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ABSTRACT. In the first part of this paper, we investigate the qualitative behav-
ior of classical solutions for a one-dimensional parabolic system derived from
a repulsive chemotaxis model on bounded domains. It is shown that classical
solutions to the initial-boundary value problem exist globally in time for large
data and converge to constant equilibrium states exponentially in time. The
results indicate that repulsive chemotaxis exhibits a strong tendency against
pattern formation. In the second part, we study diffusion limit and conver-
gence rate of the model toward a non-diffusive problem studied in [11]. It is
shown that when the chemical diffusion coefficient € tends to zero, the solution
is convergent in L°°-norm with respect to € at order O(e).

1. Introduction. In contrast to diffusion (random diffusion without orientation),
chemotaxis is the biased movement of cells/particles toward the region that contains
higher concentration of beneficial or lower concentration of unfavorable chemicals.
The former often refers to the attractive chemotaxis and latter to the repulsive
chemotaxis. Well known examples of biological species experiencing chemotaxis
include the slime mold amoebae Dictyostelium discoideum, the flagellated bacteria
FEscherichia coli and Salmonella typhimurium, and the human endothelial cells [17].

The prototype of the population-based chemotaxis model was proposed by Keller
and Segel in the 1970s [7] to describe the aggregation of cellular slime molds Dic-
tyostelium discoideum in response to the chemical cyclic adenosine monophosphate
(cAMP). In its general form, Keller-Segel model reads

u =V - (DVu — xuVe(v)),
{ Vg :5Av+g(u,vi( Y

where v and v denote the cell density and chemical concentration, respectively.
D > 0 and € > 0 are cell and chemical diffusion coefficients, respectively. The
chemotaxis is called to be attractive if x > 0 and repulsive if x < 0, where |x|
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measures the strength of the chemical signal. Here ¢(v) is referred to as the chemo-
tactic potential function describing the signal detection mechanism and g(u,v) is a
function characterizing the chemical growth and degradation.

The typical examples of chemotactic potential function ¢ includes ¢(v) = kv
(linear law), ¢(v) = klogwv (logarithmic law), or ¢(v) = kv™/(1 + v™) (receptor
law), where k£ > 0 and m € N. The system with linear law ¢(v) = kv and g(u,v) =
u — v was called the minimum chemotaxis model following the nomenclature of [3],
see a review article [6] for the mathematical results of the minimum model. The
logarithmic sensitivity ¢(v) = klogv adapted the Weber-Fechner law to describe
cell chemotactic response and had prominent specific applications [8, 2, 1]. The
steady states of (1.1) with logarithmic sensitivity and g(u,v) = u — v was studied
in [16] and existence of global solutions was recently obtained in [24]. The receptor
sensitivity law has been derived and applied in numerous models for chemotaxis,
e.g. see [19, 20] and references therein.

In this paper, we shall consider the model (1.1) with logarithmic chemotactic
potential function and g(u,v) = wv — pv. The resulting model reads

{ u, =V - (DVu — xuV In(v)),

B (1.2)
vy = eAv + uv — pv
where p > 0 is a constant accounting for the degradation rate of the chemical.
When the chemical diffusion is neglected (i.e. € = 0), the model (1.2) was the same
to the one proposed in [9, 18] as an example of reinforced random walks describing
the interaction of particle with a non-diffusive chemical. Based on special choices
of initial date and by the asymptotic analysis, a detailed qualitative and numerical
analysis was provided in [9] where explicit solutions about aggregation, blow up and
collapse were constructed in one-dimensional space. The local and global existence
of solutions was subsequently studied in [25].

If x < 0, with a Hopf-Cole type transformation

q= Vo _ V In(v) (1.3)

v

and scalings t = —xt/D,% = \/—xX,4 = q/v/—X, (1.2) can be converted into a
system of conservation laws as follows

pe — V- (pq) = Ap, (1.4)
a: — V(eq® + p) = eAq '

where ¢ = u. The existence and nonlinear stability of traveling wave solutions of
(1.4) in one-dimensional domain R were established in [23, 12, 13] first for ¢ = 0
and then in [14] for € > 0, where the wave strength is allowed to be arbitrary large.
When ¢ = 0, global existence of classical solutions for the initial-boundary value
problem of (1.4) in one dimension was established in [26] and the Cauchy problem
of (1.4) was studied in [5]. Furthermore the Cauchy problem of (1.4) with e =0 in
multi-dimensional spaces was investigated in [10]. Recently the large-time behavior
of classical solutions for the initial-boundary value problem of (1.4) with ¢ = 0
in one space dimension with large initial data and in multi-dimensional spaces for
small initial data were established in [11].
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In the present paper, we shall consider the initial-boundary value problem of
(1.4) in one dimension space with & > 0, namely

bt — (pQ)ZC = Pzzx, T € (Oa 1)7 t> 07
qt — (5(]2 +p)z = EQgx, T E€ (07 1)7 t> O;
(paq)(xvo) = (p07q0)(x)7 T e [07 ”7
pm‘z:O,zzl = Q|x:0,gg:1 =0,t>0.

(1.5)

We shall develop the estimates in [11] to establish the large-time behavior of classical
solutions for £ > 0 in one space dimension with large initial data and the diffusion
limits of solutions as € — 0. We note that the diffusion limit of traveling wave
solutions was previously obtained in [15]. To present our main results, we introduce
some notations.

