M(Q)CE;* if2a> %

are as well verified.

Thanks to [3, 11, 30, 31], the semigroup (1.12) smoothening effect estimates

—wt

IS (Dgolle < lgollg. >0, o€ Bl 2.4

@B

whenever a > 3, for M > 1, w > 0, are satisfied.
As for the notion of a strong solution to (1.9) (as given in (1.1)) to be used, we observe
that in equivalence to (1.13), we have the integral equations

!
vi) = €A Vyg+a f AV d s,
0

(2.5)

3
w(t) = eAtwo—feA(’_s)P(u(s))ds,
0

using the notation of the weak non-linear form P(u) € Eq_,ﬁ in scale of Banach spaces intro-
duced in Lemma 1.2. Accordingly, as per integral formula, we have the following definition;

Definition 2.1.
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() Ifwe L‘T(I';Eg), 1 < 0 < o0, a function v satisfying (1.25), (2.5) and equation in (1.1) in
distribution sense as an identity in Ef isa strong solution.

(ii) A functionw € EZ‘ for which (1.22) is well defined in E), with0 <a—7y < 1, and (1.27)
holds, as well as the equation in (1.1) in distribution sense as an identity in £/, is a
strong solution.

(iii) If (i)-(ii) above are satisfied, then u = (v,w)" is a strong solution to (1.9) and the equa-
tion is verified in distribution sense as an identity in Zg” = Efj XE,.

We now proceed to the main sections of the paper. Note that in most of the proofs, we
use the subcritical case of the spaces embedding (2.1), with obvious changes (although not
necessarily trivial) in the critical and supercritical cases, which we might not highlight to
shorten an already too lengthy paper.

3 Proof of Theorem 1.4

We carry out the proof of Theorem 1.4 in a sequence of lemmas, starting with the proof of
Lemma 1.2.

Proof. of LEMMA 1.2. It suffices to note that the proof follows by space embeddings (2.1)
and Holder’s inequality. In fact, the mappings

Eg X Ej) X Ej 3> (vwy) e (wxVv,y) € EfxE;  and

EgXE, 3> (wxVv,y) r—>)(f wVvWy e R
Q

_1
are well defined and continuous, since Vv € Eg 2 c E(q) =L1(Q) if a > % Thus, wVv € E?,
1

using (2.1) of E?, provided that y > %, as one needs that é - %V—y + Ll[ <y

_1
Furthermore, relaxing the embedding into space for EZ ? yields that Cl] - 2% + (13 - zﬁ" +

% < é, giving our conclusion, as long as the first condition in (1.21) is satisfied. Thanks

again to the space embeddings (2.1) and Holder’s inequality in more general setting, we
require

N-2a-3 - N-2a-1)q
1> (a’ 2)61+N 2’yq+ (a’ 2)61
gN gN q'N

must hold. This implies that the second hypothesis of (1.21) has to be satisfied. Conse-
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quently,

IA

|fXWVVVl//| Iwx VvllellViller
Q

IA

2\
X(—Nm) WVl IVl -1 o

2\
x(—) IloolIV¥ll,_y V6,1

<
Nen
2 a+i-3
< X(m) Wlly.qlVlla.gl¥llag » 3.1
using (2.1) and (2.2), taking % = @lo + @Ll. Lastly, we recognize that the linearity of the
mapping implies that it is Lipschitz continuous. The proof of the lemma is complete. O

Now in proceedings to prove (i) and (ii) of Theorem 1.4, we observe that in (1.25)-
(1.27), the initial smoothness of solutions are due to the fact that an analytic semigroup
(1.12) is as well a C°~ semigroup, hence [30, 31] yields the assertions, using (2.5).

It as well follows, with either a = ifc=1,or0<a-F< L% if 1 <o < oo, that

!
Iv@)lla eV vollo +a f e w(5)lq as
0

IA

IA

!
Mt_(“_ﬁ)llvo||ﬁ+aMf (t— )" Pllw(s)llp ds
0

1
t P 4 v
Mt_(“_ﬁ)||vo||5+aM( f <t—s>“"<“‘ﬂ)ds) ( f sl dS)
0 0

1
o
t7 "Bl p, (3.2)

IA

1
1-0’(a-p) )
which imply boundedness of the v— solution on finite time intervals, away from ¢ = 0. In
particular, v € L(‘f_ﬁ(i SES).

