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STATIONARY AND NON-STATIONARY PATTERNS OF THE
DENSITY-SUPPRESSED MOTILITY MODEL

MANJUN MA!, RUI PENG?, AND ZHIAN WANG?

ABSTRACT. In this paper, we first explore the stationary problem of the density-suppressed
motility (DSM) model proposed in [5, 11] where the diffusion rate of the bacterial cells is a
decreasing function (motility function) of the concentration of a chemical secreted by bacteria
themselves. We show that the DSM model does not admit non-constant steady states if either
the chemical diffusion rate or the intrinsic growth rate of bacteria is large. We also prove that
when the decay of the motility function is sub-linear or linear, the DSM model does not admit
non-constant steady states if either the chemical diffusion rate or the intrinsic growth rate of
bacteria is small. Outside these non-existence parameter regimes, we show that the DSM model
will have non-constant steady states under some constraints on the parameters. Furthermore we
numerically find the stable stationary patterns only when the parameter values are close to the
critical instability regime. Finally by performing a delicate multiple-scale analysis, we derive
that the DSM model may generate propagating oscillatory waves whose amplitude is governed
by an explicit Ginzburg-Landau equation, which is further verified by numerical simulations.

MSC 2010: 35A01, 35B40, 35K57, 35Q92, 92C15, 92C17

KEYWORDS: Density-suppressed motility, Steady states, Degree index, Multiple-scale analysis,
Wave propagation

1. INTRODUCTION

Turing (i.e., diffusion-driven) and chemotaxis-driven instabilities have been widely accepted as
two major mechanisms reproducing many exquisite biological spatio-temporal patterns observed
in nature or experiments ([17]). Recently a so-called “self-trapping” mechanism was introduced
into the engineered F. coli strains in the experiment by a synthetic biology approach and spatio-
temporal patterns were observed (see [11]), where E. coli cells excrete a signalling molecule acyl-
homoserine lactone (AHL) such that at low AHL level, E. coli cells undergo run-and-tumble
random motion, while at high AHL levels E. coli cells tumble incessantly and become immotile
as a result of a vanishing macroscopic motility. Later on a system of reaction-diffusion equations
with density-suppressed motility was proposed in the paper [5] to explain the underlying stripe
pattern formation process observed in the experiment of [11]. This paper is concerned with the
model proposed in [5], which reads as

u = A(r(v)u) + ou(l —u), z€Q,t>0,
v = dAv +u — v, xeNt>0, (1.1)
u _ 9y z €00t >0, '

u(z,0) = up(x),v(x,0) =vo(x), =€,

where u(z,t) and v(z,t) represent the densities of E. coli cells and AHL, respectively. The first
equation states that E. coli cells undertake a non-random diffusion with a logistic birth-death
kinetics with intrinsic rate o > 0 saturated at the normalized density 1, where the diffusion rate
of E. coli cells depends on a motility function r(v) satisfying r’(v) < 0 (suppressed effect of AHL
concentration on cell’s motility). d > 0 is a constant representing the diffusive rate of v. The
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model (1.1) is considered in a bounded smooth domain Q@ C RY (N > 1) with zero-Neumann
boundary conditions warranting that no individual crosses the boundary of the habitat, which
is well consistent with the experimental setting of [11] where the experiment was performed in
an isolated apparatus.

Mathematically, system (1.1) may be degenerate due to the property r’'(v) < 0 and hence its
analysis becomes delicate. To the best of our knowledge, no much results have been known to
(1.1) as of today. When o > 0, the existence of global classical solutions of (1.1) was obtained
first in [10] for Q C R? with r(v) satisfying the following hypotheses:

(H1) r(v) € C3([0,00)),7(v) >0 and 7/(v) < 0 on [0,00), lim 7(v) = 0;

V—00

(H2) lim 7:(:) exists.

v—oo (V)

It was further shown that if do is suitably large such that

k ! 2
od > %, where kg = max (V)] (1.2)

0<v<oo  7(V)
then the constant steady state (1,1) is globally asymptotically stable. Numerical simulations
in [10] illustrated that system (1.1) can produce oscillating traveling waves and stable/unstable
aggregation patterns under some conditions on the parameter values. Recently the global exis-
tence of classical solutions of (1.1) was extended to higher dimensions (N > 3) in [23] for large
o > 0 with a mildly weaker condition than (H1)-(H2). When r(v) is a piecewise constant func-
tion, the analysis of (1.1) with ¢ > 0 was performed in [19] to study the dynamics of interface
of discontinuity of solutions. When o = 0, the global existence of class solutions of (1.1) was
established in [25] for the case 7(v) = co/v¥(k > 0) with small constant cq > 0 in any dimensions
with an extension in [1]. By assuming that r(v) has positive lower and upper bounds, global
classical solutions in two dimensions and global weak solutions in three dimensions of (1.1) with
o = 0 were obtained in [20]. Except the aforementioned results, no other results appear to be
available and many interesting analytical questions on the density-suppressed motility model
(1.1) have not been addressed, such as traveling wave solutions, stationary (pattern) solutions
and so on.
Among other things, this paper is to explore the stationary problem of system (1.1) which
reads as

—A(r(v)u) =ou(l —u), x €,
—dAv =u — v, x €, (1.3)
Gu — v |, z € 09

In view of the realistic meaning, only nonnegative solutions of (1.3) are of interest. By the well-
known maximum principle and Hopf boundary lemma for elliptic equations, for any nonnegative
classical solution (u,v) of (1.3) with (u,v) # (0,0), it is easily seen that u, v > 0 on Q. Hence
in this paper we shall consider the existence and non-existence of non-constant positive classical
solutions of (1.3) on €. For convenience, we let w = 7(v)u and transform problem (1.3) into the
following equivalent one:

—Aw = Z%[1 - *], z €,
—dAv = TE"—U)—U, x €, (1.4)
%—f:%: , x € oS

Throughout the paper, whenever we say a solution of (1.3) or (1.4), we always mean a positive
classical solution. Clearly, system (1.4) has a unique trivial solution (0,0) and a unique positive
constant solution (r(1),1). The main purpose of this paper is to find the conditions for the
non-existence and existence of non-constant solutions of the stationary problem (1.4) with r(v)
satisfying the condition (H1) in a bounded smooth domain @ C RM(1 < N < 3). From the
global stability result of [10] under condition (1.2), one can conclude that (1.3) and hence (1.4)
under hypotheses (H1)-(H2) will not have non-constant positive solutions in two dimensions if
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od is large. In this paper, we shall remove the condition (H2) and prove the non-existence of
non-constant solutions of (1.4) in three or lower dimensions for large od, see Theorem 3.1(a).
More interestingly we find that (1.4) will not have non-constant solution either if od is sufficiently
small for some r(v) satisfying certain additional conditions besides (H1), see Theorem 3.1(b).
This result is somewhat counterintuitive, since for mathematical models of biology the patterns
(i.e., non-constant solutions) will usually tend to arise when the diffusion rate d or the intrinsic
growth rate o is small (cf. [13, 15, 24]). We believe this is a distinctive phenomenon caused by
the density-suppressed motility. For moderate value of od, we show that non-constant positive
solutions of (1.4) may exist, as shown in Theorem 4.1. Furthermore in this paper we use the
multiple-scale analysis to derive that system (1.1) may generate pulsating (oscillating) traveling
waves whose amplitude is shown to be governed by a Ginzburg-Landau equation (see section 5).
We verify our results by numerical simulations showing that the model (1.1) can reproduce the
expanding strip (ring) patterns qualitatively similar to those observed in the experiment of [11].
This in turn justifies the system (1.1) in modeling the cell movement with density-suppressed
motility.

