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Abstract

We consider in this paper numerical approximation and simulation of a two-species Keller-
Segel model. The model enjoys an energy dissipation law, mass conservation and bound
or positivity preserving for the population density of two species. We construct a class of
very efficient numerical schemes based on the generalized scalar auxiliary variable with
relaxation which preserve unconditionally the essential properties of the model at the dis-
crete level. We conduct a sequence of numerical tests to validate the properties of these
schemes, and to study the blow-up phenomena of the model in a three-dimensional domain
in parabolic-elliptic form and parabolic-parabolic form.

Keywords Two-species Keller-Segel model - Bound/positivity preserving - Energy
dissipation - Blow-up
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1 Introduction

We consider in this paper the following Keller-Segel (KS) model [2, 28] involving two
chemotactic species and a chemoattractant
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dc
15=ﬂAc—aC+V1p1+yzpz, xeQ,te0,T], (1.3)

subjected to suitable initial conditions

Ptli=0 = P10, P2li=0 = P20, Cli=0 = co, (L.4)

in a three-dimensional (3D) bounded domain © C R? with either

e periodic boundary conditions; or
e no-flux boundary condition on p;, p,, and Neumann boundary condition on c, i.e.,

001 ac 902 dc ac
— = — =0, kKo— — — =0, — =0, 1.5
L xin(p1) on o Xx2m(02) on n (1.5)

where n is the outward unit-normal to the boundary 0€2.

In the above, functions p; = py(x, y, z,¢) and p, = p»(x, y, z, 1) denote population density
of the two species, ¢ = c(x, y, z, t) is the concentration of a chemoattractant which attracts
the two species, and the function n(p;) > 0 with 1n(0) = 0 describes the concentration-
dependent mobility. Unless stated otherwise, we set n(p;) = p; (i = 1,2). Parameters «1,
k>, B are positive diffusion coefficients, x; and y, are positive sensitivity coefficients of the
two species to the chemoattractant, y; (i = 1, 2) represents the production rate of chemoat-
tractant, while o > 0 is the consumption rate of chemoattractant.

The above model is a parabolic-elliptic system when T = 0, and a parabolic-parabolic
system when 7 > 0.! The model is an extension of the classical KS model which was first
proposed in [25, 30] to describe the movement of cells and organisms in response to the
concentration gradient of a chemoattractant. There are abundant researches on the classical
KS system as well as its various extensions (see, e.g., [1, 16, 17] and references therein).
In particular, the multi-species KS model in [13, 36] describes the chemotaxis of different
species living together in a biofilm or a ecosystem.

Many studies have demonstrated multi-species KS systems. Even two species exhibit
different behaviours from the single species. For instance, Espejo et al. [10] examined a two-
species system with T =0, k; = 8 =y, = y» = 1 and ac = 1, and established conditions
for both global existence of solutions and finite time blow-up in a two-dimensional ball with
radial symmetry. In a separate study [11], Espejo et al. determined a range of parameters
that guarantees simultaneous blow-up for non-radial solutions in the whole space R?. Conca
et al. [7] investigated the two-species model with t = =0and ki, =B =y =y =1
in R? and analyzed conditions on the initial data, without any symmetry assumptions, that
lead to blow-up or global existence in time. Later, Espejo et al. [12] improved the global
existence results in R?, and summarized the results for global existence and blow-up in R.
For higher-dimensional cases, only a few studies have focused on the blow-up solutions of
the two-species KS model. Biler et al. [2] studied blow-up properties of the parabolic-elliptic
system in R? (d > 3) witht =a =0and B =y, = y» = 1. Li et al. [28] demonstrated that
the parabolic-parabolic system with 7 = k| =k, = 8 = 1 for dimension d > 3 in a ball R¢
with radial initial condition may blow up in finite time.

The blow-up described above can be explained as chemotactic collapse [14], which sug-
gests that, under suitable circumstances, an entire population can concentrate in a single

In the particular case with 7 = o = 0, the equation (1.3) should be adjusted to —BAc = y1p1 + y202 —
y1{p1) — v2{p2) wWith (p;) = Ilﬁl fQ pidx (i =1,2), due to the compatibility with the boundary conditions
involved [23, 29].
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point within a finite time. Mathematically, this corresponds to the formation of a Dirac
delta-type singularity in finite time. However, Veldzquez [33] emphasized that blow-up is
a property that cannot be expected to take place for the magnitudes that describe the be-
havior of biological or physical systems. Typically, it does not indicate a real singularity,
but rather a change in orders of magnitude of some quantity that characterizes the state
of a system. For the classical KS model, the blow-up phenomena have been investigated
analytically in, e.g., [3, 8], and numerically in [6, 26] where a series of comparative nu-
merical studies on two-species chemotaxis models were conducted and some open ques-
tions related to possible blow-up in 2D domains were addressed. However, very few results,
if any, are currently available for simulating blow-up of two-species chemotaxis models
in 3D.

Many modifications to the classical KS model have been proposed to eliminate blow-
up, such as bounded chemotaxis sensibilities, additional cross-diffusion term, degenerate
cell diffusion, and logistic sources [16, 22, 27, 32]. For instance, Hillen et al. [15] as-
sumed that the chemotactic response is switched off at high cell density, which success-
fully prevented overcrowding of the classical KS model. Their numerical simulations also
showed interesting phenomena of pattern formation and stable aggregate formation. Fur-
thermore, numerical studies in [6, 26] indicated that this modification is also effective to
prevent blow-up for two-species chemotaxis models in 2D domains. On the other hand,
Velazquez [33] introduced a small parameter € and studied the evolution of the solutions
of the classical KS model beyond the blow-up time for the limit problem. We are naturally
curious whether these modifications will also prevent blow-up of the two-species KS model
in 3D.