To prove the continuity, fix 7> 0 (or even 7 = 0 if vo € E7), h > 0, then compute using
(2.5), that

< Ml_(a_ﬁ)||V0||ﬁ+aM(

t+h
v(t+h) —v(t) = 2 V@0 —v(t) +a f eAVER=9, 000V ds.
t
Taking the norm, we get that

(e + 1) = v(Olle < €AV~ Dv(@Dlle  +

t+h
+ aM f (t+h—5)"Plw(s)llpds
t

L
o./

1+T
< Il(e“‘*)h—nv(r)uawM( f Gihes @B x
t

< ([ moongas)
t

_ 1
< AV = Dyl + Mi—gr (@)Wl ghe " @ P\, 0,
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as h \, 0, concluding the desired continuity of the v— solution.
Next, for any S, e R suchthat f < a <+ Gi if we let

cpa(t) = 2V e L1(0,00),

then cg,(?) is not bounded at # = 0, unless « = 8. Coupled with this, if o = 1, then we let

!
o(t) = f AV y(5)ds,
0

so that, since
eV yg € 110,00, EY)

whenever vy € E‘; , we only need to prove that ¢(f) € Ll(O,oo;Eg). Thus, let s = tp for
p €[0,1] fixed. Then we get that

1 1 )
le@llia < f le)ll.odp = f f le A=V Py(1p)| ot
0 0 0
1 00 r »
< —pa(r(1 = p)p Iw(r|gdrdp
o Jo P
<

( f cﬁ,a<s>ds)( f ||w<r>||ﬂdr),
0 0

in which the last inequality follows from changes to the time variables r = #p, s = r(ll;)p),
then integrating with respect to p. Consequently,

IvOll1a < lIcaaOllilvolle + llcga (DI IIWEAI p-

The case o = oo is proven as in the first lines of the proof to (i) of the theorem. The rest is
by using interpolation. Thus, the second-last result in (1.26) is proven.
Furthermore, owing to (2.5), if we apply V to the v— formula and taking the norm in

1 we obtain that

a—z,

t
IVVll,-y <NV (e Vo)1 +a f IV (2 w(s)) -y ds
0

!

< Mt “Plgllg +aM f (t—5) " Pllw(s)llpds
0

' £

< Mr—“’—ﬁ)nvonﬁwM( f (r—s)—‘f’(“—m) Wl (3.3)

0
(v— 1
< M Pvollg +aMi—ia—pyt7 Pl p

holds. This is because (1.21) is assumed to hold, and thus @ — % > B provided that 5 > % and

_1
t€(0,T) is large. Therefore, Vv € L?_B(O,OO;EZ 2). Hence, if we set f(¢) = t“‘ﬁHVvlla_%



Semigroup and Blow-up Dynamics of Attraction Keller-Segel Equations 15

and consider the w—equation of (2.5), then we get that

A

!
Iw@)lle < Mt wolly + f VA=) (wxy Vv)(s)llodss
0

< M woll, +xM f (1= 9 D)5l
02 a+f-3
< Ml_(a_w“WO“y"'XM(m) X
x f (=57 TP I,y ds
O 2 a+f-3
< Mt‘(“‘”IIwOIIﬁXM(@) X

« f (t— 5y 3+ ()5 @ Pl ds
0

2 a+i-3
Mt wolly + ¥y M| —— J,
[lwolly +x (Neﬂ)

where J = fot(t— s)_(%m_ﬁ) f(s)s~@P [lw(s)llyds. Making a change of time variable s = pt
leads to

J <
e
sup £ () f 1 ' (3+ap) o’ @p) 1 " = s
o
>0 0 (1 _p)(r’(%+(l—ﬁ)po_/(a_ﬂ)
1
1 7
—(3+2(a-B) |
< @ sup f(1) f aol il
l>gf ( 0 (1 —p)O”(%-{—(}—ﬂ)po-/(w_ﬁ) p o—ﬁ
< t_(%+(a—ﬁ)) sup ||VV||Q_% %
>0
1 -7
1 -
; “ Wl p: 34
(L (l —p)(r'(%+a—ﬁ)p0./(a_ﬁ) p) || “(T,ﬂ ( )

A backward combination with (3.4) yields limsup, » [[wlle = 0. If we allow the expo-
nential decay effect of the semigroup (2.4) in the norm estimates of (3.3) in o = oo, then we
conclude that the last statement in (1.26) is true. In fact,

00 —wt
limsup||Vvl|,_1 < aM(f € — dt)limsuplleﬁ =0,
t/+co 2 0 1P t/+0co

from which our result follows.
To complete the proof of (i), we need extra results on (ii).