Since the solutions of (1.4) and (1.3) are equivalent under the transformation w = r(v)u,
we shall focus on the transformed system (1.4) in a bounded domain Q ¢ RY(1 < N < 3) in
the sequel unless otherwise stated. The rest of this paper is organized as follows. In section
2, we derive a key priori estimate on solutions. In section 3, we find the conditions under
which non-constant positive solutions of (1.4) do not exist. Then we prove the existence of
non-constant positive solutions of (1.4) under some conditions with numerical illustrations in
section 4. Finally we show that system (1.1) can generate oscillating waves whose amplitude is
determined by a Ginzburg-Landau type equation with numerical verifications.

2. A KEY PRIORI ESTIMATES

In order to establish the existence and nonexistence theorem of non-constant steady states
for small ¢ or d, we need to derive some priori estimates for positive solutions of the system
(1.4). Our result reads as follows:

Proposition 2.1. Let € be a bounded domain in RN(l < N < 3) with smooth boundary. Then
for any given constant dy > 0, there exists a positive constant ¢ > 1, which depends only on dy
and Q, such that any positive solution (w,v) of (1.4) satisfies

1 _
- <w(z), v(ir)<ec, Vre,
c

provided that d > dy. Moreover, if lirginfr(v)v € (r(0), 00|, such c is independent of dy and SQ.

Proof. Assume that w(zp) = max w. By the maximum principle and Hopf boundary lemma (see
Q
Proposition 2.2 of [12]), it follows from the first equation of (1.4) that

w(wo)

L ()

>0, so w(zg) < 7r(v(xg)) < r(0),
which yields
w(z) < r(0), Vze. (2.1)

Similarly, let w(yp) = minw and we have
Q

<0, ie, w(yo) = r(v(yo))-
This gives
w(z) > minr(v(z)), Ve Q. (2.2)

In order to derive the lower bound of w and the upper/lower bounds of v, we first consider
the case that liminfs_, 7(s)s € (r(0),00]. In this case, by assuming v(z°) = maxwv, we can
Q

conclude from the maximum principle with Hopf lemma (Proposition 2.2 of [12]) as applied to
3



the second equation of (1.4) and (2.1) that r(v(z%))v(z?) < w(2?) < r(0). Then there exists a
large constant ¢ > 0, independent of o, d and 2, such that

v(z) <v(®) <e, Vae. (2.3)

As r(v) is decreasing on [0, 0o) with respect to v, (2.2) and (2.3) yield w(z) > r(c) >0, Vz € Q.
Arguing similarly as above, letting v(y") = minwv(y), we get from the second equation of (1.4)
Q

that r(v(y°))v(y®) > w(y®) > r(c), and so we find a positive constant c, = ™) independent of

7(0)
o, d and € such that
v(z) > v(y°®) > ¢ > 0,Vz € Q. (2.4)
For the general case, to obtain the lower bound of w and the upper/lower bounds of v, we rewrite

the equation of v as

1 1 w ov
AV Sy = Q — = Q. 2.
v—i—dv dr(w)’ x € 5 0, z€d (2.5)

On the other hand, integrating the equation of w over 2 yields fQ ?“;) [1 — %]dw = 0, which

/Q%dx:/g%dxg </§2%d:c>2|9§.

w2
/M%)dm < Ch. (2.6)

Hereafter, the positive constant Cy depends only on dy, {2 and may be different from line to line.

In view of (2.6), by the standard LP-estimates for elliptic equations (see, for instance, [4])
as applied to (2.5), it holds [|v|[y22(q) < Co,¥d > do. In the following, we always assume that
d > dy. Then, the well-known embedding theorem (see [4]) allows us to conclude that

[vl|peey < Co,  ie,v(x) <Co, VzeQ, ifl1<N<L3 (2.7)

gives

Hence, we have

Now, (2.7), together with (2.2) and the monotonicity of r, indicates w(z) > r(Cy) > 0, Vz € Q.

Thus, by a similar argument as obtaining (2.4), we get a positive constant ¢* = Tﬁ(%‘;) depending
only on dy, €2 such that

v(r) > >0, Voe.
The proof is now complete. O

3. NONEXISTENCE OF NONCONSTANT STEADY STATES

In this section, we shall use two different approaches to establish the nonexistence result of
non-constant solutions of (1.4) for large or small d or o. Hereafter, whenever we say d is large
or small, it should be understood that o is fixed first; the same convention applies to the case
when we say o is large or small. The main results we shall prove in this section are stated in
the following theorem.

Theorem 3.1. Let r(v) satisfy the condition (H1). Then we have the following results on the
stationary system (1.4).

(a) Given d > 0, there is a constant o* such that system (1.4) has no non-constant positive
solution if o > o*; Conversely there is a constant d* for given o > 0 such that (1.4) has
no non-constant positive solution if d > d*.
(b) Assume further that r(v)v is increasing in v € [0,00). Then the following assertions
hold.
(i) Given d > 0, there is a constant o, such that (1.4) has no non-constant positive
solution if 0 < 0 < oy;
(ii) Given o > 0, there is a constant d, such that (1.4) has no non-constant positive
solution if 0 < d < d, and Uli_)rglo r(v)v € (r(0), o0].
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Remark 3.1. It has been shown in [10] that the constant solution (r(1),1) is globally asymp-

totically stable if do > ]f—g where kg is defined in (1.2), which indicates that the stationary

problem (1.4) has only positive constant solution (r(1),1) if do > ]f—g. This result was proved in
two dimensions under the hypotheses (H1)-(H2), however, the results in Theorem 3.1(a) hold
for any dimension without condition (H2). The conditions on r(v) imposed in Theorem 3.1(b)

basically requires the decay rate of r(v) must be linear or sublinear. For instance r(v) = —L—~¢

(atpu)*
with £ <1 or 8 <« and £ =1 is a candidate.
Theorem 3.1 is a consequence of the following series of lemmas.

Lemma 3.1. Let r(v) satisfy the condition (H1). Then the following assertions hold.

(i) If r(v)v is non-decreasing in v € [0,00), then there exists a positive constant o, such
that (1.4) has no non-constant positive solution provided that 0 < o < 0.

(ii) There exists a positive constant d* such that (1.4) has no non-constant positive solution
provided that d > d*.

Proof. We first verify (i). To this end, we first claim that any positive solution (w,v) of (1.4)
satisfies

(w,v) — (r(1),1) in C*Q) x C*(Q), as o — 0. (3.1)

Notice that ¢ is independent of ¢ > 0 in Proposition 2.1. By a standard compactness argu-
ment, there exists a sequence o; with o; — 0 as @ — oo such that the corresponding positive
solution sequence (wy,,vs,) of (1.4) with o = o; satisfies

(Wo,,V0,) — (W,0) in C*(Q) x C%(Q), asi— oo,
where 0 < w, % on Q. Clearly, (#,?) solves

—Aw =0, x € Q,
—dAD = gf;}) —0, xe, (3.2)
% = % =0, x € oS

Hence, @ must be a positive constant. Furthermore, by setting 0(x,) = ming ¢ and 0(z*) =
maxq U, we have from the maximum principle and Hopf boundary Lemma applied to the second
equation of (3.2) (see also Proposition 2.2 of [12]) that

ey M) S0 ey~ ) 20

These inequalities, together with the facts that r(v)v is non-decreasing on [0,00) and w is a
positive constant, immediately imply

0(zy) = v(x¥), i.e., ¥ = a positive constant.

On the other hand, for any fixed i > 1, integrating over ) the equation satisfied by w,, and
Vo, , Tespectively, we have

We, () W, () } / { We, () }
: 1- - dz =0, ————= — Vg, (x) pdx = 0.
Lt 0 eey) o o)
Since w and © are positive constants, we send i — oo to obtain (w,0) = (r(1),1). Therefore,

the above analysis implies the claim (3.1).
Let us now define

W22(Q) = {g e W22(Q) : % ~0 on aQ}, L3(Q) = {g e L2(Q) : /dix - 0}

and

‘/—-.(0-7 Z, U, g) = (fb f2a f3)(07 Z, U, g)
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with

fi(o, z, v, f):Az+a(z+§> <1_z+§>’

r(v) r(v)

fa(o, z, v, §) = dAv + i:}f — v,
_ [ 2
plo =)= [ S0 (1= 555 e

where w = z + £ with [ zdz =0 and £ € R! :=[0,00).
Then

F i RY x (L3(Q) N W22(Q)) x W22 x RY w— L3(Q) x L*(2) x RL.