It is challenging to construct numerical schemes, particularly with higher-order, that pre-
serve essential properties, such as bound/positivity, mass conservation, and energy dissipa-
tion, of the KS systems [5, 16-18, 24, 35]. Huang and Shen developed in [19] a new class
of bound/positivity preserving and energy stable schemes, which can also be higher-order,
by combining generalized SAV (GSAV) approach and the function transform approach. In
a earlier work [21], we developed the GSAV approach with relaxation (R-GSAV) [37] and
to construct bound/positivity preserving schemes for the one-specie Patlak-Keller-Segel-
Navier-Stokes system. The main purposes of this paper are as follows:

1. to extend the schemes proposed in [21] for the Patlak-Keller-Segel-Navier-Stokes system
to the 3D two-species KS model (1.1)-(1.5);

2. to apply the proposed numerical scheme to simulate the 3D two-species KS model, verify
the accuracy of theoretical results on blow-up in [2, 28], and explore the open question
of whether solutions of the 3D parabolic-parabolic model blow up with non-radial initial
data; and

3. to explore how the model (1.1)-(1.5) can be reasonably modified to avoid blow-up while
still capturing essential chemotaxis phenomena.

The rest of the paper is organized as follows. Section 2 presents some basic properties
of the two-species KS model (1.1)-(1.5) and reviews key theoretical results on blow-up in
[2, 28]. In Sect. 3, we propose a class of efficient R-GSAV schemes and proves that they
satisfy essential properties such as bound/positivity preservation, unconditionally energy
dissipation and mass conservation. We conduct in Sect. 4 a series of numerical experiments
to validate the accuracy of the proposed schemes and investigate the blow-up phenomena
under different scenarios. Some concluding remarks are presented in Sect. 5.
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2 Properties of the Two-Species KS Model

We start with some basic properties of the two-species KS model (1.1)-(1.5).
Firstly, we can deduce the mass conservation

d
— idx =0, i=1,2 2.1
dt/Q'de 0, i 2.1

by integrating (1.1) and (1.2) over €2 under either periodic or no-flux boundary conditions.
Secondly, it is easy to show that the two-species KS model is dissipative with the free
energy

K K o
(_m Lf (o) + e f(p2) = v1ipic — y202¢ + éIVCI2 + —C2) dx,
X1 X2 2 2
2.2)
where the function f(p;) is determined by f”(p;) = ﬁ. As we stated earlier that n(p;) =
pi, we can choose f(p;) = p;log p; — p; with p; € (0, +00) (i =1, 2) [31].
Thanks to the identity Ap; =V - (fo/’((;,-)) ), we can rewrite (1.1)-(1.3) as a gradient flow
about (p1, p2, ¢)

Eoi (o1, p2,€) = /

Q

I (Vf’(pl)
— =Kk V-
ot 1" (p1)

=V eV (k1 f'(01) — x1¢))

=Ny, <n(p1)V (mf’(m) - ylc»
Y1 X1

)—xN-(n(m)VC)

SE,,
=ﬁv<n<pl)v ) 2.3)
Vi 31
where % = V}‘(—';]f’(pl) — yic. Similarly,
32 x SEy,
—=2y. (n(pz)V : ) : 2.4)
at V2 302
where 2512t — 22 f'(p;) — yy¢. Additionally,
dc SE,
T—=BAc—ac+yip1 +y200=— . (2.5)
at Sc

Furthermore, taking the inner products of (2.3) with 5;}%, (2.4) with 55)% and (2.5) with
BC . . . .
57> by equal quantity replacement and integration by parts, we sum up them and obtain the

energy dissipative law

dE(p1, p2, 8Err \ SErr\ 3\
M:_/ EU(P1)<V ”) +£Yl(/02)<v ”) +T<_C) dx.
dt e\ 3p1 72 32 ot

(2.6)

Now we review some theoretical results on blow-up solutions of the two-species KS
model in high-dimensional domains. In [2], the authors derived the blow-up condition of the
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parabolic-elliptic two-species KS model witht =a =0and 8=y, =y, =1inR? (d > 3).
More precisely, it is shown that if the initial data satisfy the inequality

d
mi©0) | my0)\ 771 4
L= <Q) <R:= (2max {x1, XZ})I 2 (M, + Mz)z

= < , 2.7
M1+M2 2d0’d —1M1+—2M2
x1 x
then, the solutions p; and p, of the model blow up in finite time, in the sense that
}LII} (o1, + 2Dl ) = 00 (2.8)

for some 0 < T < 0o and all p > 1. In the above, M; = [54 pio(x)dx, m;(0) = [pu pio | x —

dﬂ%
r(¢+n
solution of Laplace’s equation, where p;o (i = 1, 2) is the initial data in (1.4). It is shown in
[28] that the parabolic-parabolic two-species KS model with 7 =«; =k, = 8 =1 in a ball
B, C R? (d > 3) may blow-up in finite time. More precisely, it is proved that for any initial
mass M; > 0 (i = 1, 2), there exists radial initial data (00, 020, co) € (C°(B,))? x W*(B,)
such that the corresponding solutions blow up in a finite time, in the sense that

x; 12dx, x; = [pa xpiodx (i =1,2) and 0, = which is associated with the functional

}LH} (”Pl(t)”mo(gr) + ||/02(f)||LOO(B,)) =00 (2.9

for some 0 < T < oo.
It is known that the blow-up phenomena of the one-specie KS model (p; = p, = p) can
be prevented by modifying the mobility function 7(p) as follows:

e a bounded mobility modification: n(p) = lfep (e >0), f(p)=plogp —p + %pz with

p € (0,400) [33, 34]; and
e a saturation concentration modification: n(p) = p(1 — %) (§>0), f(p)=plogp+ (S —
p)log(l — £) with p € (0, §) [9, 15].