Lemma3.1. Letwe Eg be as givenin (2.5) andE=a—-L€(0,1). Then, we CIEOC((O, T); Eg).
That is, w is Holder continuous in time.
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Proof. Indeed, if 0 <t <t+h<T, then
!
wt+h) —w(@) = (M -DePwy+ f (" — DIV (w(s)y Vv(s))ds
0

t+h
+ f AEIG (w(s)yV(s))ds.
t
Thus, by virtue of Lemma 1.2, taking y = 8, we get that
Iw(t+h) = w()llg < [I(e™ = De*wolls  +

!
+ f (™" = DerIV(w(s )y Vv()ligds  +
0
t+h
+ f AT () Tr(s)) s
t
!
< Mo gh®Pllewollg + My_gh®™P f Ve (w(s)xy Vv(s))lladss
0

t+h
+ f 179 (s V(s lads
t

< Mo MR P Pliwgllg + xMy_gMh* P f l(;_s)—%—w—ﬁ)x
t+h | °
X w(s)Vv(s)ligds +xM f (t+h—5)"2"Plw(s)Vv(s)llgds
t 2 ath-4
< My gME PP wollg +x M (m) My gh®*  x
X f (=P, yds +
0 2
2 a+§—% t+h |
’ XM(@) f (t+h=5)"2 " PUwlpITV(SI, 1 ds
2 a+t5-3
< (Ma_ﬁMf("-ﬁ)nwouﬁ + X(M) Mo gMy_(q_pt' @ P+
2 a+5-3
+ X(m) Ml-m-mt:(gg){nwuﬁnwna_é}]h“-ﬁ,
which gives the desired Holder continuity of the w— integral solution in (2.5), and the proof
of the lemma is complete. ]

Lemma 3.2. Consider the subset

W= {¢ € C(I;E); sup WOl < Cllzﬁolly}, (3-5)
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and let in (2.5)
?TWOU)=€A”Mo—‘£jeA“_”P04s»d&
Then,
(i) FWcCW,ie it maps W to itself.
(ii) The mapping F : Eg — Ej is a contraction.

(iii) There exists a unique w € W such that F(w)(t) = w(t) is a solution to (1.1) up to
maximal time T*(|lwoll,) of existence of solutions of (1.9).

Proof. We first note that we can read the right hand side of (2.5), in taking the norm of
EY = Eyx E;™7, as in the scale spaces product, whereas, thanks to Lemma 1.2, wy Vv is
well defined in EJ = L9(Q). Therefore, if w € W, then we find that

!
IF W)(@)lle < Mllwolly + M f (t— )" lwy Vyllods

+21 1
2 272 1
SMIIWoIIy+X(Nm) Mf(t—S) @ ”Ilelyllella_lds

1

Y
2 \¥ti73
< M|woll, + yMC| — sup ||Vv w X
wolly +x (Neﬂ) te(og)ll IIQ_,II olly

f(t—s) =@y
Z

1
2 272

< anOnwaC( ) sup [Vl s woll, 757,
Nern 1€(0,T)

Thus, with

2
- (1 1) 1 ( 2 )1%’7 e
M C|xsup,or) ||Vv||a_7 Nen ’

we get that (i) is satisfied.
To prove (ii), we evaluate F at wi,w, € W, using the same initial data, to obtain that

!
IF (w1)(6) = F (w2)Dllo < fo VA= (w1 —way VV)(9)llad's

A
< M f (1= ) 5Pl owy — Tl ds
]
2 2
< M t—s 3=y wi —wa|l,||[Vv
X (Nen) f( ) wy =wall, [IVVIl,,_
Y 1
2\
< XM( ) T2~ sup [Vvll,_1 sup [lwi —wall,.
Ner 1€(0,T) T2 4e0.m) 4
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Whence, (ii) is proven by taking

| ( 5\ e
T < ’
XM supe(o, 1) IVVIl, -1 \Nen

and viewed together with (i) of the lemma.