It is observed that finding the positive solution of (1.4) is equivalent to solving F (o, z, v, £) = 0.
Moreover, F(o, z, v, ) = 0 has a unique solution (z, v, {) = (0, 1, (1)) when o = 0.
By elementary calculation, we have

& =D, eF(0,0,1,r(1)): (L§(Q2) NW2(Q) x W? x RL — L§(Q) x L*(Q) x RY,

where
Ah

1
B(h, k,7) = dAk—i—m(h—i-T)—

1 (1)
L ) - k}da:
IRES (1)
In order to use the implicit function theorem, we need to verify that & is both invertible and

surjective. Indeed, assume that ®(h,7,k) = (0,0,0). Clearly, h = 0. Integrating the second
equation over (), and using the third equation and the fact of h = 0, we further have

/Qde:r’(l)/dex: [r’(l)—l—r(l)]/ﬁkdm,

which gives fQ kdx = 0 due to 7 € R', and in turn 7 = 0. In addition, k solves

B _ (L) +1'(1)
dAk 77”(1)

In light of r(1) + /(1) > 0 (since r(v)v is non-decreasing in v € [0,00)) and [, kdz = 0, it is
obvious that £ = 0. Hence, h = 7 = k = 0 and @ is invertible. On the other hand, one can
easily check that ® is also a surjection.

As a consequence, the implicit function theorem allows us to conclude that there exist-
s a positive constant o, such that, for each o € [0,0,], (0, 1, (1)) is the unique solution of
Flo, z,v,€) = 0in By, (0, 1, 7(1)), where By, (0, 1, (1)) is the ball in (L2(Q) N Wi?(€)) x
W2 x R! centered at (0, 1, r(1)) with radius o,. Taking smaller o, if necessary, we can see
that the assertion (i) holds by using the claim (3.1).

The proof of (ii) is similar to that of (i). First of all, it can be shown that any positive solution
(w,v) of (1.4) satisfies

k in £; %:O on 0f2.
ov

(w,v) — (r(1),1) in C%(Q) x C*(Q), as d — oco. (3.3)
Then, we set p = d~! and define the analogous operator F:

Flp, w, 2, &) = (f1, fo, f3)(p, w, 2, &)+ REX(LGQNW?(Q))x W2 (Q)xR] +— L*(Q) x Lj(Q) xR
6



where

ow w
Ji(p, w, z, §) :Aw—i—r(z—i—ﬁ)(l_ 7’(24‘§>>’

f2(p7 w, %z, ‘f) = Az+p<r(zw+§)

f3(p, w, 2, £)=/Q(r(;"+§)—<z+£>>dx,

where v = z + £ with [, zdz = 0 and £ € R} := [0,00). Clearly, (w, 2, {) = (r(1),0,1) is the
unique nonnegative nontrivial solution of F'(0, w, z, ) = 0, and moreover, it is easily verified
that D, . ¢)F(0,7(1),0,1) is a bijection. Thus, combined with (3.3), one can use the implicit
function theorem to yield the desired assertion (ii). O

—(z+§>>,

Below we shall derive some nonexistence result of nonconstant steady states when the param-
eter d > 0 is small. To highlight the dependence of solution (w,v) of (1.4) on the parameter
d, we use (wq,vyq) instead of (w,v) below. First we determine the asymptotic behaviour of any
positive solution (wq,vq) as d — 0.

Lemma 3.2. Assume that r(v)v is increasing on [0,00), and 1i_>m r(v)v =46 € (r(0),00]. Then

given o > 0, any positive solution (wq,vq) of (1.4) satisfies
(wq,vq) — (r(1),1) uniformly on Q, as d — 0.

Proof. Under our assumption, Proposition 2.1 tells us that c is independent of o, d > 0 in
Proposition 2.1. Thus, a standard compactness argument, as applied to the first equation in
(1.4), allows one to conclude that there exists a sequence d; with d; — 0 as i — oo such that
the corresponding sequence (wyg;,, vq,) of positive solutions of (1.4) with d = d; satisfies

wg, — W uniformly on Q, as i — oo, (3.4)

where 0 < @ < r(0) on Q (due to (2.1)). As a result, given any small ¢ > 0 with ¢ < @ and
w+¢e <0 on Q, we have w(x) —e < wg,(z) <w(z)+e, Vaellforalllarge i.
Next, let us consider the following two auxiliary problems

_ w(x)+e  _ Ju
—d;Av = ) Qa =Y Qa .
d; Av (0) v, T €L o 0, z€0 (3.5)
and
w(zr) —e ov
—diAv = ——F—— — v, Q; — =0, Q. .
d;Av (0) v, € o 0, z€0 (3.6)

Clearly, vg, is a lower solution to (3.5) and an upper solution to (3.6) for all large 1.
Now, we fix any such large 7 and treat problem (3.5). Since lim r(v)v > r(0) and w(z) < r(0)
V—00

on €, it is easily checked that a sufficiently large positive constant M with M > r(0) is an upper
solution to (3.5). Therefore, the well-known theory of upper-lower solutions ensures that (3.5)
admits at least one positive solution.

In the sequel, we will show that (3.5) has a unique positive solution. Notice that any small
positive constant is also a lower solution of (3.5). Assume that v; and vy are any two positive
solutions of (3.5). Then, by the iteration theory of upper-lower solutions. We know that (3.5)
admits a maximal positive solution v,,,, and a minimal positive solution v,,;, With vmin < Umaz
on ) satisfying

Umin < V1, U2 < Upgz  ON Q.

Thus, it suffices to verify vimin = Vmaz on €.

To this end, let us denote p* = inf{p > 0 : Vyazr < PUmin on Q}. Obviously, p* > 1 and
Vmaz < P Umin on Q. If we can show p* = 1, it is clear that vy, = Umasz on €, as we wanted.
We proceed indirectly and suppose that p* > 1. First note that p*r(p*v) > r(v), Yv > 0 since
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r(v)v is increasing in v > 0. To reach a contradiction, we set h = p*Vmin — Vmaz. S0 h > 0 on
(), and satisfies

g _ s wte  wte  (0A48)[pr(Vmaz) = 7(Umin)]
dlAh + h p T(Umin) r(vmax) T‘(Umm)r(vmax)
(’LB + 6) [P*T(P*Umm) - T(Umin)] .
= 7 (Vmin )T (Vmac) >0 n €2

In the above, we also used the facts that vime, < p*Upmin on Q and r(v) is decreasing in v > 0.
Since % = 0 on 012, it immediately follows from the strong maximum principle and Hopf
boundary lemma for elliptic equation that A > 0 on 2. This implies that A > ggupqe on 2 for

some constant €y > 0, which in turn gives
Pk
1+¢9
which contradicts the definition of p*.
So far, we have proved that for any given large 7, (3.5) has a unique positive solution, denoted
by U;. Similarly, it can be proved that (3.6) also has a unique positive solution denoted by v;,
for any given large i. To proceed further, we need to introduce some notations. As r(v)v is
increasing in v € [0,00) and vli_)rglo r(v)v =0 € [r(0),00], given T € [0,6), there exists a unique

Umin = Umag 0N £,

v € [0,00) such that r(v)v = 7. Hence, we can define the C2-function v = g(7), 7 € [0,6), which
satisfies 7(g(7))g(7) = 7, and so g(7) is also increasing in 7 € [0, §).
Given large i, we rewrite (3.5) as follows:

wAe— or
—d;Alg(7:)] = Wu z € () 5—0, x € 09,

with r(9;)v; = 7;. On the other hand, an application of the maximum principle yields 0 <
minw < r(v;(2))v;(z) < maxw + ¢ < 0, Yo € ). Hence for all large 7 and for some constant
Q Q

Co > 1, we have

1
— < <
o 9(7i) < Co.

