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Abstract

This paper deals with the analysis of the asymptotic limit toward the derivation of macroscopic
equations for a class of equations modeling complex multicellular systems by methods of the
kinetic theory. After having chosen an appropriate scaling of time and space, a Chapman-Enskog
expansion is combined with a closed, by minimization, technique to derive hyperbolic models
at the macroscopic level. The resulting macroscopic equations show how the macroscopic tissue
behavior can be described by hyperbolic systems which seem the most natural in this context. We
propose also an asymptotic-preserving well-balanced scheme for the one-dimensional hyperbolic
model, in the two dimensional case, we consider a time splitting method between the conservative
part and the source term where the conservative equation is approximated by the Lax-Friedrichs
scheme.

Keywords. Kinetic theory; multicellular systems; hyperbolic limits; chemotaxis; asymptotic
preserving scheme; Lax-Friedrichs flux.

1 Introduction

The aim of this paper is the derivation of macroscopic hyperbolic models of biological tissues from
the underlying description at the microscopic scale delivered by kinetic theory methods. We consider
the hyperbolic asymptotic limit for microscopic system that connect the biological parameters, at
the level of cells, involved in this level of description.

The first step of the derivation of macroscopic models in biology from the underlying description
at the microscopic scale is arguably due to Alt [1] and Othmer, Dunbar and Alt [27], who introduced



a new modeling approach by perturbation of the transport equation by a velocity jump-process,
which appears appropriate to model the velocity dynamics of cells modeled as living particles. This
method has been subsequently developed by various authors, among others, we cite [3}, 4] 5] [6, [7, [9]
121, 14], 15, 19, 201 2T1), 23 28, 30, B2}, B5]. The survey on mathematical challenges on the qualitative
and asymptotic analysis of Keller and Segel type models [6] reports an exhaustive bibliography
concerning different mathematical approach on the aforementioned topics. The interested reader
can find a further updating of the research activity on the study of Keller-Segel models and their
developments in [2}, 8] 25 [37, 38], as well as on applications to population dynamics with diffusion [34]
and pattern formation in cancer [33].

Different time-space scalings lead to equations characterized by different parabolic or hyperbolic
structures. Different combinations of parabolic and hyperbolic scales also are used, according to the
dispersive or non-dispersive nature of the biological system under consideration. The parabolic (low-
field) limit of kinetic equations leads to a drift-diffusion type system (or reaction-diffusion system)
in which the diffusion process dominate the behavior of the solutions[16], 36]. On the other hand, in
the hyperbolic (high-field) limit the influence of the diffusion terms is of lower (or equal) order of
magnitude in comparison with other convective or interaction terms.

Possible applications refer to modeling cell invasion, as well as chemotaxis and haptotaxis phe-
nomena and related pattern formation[Il [5, [14]. Models with finite propagation speed appear to be
consistent with physical reality rather than parabolic models. This feature is also induced by the
essential characteristics of living organisms who have the ability to sense signals in the environment
and adapt their movements accordingly.

Our analysis is quite general as it can be applied to different species in response to multiple
(chemo)tactic cues [10} [IT] 22] 29]. Therefore, the derivation of hyperbolic models can contribute to
further improvements in modeling biological reality. In fact, it seems that the approach introduced
by Patlak [29] and Keller-Segel [24] is not always sufficiently precise to describe some structures as
the evolution of bacteria movements, or the human endothelial cells movements on matrigel that
lead to the formation of networks interpreted as the beginning of a vasculature [30]. These structures
cannot be explained by parabolic models, which generally lead to pointwise blow-up [6], moreover
the numerical experiments show the predictability of the hyperbolic models in this context.

We now briefly describe the contents of this paper. Section 2, presents the kinetic model and
the scaling deemed to provide the general framework appropriate to derive, by asymptotic analysis,
models at the macroscopic scale. Section 3, referring to [3], presents the general kinetic framework to
be used toward the asymptotic analysis. Section 4, shows how specific models can be derived by the
approach of our paper. Section 5, presents some computational simulations to show the predictive
ability of the models derived in this paper and looks ahead to research perspectives.