Notation. Throughout this paper, || - ||, || - |loo and || - | 7= denote the norms of
the usual Lebesgue measurable function spaces L2, L and the usual Hilbert space
H?, respectively. The function spaces under consideration are C([0,T]; H®) and
L2([0, T]; H*), equipped with norms supy<,< | £ 6)ll- and (7 1£(8)12.)1/2,
respectively. Unless specified, C' and C; will denote generic constants which are
independent of the unknown functions and time. The values of the constants may
vary line by line according to the context.

Our first result is concerned with the asymptotic behavior of classical solutions
to (1.5) with large data.

Theorem 1.1 (Global dynamics of large solutions). Consider the initial-boundary
value problem (1.5). Suppose that the initial data satisfy po(xz) > 0, p = fol po(z)dz >
0 and the compatibility conditions: O0zpolz=0z=1 = qole=0,0=1 = 0. If (po,q0) €
H2([0,1]) and & > 0 is small, then there exists a unique global classical solution
(p,q) to (1.5) such that

||(p*;ﬁ)(t)II?ferIICJ(t)II:}{er/O (Io=p) (D)1l (M) It lla(r) |7 )dr < €, ¥ £ >0,

for some constant C > 0 which is independent of t and €. Moreover, there exist
constants a, f > 0 which are independent of t and € such that

1tp = B) D)1 F2 + la®) 1 F= < a(llpo — Bl F= + llgolFr2) e, ¥V ¢ > 0.

Remark 1. Tt is generally believed that diffusion has a stabilization /regularization
effect. So we expect that the results for ¢ = 0 can be extended to the case ¢ >
0. However, the appearance of the convection-like term (g?), brings additional
difficulty to the asymptotic analysis. In general, such kind of nonlinearity does not
cause any trouble for small solutions, while the scenario is totally different for large
amplitude solutions. Indeed, when ¢ is large, the nonlinear convection can no longer
be dominated by the linear diffusion, and the resulting energy estimates are time-
dependent which yield no information about the long-time behavior of the solution.
This is the main reason that we require £ to be small. Within this regime of the
parameter, by adopting the idea in [11] we can establish the uniform-in-time and
e-independent energy estimates which lead to the long-time asymptotic behavior
of large amplitude solutions, and the uniform convergence rate of the solutions of
(1.5) toward those of the non-diffusive problem.

In [11], global well-posedness and long-time behavior of classical solutions to
the non-diffusive problem is established. Our next theorem is concerned with the
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diffusion limit of the solution of (1.5) when ¢ — 0, and convergence rate of (1.5)
toward the non-diffusive problem.

Theorem 1.2 (Diffusion limit and convergence rate). Let the conditions of Theorem
1.1 hold. Let (p%,¢%) and (p,q) be the unique classical solutions to (1.5) with € > 0
and € = 0, respectively, with the same wnitial data. Then there exists a constant
C > 0 which is independent of t and € such that for any t >0

||(ps—p)(t)||?{1+||(q5—q)(t)llip+/0 (1" = P)()IF2 + (@° = @) (7)l[7n) dr < C,

and
10" = )W) 7= + [I(¢° = )| 7 < Ce.

Then applying Theorems 1.1 and 1.2, we have the following results for the original
chemotaxis model (1.2).

Corollary 1 (Long-time dynamics). Consider the following initial-boundary value
problem for the one-dimensional chemotaxis model (1.2)
uy = (Duy — xuln(v)z)., « € (0,1),t > 0,
Vy = Uz +uv — pu, x € (0,1), t >0,
(u,v)(z,0) = (ug,vo)(x), x €10,1],

U.r|x:0,r:1 = Urclz:O,.r:l = 07 t> 07

(1.6)

where x < 0, u > 0 and € > 0 are constants. Suppose that the initial da-
ta satisfy uo(xz) > 0, u = ﬁfﬂ uo(x)dz > 0, vo(x) > 0 and the compatibility
conditions: OpUplz=0,0=1 = OzV0lz=0,o=1 = 0. Assume further that (ug — u) €
H?([0,1]), In(vg) € H3([0,1]) and € is small. Then there exists a unique global-in-
time classical solution (u,v) to (1.6) such that ast — oco:
H’U,(t) - ’U’”LOQ — Oa

and

0, if a<p

+ oo, if w> pu,

(B~ {

where the convergence rates are exponential in time.

Remark 2. Corollary 1 indicates that in the process of repulsive chemotaxis, the
cell population collapses to its initial average over the domain, while the chemical
concentration will vanish if the initial average of the cell population is below the
chemical decay rate pu, or it will aggregate if the average exceeds this rate number, as
time goes to infinity. The results indicate that repulsive chemotaxis exhibits a strong
tendency against pattern formation, which is consistent with general results for the
classical repulsive chemotaxis models where the chemotactic potential function is
linear with respect to chemical concentration, see [4, 22].

Corollary 2 (Diffusion limit). Let the conditions of Corollary 1 hold. Let (u®,v®)
and (u,v) be the unique classical solutions to (1.6) withe > 0 and e = 0, respectively,
with the same initial data. Then it holds that for any t > 0

I(u® = w)()][1~ < Cre

and
(0% = 0) ()| 7 < Calt)e,
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where the constant C1 > 0 is independent of t and € and Cy(t) > 0 is independent

of €.