As a consequence, a similar analysis as in Lemma 2.4 of [3] concludes that
r(0;)0; = 7 — W +¢ uniformly on Q, as i — oo. (3.7)
Similarly, making use of (3.6), we have
r(v;)v; — @ — e uniformly on Q, asi — oo. (3.8)
Combining (3.7) and (3.8) and the arbitrariness of €, we obtain that
7r(vg,)vg, — W uniformly on Q, as i — oo. (3.9)
Hence it follows that
vy, — g(w) :== 0 uniformly on Q, as i — oo, (3.10)

where ¢ € C(Q) and © > 0 on Q.
Together with (3.4) and (3.9), we can send @ — oo in the first equation in (1.4) to find that
w solves (in the weak and then in the classical sense)

ow w ow
~E ) [1— r(g(ﬁ)))]’ zeQ T2 =0, z €00 (3.11)

ov
Observe that r(g(7)) is decreasing in 7 > 0, and so m is increasing in 7 > 0. Let w(z) =

minw and w(Z) = maxw. Then thanks to the maximum principle, we get from (3.11) that
Q Q

AT =

4Jﬂjg,an _w(z)
BEEy ™ L GEwy
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This clearly implies that w(z) = @(z), that is, @ is a positive constant, and then v is also a
positive constant due to (3.10). Furthermore, it is necessary that (w,v) = (r(1),1). Therefore,
we have proved

(wg,vq) — (r(1),1) uniformly on Q, as d — 0. (3.12)

The proof is thus complete. O

Lemma 3.3. Assume that r(v)v is increasing in v € [0,00) and lim r(v)v = 6 € (r(0), o).
vV—00

Given o > 0, there exists a small constant d, > 0, depending only on o and 2, such that (1.4)
has no nonconstant positive solution if 0 < d < d,.

Proof. We shall employ the topological degree technique to establish the desired result. Denote

- - 1
D = {(w,v) € C(Q) x C(Q) : ol <w,v<c+1},
c
where ¢ is given in Proposition 2.1, which is now independent of d > 0. Let us define the
operator

A(d, (w,0)) = (—A + 1)~ (w+7f'(1;’) [1—7,21;)} - [TE"U)—UD

where (—A + I)~! represents the inverse operator of —A + I with the zero Neumann boundary
condition over 992. Clearly, (w,v) is a positive solution if and only if A(d, (w,v)) = (w,v). In
addition, A is compact from [dy, da] x D to C(Q) x C() for any given 0 < d; < dy < 0o, and
A(d, (w,v)) # (w,v) for all d € (0,00) and (w,v) € 9. This implies that the Leray-Schauder
degree deg(I — A(d-), D) is well defined and its value does not depend on d € (0, o).

Let d* be given as in Lemma 3.1(ii). Then (r(1),1) is the unique positive solution of

A(d*, (w,v)) = (w,v), which in turn yields

deg(I - A(d*a ')7 9) = indeX(I - A(d*’ ’)7 (T(].), 1))7
where index(I —A(d, o,), (r(1),1)) is the index of the operator I —.A(d, -) at the point (r(1),1).
Furthermore, the routine computation as in [10] (see Lemma 4.1 (1) below) shows that (r(1),1)
is linearly stable provided that /(1) + (1) > 0 for any d > 0 which is fulfilled due to our

assumption that r(v)v is increasing in v € [0,00). It then follows from the Leray-Schauder
degree formula (see for instance Theorem 2.8.1 of [16]) that

deg(I — A(d*,-),®) = index(I — A(d*, ), (r(1),1)) = 1.
As a result, it holds
deg(I — A(d,-),®) = index(I — A(d*,-),D) =1, (3.13)

for any d > 0.
In view of Lemma 3.2, it is also easily computed that only possible positive solution (wg,vq)
of (1.4) is linearly stable provided that 0 < d < d, for some small d, > 0. This indicates that

index(I — A(d,-), (wgq,vq)) = 1, (3.14)

if 0 < d < d,. Moreover, the linear stability of (wq,vq) implies that for any given 0 < d < d,
(1.4) admits at most finitely many such positive solutions, denoted by {(w;,v;)}%_;. Hence it
follows from (3.14) that

)4
deg(I — A(d,-),®) = index(T — A(d, "), (wi,v;)) = L. (3.15)
i=1
Therefore (3.13) and (3.15) yield £ = 1. This implies that (1.4) admits a unique positive solution,
which must be (r(1),1) if 0 < d < d,. The proof is now complete. O

By a similar analysis to that of Lemma 3.3, we are able to show the following result.

Lemma 3.4. Given d > 0, there exists a large constant c* > 0 depending only on d and €2,
such that (1.4) has no nonconstant positive solution if o > o*.
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Proof. First of all, it follows from Proposition 2.1 and the v-equation that, up to a sequence of
o if necessary, any positive solution (w,v) of (1.4) satisfies

v— 10 in CYQ), as o — oo, (3.16)

where ¥ > 0 on 2. Now, given small ¢ > 0, consider the following two auxiliary problems:

1 w 0w
_Aw_aw(r(ﬁ)+€ — (r(ﬁ)—e)Q)’ x € £y =0, v €09, (3.17)
and
~Aw = ow( L v ), ze® IO _ o, 2 eon (3.18)
N r(@)—e (r(v)+e?2/’ Tov ‘ ’

In view of (3.16), given large o > 0, w is an upper-solution to problem (3.17) and a lower solution
to problem (3.18). In addition, (3.17) and (3.18) have a unique positive solution, denoted by w,,
and w,, respectively. A simple upper-lower solution argument shows that

w, <w<wW, on€, foralllarge o. (3.19)
Furthermore, a similar analysis as in Lemma 2.4 of [3] concludes that

(@)= @)+

Yo r(0) +e ’ r(0) — €

Sending € — 0 in (3.20), it then follows from (3.19) that w — 7(?) uniformly on €, as o — oo.

Notice that for all ¢ > 0, it holds
w
—— —v]dxr =0. 3.21
JRCoRUE (321

By means of (3.16) and (3.21), We let ¢ — oo and find that © = 1. That is, we have proved
that

uniformly on €2, as o — oo. (3.20)

(w,v) = (r(1),1) uniformly on €, as o — oo. (3.22)

Recall again that ¢ depends neither on ¢ > 0 nor on d > 1 in Proposition 2.1, and as in the
proof of Lemma 3.3, it can be shown that (r(1),1) is linearly stable for all large o (see Lemma
4.1(1) below). Now, with the aid of (3.22), one can adapt the argument of Lemma 3.4 to yield
the desired conclusion. The details are omitted here.

O

4. EXISTENCE OF NON-CONSTANT STATIONARY SOLUTIONS

This section is devoted to establishing the existence of non-constant positive solutions to the
stationary problem (1.4) by applying the Leray-Schauder degree theory.

4.1. Preliminaries. We first present the decomposition in the function space based on the
elliptic operator —A subject to the zero Neumann boundary condition on 2. Let

O=po <y < po < pg < -+ <ty <--- (4.1)

be the sequence of eigenvalues for this elliptic operator —A and each p; has multiplicity m; > 1.
Let ¢ij, i > 0, 1 < j < m;, be the normalized eigenfunctions corresponding to y;. Let X; be the
eigenspace associated with p; in H1(Q;R?). Then the set {¢;j, i >0, j =1,2,--- ,m;} forms a
complete orthogonal basis in L?(2). Let X = [H}(Q)]? and X;; = {cypij : 1 < j < my,c € R*}

Then
[e'e} m;
X =P x., X; = P X, (4.2)
i=1 j=1

where € denotes the direct sum of subspaces.