2 Kinetic mathematical model

Let us consider a physical system constituted by a large number of cells interacting in a biological
environment. The microscopic state is defined by the mechanical variable {z,v}, where {z,v} €
QxV cRYxR?Y d=1,2,3. The statistical collective description of the system is encoded in the
statistical distribution f = f(t,z,v) : [0,T] x Q x V' — Ry, which is called a distribution function.
We also assume that the transport in position is linear with respect to the velocity. In this paper,
we are interested in the system of different species in response to multiple chemotactic cues. The
model, for i =1,--- ,m, reads:

Of +v-Vauf=Lg, f)+H(f9)

T;01g; + v - Vg = 1(g:) + Gi(f, 9),

(2.1)



where f = f(t,z,v) and ¢g; = ¢;(t,z,v) denotes respectively the density of cells and the density
(concentration) of multiple tactic cues and g = (g1, , gm)’.

The operators L and l; model the dynamics of biological organisms by velocity-jump process.
The set of possible velocities is denoted by V', assumed to be bounded and radially symmetric. The
operators H and G; describe proliferation/destruction interactions. The dimensionless time 7; € R
indicates that the spatial spread of f and g; are on different time scales. The case 7; = 0 corresponds
to a steady state assumption for g;.

The problem of studying the relationships between the various scales of description, seems to be
one of the most important problems of the mathematical modelling of complex systems . Different
structures at the macroscopic scale can be obtained corresponding to different spacetime scales.
Subsequently, more detailed assumptions on the biological interactions lead to different models of
pattern formation. However, a more recent tendency been the use hyperbolic equations to describe
intermediate regimes at the macroscopic level rather than parabolic equations, for example [3], [4] [15]
21].

The next section deals with the derivation of macroscopic equations using a Champan-Enskog
type perturbation approach for 1 and a closure by minimization method for 2. Our purpose
is to derive hyperbolic-hyperbolic macroscopic model. The first approach consists in expanding the
distribution function in terms of a small dimensionless parameter related to the intermolecular
distances (the space scale dimensionless parameter). In [I5], a hydrodynamic limit of such kinetic
model was used to derive hyperbolic models for chemosensitive movements. While the closure
method consists that the (m+1)-moments of the minimizer approximate the (m+1)-moments of the
true solution.

3 Asymptotic analysis toward derivation of hyperbolic systems

3.1 The kinetic framework

Let us now consider the first equation in . We assume a hyperbolic scaling for this population it
means that we scale time and space variables t — et and © — ex, where ¢ is a small parameter which
will be allowed to tend to zero, see [3] for more details. We deal also with the small interactions i.e
H (f,9) =eH(f,g). Then, we obtain the following transport equation for the distribution function
r=r (tv €, U)

Of +v-Vaf = ZL(g. /) + H(f,9). (32)

where the position z € © € R? and the velocity v € V C R%. In addition, the analysis developed is
based on the assumption that L admits the following decomposition:

L(g, f) = L°(f) + L' (g, /), (3.3)

with L! in the form .
L'g. f) =Y Lilgl(f). (3.4)

i=1

The operator L° represents the dominant part of the turning kernel modeling the tumble process in
the absence of chemical substance and LZ1 is the perturbation due to chemical cues. The parameter
e is a time scale which here refers to the turning frequency. The equation (3.2)) becomes

Ouf +v-Vaf = 1) + 3 Lol ) + H(f,9). (3.5)
=1



The most commonly used assumption on the perturbation turning operators L, Li1 and [; is that
they are integral operators and read:

LO(f) = /V (T0(0, ') (t, 2,0') — T2, 0) f(t, 2, v)) d, (3.6)
Lzl [gl](f) = /V (Til(gia v, 'U,)f(t? €L, U/) - T;l(gh U/, U)f(t> €L, ’U)) dvla (37)

and
L(f) = /V (Ko, o) (1, 2,0) — Ko 0) £t 2, 0)) o, (3.9)

The turning kernels 7°(v,v"), T}(gi,v,v") and K;(v,v") describe the reorientation of cells, i.e. the
random velocity changes from the previous velocity v’ to the new v.