Applying the Banach contraction mapping theorem followed by the use of the Picard’s
method, or classical continuation for extension of the finite existence time to maximal time
T* = T(|lwoll,), yields the last assertion of the lemma. O

To complete the proof of the theorem, we prove (iii). But before we do this we make
the following observation on the smoothness of the solution, as given in the theorem. The
solution regularity in (1.25) holds, using [11, 30, 31]. Since (1.5) is a C* operator, Lemma
3.1is valid, and w(¢) € L7 (I; E'g) is Holder continuous. Consequently, the conclusion is due
to linear non-homogeneous evolutionary equations theory, which imply the time regularity
of the solution component, even with T at co. Analogously, writing the weak form in
Lemma 1.2-(1.22) as

8(1) = ((wxVv)(1),Vp)gq, forany ¢eEy, (3.6)

we conclude that (1.27) holds, because Vv € Eg_% is bounded, and by Lemma 3.1, w €
CEd, E’g) for 0 <= =a—-p < 1, yielding that (3.6) is Holder continuous in time. Further-
more, from [11, 30, 31] (in particular [11]; Lemma 3.2.1 and Theorem 3.2.2.) we get the
existence and uniqueness of solutions to (1.9)-(1.1). The fact that the solution is given by
(2.5) follows from Definition 2.1.

Now, to prove the generation of a perturbed analytic semigroup, we have the following
lemma.

Lemma 3.3. Assume in (1.20) that (1.28) holds. Then, (1.20) is an infinitesimal generator
of a perturbed analytic semigroup in scale spaces Zgw, and the strong solution coincides
with the one generated by the operator (1.20).

Proof. First, we observe from what has been proved up to now that (3.2) implies v €

Ly 50,75 E), and limsup 1 Plv@®lle < MlIvollg, using (3.4) with o = oo, while still with
t,/+oo
(3.4) we obtain limsup &) [w(®)llg < Mllwoll,, and the assertion should follow. More pre-
t,/+oo
cisely, to complete ideas, we prove that (1.20) is well defined, continuous, coercive, strictly

monotone and is a sectorial operator in ES = L1(Q).
To this end, we define b : Zg” ><Z'g+7 — R by

b(u,z):vaVg0+/lfvg0+fVWV:,[/—Xwade/—afwgo, 3.7
Q Q Q Q Q

where z = (p,%) . Note that, since Lemma 1.2-(1.21) is assumed, continuity of the mapping
(3.7) is clear. We therefore only need to prove the coercivity (since if we apply Browder-
Minty theorem, strict monotonicity can be easily deduced).
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Thus, taking z = u, we find that

buu)y = (W, +
B3
2 B+i-3
+ vanz—‘_x(@) Wl IVVllg_ IVl
2
al 2 Vi al 2 P+i-s
- == Ivwll?! | == == vl
g \Ne 2 g \Ne B3
1
+af 2 V2
= |- (m) ]nungw, (3.8)

implying the coercivity of (3.7), using (1.28). Thus, (1.20) is uniquely invertible by using
Browder-Minty’s theorem, and is a sectorial operator in Eg = [9(Q), since

(A + )~ Pllo

{Il(ﬂﬂi)_ap(u)llo}
sup <
llullo<1 [lzello

C c 2\
;?(a+||P||"’O)SE(a+(@) ]

for any 0 < a < 1 satisfying Lemma 1.2-(1.21), for some C € R, |7 —argu| > ¢, ) < 5. The
conclusion of the lemma is obtained by using Corollary 1.4.5 in [11]. Clearly, (1.14) and
(1.26) imply that (1.29) is true. The proof of the lemma is complete. O

To complete the proof of Theorem 1.4-(iv), it suffices to note that, since o — % > %, we

have EZ_% C L™ (Q) by virtue of (2.1), and Theorem 1.4-(1.26) implies that Vv € L*(Q) is
bounded for all # > 0. Since w € E2 = [1(Q), g > % because 1 > a — % > %. Viewing the
weak form (1.22) in L4(Q), as well as the equation in elliptic form by passing w;, to the right
hand side, and using [30], we get that w € L*(Q) is bounded for all # > 0. The rest is trivial
or immediate. The proof of Theorem 1.4 is complete.

4 Uniform boundedness

In this section, we give an alternative proof for Theorem 1.4-(iv) without using the space
embeddings. More precisely, we have the following theorem.