We will modify the concentration-dependent mobility 1n(p;) = p; in the two-species KS
model (1.1)-(1.5) to n(p;) = ]fép_ and n(p;) = pi(1 — &) (i = 1,2), and study whether the
blow-up in parabolic-elliptic form and parabolic-parabolic form will be prevented or not.

3 Positivity/Bound Preserving R-GSAV Schemes

We construct below fully decoupled R-GSAV schemes for the two-species KS system
(1.1)-(1.5).

Firstly, to preserve the positivity of the population density p; € (0, 400), we use the
function transform

pi=exp(vy), i=1,2. (3.1

Substituting the above into (1.1) and (1.2) respectively, we obtain

ov; .
! =I(,'AU,' —|—K,»|Vv,»|2 — L

o o) V.- ((p)Ve), i=1,2. (3.2)
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Remark 3.1 For the modified two-species KS model with 1(p;) = 7 ﬁpv (i=1,2), we can
use the same transform (3.1) to preserve positivity. On the other hand, for the modified

two-species KS model with n(p;) = p; (1 — %) (i =1, 2), we can use the transform

p; = — tanh(v;) + — =1,2. 3.3
' 2 ' 27 ! ’

to preserve the bound of p; € (0, S). Substituting (3.3) into (1.1) and (1.2) respectively, we
obtain, instead of (3.2), that

31),- tanh”(v,-) | |2 2)(1

— =K Ay i —
GAv; Stanh’(v;)

ot tanh’(v;) V-(m(p:)Ve), i=1,2. (3.4)

To fix the idea, we consider 1n(p;) = p; below, as other cases can be treated similarly.
Following [19, 20], we have E,,;(p1, p2,¢) := E{(p1, p2, ¢) + Eo(c) with

K K o
E\(p1, p2,€) :=/ <Mf(p1)+mf(pz)—ylplc—J/zpzc+—c2>dx,
o\ X1 X2 4

. é 2, %0
Eq(c) ._/Q<2|Vc| +4c>dx.

Since f(p;) = pilog(p;) — pi (i = 1,2) is strictly convex, the function E|(p;, p2,c) is
bounded from below. Hence, there exists Cy > 0 such that E(py, p2, ¢) > —Cp+1 forall py,
p2 and c. It is clear that Ey(c) is non-negative. Therefore, E(p1, p2, ¢) := E;0 (p1, P2, C) +
Co > 1. We can introduce a SAV

r([) = E(PI»PZsC)7 (35)

we expand the system (1.1)-(1.3) after applying the function transform (3.1) for the two
species p; and p, and introducing the SAV r(¢) into the energy dissipative law (2.6) as

81) X
L=k A+ 1|V P = —ZV - (n(p1) Vo), (3.6)
ot exp(vy)
81} X
2 = AV + 0| V0 P — —2—V - (n(p) V) . 3.7)
ot xp(v2)
p1=exp(vy), p2=exp(va), (3.8)
dc

T§=ﬂAC—aC+V1m+V2P2, (3.9)
dr r

= G(p1, p2,0), (3.10)

dt — E(pi, p2.0)

2
where G(p1, ;2. ¢) = [, (ﬁn(m) (V‘Sfﬂ%) + Z1(p2) (V‘Sf,;z”’

the boundary conditions are periodic or

2 2
) +r(%) )deO,and

dvr  xin(er) dc

1— =

on exp(vy) on -

9 d s
vz xem(p) de o de o ag B.11)
on  exp(v2) In on

)

We construct k-th order fully decoupled and positivity preserving R-GSAV schemes for the
above system based on the k-th order implicit-explicit BDF formula as follows.
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Scheme 3.1 (k-th order fully decoupled and positivity preserving R-GSAV schemes) Given
Wi, vy, pl el rl), j=nn—1,...,n—k+1, we find (!, vjt!, pnt e FL Pt as
follows:

Step 1. Find v{*', v4*! by solving the following linear equations with constant coeffi-
cients:

o — Ar(vl)
St

X1

— ik AV = VB (V)P - ————
1 Av] 1V B (v))] oxp (Be0D)

V- (0 (Be(o})) VBi(ch),

Lot oy OBL(ch)
K1 exp(By (vY)) on — xin (Bx(p})) on lag=0,

(3.12)

X2
exp (Bk(vg))

akU;H — A (V)

5 —KQAU;H—I :K2|V13k(v§‘)|2 -

V- (n(Bk(p5)) VB(c")),

) n+1 9B n
<K2exp<3k(u NI (Bl 2B )> o= 0.

on
(3.13)
Step 2. Compute the following quantities directly:
A =exp ), o =exp(yth, (3.14)
)Ln+1 fQ Ar(py)dx )“ZH fQ Ar(p3)dx (3.15)
Ja akade Ja O‘kpgﬂdx
p?+l )»?H,O'fH , p121+l )\121+lp£1+l . (316)