It is obvious that system (1.4) has two constant solutions (0,0) and (r(1),1)). In order to
compute the degree index of (r(1),1)), we linearize (1.4) at (r(1),1)) and have the eigenvalue
problem associated with the linearized system as follows:

10



o or'(1) =
Aw—mij Té))v—/pw, x €,
Av + TOW 1 <1 + 7;((11))) v=opv, x€Q, (4.3)
gu — v —, x € 09

It is easily verified that eigenvalues p; of (4.3) satisfy

pi+Dipi+E;=0,i=0,1,2,- -, (4.4)
where
1
G0V + (1) + 2dr (L) +do]
1
E;, = {(1 + du;)o + [7”(1) +(1+ d,u,i)r(l)] ui} )
dr(1)
It is obvious that W
r'(1 def
<0&o0< [1+dui+r()],u o (4.5)

Now we give some results on eigenvalues in (4.4), which is easy to be verified.

Lemma 4.1. Ford > 0 and o > 0, the following statements are true:
(1) If either
(1) +7r(1) >0
or
r'(1) +7r(1)
d
Then Rep; < 0 for all i € {0,1,2,- - - 00}, namely (r(1),1) (resp.(1,1)) is linearly stable to
(1.4)(resp.(1.3)).

(2) Assume that

(1) +7(1) <0 and o> —

0<o<o; forsome i€ {l,2--- 00}, (4.6)

then pj is a positive eigenvalue and p; is a negative one, and the algebraic multiplicity of each
—Dn. /D2 _ .

one is m;, where pif = M. This implies that (r(1),1) (resp.(1,1)) is linearly unstable

to (1.4)(resp.(1.3)) if (4.6) holds.
(3) If (4.6) is satisfied, then there exists an integer i¢ > 1 such that

;>0 for i €[1,i, 04q; <0 for j=1,2,3,---; (4.7)
Moreover, let
OB d0<o< (4.8)
0q= Max 0; = — |———>— +7r i an o < 0g. )
¢ i<i<ie 1+ du;, Hia “

Then (4.4) has at least one positive root ,0;-'; with the algebraic multiplicity m;,. Usually, we call
ko = \/ti, the admissible wave number.

(4) If (4.7) holds and o > o4, then E; > 0 for all i € {0,1,2,---,00}, so that for each i the
equation (4.4) has two distinct roots with either positive real parts or negative real parts, which
implies that the number of positive real eigenvalues (counting multiplicity ) must be even.

We now treat p; as a real number, then at

mzé(‘ﬁgﬁﬁ>, (4.9)

the maximum of o;,4 € [1,4°] is attained as

Oc = MAX0; = % <\/—r’(1) - \/r(1)>2. (4.10)

It is obvious that o. > 04, and 0. = 0, only when there exists i = i, such that (4.9) holds.
Since the odd number of the positive eigenvalues plays a critical role on the computation of the
11




degree index of (r(1),1), by (3) and (4) in Lemma 4.1, in what follows we shall always assume
the condition (4.7) holds and let o satisfy

0<o<oe. (4.11)
4.2. Main results. We now define a set as
Xt ={(w,v) €X: w, v>0, €N},

and rewrite the system (1.4) in XT in the matrix form

W=(I-A)"'YW+H(o,d,W)], z€Q,
(4.12)
VW .v =0, x € 01,
where W = Q;j ), (I — A)~! represents the inverse of I — A with homogenous Neumann

boundary conditions, and

2 (1- )
H(o,d,W) =

Then we define an operator P by
Plo,d, W) =W — (I — AW + H(o,d,W)], W eX". (4.13)

Now we look for solutions of (1.4), which is equivalent to finding zero points of the operator P.
We will apply the topological degree theory to prove the existence of non-constant zero points
of P. By a computation, the linearized system of P(o,d, W) = 0 at the constant steady state
W* = (r(1),1) is in the form of

W—(I—-A)" I+ VywH(o,d, W)W =0,

where Vyy = % and

N 1 —do dor'(1
Vi H (o, d, W) = s < A J(r7)~(1)) > (4.14)

It is well known that if the linear operator
Vi P(o,d W) =1—(I—-A)" I +VywH(c,d,W"))
is invertible, then the index of P at W* is computed by
index(P,W*) = (-1)7, (4.15)

where 7 stands for the number of the negative eigenvalues of VP (o, d, W*). The decomposition
of function space (4.2) implies that, for each integer ¢ > 0 and 1 < j < m;, the subspace X;; is
an invariant space under Vy P(o,d, W*) and A € R is an eigenvalue of Vyy P(o,d, W*) in X; if
and only if ) is an eigenvalue of (1 + p;)~! (u;l — VwH(o,d, W*). Hence, the invertibility of

Vi P(o,d, W*) is equivalent to that of the matrix (1] — Vi H (o, d, W*) "< M; for all ¢ > 0.

We now define a function by
I(o,d, x) = det(xI — VwH (o,d, W")).

If T'(o,d, i) # 0, then the number of negative eigenvalues of M3 is 1 if and only if I'(o, d, ;) < 0;
When I'(o,d, p;) > 0, the number of the negative eigenvalues of M; is 0 or 2. The algebraic
multiplicity of each of them is m;. As such, if I'(o,d, ;) # 0 for any ¢ > 0, then by (4.15), we
have (see [13, 14])

v = Z m;. (4.16)

1>0,I'(0,d,p;)<0

It is easy to see that the eigenvalue p; of (4.3) and the eigenvalue \; of Vy P(o,d, W*) satisfy
pi = —(1 4 pi)Ai. Thus, by (3) and (4) in Lemma 4.1, under the condition (4.11) the formula

(4.16) is well posed.
12



Using (4.14), we have

(1 1)+ d

(1) +r(1) + A
dr(1) dr(1)

Note that (4.6) implies that /(1)+7(1) < 0. Therefore if (4.11) is true, then do < —(r'(1)+7(1))

and [r'(1) +7(1)+do]? —4dor(1) > 0. Thus, the equation I'(c,d, x) = 0 has two positive distinct
roots x+(o,d) given by

(o,d,x) = x> + -

(4.17)

—[r'(1) + (1) + do] £ /[r'(1) + (1) + do]? — 4dar(1)‘

2dr(1) (4.18)

X+ (0-7 d) =
We are now in a position to present the main result of this section.

Theorem 4.1. Let (4.11) hold and further assume that there exist j > i > 0 such that

(1) pi <x-(0,d) < piy1 and pj < x4(0,d) < pj1;

(i) D f—ipq ™M is odd.

Then (1.4) has at least one non-constant solution for d > dy and o > 0, where dy is a given
positive constant.

Proof. Proposition 2.1 indicates that there exists a constant ¢ > 1 independent of d > dy and
o > 0 such that all positive solutions of (1.4) are located in the following set

D = {(w,0) € C(Q) x C(Q) - C%<w,v<c+1}. (4.19)

By Lemma 3.1(ii) and Lemma 3.4, one can choose sufficiently large positive constants d* and
o* such that

2
(A)) T(0*,d*,x) > 0 for all y > 0, i.e., d*o* > <\/—7"(1) - \/r(1)> :

(A2) The system (1.4) has no non-constant solutions if do > d*c*.