Theorem 4.1. Assume that the minimal condition of (1.21) is attained strictly. If y = 0,
then u = (v,w) € L*(0,00; H"®(Q) x L*(Q)),

supllull) .0 < M (17 Plivollg + 1 PlIwollo) + C, 4.1)

>0

and the solution semigroup to (1.9) is a classical solution semigroup.
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1
Proof. Assume wy =0, and let % <g<N,|wi?we E] = H'(Q). Then we find, using the
second line from above of (3.1) and Gagliardo-Nirenberg’s inequality [11], that

4
g f Wl + (" 2 f Viw|?? = f wVWV(Iw|?2w)

1
< (qg-1x f |Vv|w|q—‘vW|=M f V9
Q

l
2x(g-1)
e ||Vv||m(||V|w| [IE: ||2)
2(g-1) 2
< XTI = ||Vv||m||V|w| I ||V|w| T
q Nern Nern
__N_
w3 [l "% + f |w|‘5)
Q
2U(g-1) "
< L( ) VMool IV NI P2 3% 4
q Nen
2(g-1)
) ( ) V¥l IV 2 f .

This yields, after multiplying throughout by g and using Young’s inequality, that

d 4
4 f e+ f Vil
dr Jo q Ja
1
2\ N
il (1+—)f|V|w|‘3|2 "
Ner N+2/Jq

. 2
+ ((2%v||w||w,oo)”+2+(2qx||Vv||w,w)2)( fg |w|z)

1
2 \?2 N 49 2

1 \v} 2 N||VV||co.00
(Nm) ( +N+2)fg| WP+ CNIVVllom)? X

x(1+qN)(fQ|w|3)2,

where we have used the fact that for 7 > 1 sufficiently large, [|VV||lw o << 1 is adequately
small.

Thus, if we set

1

4 2\ N
=— -] (1+5—=)>0 d Co=QyN),
@ q (Neﬂ) ( +N+2)> A o = ()

2
if|w|‘f+wf|w|qscg<1+q>N(f|w|‘z’)
dt Jo Q Q

. 2

=>fleqSCQ(l+q)Nsup(f|w|2) )
Q >0 Q

then we get that
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Now, let A(g) = fg [w|4, so that

M@ <[Cal+9 " A(2), va=2.
Consequently, if we let g; = 2i.i e N*, then we conclude that

AQ) Cz_i(l +2)7 A2

IA

CEa® (122N (1422 VA1)
Co [212 :N(z—,) ’N] ...... [22*'1\/(2—1)241\/] A(D)
Co2V Tt 27 5 ONZ 275 A (1) < Co 23V A (D).

IANIA

IA

Therefore, taking the limit as i — oo gives
W@l < Ca2*MA(1) < Ca2*V|Iwolls < co. 4.2)

Now, let’s write w(t) = 1 (f) + (1), where ¢ (¢) satisfies the homogeneous equation in
(1.1) with w(0) = wo, and ¥, (¢) the non-homogeneous equation with, wg = 0. It follows, by
(2.1) and (2.4), that ||y (f)]|e < Mt—ZNTIIIWOIIO for all ¢ > 0, while (4.2) implies |[y2(?)]| < C.
Thus, we obtain

Iw®lleo < MtP|lwollo +C,

where 8 = %, so that combining with the v-solution gives (4.1). The proof of the theorem
is complete. O

S Blow-up dynamics independent of time

In this section, we give some highlights on the blow-up dynamics of the system of equations
(1.1) at the borderline spaces E%,a = %, and independent of the condition (1.28) yielding
that the complete system coupled differential operator (1.20) is an infinitesimal generator
of a perturbed analytic semigroup to the semigroup (1.12) defined by the uncoupled system
differential operator (1.5). To this end, we first notice that the stationary equations to the
system can be derived as a limit process at time oo, to the following Lyapunov function

j(z):fwlnw—)(fwwif(wvwmw), (5.1)
Q Q aq Ja

using La-Salle- Hale-Henry invariance principle [11].

Theorem 5.1. The dynamical system defined by the equations (1.1) admits (5.1) as a Lya-
punov functlon and the elliptic equation (1.16) is verified at T = oo with, if the initial data
is in spaces E B = such that y > xng = (1.18), then

l(v,w) Tllgsy =00 for any t € (0, 00).