The rest of the paper is organized as follows. We give the proof of Theorem 1.1
in Section 2 and study the diffusion limit and convergence rate of (1.5) in Section
3. Corollary 1 and Corollary 2 will be proved in Section 4. Section 5 is devoted to
the numerical illustrations of the analytical results obtained in previous sections.

2. Long-time dynamics of large solutions (proof of Theorem 1.1). In this
section we study the long-time dynamics of classical solutions to (1.5) with large
data. We will adopt the energy framework developed in [11] by employing the free
energy formulation associated with (1.5) and accurate energy estimates. Let us
consider the initial-boundary value problem:

Pt = Pzz + (Pq) =z,
' ( )2 (2.1)
qt = €qe +(q7) e + Do
and
(p,q)(x,0) = (po, q0)(z) € H?*((0,1)),
Pale=01 = qlz=0,1 =0, (2.2)

1
pO(gj) > 07 ]3 = / po(I)dI > 07
0

where ¢ = [In(e"'v)],.

First of all, using standard arguments, such as fixed point argument, one can
show that there exists a unique local solution (p,q) to (1.5) such that (p — p,q) €
C([0,t0); H?) N L2([0,t0); H?), and p(z,t) > 0 for (z,t) € (0,1) x [0,t0) for some
finite to > 0 under the assumption (pg,qo) € H?. The precise and detailed proof
has been given in [21] and we omit the proof here for brevity. Next, we show the
a priori estimates of the local solution in order to extend it to a global one. We
remark that the a priori estimates presented below involve a logarithmic function
of p. In [11], a regularization procedure (lifting the initial datum py by a small
parameter €) was applied to overcome the singularity at p = 0 in order to employ
the free energy formulation associated with the system. It was further shown in
[11] that the a priori estimates are completely independent of the regularization
parameter €. Then by taking the e limit the solution to the original equations was
obtained. We remark that the same procedure applies here. It will become clear
that, as the proof proceeds, the a priori estimates are independent of the lower
bound of the function p. This will allow us to take the limit of the sequence of
approximate solutions in order to obtain the one for the original problem (1.5).
However, to simplify the presentation, we shall not go through the details of the
regularization procedure in this paper.

We now recall an elementary lemma (see e.g. [11]) which will play an important
role in getting the lower order estimate of the solution.

Lemma 2.1. Let p > 0 and 0 < a < p, < oo for some constant a. Then there
exists a constant d > 0 depending on p. such that

0 < [pIn(p) — pl — [p«n(p.) — p] — (p— p) In(p.) < d(p — p.)*.

We are now in a position to prove Theorem 1.1.



3032 ZHI-AN WANG AND KUN ZHAO
Proof of Theorem 1.1. The proof is split into several steps of careful energy
estimates.

Step 1. Free energy dissipation. Due to the conservation of total mass, after
taking L? inner product of (2.1); with In(p) — In(p), we have

a( ) 1@ — 1 (o ~pe) + | 1 (paa+ 25 )ar =0, 23

where 7(z) = zIn(z) — z which is a convex function. Taking L? inner product of
(2.1)2 with g, we have

Ld

1
551017 = | peads -+ el = 0. (24)

Adding (2.4) to (2.3), we get

1 ) ,
S ([ )= 00~ o - 1+ 5lal?) + | @;))st”qI”Q:O(. |
2.5

Integrating (2.5) over [0, ¢], we have

([ v -2-v@-paws 1) o+ [ ([ Lo o) ar

1
~ _ B 1
([ o0 = 10 = G~ 1 + 3l
(2.6)
Due to the convexity of (-) and the positivity of p, we have

1
/ n(p) —n(p) —n'(P)(p — p)dz = 0.
0
On the other hand, since 0 < p < 400 and pg > 0, by Lemma 2.1 we have
1
[ aton) = n5) = @)oo~ o < dlo ~ 5.
0

where the constant d; depends only on p. Thus, (2.6) implies that

1 2 ! ! (Pz)2 2 1 2 _112
sllaC, > + P dr + g |? ) dr < Sllaol® + dullpo —BIP. (2.7)
0 0 p

Step 2. L? estimate. To carry out further energy estimates and the asymptotic
analysis, we first reformulate the problem (2.1). Let p = p — p. Substituting p into
(2.1), we have

{ﬁt - (ﬁQ)w — PGz = Pza, (28)

Gt — Pz = €qzz + 5(q2)x~
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Taking L? inner products of (2.8); with p and (2.8); with pg and adding the
results, we have

d(l o Dy o = 2 _ 2 _ o
2 (G152 + 5P + eplanl = [
1 1
< 215112 4 1150112
< SlP=l” + 5 ll2gll
1 1
< 215012 4 21512 2
< 212l + 151 o)
<1 =2 1 24 oAz sz
< 21l + ( Shaol + dleo — 51 ) 1.

where we have used (2.7) for ||q(-,t)||?.

For the estimate of ||p||2,, we observe that

[ < ([ ) ([ 550) [ 57’

where z € [0, 1] such that p(z},t) = p for any ¢t > 0. Then we have

Nl

Ip| = |p—pl =

1 /=12
[z §p</ (Fz) da:). (2.10)
o P
Substituting (2.10) into (2.9), we have
d(1, 5 By o\ Lo o o o /1(1590)2
4 p 115, 2 <cC dz ), 2.11
& (300 + Bl + 3l + el < o [ PLar) 2
where

¢r = (Bl + dipln — 51?)
Then the operation (2.5) x 2C; + (2.11) gives
%G(t) + K(t) <0, (2.12)
where

60 =21 [ 1)~ p)~ 0o~ s+ 3ol ) + (161 + Blal?)