Step 3. Find ¢"*! by solving the following linear equations with constant coefficients:

o Cn+1 A, (" B _ 8En+1
tka() — BAET + " =y + pph T o le=0. (3.17)
Step 4. Compute the following quantities directly:
w1 _ Fhe+1
= —n+1 S+l Gt
AT G.18)
L Fn+l
n+
g E(—n+1 —n+l CI1+1) ’ (319)
mt =1 (11—, (3.20)
"= ittt (3.21)
Step 5. Determine ;"“ (see Theorem 3.1 below) in the admissible set
rn+1 _‘}:’n+1 7 +1G(—n+1 5n+l n+l)
— _ n+1 n+1 n+1 n+l s M2
V—{fE[O, l]S.l.T—_)/ G(pl 10y € )+ E(—n+l’—n+l EnJrl) }’
(3.22)
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10 Page8of23 X.Huang, J. Shen

with y"*! > 0 to be determined so that V is not empty, and update r"*! with
rn+l — ;.(;H—l;nﬁ»l + (1 n+1)E(pn+l’ pg+17 n+l)' (323)

In the above «;, Ay and By (k =1, 2, 3) are given by:
first-order scheme:

ar=1, A Q)=v", B W")=w"

second-order scheme:

3 1
® =7, Ay (V") =20v" — Evnfl, By (w") =2w" — w"";
third-order scheme:

11

o = — A = 3" 3n1 ln—Z B Yy — 3" — 3 n—1 n—2
=% 3 (V") v 2 +3v , 3 (W) = 3w w4+ w

The formula for k =4, 5, 6 can be derived similarly.
Remark 3.2 We note that Scheme 3.1 is fully decoupled and can be solved sequentially. The
main computational costs are: (i) Solving vl+l from (3.12); (ii) Solving v"+l from (3.13);

and (iii) Solving ¢"*! from (3.17). These are all elliptic equations with constant coefficients,
which can be solved very efficiently.

We now discuss how to determine ;" *1 and y"*!. Plugging the equation (3.23) into
(3.22), we observe that if we choose g“”“ and y"*! such that

(frH—l E(pn+l”0£l+1’ n+1)) n+1
:i:n-H _ E(prrl, p721+1’ cn+1) _ 8[]/n+lG(,0?+], ,OEHLI,CVH—I)

n+lG(5n+l —n+1 —n+1)
s

+ 4t EG .5 _n+1 oy (3.24)

then, ™' €
The ch01ce of & »1 and y"*! as well as properties of Scheme 3.1 are summarized in the
theorem below.

Theorem 3.1 We choose ;“”+1 in (3.23) and y"*" in (3.22) as follows:

1. ]f ’;:‘n+l — E(pn+1, n+lvcn+l), we set ;n+1 - 0 and yn+1 —
~n+|G(ﬁn+l ﬁg+l ﬂz+1)

E(—n+] —n+] n+1)G(pn+] /’§+] C'H’])

2. If~n+1 - E(,OHH,,O’;H, n+1) we set é.n+l =0 and 7/n+1 —

Fn+l G(ﬁnJrl ﬁn+l —n+1)

F”H—E(p{’*l,p;’*l,r”*l)

StG(pr.p;H.C”H)

E(—'H»] —n+] n+])G(pn+] n+1 C"*l) .
n+lG((ﬁ”+1 —n+1 *}l+1)

i+l n+l "+1 ol ~n+1 nl ontl ndl 7
3. If < E(:O ,,02 ) )andr _E(pl ,,02 ) )+8t E(—rH»l ﬁn+l ,1+1) i
- 1 1 - —n+1 —n+1 —
0. we set §n+1 — 0 and y’”’l _ L g(pn ] pntl ntl) gt gt gt
StG(p?H.p'ZHl.C”H) E(7”+] —n+| ”+])G(p']'+],pg+],c”+]) :
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~"+1G(ﬁ’lz+l —n+1 En+1)

1 1 ~ 1 1 r 5P

4. 17 < E(oft o ety and 7 — E (o o3t e "“)—i—BtW <
o

St;n+lG(7n+l,—n+l,zn+l)

ntl _q PP and ynﬂ 0.

0, we set —
{ E(ﬁ'{“ ,ﬁgﬂ 7EnJr] )(E(prrl ,ngrl ,Cn+l)_;n+1

Then, (3.24) is satisfied in all cases above and ¢, " e V. Besides, given pij > 0 such that

/p{dxzfp?dx, i=1,2 j=nn—1,....n—k+1. (3.25)
Q Q

The Scheme 3.1 is uniquely solvable and satisfies the following properties unconditionally:

e Positivity preserving: ,oi"Jrl >03G=1,2).
e Mass conserving: [, p!'dx = [, pPdx (i = 1,2).
o Given r" > 0, we have r"*!' > 0, £t > 0, and the Scheme 3.1 with the above choice of

§"+1 and y"*' is unconditionally energy stable in the sense that
" = sty G (ot pyt!, et <. (3.26)
Moreover,
P < E(o, ot e, (3.27)

o There exists constant S, such that
ny _ E n2 | % oon 2
Eo(c") = 2IVC |“+ 4(c )" )dx <S;, Vn. (3.28)
Q

Proof From (3.14), we have ,51.”+1 >0@G=1,2).
Based on (3.25) and the definition of coefficients «; and Ay, we have