Let us define an operator ® : [0,1] x ® — C(Q x C(Q) by
(1=t)o*+to)w _w
w GO (1 )

O(t,W)=(1T-A)"
1— w
v+ (G +4) (355 -v)
It is obvious that ®(¢, W) is compact for each ¢ € [0, 1], a solution of (1.4) is just a fixed point of
®(1,), and ®(¢,-) has no fixed points in 9D for all ¢ € [0,1]. Thus the Leray-Schauder degree

deg(I — ®(t,-),D,0) is well-defined and is a constant for all ¢ € [0,1] due to the homotopy
invariance of the topological degree, that is,

deg(I — ®(1,-),9,0) = deg(I — ©(0,-),D,0). (4.20)

By (4.13), we know that I—®(1,-) = P(o,d, ). Thus, if we assume that (1.4) has no non-constant
solutions, then (4.15), (4.16) and the given condition (i¢) lead to

deg(I — ®(1,-),®,0) = index(P(o,d,-), W*) = (—1)27]4:#1"”C =—1. (4.21)

On the other hand, by (A2), we have that W* is the unique fixed point of ®(0,-). Moreover,

(A1) and (4.15) yield v is even, then
deg(I — ®(0,-),®,0) = index(I — ®(0,-), W*) = 1. (4.22)
Obviously, (4.20) contradicts (4.21)-(4.22). Hence, our assumption is false, and as a consequence

(1.4) has at least one non-constant solution. The proof is complete. O

Theorem 4.1 gives general sufficient conditions on parameters o and d such that system (1.4)
admits non-constant solutions. If we fix one of them, then the conditions can be more specifically
expressed. As an illustration, below we shall fix the diffusion rate d > 0 and identify the more
specific conditions on o to guarantee the existence of non-constant solutions to (1.4).
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Hereafter, we shall use the notation yi(o) =: x+(0,d) to emphasize the dependence on o
only by fixing the value of d > 0, where x4 (0o, d) is defined in (4.18). Furthermore, for the sake
of presentation, we re-denote by

O=po<p1 <po<pz <. <py <-ev (4.23)

all eigenvalues (counting multiplicity) of the elliptic operator —A with zero Neumann boundary
condition. In order to calculate the degree index in (4.15), we give some properties of x4 (o)
below, which can be easily verified by simple calculations.

Lemma 4.2. Let the positive constant d be fized and (4.11) hold. The following statements are
true.

(i) x=(0) > 0, x—(0¢) = x+(0c) = |/ 77y

(ii) x—(o) is monotone decreasing and x4+ (o) is monotone increasing. Furthermore, it holds
that

: (1) +r(1) : e
lim x_(0) = —————~2  lim y_(o)=
(fi{(r)lJr X <J) dT(l) ’ o'irz?; X (U) d?’(l) ’
and
I =0, i =, [-=
Jim x4 (0) =0, Jim X+(0) = (1)

By the discussion above, we know that x = p; — (1 + p;)\, where A is an eigenvalue of
VwP(o,d, W*) and p; is defined in (4.23). Hence, Vi P(o,d, W*) has negative eigenvalues
Ai(o) if and only if

o) = uzl x(9)
+ i
To proceed, we define two indicators as

<0,i=0,1,2,--.

~v— (o) = the number of {i € NU{0}: x_(0) > p;}
and
v+ (o) = the number of {i e NU{0}: x4+(0) > pi},

where N represents the set of positive integers. Obviously, v_(o) + 74+ (o) is the number of
negative eigenvalues (counting multiplicity) of VP (o,d, W*). Then the power exponent v in
(4.15), now denoted by y(o) to emphasize the dependence on o, is

v(0) =74(0) +7-(0).
Since x4 (o) > 0 = pp, we have y(o) > 2 for o € (0,0.). To compute (o), we set
i = max{i s xa(00) > i}, do = max{j : x_(0) > sy}, (4.24)
and
7 =inf{0 <o <o.:x(0) > w}, o; =sup{0 <o <oc:X-(0) > fi45}- (4.25)
Then Lemma 4.2 yields
61§62§---§Ei§---—>acasi—>icandglZQQZ---ZQiZ---%OaSj%jO.

o d
Let o </ 0. and @ = 0, then

yi(o)=i+1 for o€ (@, 5, i=0,1, 4. — 1, (4.26)
and let g def o. and g, =0, then
v-(o)=j+ic+1 for o€ (0j,1,0;), 5=0,1,--+,jo—1, (4.27)

where & # &1t and 041 # o;. For sufficiently large o the degree index of the operator
P(o,d,-) is given in the following lemma.
14



Lemma 4.3. Let d > 0 be fized and let o* be a suitably large constant such that o > o* > o,.
Then it follows that
deg(P(o,d,-),,0) =1,

where the set D is defined as before, but here it is enough for the constant c to be independent
of o, o is the same as in (4.10).
Proof. By Lemma 3.4, we can choose o* sufficiently large so that (1.4) has a unique solution
W*in ® for ¢ > o* > o.. Then we have

deg(‘P(U’ ')7©7 0) = indeX(P(Uv ')7 W*) = (_1)’7
Since 0 > 0., Lemma 4.1 (4) indicates that « is even. Thus, the desired result follows. (]

We now present a more specific version of Theorem 4.1 by fixing the value of d > 0.

Corollary 4.1. Let d be fired. Then the system (1.4) has at least one non-constant solution
provided that

(i) 0<o <o, where o is defined in (4.11).

(ii) ifo € (@, )N (gj+1,0;) with o # 7 for some i € {0,1,---,i. — 1} and i #0;
for some j € {0,1,---,jo — 1}, then v(o) =i.+ j + i is odd.

Proof. Define U(t,-) : [0,1] x D — C(Q) x C(Q) by
Ut W) =T —-A) "W+ H((1 —t)o* +to,d, W),

where the set © and o™ are taken from Lemma 4.3.
It is clear that W(t,-) is a compact operator and its all fixed points are located in the interior
of © for t € [0,1]. Thus, by the homotopy invariance of the topological degree, we have

deg(I — ¥(1,-),D,0) = deg(I — ¥(0,-),D,0). (4.28)
Since I — ¥(0,-) = P(c*,d,-), from Lemma 4.3 it follows that
deg(I — ¥(0,-),D,0) = index(P(c*,-), W*) = 1. (4.29)

Obviously, I —¥(1,-) = P(o,d,-). Thus, if we suppose, to the contrary, that there is no other
solution for (1.4) except the constant one W* in ®, then, from the condition (i7) it follows that

deg(I — ¥(1,.),D,0) = index(I — ¥(1,.), W*)
= index(P(o,d,.), W*) = (=1)7+@+71=(0) — (_1)detiti =

which contradicts (4.28) and (4.29). Thus, our assumption is false, which in turn asserts that
there is at least one non-constant solution to (1.4). The proof is complete. ]

Similarly if ¢ is fixed, more specified conditions on d can be found for the existence of non-
constant solutions. But we shall not explore this cumbersome procedure again here. For illustra-
tion, below we shall present an example to verify Corollary 4.1 in one dimensional interval [0, {]. Tt
is worthwhile to remind that the Neumann operator —A has eigenvalues p; = (%)2 ,0=0,1,2, -
in [0,1].

4.3. Example. Taking into account condition (H1), we consider the following motility function
1
") = ey
Let’s consider problem (1.1) in (0,[) with { = 27 and choosing d = 0.4. Then we have

1 2

o= (V= - Vr() =125,

i (00) = (1) +r(1)
dr(l) dr(1)

Thus (4.24) leads to i, = 3, i, = 3 and the admissible wave number k, = 1.5. If we choose

o = 0.2, then x4(0) =~ 0.1438 and x_(0) =~ 6.9562. By (4.25)-(4.27), we have i = 0, j = 2,

and the degree index v = i, + j +¢ = 5. If we choose ¢ = 0.6, similarly we will have i = 1,

j =1 and hence v = i. + j + i = 5. Thus, by Corollary 4.1, the non-constant positive steady
15
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FIGURE 1. Numerical simulations of pattern formation of system (1.1) in [0, 27],
where 7(v) is given by (4.30), d = 0.4 and the initial value (ug,vp) is set as a
small random perturbation of the constant steady state (1,1).
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FIGURE 2. Numerical simulations of pattern formation of system (1.1) in [0, 20],
where 7(v) is given by (4.30), d = 0.4 and the initial value (ug,vg) is set as a
small random perturbation of the constant steady state (1,1).

state of (1.1) will arise, as numerically shown in Fig.1(a) and Fig.1(b). We find that when the

value of o (like 0 = 0.2) is far away from the critical value, the pattern is unstable and second

bifurcation will occur and evolve into periodic-like patterns as observed in Fig.1(a). However if

the value of o is close to the critical value, the pattern becomes stable as shown in Fig.1(b). On
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the other hand, when the condition (ii) of Corollary 4.1 is not satisfied, the pattern may still
arise as shown in Fig.1(c) for 0 = 1 which gives degree index v = 6. This indicates that the
condition (ii) in Corollary 4.1 may not be necessary for pattern formation. In Fig.2, we increase
the domain size and find similar patterning processes. In both figures, we observe that when the
value of o is away from the critical value o, = 1.25, the pattern may keep changing in time and
periodic (or chaotic) patterns arise. However if the value of o is close to the critical value, the
pattern appears to be stable. This implies within the instability region, the pattern dynamics
will be more delicate as the parameter value is getting away from the critical regime. However
how to qualitatively characterize this patterning phenomenon seems to be very challenging.