' (5)? Lo, oo 2
K(t)=C P + 5115211 + 2P+ 2C1)llga |-
0
Upon integrating (2.12) in time, we have

t
I 8)]2 + / 1o (s ) + llga (o 7) |2 < Co (2.13)

We remark that the constant Cy depends only on p and initial data, but not on €.
Taking spatial derivative of (2.8)y and using equation (2.8);, we have

Qut = _(ﬁq>z - ﬁfh + ﬁt + Eqrax + E(qQ)zw- (214)
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Taking L? inner product of (2.14) with ¢, we have

d (1 _
5 (310l + pllaal? + el

1 1 1
= / (ﬁq)zqmdx + / DtGzdx + 5/ (q2)zszdx
0 0 0

1 d 1 1 1
=—/ (ﬁq)quda%a/ ﬁqxdz—/ ﬁqxtdz—é/ (¢*)2Guzda
0 0 0 0

1 1 1 1
- d - N -
—— [ Gogsdor [ a5l e [ gt (@))pade=22 [ agugunda,
0 dt Jo 0 0
where we have used the relationship ¢zt = Prs + €Quaas + €(¢%)zz- After rearranging
terms, we have

d<1ll I? /1~ d )+II 17 + €llgzaI?
- | 5114z - pqzax Pllqzx qrx

1 1 1
=— / (Pq)2qudx + 6/ @2z + 29qz]pedx — 26/ 492 Gezdz + || P ||
0 0 0

Next we estimate the first three terms on the right hand side of the above equation
as follows

1 _
N p 1, -
~ [ Gasasde < Blaul? + < (el + lap 7).
0

1
_ € _ _
6/ (20 + 2042]Prdr < 2 lgaal® + 22152 11” + <llal® gz lI5 + <llp2 11
0

N

3 ~ _
< gllgeal® + 32lPe® + 22 (ll9o]1” + dullpo — Il | l1gz |

13 ~ _
< lawell® + 32llpe|* + 8=(llgol1* + dallpo — BII*)llz 11,

and

1

3

2 [ Qautaade < S lansl + 8elalP s e
0

3 _
< lawall® +512(llgoll” + dillpo — 51*)*llgz |,

where we have used (2.7) for the estimate of ||g||?, the fact that ||g.||%, < 2||q.|/||qz]

due to fol g.dx = 0, and the Cauchy-Schwarz inequality at various places. Therefore
we have

d (1 2 b D 2, € 2
a xT - a:d a xT a Tx
i (300 = [ ) + Bl + 5 el
1, k N _
Szg(llpqocll2 + llape)1?) + (3e + D)||Be|I” + 520e([lqoll* + dallpo — BI1*)?|l 4|1

When ¢ < min {1/12,;5 (2080([|gol* + d1 [lpo — 15||2)2)_1}, it holds that

d {1, .o b - o 1oy oy B
7\ A xT - xd - xT o Tx Si x T - T .
dt<2llq [ /0 g x) + 5 lal” + 5l p(Hpq I + llapa1*) + 117 |

(2.15)
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We notice that by multiplying (2.12) by 4 and adding the result to (2.15), it holds
that

d
dt

—_

= L) + M(t) < —(Ipga]l* + llapel*). (2.16)

hS

where
1 1
2(0) = 46(0) + (gl - [ st )
0
1
=801(/0 n(p) —n(@) —n' () (p — p)dx + 5 |q||2>
1 2 tl 1\ 2 112 2
ool + [ (G0 =) do+ 171P + 251l
_ P 2, € 2 D2
M(t)—4K(t)+4||qz|| +2||qm|| 4IIMI

1/~ \2 _
Da 31 p £ _
€ [P Sl 4 Bl + 5 P 4 45+ 200
o P 2

(2.17)
The right hand side of (2.16) can be estimated as
1Paz ] + llapal* < 15113211 + lall 1521
< 2(118ll117z Mg l* + llallll= 15211
(IB1P2llgzl* + gl llge 152 [1) (2.18)

< Cs||pe Mgl (g || + 15211)

for any § > 0, where we have used the Sobolev inequality ||f]|2, < 2||f|||lf] for
f:I=[a,b] — R satisfying f|or = 0 or f; = 0, and the uniform estimates of ||q||?
and ||p||? due to (2.7) and (2.13), respectively. By choosing § small enough, we have
from (2.16)

d _ i
L@+ N(8) < Cs[lpa]Pllga||* < 4Cs 152 [*L(®), (2.19)

where

£ _
=40C / @) g, + *llpm||2 *IlquQ + 5 lgaal® + 42(p + 2C1) g2 |I*.