/Ak(pi”)dx:ak/p?dx, i=1,2. (3.29)
Q Q

Followed by (3.29) and (3.15), we obtain
At / pi"dx = f oddx, i=1,2. (3.30)
Q Q

Thanks to ﬁi”“ > 0, we know that A;’“ > 0. Then (3.16) implies ,oi'“rl > 0. Therefore, we
derive that [, p!*'dx = [, p?dx (i = 1,2).
Given r" > 0, it follows from (3.18) that

1 r
= s G et >0 (.31
t

T
( n+ pn+ .yn+l)

since that G(_"+1 , _”H .y > 0and E(_”+l, ﬁg“ , 1y > 0. Then (3.19) implies £ >
0 and (3.23) implies r"*' > (. Additionally, we get (3.26) by combining (3.18) and (3.22).
In Cases 1-3, we have ;“"“ 0sor™ = E(pf*!, pi™t, ¢"*1). In Case 4, due to ¢ ' =

6[r”+lG(ﬁ"+l ﬁnJrl —n+l) 1 ntl netl 1
- €[0,1]and 7" < E "), we know
E@IT oot et h(E(p T ph T ety —ntly [0, 1] (o™ 2 ),

that r"+! < E(p}*!, pi™!, ¢"+1) from (3.23).
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10 Page 100f 23 X.Huang, J. Shen

We denote Sy :=r° = E(p;(-,0), p2(-,0), c(-,0)) and have 7! < S, (Vn) from (3.26)
and (3.31). As we stated before that E(py, p2,¢) + Co > 1 for all p;, p, and c, we derive
from (3.19) that

G So

< .
Eu@t, o5 e+ Cy T Eo@ ) +1

1
|$n+ |:

(3.32)

For ™' =1— (1 — S”“)k, there exists a polynomial P,_; of k — 1 and a constant S; > 0
such that

Sk
n+1 n+1 n+1
= P <—\ 3.33
[ [=16" Peoa (8 )l_EO(E”“)+1 (3.33)
Indeed, /A < A + 1 for all A > 0. Therefore, we derive from (3.20) that
VEo(e ) =l " | Eo@ ) < Sk,
That is,
EW@:/(&WW+EM¥>h§$ va.

o\ 2 4

The proof is complete. O

Remark 3.3 Note that in most cases, we can choose ;"' = 0 such that r"+! = E(p"*!, ¢"*+!,
u"+1) holds. In these cases, we can derive from (3.26) and (3.27) that

n+1 n+l _n+l n+1 n n .n .n
E(pi™, o3, ") =r"" =" < E(py, p3, ¢"),

i.e., the original energy is also dissipative when ¢ = 0.
We observe that the above result also applies to fully discretized versions of Scheme 3.1
with Galerkin-type spatial discretizations with consistent discrete integration by parts.

4 Numerical Simulations and Discussions

We start with verifying the accuracy of fully decoupled R-GSAV schemes for the two-
species KS model (1.1)-(1.3). Then, we conduct a series of numerical experiments to in-
vestigate blow-up of the model in 3D domains. We first validate the blow-up theoretical
results for the model in parabolic-elliptic form [2] and in parabolic-parabolic form [28], re-
spectively, and then explore blow-up with non-radial conditions for the parabolic-parabolic
model, which lacks theoretical support. Finally, we modify the classical two-species KS
model to eliminate blow-up and present simulations of some interesting chemotaxis phe-
nomena.

For the sake of simplicity, we only consider the periodic boundary conditions in this
section, and use the Fourier spectral method for which our schemes lead to diagonal systems
at each time step. So they are very efficient and spectrally accurate in space. In all the
numerical examples presented below, essential properties of the two-species KS model are
preserved, namely, the minimum of p; (i = 1, 2) remains to be non-negative, the mass of p;
(i =1,2)is conserved, and the total energy is dissipative.
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Fig.1 The convergence in L2-norm for the two-species KS model

4.1 Accuracy Test

We test the accuracy of Scheme 3.1 (k = 1, 2, 3) for the two-species KS system (1.1)-(1.3)
in Q = (0,2)%. We set all coefficients in (1.1)-(1.3) equal to one, and consider the exact
solutions:

p1 = sin(wx) sin(ry) sin(wrz) sin(z) + 1.1,
p2 = cos(mwx)cos(wy)cos(wz)sin(t) + 1.1, 4.1

¢ =sin(mx) sin(zwy) sin(wz) sin(¢) + 1.1,

with a corresponding external forcing term on the right hand side. The initial data are de-
termined by exact solutions. We apply the Fourier-spectral method in space with modes
N =40 in each spatial direction, so that the spatial discretization error is negligible with
respect to the time discretization error. The expected convergence rates in the L2-norm at
T =1 are shown in Fig. 1.

4.2 Blow-up of the Parabolic-Elliptic Model

Next, we use the third order Scheme 3.1 (k = 3) to simulate the two-species KS model
in parabolic-elliptic form with 7t = o« =0 and 8 = y; = y» = 1 in a bounded domain Q =
(=1, 1). We perform a series of numerical simulations to verify the blow-up condition (2.7)
and investigate effects of parameters on the blow-up.