5. PROPAGATION OF PULSATING WAVES

In this section, based on the results obtained in the previous sections, we will investigate
how the pattern invades the whole domain when the size of the spatial domain is large for the
system (1.1). To this end, we have to take into account the slow modulation of the amplitude
of wave-pattern solutions in space. Hence below we shall distinguish the slow and fast spatial
variables, and employ a weakly nonlinear multiple scale analysis to derive a Ginzburg-Landau
type equation which captures the evolution of the amplitude of the prorogating waves. This
method has been widely used in the literature (e.g. see [7, 8]). For simplicity, we shall consider
the problem in one dimension only below.

5.1. Multiple scale analysis. Let 2 = (0,[) with some positive constant /. Then (1.1) can be
rewritten in the form of

Ut = Ogg(r(v)u) + ou(l — u), z€(0,1), t>0,
vy = dOgpv — v + U, x € (0,0), t>0, (5.1)
Oyu = Oyv = 0, x=0,1, t>0, ’
u(z,0) = up(x),v(x,0) = vo(z), =€ (0,])
Since the pattern bifurcates from the constant steady state (1,1), we set
U=u—-1,V=v-1
Then (5.1) is changed to
Up = Opa(r(V + 1)(U + 1)) —oU(U + 1), (5.2
Vi =d0.,V +U - V. '
Introduce the time and space scales as
t:t(Tl)T27T3)"')7 EZEit7i:1,27"', (53)
r=x(z,X), X =ex, '

where X and x are the slow and the fast spatial variables, respectively, and 0 < ¢ < 1. Then
the corresponding derivatives decouple as

oy — E@Tl + 628T2 + 5367“3 + -,
8y — Oy + £, (5.4)
Opz — Oy + 260,x + 20x x.

The asymptotic expansion of W = < g > and o in the parameter ¢ are taken as

o =04+co) +eoy +eo3 4+,

W:€W1+€2W2+€3W3+"',
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where o, is defined in (4.8), W; = ( Wi ) ,i=1,2,3,---. Substituting of (5.4) and (5.5) into

Wai
(5.2) and equating of the coefficients with the same powers of ¢ lead to the following systems
O(e) : M(o)W1 = 0, (5.6)
O(e%) : M(aa)Wo = K(Wh), (5.7)
O3 : M(0)W3 = L(Wy, Wa), (5.8)
. K1 . L1 o r(l)&m — Oq r’(l)ﬁm .
where K = < e ), L= < Lo >, and M(o,) = < 1 0., — 1 with

K, = %Lﬁl — T”(l)[(axW21)2 + W218mW21]
—1'(1)[0: (W110:Wa1) + 0x (Wa10, Wi1) + 20, x Wa1] — 2r(1)0px W11 + 0 W + o1 Wi,

Ky = % —2d0;xWa1
and
Ly = S5 + G2 — " (1)[War (0, Wa1)? + W3, 00 W]
(1) [W11(0:Wa1)? + W11 Wa10pu Wor + W1 03 Wag + Wao0yu Woi]
1" (1)[2Wa10; Wa10: Wit + 20, Wa10,Wag + W3 050 Wii]
=1 (1)[0x(Wa10:W12) + 0x(W120:Wa1) + 02 (W110,Waz) + 0:(W220,W11)]
=2[r"(1)0x (W10, Wa1) + r'(1)0x (W110:Wa1) + 7' (1)0x (W10, W11)]
—[2r"(1)0px Wag + 21 (1)0px Wia + 1" (1)Ox x War + 7(1)0x x Wh1]
+20, W11 Wiz + o1 (WE + Wia) + oo Wiy,

Ly = ag;{il + 8W22 — 2d0p x Wag — dOx x Was.

Here 9, and 0., represent the first and the second partial derivatives with respect to x, re-
spectively. Substituting (5.4) and (5.5) into the boundary condition U’ = V' = 0,2 = 0,1, we
have

owy 0 owy _8W1 ows _8W2 (5.9)
or ' ox  0X' Or = 90X’ ’ '
Solving (5.6) with (5.9) yields
2
Wy = pA(X, Ty, Ts) cos(kqx), p= < 1 +1dk“ ) , (5.10)
where k, = la—” the letter A represents the amplitude of the pattern and the vector p €

ker M(oa)|w, 1s deﬁned up to a constant. Using (5.10), we have
(

K [(1 +dk2) ZA 4 o (1 +dk3)A} cos(katt)
+ [P (1)k2 + 20" (1) (1 4 dk2)k2 + $04(1 + dk2)?] A? cos(2kqz)
+ [2r(1) (1 + dk2)ko 352 + 20" (1) ko 94 ] sin(kex) + 20a(1 + dk2)2 A2,

| K2 = £ cos(kaw) + 2dka 5% sin(kqx).

For the use of solving system (5.7), we find the solution of the adjoint system of (5.6) is

- W 1+dk?2
Wl = ( 21 ) = ﬁA(X7 Tl,TQ) COS(k’al’), p= ( —r'(Dka ) ’ (511)
Wia 1

where 7 is the kernel of the adjoint of the operator M(o,)|w,. We will apply the solvability
condition for (5.7), i.e

2
<K, W1> = /ka K1W1 + KQWQd.I‘ =0. (5.12)
0
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Here we should mention that due to the homogeneous Neumann boundary condition, the Fred-
holm alternative has to be used on the interval [0, i—:] Then we can obtain a solution of (5.1)
on the whole domain by employing the method of reflection symmetry and periodic extension.
By (5.12), we have 01 = 0,71 = 0. Thus, the expression of solution of (5.7) is in the form of
Wia = A%(c11 + c12 cos(2kqx)) + %613 sin(kqx), (5.13)

Wag = A%(coy + c20 cos(2kqx)) + %}023 sin(kq,x), .

where ¢;; (i =1, 2, j =1, 2, 3) solve, respectively, the following systems

woion) (1) = - (FOSMT).

Iq 2)2 /" / 2 2

Py (04) ( gz > = _< % (1+dk2)" + [r (12)+ 2r' (1) (1 + dk2)] k2 >
—'(1) = r(1) (1 + dk?

oo (28) = (OO

with
2r(V)E2 + 0 pPr'(1)k2
Pp(0a) = , p=0,1,2.

1 —1 — p*dk?

Substituting (5.10) and (5.13) into L, we have

Ly [(1 + de)aT2 Lg )8X2 + H1 A3 4 09(1 + dk2) A| cos(kyr)
+Hy A3 sin? (ko) cos(kaw) + H3 A3 cos(kax) cos(2k,z) + HyA® cos? (kqz) + L,

2 2
Ly (3&‘; A3 — Qdka023%>cos(kax)+ Lx,

where L} and L} satisfy (L}, W11) = 0 and (L3, Wa1) = 0, and their expressions depend on the
parameters of the system (1.1) and are too cumbersome to give them here. Furthermore,

LY = (1)1 + 2kacas) + r(1)(1 + dk2 + 2kecr3),
H, = [7’//(1)021 + 7“/(1)(311] kg + [T’(l)kng + 20,1011} (1 + dkg),
Hy = —r"(1)k3 = 3r"(D)k3 (1 + dk),
Hy = [r"(D)eca2 +1'(Verz] k2 + [r'(1)kZeas + 204c12] (14 DE2),
1 " 3 2 2
Hy = 3" (1)4—5 "(1)(1+dk3) | k.
Again from the solvability condition of (5.8), i.e., (L, W) = 0, it follows that
0A 82A
— A — A3, 5.14
o, "axz TC (5.14)
where
(1 + dk2) L — dr'(1)k2(1 + 2kqca3) —oo(1 + dk2)?