Applying Gronwall’s mequality to (2.19) and using the uniform estimate (2.13), we
have

g (- 1)1 + / lga (-, I + €llga (-, T) |72 dr < Ce. (2.20)
Substituting (2.20) back to (2.19), we have
d .
L) + N (1) < Crllpa*. (2.21)

We remark that the constants Cs, ..., C7 are independent of ¢ and e.
Multiplying (2.12) by 4C7 and combining the resulting inequality with (2.21) we
have
d

ZR() +S(t) < (2.22)
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where
R(t) = 4C5G(1) + L(t)
=sci(Cr+ 1) [ 0o = 0lo) =1/ )0 - Py + 501
%Qx _ﬁ)de

N _ 1 !
+ (27 + DB +2(Cr + D)pllal* + ; laall” + / (

Pz

(1) = ACtK (1) — Crl | + N (1)
1 2 1 ~ —
—acuCr 1) [ PRt (0 ) 1l + ol
0
_ 9
+4(Cr + e+ 20) |1z + 5 g I”
(2.23)

Step 3. H! estimate. Taking spatial derivatives of (2.8), we have

ﬁzt - (ﬁq)xz - pQIz = ﬁzzmv

{QIt - ﬁxm = EQpzx T 5((]2)1::6

Taking L? inner products of (2.23); with p, and (2.23)3 with pq,., adding the results,

d
(2.24)

we have
1, . D 1, . _
Bl + Zllgal?) + 5 1Beall? + epllgue ]
2 2 2

dt
1
<l0al + el =267 | atszad
0
- _ Ep _
§C8||pmH2”qgc”2 + (||p:n||2 + ”qgc”Q) + ?HQTTH2 + 2€pHQ||?>o”qu2

~ ~ EP
<CisllpalPllgal® + (I1P2l* + llgzll*) + =5 llgea |

+4¢p[Cs(|lgo 1> + 2 |Ipo — pII*)] "/ ?[lga ||
. ep
<Cy(15all” + llaz %) + 5||qm||2,
where we have used similar argument as in deriving (2.18), the Sobolev inequality:
[

llall?%, < 2llq|lllg=|l since fol gdx = 0, and the uniform estimates of ||¢|| and ||¢,
obtained from (2.7) and (2.20), respectively. From above estimate we have

d

dt
2Cy _
min{(C7+%),§}

1, . P 1, . ED -
(30717 + Shaa1?) + 37l + Flaaa P < ColllP + o). 225)
and combining the resulting inequality with

Multiplying (2.22) by
(2.26)

(2.25) we have
d

—V

dt

() + W(t) <0,
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L p
R + S50 + L a2

( :min{(C7 + %), 2
> 209(40107 +4C,
N mln{(07 =+ %)a 1§3
Ep 9 2Cy
2 ||q H mln{(C7 _|_ %)’ 2
In particular, integrating (2.26) with respect to ¢ we have
t

20 + [ e} P < Cao (2.27)

0

In view of (2.13) and (2.27) we see that ||p||3,; < Ci1, which gives ||p||2, < Cia.
Thus, ||plleec = ||P + Plloo is uniformly bounded from above for any ¢ > 0. This
implies that there exist uniform-in-time constants ds, ds > 0 such that

(2.28)

where
2C
Vt) = _
O = n{C+ 0.5
2C, N 1 . Ep
() = Collel + ) + 2eel + Ll
1/~ 1\2
(D) _ 1,
[ 2 )+ ol + 1aul?) + g1

_ 2 € 2
77 (40 + e + 200 llas |2 + Sllaze ) -

1
@l < [ (o) = n(p) ~ o (5)(p ~ p)dx < daf”

0
Hence there exist positive t-independent constants Cs, ..., Cig such that
Cuz (1817 + llall7) < V(E) < Cua (8117 + llalFn) »

(2.29)
2 2

o+ ool + el )

Cus (1Bl + llgall® + 2llga 17 )
(Pz)”

1
<w(o) < Cuo (Il + [
0
Due to the boundary conditions and Poincaré inequality: ||f]| < ||fz]| on [0, 1],

1 < 1Bl

we have
Sl < 5.
Sl < el < gl
which together with (2.26) and (2.29) imply the exponential decay of V'(¢t). Thus,

we have
17 + llg@®)17 < Crr(IIBO)]IF: + lg(0)[172) e~ e,
...,Clg

for some positive constants C17 and Ci5. We remark that the constants Cy,

Step 4. H? estimate. Differentiating system (2.8) twice in z, then taking inner
1

are independent of ¢ and .
product of the first equation of resulting system with p,, and second equation with
Pqzz, We obtain in a similar fashion as before
d (1, _ D 1, . Ep N
7||pm:||2 + 7”(]m:||2 + 7Hpmxz”2 + 7”qmrr||2 < 7”(17(])951:“2 + ClQEHmeHz'
2 2 2 2 2
(2.30)

dt
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Similar to (2.15), we have

d (1 2 . p 2, € 2

W\ 9 xTT - T mxd a T a TTT

o (3laaal? = [ et ) + Bl + Sl

1., -
S?H(pQ)Mcnz + Hpmz||2 + CQO€||qu’||2' (231)

Multiplying (2.30) by 4 and combining the result with (2.31) we get

d

1 1
Ly g ||2—/m d + 2|fsa?

_ - p 1
#2000 l?) + 2pal? + Fllana 4 (294 5 ) el

1 . ~
< (24 55 ) 00)sal? + Il + Corclae .
Using previously established estimates, we can show that

1(Pa)ez* < Coz (1BalZollgall? + 15113 l1gae I* + a2 1z 1)
< Cos (P2 | 1Baalllgw I + 1511170 oz I + gl gzl 1Pow 1)
< Coa (Iaalllge 1 + 15a | gzal* + g 1 1Poz 1)
< Cos (Paall® + gz l*) + Co6(0) 1Ba* lgwall® + 6l gaall*.