Example 1 Blow-up with M, = M, < 87. We set k1 = k, = x1 = x» = | for the parabolic-
elliptic model and initial data

pro=p20 =35exp (—4 (x> +y* +2%)). 4.2)

Note that the initial masses of the two species p; and p, are M} = M, ~ 24.02 < 8,
according to (2.7) we have L ~ 0.3462 and R = 0.4506. Hence, the blow-up condition
(2.7) is satisfied. We use Fourier modes N = 200 in each direction, and set the time step to
dt = le — 4. The results are plotted in Fig. 2. In Fig. 2 (a), we observe that the maxima of p;
and p, increase rapidly as their orders of magnitude increase from 1 to 4, and they blow up
simultaneously in finite time. On the other hand, the minima of p; and p, are always non-
negative in Fig. 2 (b), which indicates the positivity of population densities is preserved.
Figure 2 (c) and (d) demonstrate that the mass of population density is conserved, and the
total energy is dissipative in the whole process.
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Fig.2 Example 1: Evolutions of max p;, min p;, mass of p; (i =1, 2) and total energy E;,; with N =200,
dt =1le —4and N =400, dt =5¢ — 5

Fig.3 Example 2: Evolutions of 5 x10%
max p; (i =1,2) with N =200,
dt = 1le — 4 and N =400,

dt =5e—5
T T
05 o— | | .
0 0.015
0 - 0 -
0 0005 001 0015 002 0.025 0 0005 001 0015 002 0.025
t t
(a) max py (b) max p2

To further verify the blow-up, a mesh refinement study with N =400 and dt = 5e — 5
is performed and the results are also plotted in Fig. 2. Compared with N = 200 and dt =
le — 4, we observe a slight change in the maxima of p; (i =1, 2), but the minima, mass of
pi (i =1,2), and the total energy are almost unchanged compared. It also indicates that p;
(i =1, 2) had blown up by the time ¢t = 0.046.

Example 2 Blow-up with M| = M, > 8m. We keep k1 = k» = x; = x» = 1 but change the
initial data to

P10 = p20 = 50exp (—4 (x* + y* +2%)). (4.3)

Now the initial masses of two species p; and p, are M| = M, ~ 34.32 > 8w, and corre-
spondingly we have L ~ 0.3462 < R ~ 0.6436 which also satisfies the blow-up condition
(2.7). We use two sets of meshes, (N =200, dt = 1e — 4) and (N =400, dt = 5¢ — 5), and
plot the results in Fig. 3. We find that p; and p, blow up by the time r = 0.02.

We also plot several snapshots of the density p; in Fig. 4. Snapshots of p, are omitted
as they are essentially the same as those of p;. From the distribution of p; on the plane
y =0, we observe that the density accumulates toward the regional center, and the density
at the center increases over time. In order to present the distribution of p; in the 3D space,
we plot the iso-surface of p; with iso-value Ry, /2, where Rj; = Pimax () + p1min(?). By the
time ¢ = 0.02, almost all populations are concentrated at the center of the region, as the
iso-surface of R;,/2 reduces to one point.

Example 3 Faster blow-up with a larger chemotaxis sensitivity coefficient. We keep k| =
kp = x; = 1 and initial data (4.3), but increase the sensitivity coefficient x, to 10. In this
case, the corresponding L ~ 0.2567 is still less than R ~ 0.3701, satisfying the blow-up
condition (2.7). We still use two sets of meshes, (N = 200, dt = le — 5) and (N = 400,
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Fig.4 Example 2: Snapshots of the density p; (the slice on Y-direction (top) and the isosurface (bottom))

Fig.5 Example 3: Evolutions of

max p; (i =1,2) with N =200,
dt =1e — 5 and N =400, N=400.dt=56-6
dt=5¢—6 -
£ ’
E 70
60
50 e
0 0.5 1 e .

(b) max po

(a) max py

dt = 5e — 6), and plot the results in Fig. 5. We observe from Fig. 5 that the maximum of
P2 increases much faster than that of p;, and by the time t = 0.00156, p, has already blown
up. This example reveals that p, with larger chemotaxis sensitivity coefficient x, blows up
faster than p;. Besides, compared with Example 2, it blows up in a shorter time. As s result,
the larger x; (i = 1, 2) is, the faster blow-up occurs.

Example 4 Faster blow-up with larger initial mass of p; (i =1,2). Wekeep k1 =« = 1 =
X2 = 1, but change the initial data to

pro="50exp (—4 (x> +y> +2%)), pao=500exp(—4(x*+y*+2%)). (44
In this case, we still have L =~ 0.3527 < R ~ 3.5400. We use the same two sets of meshes as
in the last example, and plot the results in Fig. 6. The maximum of p, increases faster than
that of p;, and that p; and p, blow up by the time = 0.00212. Compared with Example 2,
the blow-up happens in a shorter time, which indicates that increasing initial mass of p,
leads to faster blow-up.

Example 5 Faster blow-up with smaller diffusion coefficient of p; (i = 1,2). We keep k| =
X1 = x2 = 1 and initial data (4.3), but decrease the diffusion coefficient «, to 0.1. In this
case, L ~ 0.3462 < R ~ 1.1703 which still satisfied the blow-up condition (2.7). Figure 7
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Fig.6 Example 4: Evolutions of
max p; (i =1,2) with N =200,
dt =1e —5 and N =400,

dt =5e—6

Fig.7 Example 5: Evolutions of
max p; (i =1,2) with N =200,
dt =1e —4 and N =400,

dt =5e —5
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Fig.8 Example 6: Evolutions of
max p; (i =1,2) with N =200,
dt =1e —4 and N =400, 3
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shows that the magnitude order of p; increases from 1 to 3, the magnitude order of p,
increases from 1 to 4, and by the time = 0.013 p; and p, have already blown up. Besides,
p2 with smaller diffusion coefficient «, blows up faster than p;. Moreover, compared with
Example 2, the blow-up speed in this case is significantly increased.