Moreover, oo > J(0) = J(t) > —oo, and Proposition 3.2 in [28] holds for blow-up of solu-
tions for any finite time t* € (0, c0).
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Proof. To show that (5.1) is a Lyapunov function, we take the dual spaces product in (1.1)
with Inw—yv e EZ as a test function, in the w— equation, and let v; € Ef ,. Then we find that

= | wnw+ | wy—x | wv—-« | viw +
dt Q Q Q Q
X -2 g2, | X q
+ V[T =VyVy,+ 4 | T v | = | wi(lnw—yv) [vel
al\da Q Q aJda

f Y (Vw — ywV) (Inw — yv) - X f vl
Q aJo

—f(Vw—vav)V(lnw—Xv)—)ﬁf|v,|q
Q aJo

- f WV (Inw —yw)|d =X f vil? <0, (5.2)
Q aJo

using the dual space function characterization for functions in L9, and the fact that

\Y
th=0, wV(lnw—Xv):w(—w —/\/Vv),
Q w

to yield that (5.1) is a Lyapunov function for the system of equations (1.1). The proof asserts
that the Lyapunov function decreases along trajectories of orthogonal to constant solutions
of the system of equations as time increases to infinity. Thanks to La-Salle-Hale-Henry in-
variance principle [11], at time T = oo, we have that the stationary equations corresponding
to (1.9) are verified, and consequently, so is the elliptic problem (1.16), since (1.28) is not
assumed to be verified.

To prove the blow- up of solutions, we note that (3.8) holds, using the best constant of
the inclusion Eﬁ B = 1n (2.2), while, associated to (1.16) is the energy functional

K
8(t)=—IIVvII"_1+—||v||§—a—f(e”—1)- (5.3)
q B-3 q X Jo

This results in (3.8) yielding
K
bu,u) = ol V]| + = f (e 1),
YT XYW Jo

using the second embedding condition in (2.2), If we take u € E’g X Eg as a test function in
the complete system equations (1.9), and integrate in time ¢ € (0,7), using a reduction to
absurd argument, then we get our conclusion.

In fact, if we suppose that the conclusion was false, then we would get that

d
0 = d—t||u||g+y+b(u,u>

akK|Q|
Xw

a
= ||u||B+y+a)||Vw||q +—fe"v

aK|Q|T
o ol >l + f [ eras

f [ ertas=
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using (1.17) at y = (1.18). The contrary to the premises is true, since the norm IIuOIZ oy =
||v0||g + ||w0||f§, and r € (0,T) are finite. Therefore, the conclusion of the theorem is valid.

To prove the second half of the theorem, we first note that

1

1_1
XfWV < xlwllg Ivlly < x1€le e fiwlly livile
Q
1

2
) wllg vl

A

IA

ol (2
Nen

Q=

(12

! 5\ L g q q

— (120578 Vit x| v+ a1,

q q Q

where we have used (2.1)-(2.2), Holder’s and Young inequalities. Now, since infwlnw =
—%, we have, from (5.1), that

Q 1 1_1\4 |
g = === (i) g - - (- %) f 9V + Avf)
e g q a’rJa
q ’
- (Y g (- 4) 2 [ =
e g 1 al x Jo

following from (5.3) at y = (1.18). On the other hand, thanks to (5.2), we have that J () <
J(0) < oo for any y € (0,00) and for all > 0. The conclusions of Proposition 3.2 of [28] are
satisfied for any ¢’ > 1.

Alternative proofs can be found in [8, 14] for the case EY, a = %,q = 2, using the Lya-
punov function (5.1), embedding into Orlicz spaces [6, 20] and properties. The proof of the
theorem is complete. O

6 Upper and lower finite time bounds for blow-up dynamics

1

In this section, we study finite time bounds for blow-up of solutions in E} = H Q) to
the system of equations (1.1) in norms of LZ”(Q)—spaces. The following theorem yields
existence of a finite time upper bound for blow-up of solutions using the concavity method
in [4] .

Theorem 6.1. Assume that Theorem 4.1 holds and that the classical solutions are bounded
on Qx 1 with T =t*. Then, there exists a finite time upper bound to the maximal time of
existence of solutions

* 1 _Kk 2, 2
t s W, where 8(0)—4L(V0+W0)
M= JO

&'+

J0)

1
——(fle0|2+/lfv(2)—afwov0)
2\Ja Q Q
1
- —(f |Vw0|2—XfonvoVwo)
2\Ja Q
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Iig =

for some v > 0 such that lin}inf l(v,w)T||2 = o0. That is, solutions to system of equations
t /"

(1.1) blow-up in finite time in norm ong = [2(Q), with Qc RN, N =2,3.

Note that the restriction Q ¢ RV, N = 2,3 follows as in the proof of Theorem 1.4-(iv).