By choosing § > 0 sufficiently small we have

d (1 s [t
dt \ 2 0

- _ - p 1
2l + 20 ) + 2l + Elazal? & (294 5 ) el

(2.32)

<Cor (IIBsall® + laall* + ellgws®) + Cosllpell(lgza 1.

We note that, by virtue of Poincaré inequality: ||p.||? < ||z ||?, it holds that

1 r N 1 L1 -\ i
0 0

2
(2.33)
Substituting (2.33) into the previous estimate we have

d (1 ) b
2L gual® - / Badsada

. _ N D _ 1
2l + 290l ) 4 2l + Bl (204 5 ) e P
§027 (Hﬁww”g + ||qfr||2 + EllquHZ)

a1 o . i
+ Conlll? (el = [t + 2l + 20l0se ).
0

Applying Gronwall inequality to the above estimate, using the uniform-in-time in-
tegrabilities of ||z ||, |15z |%, ll¢=]|? and €||g..||?, and applying (2.33) we have

t
7o (I + llgae (£)]I? +/0 (I1Bzza (T + lgza (T)I* + €llgaes |*) dT < Cso. (2.34)
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Substituting the uniform estimate of | g, (#)||? into the estimate before (2.33) we

have
d(l ) v
2L gual® - / Bodsada

- _ - p 1
2l + 290l ) 4 2l + Bl P (294 5 ) e P

<Cs1 (IPaall* + 12l” + llgall* + ellgoa ) -

We observe that the quantity W (¢) in (2.26) contains the four terms on the right
hand side of above estimate. Hence, by combining (2.26) and above estimate one

can show that

%Y(t) +Z(t) <0, (2.35)

where the quantities Y (¢) and Z(t) satisfy
Cs2 (18117 + llallz) <Y'(#) < Css (Ipll32 + lallZe) -

1/~ 1\2
- ~ (pr)
Caa (15175 + llall7r2 +ellallFrs) <Z (1) < Cas (||p|fq3+/0 »

dx+||q||z2+s|q||zs>

(2.36)
Hence, we have

t
1B [17r2 + lla(®)[Ir2 +/0 IB(DFs + llg(Dll7= + ella(r)3s)dr < Csg,  (2-37)
and

1) 772 + la(®) 172 < Car (I5(0) 172 + lg(0)[[77=) e~ . (2.38)

We remark again that the constants Chg, ..., Csg are independent of ¢ and «.
Step 5. Uniqueness. Suppose that there are two solutions (p1,¢1) and (p2, g2).
Let p =p; — p2 and ¢ = q1 — g2. Then it is easy to see that p and ¢ satisfy

Dt — (pﬂi)z - (ﬁQZ)z = Dez,

Gt — Pz = €Gzz + G2 (q1 + q2) +€q(q1 + q2)a;
(P, 4)(z,0) = (0,0);

Dz le=0,0=1 = la=0,0=1 = 0.

Taking L? inner products of (2.39); with p and (2.39), with §, and adding the
results, we have

(2.39)

1d, . ) ) )
gﬁ(Hp(t)Hr‘) +1G@I1P) + 15211 + €llda||?
1 1
. N £ i}
:/ (¢ — p1q — Pg2)padz + 3 / (@)*(q1 + g2)zd. (2.40)
0 0

Applying Cauchy-Schwarz inequality to the right-hand side of (2.40), we have
! ~ ~ - - 1 > (12 1 ~ ~ ~ 2
(4 = P1G = Pg2)padzr < S [[Po]|” + 51lG — p1d — Paz|l
0
1. 3. ) .
< Slpel + 5 (1l + o % Nl + Nzl lip)®) - (4D

1. s ,
< Sl + C(lal> + 1512),
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where we have applied the uniform estimates of ||p1|lcc and ||¢gz||co. Substituting
(2.41) into (2.40), we obtain

1d,, . 3 1, 3 y _
5 77 PO+ 1d@O17) + 518207 + eldal® < C(la®I + IpO]1?)
where we used the uniform estimate of ||(¢1 + ¢2)z||oc. In particular, it holds that
1d,, . 5 3 §
5 37 PO + 1d@)1) < C(la®1” + IB@N)- (2.42)

Then solving (2.42) with the initial conditions in (2.39) yields that ||G(¢)||*+||p(¢)||*> =
0 and hence the uniqueness of the solution follows. The proof of Theorem 1.1 is
complete. O

3. Diffusion limit and convergence rate (proof of Theorem 1.2). In this
section we study the diffusion limit and convergence rate of (1.5) toward the non-
diffusive problem (i.e., (1.5) with € = 0) when ¢ — 0. Let (p,q) and (p%, ¢°) be the
solutions to the non-diffusive problem and the diffusive problem, respectively, with
the same initial data. Let p = p—p, p = p—p° and § = ¢—q° where p = fol po(z)dz.
Then we have the following IBVP:
Pt — (f)(j)ac — P4z — (pqa)x = Dza,
Gt = P = —€05y — €[(0°)?]us
(8, 4)(x,0) = (0,0); (3.1)
Pxle=0,1 = Glz=01;
Pale=0,1 = ¢°|z=0,1 = 0.
Taking L? inner products of (3.1), with p and (3.1), with pG we have
Ld o .9 A2 b A eV 14 Y e\21 1 4
5 PP +PIA) +Ipel = | [(pQ)e+(Pa")elpde—ep | {65 +[(¢°)%)x} gda
1 1
—— [ G+ oo pade + 2p [ a5+ (6 Plind
0 0
which gives by Holder’s inequality