Example 6 Blow-up at the corner. We set k1 = k, = x; = x2 = 1 and the initial data

1\’ 1\* 1\’

- = - = - = , 4.5
((x 2)+<y 2) +(Z 2))) 4.5
where L; ~ 3.1494 < R| =~ 6.9983 satisfies the blow-up condition (2.7). The results are
presented in Fig. 8 and Fig. 9. We find in Fig. 8 that maxima of p; and p, keep increasing
in the same way, their magnitude orders increase from 1 to 5, and they have already blown
up by the time r = 0.0318. We observe from Fig. 9 (a)-(d) that the density p; accumulates
toward the top right corner, and the density at the corner increases over time. Finally, almost

all the density is concentrated at the corner of the region, so that the iso-surface of R;,/2 at
t = 0.0318 approximates a point, see Fig. 9 (h).

1
= =50 ——
P£10 = P20 exXp ( 25
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Fig.9 Example 6: Snapshots of the density p; (the slice on Y-direction (top) and the isosurface (bottom))

Fig. 10 Example 7: Evolutions a5210° a5210°
of max p; (i =1, 2) with | [N=200,d=1e4 | [FN=200,dt=1e-4
_ e N=400,dt=5e-5 N=400,dt=5e-5
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Example 7 Blow-up with non-radial initial data. We set non-radial initial data

{,010 =25exp (—4 (x2/16 +y2 4+ Zz)) , @6

P20 =25exp (—4 ()c2 +y2/16 4+ ZZ)) )

and keep k| = k2 = x; = x2 = 1. Here L =~ 0.4760 < R ~ 0.6732 still meets the blow-
up condition (2.7). We observe in Fig. 10 that the magnitude orders of p; and p, both
increase from 1 to 5, and have already blown up by the time = 0.0676. We also plot several
snapshots of the density p; and p, in Fig. 11 and Fig. 12, respectively. For the distribution
of p; on the plane y = 0, the density p; accumulates toward the regional center, and the
density at the center increases over time. The evolution of distribution of p; is similar to that
of p; after rotating 90 degrees.

4.3 Blow-up of the Parabolic-Parabolic Model
Now we apply the third order Scheme 3.1 (k = 3) to deal with the two-species KS model in

parabolic-parabolic form with t =« =ko =8 =1in Q= (-1, 1)>.
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Fig. 11 Example 7: Snapshots of the density p1 (the slice on Y-direction (top) and the isosurface (bottom))
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Fig. 12 Example 7: Snapshots and of the cell density p, (the slice on Y-direction (top) and the isosurface
(bottom))

Example 8 Blow-up with My = M, < 8. We setky =k, = xp =1, x; = 10, « = 0.001 and
initial data

pro=p2 =35exp (—4 (x> +y*+2%)), co=1, 4.7

where the initial masses of two species population density are M; = M, ~24.02 < 8. We
observe in Fig. 13 that p; and p, have already blown up by the time r = 0.0186. Figure 14
shows that the computational results maintain essential physical properties.

Example 9 Blow-up with M| = M, > 8. We set k| = k» = x; = x» = « = | and initial data

pio = p2o =50exp (—4 (x> +y* +2%)), co=1, 4.8)
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Fig. 13 Example 8: Evolutions 8000 5 50
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Fig. 14 Example 8: Evolutions of min p;, mass of p;, and total energy E;or (i =1,2)

Fig. 15 Example 9: Evolutions 10.210° 10210

of max p; (i =1, 2) with ——N=200,dt=1e-4 ——N=200,dt=Te-4
N =200. df = le — 4 and 8/ |—=—N=400dt=5¢-5 —=—N=400,dt=56-5
N =400, dt =5¢ -5 6
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t t

(a) max py (b) max pz

where the initial masses of two species population density are M, = M, ~ 34.32 > 8x.
It is clear from Fig. 15 that the maxima of p; and p, keep increasing, and they blow up
simultaneously at about t = 0.164.

Example 10 Blow-up with non-radial initial data. We set Ky =k, = x1 = xo = 1, = 0.001,
and take non-radial initial data

P10 =25exp (—4 (x2/16 +y* 4 zz)) , P20 =25exp (—4 (x2 +y%/16 + zz)) , ¢o=0.
4.9)
Evolutions of max p; (i = 1, 2) with different space-time steps are plotted in Fig. 16, which
shows that p; and p, blow up simultaneously.

4.4 Prevention of Blow-up with Modified Models
We show in this subsection that the blow-up in parabolic-elliptic form and parabolic-

parabolic form can be prevented by modifying the concentration-dependent mobility
n(pi) = pi 0 n(p;) = f- and n(p;) = pi(1 — &) (i = 1,2).
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Fig. 16 Example 10: Evolutions 2000 2000
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Fig.17 Example 11: Evolutions of max p;, min p;, mass of p;, and total energy Esor (i =1, 2)

The examples below are calculated by the third order Scheme 3.1 (k = 3) with N =200
and dt = le — 4 in a bounded domain © = (—1, 1)*. For simplicity, all coefficients are fixed
as one. The initial population density is pjp = p20 = 50exp (—4 ()c2 +y2 4 zz)). Note that
in parabolic-parabolic form the initial concentration of chemoattractant is ¢y = 0.