Since, if (1.28) is attained strictly, and y = 0, then we have 1 > af—% > . This, combined

with g = 2, yields that 4 > N, and remains valid in Theorem 4.1.
Proof. Letk = %Jrv for some v > 0 and E(¢) = ﬁfg(v2 +w?). Then

g = g fg (Ve + wew)

\

(fle|2+/lfv —afwv)
— 2 =
2(f [Vw|” — LWVVVW). J (). (6.1)

Next, we observe that if we multiply through (1.1) by (v;,w;)" and then integrate by parts
over Q using the boundary conditions, then we have

—(fVvVvt+/lfvvt—afwvt—afwtv)

o) Q Q Q

wath+)(fthva+Xwavti+XwaVVw,
Q Q Q

f(vt +w,

This leads us to conclude that

afw,v=0,
Q

Xfw,Vva+xwavti:O. (6.2)
Q Q

I

(\2

Another way to justify the above is as follows; independent of the sign of the integrands,
using the fact that solutions to (1.1) are classical solutions, one can find bounds above and
below in terms of wi, =0, with, in the last conclusion, an argument leading to (6.2), to
imply that y wiVvti =0.

Next, note that J(0) > 0 and J”(¢) > 0 for ¢t > 0, imply that J () > O for r > 0. Now,
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from (6.1) we obtain, using Cauchy-Schwartz inequality, that
EME M = E Y

Sl AL )
Z[fffwfwz(fff“’f“’)]
SIS I

= k&OT' () = ma(t)J (1),

IA

IA

where the second from last follows using the elementary inequality Vab < #,a,b > 0.
Thus, using (6.1) we obtain that
(1+v)8 (t)sj(t): ! < ! —vMzt,
&n — Jwm (&) (&0)
using [25]. Since the implied inequality cannot be true for all ¢ > 0, we infer that at least one
of either v or w must blow-up in norm of L*(Q) in finite time. The last assertion follows from
the yielding condition of Theorem 4.1, working in the function space Eé/ 2= H(Q). ]

In continuation, to find the lower finite time bound for blow-up of solutions to (1.1) via
the differential inequality technique due to P.E. Payne, et al.[25, 27], the following Sobolev
type inequality is required.

Lemma 6.2. Let ¢ € C'(Q)NC*(Q), where the plus sign imply non-negative. Then,

3
3 d 2
fsoz < fso +3 (1+ )fso”“IVsol] , (6.3)
2p 2\ plJa

where Q c RN, N = 2,3 is such that 0eQandis a star-shaped, convex domain in two
orthogonal directions , n > 1, p = minp(x- i), d = maxg |x].

The following Theorem provides the lower finite time bound for blow-up of solutions
to (1.1).

Theorem 6.3. Consider the system of equations (1.1) in Q ¢ RN, N = 2,3 such that Lemma
6.2 and Theorem 4.1 hold, or equivalently, just w € L*(Q) is bounded. Then, there exists a
lower finite time bound for blow-up of solutions

o0 d
> f T . with &(0)= f W2 +w?P), (6.4)
&0) n(K1m* + Kan? + K3)

and on setting ¥ > 0, v > 0, the computable constants K, j = 1,2,3 are

1 1 3

Q|2 Q53| (d 2

K, = max #,M r (—+1) ,
3ix493 277 J\p

{mw 2\/_aIQ|3}(

K, =

’

1
3 —) , K3 = max{21 + —/,2p/l}
31 33 P

2p
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1
such that solutions to the system of equations (1.1) in E; = H Y(Q) blow-up in norm of
L?P(Q),1 < p <6, whenevert /' t*, i.e. i;lf (v, w) Tllop = 0.

t/t*

Proof. We carry out the proof of the theorem in Q ¢ R¥, N = 3. Consider the energy func-

tion

&) = f (WP +12P).
Q

Then, compute the time derivative through the system of equations, to find that

2pf(w2p—1wt +v2P7 1)
Q

2p f w?P L (V. (Vw—wyVv)  +
Q

2
+ 2pfv2p—1(Av—/lv+aw): I.
i 2.

J=1

&)

Next, we note that the alternative requirement of the hypotheses w € L™ (€2) implies that
2 1 2p-1 w202 _ 2P~ 2
veCH(QYNC(Q), and V™" = (2p - D™ " IVy|” = ——[Ve"I".
p
Therefore, we can write

202p-1
I =— Lflep|2+2p(2p 1)Xf 20-193, vy, (6.5)

from which, observing that w?”~1Vw = 2—1pr2” = %w”Vw”, and since v > 0 is classical

solution, there is
o= /igf vP=1>0  such that

This, in conjunction with the fact that w € L*(Q), implies that

ifgwpvavv ( f |wl’va|z) 1 ( f |Vv|2) | |
. p(p5)93 (f )( f |va|z)2 ( fQ le)z’

for some 0 < Z?zl 5 = 1 to be determined.
Thus, getting back to (6.5), adequately associating multiplying coefficients of the inte-
grand involving v, and using the generalized Young’s inequality [35], we obtain

I < —(2p—1)(%—92)f|pr|2+91(2p—1)fW2p
Q

o f VP, 6.6)

> [|Vv2.