1d, o . ) o e .
5 = UBIP+21111%) + 182 11* < (1Bl sc lld+1la" o 1BID 12 | +eB(llaz 1+ lla® oo lla* 1)l |

2dt
< (13 ool @ DI 1Dzl + Cellg® |l 1z I

(3.2)
Using the first two equations of (3.1) we have
et + PG = —(90)x — (P4 )z — €0 — €1(@°)]a + Pt (3.3)
Taking L? inner product of (3.3) with ¢, we have
Ld, o .2
5 g 141" + 2l |

_ /O (5d)e + (4°)a)dudz — /0 (s + [(¢)ee )} dudde + /O Prindz.  (3.4)

For the last term on the right hand side of (3.4), by using (3.1), we have

1A . d 1AA A 1 .
[t =5 [ ptda ol — [ e+ (@) pade (35)
0 0 0
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Substituting (3.5) into (3.4) one has

d (1 e [ g
7||Q:E|| _/ Diadx +p||quH
di \ 2 ;

- _/ [(4)x + (Pq° ) 2] Gud + ||pa ||

0 (3.6)
1 1
- 6‘/ {qimz + [(qe)z]mx} Gzdx — 5/ {Q:Emc + [(qa)Q]r}ﬁrdm
0 0
<(IB: Bz 4 a2l 1B, B @ @) 1) 1Nl + 1B 11 + Cella [z (1Dl + N1z ])-
Taking spatial derivatives of the first two equations of (3.1) we get
Pt — (ﬁd)xw — PQza — (ﬁqs)wx = Puza, (3 7)
Csz’t - ﬁJL’CE = _Eqimz - E[(qE)Q]II' .

Taking L? inner products of (3.7), with p, and (3.7), with pg, we have
1d

52 el + Bal?) + o

= - / [(B4)s + (D4°)a]Puoda — p / (e + 10 an} Godz )
0 0

<(1B: Pos 0%+ 42) oo 1By By G G )) 1B || + Cellg® [ a1

where the results of Theorem 1.1 and the Sobolev inequality || f[|2, < C|| f||%. have
been used.

By multiplying (3.2) by 4 and then taking the sum of the result with (3.6) and
(3.8) one has

d L o ) . .
—X()+Y () <C(|(D, D2, @+ a5) 1ol (Bs s @ G)I) (1P || + [Pl + |G )

dt
+ Cellg |l (12l + Nz 1l),

where

X72A22—A21A2 lMd Looe  Pysoge

(®) = 2[BI1° + 2p/14]I" + S lld= " ~ | Pladet 2 1B ll” + S =1,

Y (t) = 3llpz |1 + pllgal* + |Pea 1.
Here we should remark that X (¢) is non-negative for all ¢ > 0. Indeed by Young’s
inequality ab < & + b2 for all a,b > 0, we have [ p,de <+ [} §2dz + [, pPde =
1lldz]* + [[]|*, and hence

. . 1. 1. D,
X(@) 2 1617 + 2p1411* + 71217 + 115217 + Sl

Therefore, by Cauchy-Schwarz inequality we obtain

d 1 R _
X @)+ 5V (1) < C(PI% + 17215 + 16715 + 6z 11%) X (2) + C=*[lg7I7s

dt
< C(Ipll= + lla°l72) X (1) + C<®(l¢% |-

Gronwall’s inequality then implies that
t

t
X(t)<C’exp{C / (IIﬁI?IerIqEII?p)dT}-E JE
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Using the uniform temporal integrabilities of ||p||3;2, [|¢%||32 and €||¢°||%s, see The-
orem 1.1, we finally get

X(t) + /Ot Y (r)dr < Ce

for some constant C' > 0 which is independent of ¢. In particular, it holds that

t
lp = p° I + llg — @° Il + /O (Ip =272 + llg = ¢°[[ 1) dr < Ce. (3.9)
Moreover, by Sobolev embedding we have
Ip = p°ll7e +llg — 672 < Ce.
This completes the proof of Theorem 1.2. O
4. Results for the original chemotaxis model. In this section we study long-

time dynamics, diffusion limit and convergence rate of the original model (1.2) based
on the results for the transformed system (1.5).

4.1. Long-time dynamics (proof of Corollary 1). Let (u,v) be the solution to
(1.6). Since the dynamics of u = p is clear from Theorem 1.1, we are only concerned
with the dynamics of the original function v. We consider the following equation

In(v)]: =u — p+eqe + ¢

where ¢ = [In(v)], = [In(ve?)],. Integrating the above equation over [0,1] x [0, ]
we get

/0 In(v)dz = /0 In(vg)dz + (@ — )t + 5/0 llql|*dr.
Define ) \
&(z,t) =In(v) — / In(vg)dr — (@ — p)t — 5/0 llql|?dr. (4.1)

0
It is straightforward to check that

1
§&x=¢q, and /0 &(x,t)dx = 0.