- (1+ dk2)? — 7/ (1)k2 L ST araeye =R

2 (2) (3)
0 - (1+ka)<L1 +L1 ) L(2)+L(3):H—|—1H—|—1H—|—§H
1 +dk2?—r(k2 > 1 ! VR
Equation (5.14) gives the third order approximation of the amplitude of pattern solution for
(1.1). Tt is the typical Ginzburg-Landau equation. The coefficient ¢ is always positive. However,
0 can be positive or negative depending on the values of the system parameters. Usually, it is
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called that if o is positive (negative), one has a supercritical (subcritical) bifurcation. Since the
expression for L is quite involved, it is hard to perform a general analytical study of its sign. In
what follows, we will present an example with supercritical bifurcation to demonstrate that the
equation (5.14) can govern the evolution of the amplitude of pattern solution of (1.1). But for
the subcritical case, it is naturally required to push the weakly nonlinear expansion at a higher
order so that one can obtain a higher order Ginzburg-Landau equation to capture the evolution
of the amplitude. This is extraordinarily difficult and will not be pursued here.

For the supercritical case, we can use “tanh” method to obtain the exact solution of (5.14) in

R of the form
1 /s Y —Yy
AXTo)==,/-(1- h = 1
(X, T3) 2\/;< tan <\/; 22 >>, (5.15)

where Y = X — T, ¢ = 34/¢k/2, which is a traveling wave solution of (5.14) connecting 0 and
s/e-

=1 T,=1.5
16 16
X X
3 3
04 X ATt 04 X 41t
Ty =2 Ty =25
16 16
$ $
3 3
04 X 41t 04 X 4n

FIGURE 3. An illustration of modulated progressing wave produced by system
(1.1) where the pattern is formed sequentially and the traveling wavefront is the
precursor to patterning. The red dash line is the third order approximate solution
given by (5.17). The blue solid line is a numerical solution of system (1.1) with
the initial value (ug,vo) = (1,1) + epA(X,0) cos(kyx).

5.2. Numerical verifications. Below shall numerically demonstrate that the Ginzburg-Landau
equation (5.14) gives a very good approximation of the amplitude of propagating waves gener-
ated by the motility model (1.1). For definiteness, we consider

1
") = e

and assume the system parameters d =1, o = 0.4, [ = 47. Then system (5.1) reads

up = &m(mu) +0.4u(l —w), x € (0,4m), t >0,

Vg = Ogz¥ — U + u, x € (0,47), t >0,
Ozu = Ozv = 0, x =0, 4m, (5.16)
u(z,0) = up(z),v(z,0) = vo(z), x € (0,4m).

By a direct computation, one can find that the admissible mode i, = 4 and the corresponding

admissible wave number k, = 1, p = ( >, and the critical value of o is 0. = 0, = 0.5.

1
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Based on the discussion in Section 4, we find that the degree index v = 7. Then Corollary 4.1
guarantees that (5.16) admits at least one stationary non-constant solution.

Through a tedious computation, we have c;; = —2, c1o =~ 7.7778 and c13 = 0.4; co1 =
—2, c92 ~ 1.5556 and co3 = —0.8; k ~ 0.6667,¢ ~ 6.6667, and o ~ 4.2963. Therefore, by (5.10)
and (5.13), the third approximation of the solution component u(X,T5) now is given by

u=1+2eA(X,Ty) + 5.7778c2 A%(X, Tp), (5.17)

where A(X,T?) is a solution of (5.14) given by (5.15).

We plot the graph of u given by (5.17) in Fig.3 (see the red dashed line), which quantitatively
well captures the evolution of the amplitude of the propagating pattern (see the blue solid line
in Fig.3) generated by system (1.1). There is a subtle quantitative discrepancy at the first bent
which results from the neglect of the higher terms. We observe that the pattern propagates into
the whole domain in the form of oscillatory waves.

6. SUMMARY AND DISCUSSION

The concept “density-suppressed motility” has been advocated recently in [5, 11] and the
mathematical analysis of the relevant model (1.1) has been touched only on the existence of
global solutions and stability of constant steady states in two dimensions or in higher dimen-
sions for large growth rate o in the work [10, 23] for ¢ > 0. When o = 0, the global existence
of solutions in two or higher dimensions was established in [1, 20, 25] under various assump-
tions. The results on the stationary problem of (1.1) have been unavailable yet. Motivated by
a previous work [10] where the numerical simulations have demonstrated that the model (1.1)
is capable of producing various interesting patterns for appropriate values of d,o and motility
function r(v), we investigate the existence/nonexistence of non-constant stationary solutions
for the density-suppressed motility model (1.1) supplemented with numerical illustrations. The
primary analytical results of this paper are given in Theorem 3.1 and Theorem 4.1. Moreover
the multiple-scale analysis is performed in section 5 to show that the model (1.1) can generate
periodic traveling waves which qualitatively interprets the expanding strip patterns observed in
the experiment of [11] and the model is hence justified. Given a class of decreasing motility
function r(v) satisfying the condition (H1), Theorem 3.1(a) asserts that for large chemical diffu-
sion coefficient d or bacterial intrinsic growth rate o, the model (1.1) is incapable of producing
pattern formation. Furthermore if the decay of r(v) is very slow (i.e., sublinear or linear) in v
such as r(v) = m with € < 1 or f < a and £ = 1, Theorem 3.1(b) shows that no pattern
formation can develop from the model (1.1) when d > 0 or o > 0 is small. These results to-
gether reveal that the model (1.1) can generate pattern formation only in a moderate (narrow)
regime of parameters of d and o where the decay rate of r(v) with respect to v will play a role.
Therefore the rigorous proof of the existence of non-constant stationary solutions of (1.1) will
be very intricate. In this paper, we explore this question and present some sufficient condition-
s on d,o and vy(v) warranting the existence of non-constant stationary solutions of (1.1) (see
Theorem 4.1 and Corollary 4.1). By expanding the Laplacian term in the first question and set
x(v) = =r'(v) >0, (1.1) becomes a Keller-Segel type chemotaxis system as follows

u =V - (r(v)u —ux(v)Vo) + ou(l —u), ze€Q,t>0,

vy = dAv +u — v, reQt>0, (6.1)
Gu — Zv =, x € 0Q,t>0, '
u(z,0) = up(x),v(z,0) = vo(x), x € Q.

Even if we regard (6.1) as a chemotaxis system, it is also a new type of chemotaxis systems since
the diffusion rate depends on the chemical (signal) concentration. As we know, the available
analytical results of (6.1) are limited to the case of constant r(v) (e.g., see [2, 6, 21] and references
therein). When both r(v) and x(v) are constant, the complex patterns/dynamics of (6.1) have
been numerically illustrated in [18, 22] and only part of them have been analytically understood
(cf. ]9, 13]). Hence we may anticipate that the system (6.1) with non-constant r(v) and x(v)
will have rich dynamics and complex patterns as illustrated in the numerical simulations of [10].
Accordingly the mathematical understanding of these dynamics/patterns will be intriguing yet
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difficult. This paper takes a step forward to understand the complex dynamics underlying the
model (6.1) for the case x(v) = —r'(v) (namely the model (1.1)). However our results are far
from the complete understanding of the dynamics of (1.1) in the whole parameter space. For
instance, the critical regime of d and o for the existence/non-existence of non-constant steady
states is unknown, and how the decay rate of r(v) in v will affect the pattern formation still
remains poorly understood. There are many interesting analytical questions for future studies
and our current work has provided an illuminating insight into the deeper understanding of
complex dynamics underlying the model (6.1) with general r(v) and x(v).
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