IA

IA
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But p <6, 6; <2, so we have

91(2p—1)fw2”§22fw2p:21fw2p+fw2p.
Q Q Q Q

From this, controlling only the last added integrand term, using the fact that L*7(Q) c
L*P(Q), we get the following, with additional consequences due to (6.3) of Lemma 6.2;

1
) m;{i Lo\
31 |20 Ja P o
3 3
2 d 2 4
< Q12— (—+1) (fuzP) ( |pr|2) }
33 Y Q Q
1 3\ Dol (a ) 3
1
< Q= \5(—) (fwzl’) +—(—+1) (fsz) +
33{ 2p) \Ja 493 \p Q
3
+ ﬁ(51+1) [VwP2 1,
4 \p Q

by virtue of the elementary inequalities (a + b)% < 2%(61% + b%), and atbi < }la + %b, for
numbers a,b € R*, with weight 9 > 0 to be found. Therefore, (6.6) is extended in a manner

of the sense that

1 1 3

2 399|Q1 (d )2

(2p—1)(——02)— i |2(—+1) f|vw1’|2+21fw21’ +
p 4 Jo Q Q

1 3 3 1 3 3

QFV2(3)\ :QE (d O\

| |23\/_(_) (f uzp) n 3| |2 (_+1) (f WZp) +

31 \2%p 31 x493\P Q

Q

0

v D f VP,
2p6 Jo

I <
(6.7)

so that with properly chosen 6,9 > 0, we must have

1 1 3
319/Q)2 (Ll) ]go.

—((217— 1)(2 —92)—
V4
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Now we pay attention to /5, for which it holds that
= -202p- 1)f VP2 —2p/lf v 4 2paf 2p-1
Q Q Q
2p-1 pl
3p 3p
wp+1 )

143

3
—2(2p—l)f|VVP|2+2p/lfv2p+2pa(fv3p) ’ (f
Q Q Q
2p-1
3p

<
Q
ZL
D
< —2(2p—1)f|Vv1’|2+2pafv21’+2pa|g|§(fﬁl’) (fw2f’)
Q Q Q Q
1 1
p J
< —20p-1) f VPP - 2p2 f VP 4 2l ( f *p) ( f WZp)"
< —22p-1) f VP +2p2 f V7 42400t f vy L f o,

Using similar arguments leading to (6.7) we find that
I < 2(2p—l)f |VvP|2+2pAfv2P+2a|Q|z X
Q
3

A (LA e (L e
[
3“'2”( ) f|vvp|2+2p/1fQ S

33
—(2(219—1)—
2 3 % 3
+ﬁ(§+l) (fvzl’)
P Q

1 3 3
2V2alQ3 [ 3 )2
N «Fcﬂ |w(_) (fvzp) |
33 2p Q 2y
1
+ —/szP,
P Ja

with 83 > 0 of (6.7), and v > 0 such that
1
3 3 2
a3y C_i+1 _ <0
2 Je, 2po

IA

—[2(2p— -

Combining all the above, we get that

3\3 3

2p
— w +
2p) (fsz )

QI (d 3

n 3I |2 (_ (fWQP) +2p/lfV2p
3ix493\pP Q Q
2V24IQ5 ( 3 3f2p2
— | = 1%

2p Q 21/3

31

EW < (21+—)f 2”+|Q| 3\5(
33

[N

)

3 1 3 3
, i (gﬂ) (f vzp) ,
Q
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yielding Payne et al. [25, 27] type differential inequality

(1) d
Em< K183(t) + KZS%(t) +K1E(@), or t> f i S ,
&0 K+ Kon? +Ksn

and if &(¢) blows-up at time #*, then (6.4) must be verified.
This completes the proof of the Theorem in R and complements the beautiful work

initiated in [26], pertinent to the parabolic-elliptic equations of the minimal chemotaxis
model. Lastly, we note that the conclusion of the theorem holds in dimension N = 2, as

a result of the yielding condition from Theorem 4.1, working in product spaces of E,; =
H'(Q). O

19 11—
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