By Poincaré inequality we have [|€]|? < ||¢||?. From (2.38) we see that
lE@) 77 < ae™? (4.2)

for some positive constants a and 8 which are independent of t.
Now from (4.1) we see that

1 t
vlot) = oxp {etot) + [ oy +< [ alar oo (@ - o).
0 0
From (2.37) and (4.2) one sees that

nexp {(@ - p)t} < v(a,t) < roexp{(@— )t}

for some positive constants «; and o which are independent of ¢. Thus
v(z,t) =0 as t — oo, when < p,
v(z,t) = 400  as t — oo, when @ > pu.

This completes the proof of Corollary 1. ]
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4.2. Diffusion limit and convergence rate (proof of Corollary 2). Let (u¢, v%)
be the solution to (1.6) and (u, v) be the solution to (1.6) with ¢ = 0. Noticing that
u® = p° and u = p, the first part of Corollary 2 is obtained directly from Theorem
1.2. It remains to prove the convergence for v only. Note that

In(v)]s = u® — p+eqs +e(q°)?,
[(In(v)]; pteqs +e(q) (4.3)
()]s = u—p,
where ¢° = [In(v®)],. We consider the difference of the two equations:
(In(v%) = In(v)]e = (u* — u) + eqz +£(¢°)*. (4.4)

Integrating the above inequality with respect to ¢ one has

1;8((;’3 = 1;8((;,’(?)) exp {/Ot [(u —u) + ¢S +e(q°)?] dT} .

Since it is assumed that v°(z,0) = v(z,0), it follows that

o ([ [ i)} o

Next, it follows from Hoélder’s inequality that

/Ot[(“f ) 4 el VR )}

1 t
ST/ nug—unmdrwé/ ||q;|\LoodT+ﬁ/ 1|12 e dr

(/ = —u||md¢) t2+f</ ||qx||Lde) t2+f/ g 2 dr
( / ||u€—u||%pdr> t5+ﬁ< / |q;||%pdr) th+ e / 16 e
0 0 0

— (Cf)% t3 + \/5(036)% t2 + \/2Cs4
SC( )s

\ve(x,t)—v(x,tﬂ = |’U($7t)| :

IN

=

| /\

g

where we have used the estimates (3.9) and (2.37), and the smallness of .
From [11] we know that the non-diffusive chemical concentration v(x,t) satisfies

1
C, if ug(x)dr = u < pu,
(. 1)] < ) @ =7

Cel™=mtif a> p

where the constant C is independent of .
From the above estimates we know that for any fixed ¢t > 0 it holds that

[0° = [z = O(Ve).
Hence,
[v° = o1~ = O(e).
This completes the proof of Corollary 2. O



3044 ZHI-AN WANG AND KUN ZHAO

5. Numerical illustrations. Generally it is unfeasible to simulate the chemotaxis
model (1.2) directly by the routine numerical scheme due to the singularity term
Vn(v) = Vo/v. By noting that the transformed system (1.4) removes the singular-
ity appearing in (1.2), the Hopf-Cole transformation (1.3) enables us to study the
model not only analytically (as shown in the paper) but also numerically. From the
original chemotaxis model (1.2) to the transformed parabolic system (1.4), the cell
density © = p remains the same. Therefore we can numerically solve system (1.4) to
obtain the numerical value of u. Nevertheless it is mathematically interesting alone
to numerically investigate system (1.4) as a newly derived system of conservations
laws from biology.

- s
T=0, ~ ’

,
’
7 T=10 0.15- \

/ T=20
T=30

T=100

qx.t

T=10

T=20

T=30

T=100

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

024 025
022

0.2

p(x.t)
qx,t)

0.16

0.14

0.12

() (d)

FIGURE 1. Numerical solutions to system (1.5) in (0,1) with
initial data po(z) = 3(2%/2—123/3),q0(z) = z(1 —x),e = 1. (a)-(b)
plot the snapshot of solutions at different time steps, and (c)-(d)
plot time evolution of solutions at a fixed position z = 0.1.

In this section, we shall numerically illustrate the analytical results derived in
this paper for the one-dimensional version of model (1.4), i.e. model (1.5). We are
particularly interested in showing the asymptotical behavior and diffusion limits
of solutions. The Matlab PDE solver will be implemented to solve system (1.5)
in (0,1), where the time step size At = 0.01 and spatial step size Az = 0.01.
Numerical results are presented in Fig. 1 and Fig. 2.

In the simulation, we choose initial data po(z) = 3(2%/2—23/3), qo(z) = x(1 —x)
such that the conditions of Theorem 1.1 are satisfied where p = fol po(x)dz = 0.25.
By Theorem 1.1, the solutions p and g converge to 0.25 and 0, respectively. Fig. 1



(a)
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-(b) plot the snapshot of solutions at different time steps, which illustrate that

the solution p asymptotically approaches 0.25 and ¢ asymptotically approaches 0.
Fig. 1 (c)-(d) give alternate visualization of the asymptotics of solutions where the
time evolution of solutions at a specific location x = 0.2 was plotted.

Fig. 2 numerically illustrates the diffusion limit of solutions as € — 0 at a given
time step T' = 20. It shows that, as ¢ — 0, the solution profiles are getting closer
to the solution profiles with ¢ = 0. This is consistent with Theorem 1.2.

1]
]
]
J
[5]
]
]
(8]

[9)

[2
(3

4

6

[7
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(12]

(13]

14]

- - —e=10

qx,t)

FIGURE 2. Numerical solutions to system (1.5) in (0,1) at time
step T' = 20 for different values of €, where the initial data was the
same as in Figure 1.
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