Example 11 The modified parabolic-elliptic model with n(p;) = H{Zp,‘ (i=1,2) and € =
0.01. Fig. 17 shows that the maximum of p; (i = 1, 2) increases until about = 0.15, then
decreases until it reaches a steady state. We also observe that the minimum of p; is non-
negative, the mass of p; (i =1, 2) is conserved, the total energy is dissipative all the time.
The distributions of p; on the plane y = 0 and the iso-surfaces of p, at different time are
presented in Fig. 18. We observe that the density gathers towards the center until about

t = 0.15, then diffuses outward until the steady state is reached.

Example 12 The modified parabolic-elliptic model with n(p;) = p; (1 — %) and S = 100. In
this case, we see from Fig. 19 that the maximum of p; (i = 1, 2) increases until it reaches the
saturation concentration S = 100. Figure 20 indicates the density gathers towards the center
until the saturation is reached.

Example 13 The modified parabolic-parabolic model with n(p;) = lfép‘ (i=1,2)and e =
0.01. Similar to Example 11, Fig. 21 shows that the maximum of p; (i = 1, 2) first increases

then decreases until it reaches the steady state.

Example 14 The modified parabolic-parabolic model with n(p;) = p; (1 — %) and S = 100.
We observe from Fig. 22 that the behaviors are quite different from Example 12 which has
the same 1 (p;). More precisely, the maximum of p; (i = 1, 2) increases for a very short time
then decreases until it reaches the steady state.
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Fig. 18 Example 11: Snapshots and of the cell density pq (the slice on Y-direction (top) and the iso-surface
(bottom))
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Fig. 19 Example 12: Evolutions of max p;, min p;, mass of p;, and total energy Ezor (i =1,2)
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Fig.20 Example 12: Snapshots of the density p (the slice on Y-direction (top) and the iso-surface (bottom))
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Fig.21 Example 13: Evolutions of max p;, min p;, mass of p;, and total energy E;or (i =1, 2)
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Fig.22 Example 14: Evolutions of max p;, min p;, mass of p;, and total energy E;or (i =1, 2)

4.5 Chemotaxis Phenomena of the Modified Models

We revealed above that the modified models can prevent blow-up. Next, we show that the

modified two-species KS models with 1(p;) = 5 fép_ (i =1,2) and € =0.01 lead to similar
1

chemotaxis phenomena, as the one-species models 1n [22, 32].

Example 15 Aggregation phenomenon. We consider the domain © = (0, 5)* and the initial
conditions

p10=p20=09+0.2xrand, cy=0. (4.10)

We set x; =2, x» =20, g = 0.5, and other coefficients as one, and use the third order
Scheme 3.1 (k = 3) with N =200 and df = le — 5. Snapshots of p;, p, and c at different
time are presented in Fig. 23. They reveal that the aggregating behavior of species, that is,
single colonies of species merge together to form one larger colony. Moreover, distributions
of two species are both consistent with that of the chemoattractant, which indicates that
species gravitate to places with high concentrations of the chemoattractant.

Example 16 Pattern formation. We set Q = (—3, 3)*, and the initial data

I +rand, x24y>+72<3, 1
P10 = P20 =14 €= 725>

lse, = (4.11)

and k1 =k, =0.05, x; =1, xo =6, @ = 16 with other parameters all equal to one. The third
order Scheme 3.1 (k = 3) with N =200 and dt = le — 5 is used. Since the distributions of
p1, p2 and ¢ are radial, we draw their slices on the plane y = 0, —1.5, —3 at different time
in Fig. 24. At first, the two species are scattered in the set area. Over time, they are clustered
near the ring pattern, which is similar to the pattern formed by motile cells of Escherichia
coli in [4]. Throughout the process, high concentration distributions of the two species are
consistent with that of the chemoattractant.
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Fig.24 Example 16: Snapshots of p; (top), pp (middle) and ¢ (bottom)
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5 Conclusions

We developed a class of efficient schemes for the two-species KS model (1.1)-(1.5) by com-
bining a function transform which preserves bound/positivity, and the relaxed generalized
SAV approach which is unconditionally energy stable with a modified energy. The schemes
are fully decoupled, can be high-order, and only require solving decoupled linear equations
with constant coefficients at each time step and can be used with any consistent Galerkin
type spatial discretization. They also preserve bound/positivity, mass conservation and en-
ergy dissipation at the discrete level.

We performed a large number of numerical experiments using the new schemes with a
Fourier-spectral method in space to investigate blow-up phenomena of the two-species KS
models in 3D. The main findings are as follows:

e For the two-species KS model in parabolic-elliptic form, p; and p, blow up if the initial
data satisfy the inequality (2.7), consistent with the theoretical results described in [2],
and the blow-up can be accelerated by increasing the chemotaxis sensitivity coefficient
Xi» increasing the initial mass M;, or decreasing the diffusion coefficient x; (i =1, 2).

e For the two-species KS model in parabolic-parabolic form, regardless of whether the
initial mass M; (i =1, 2) is larger than 8, there exists radial initial data that lead to blow-
up in finite time, consistent with the theoretical results described in [28]; there existed also
radial initial data that lead to blow-up in finite time.

e The blow-up of the two-species KS model, whether in parabolic-elliptic form or
parabolic-parabolic form, can be prevented by modifying the concentration-dependent
mobility 1(0i) = pi to n(p;) = 7 (€ > 0) or n(py) = pi(1 = 5) (§>0) (i =1,2);
and the modified models lead to similar chemotaxis phenomena, such as the aggregation
phenomenon and pattern formation, as the one-species models in [22, 32].
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