The following assumptions on the turning operators are needed to develop the hyperbolic asymp-
totic analysis:
e Assumption HO: For all i = 1,--- ,m, the turning operators L%, L; and I; conserve the local
mass:

/V 19(f)dv = /V Mgl (f)dv = /V L(f) = 0. (3.9)

e Assumption H1: The turning operator L conserve the population flux:

/ WLO(F)dv = 0. (3.10)
1%

e Assumption H2: For all n € [0, +00[ and u € RY, there exists a unique function F,, ,, € L*(V, (1+
|v|)dv) such that

LO(Fn,u) =0, / F,udv=n and / vFy, ,dv = nu. (3.11)
14 \4

It is clear, from ([3.6))-(3.8), that L°, L; and [; satisfy the assumption HO.
The following lemma, whose proof can be found in [22], will be used a few times,

Lemma 3.1 Assume that V = sS%1, s > 0, which corresponds to the assumption that any individ-
ual of the population chooses any velocity with a fixed norm s(speed). Then,

i, V]s? i gk
vdv = 0, v'vldv = dij and v vlv¥dv = 0,
v v d v
1

where v = (v, - - - ,vd) and 0;; denotes the Kronecker symbol, and the notation S corresponds to
the unit sphere in dimension d.

3.2 Hydrodynamic limit

In this subsection, we use the last assumptions to derive an hyperbolic system on macroscopic scale
for small perturbation parameter.
Let f be solution of the equation (3.5 and consider the density of cells n and the flux u defined
by:
n(t,z) = / flt,z,v)dv and n(t,z)u(t,x) = / v f(t,z,v)dv. (3.12)
\%

|4



To derive the equations for the moments in (3.12)), we multiply (3.5) by 1 and v respectively, and
integrate over V to obtain the following system

On + divg(nu) = /V H(f, g)dv,

m (3.13)
O(nu) + divr/ vuf(t,x,v)dv = Z/ vL}[gi](f)dv +/ vH(f,g)dv.
v = Jv v
Now let g; be a solution of the following (i)-equation
9y
Tigy TV Vagi = li(g:) + Gi(f, 9), (3.14)
and set
Ni(t,z) = / gi(t,z,v)dv and N;(t,x)U;(t,z) = / vgi(t, z,v)dv. (3.15)
1% v

To derive the equations for moments in (3.15]), we multiply the equation (3.14)) by 1 and v respectively
and integrate over V to obtain the following system

0N, + divg(NU;) = / Gi(f, g)dv,
1%

(3.16)
Tiat(NiUi)—&—divl./ v®vgi(t,x,v)dv:/ vli(gi)dv—i—/ vG(f, g)dv.
v 1% v
Finally, (3.13]) and (3.16) yield the following system
8tn+divx(nu):/ H(f,g)dv,
v
) + div, [ v oftta)de =Y [ oLllal(f)dv+ [ oH(L9)
1% v v
' (3.17)

7,0 N; + divg (N;U;) =/ Gi(f,g)dv,
%

v ®@vg;(t, z,v)dv = /

14

v

vli(gi)dv—&—/ vG;(f, g)dv.
v

In the following, we are interested to close the system (3.17)). We start by two first equations of
(3.17), we introduce f; such that

€fl (ta z, U) = f(tv x, /U) - Fn(t,m),u(t,m) (U)7

where the equilibrium distribution F, ,, is defined by (3.11]). Then, we deduce

/ filt,x,v)dv =0, / vfi(t, z,v)dv = 0.
Vv \%
Then, we assume the following asymptotic expansion in order 1 in ¢,

H(¢+e,0) = H(6,0) + O(c) and Gi(é + e, ) = Gi(o,0) + O(e). (3.18)



Replacing now f by its expansion f(t,2,v) = Fy ) u(t,e) (V) +ef1(t, 2,v) and using the first equality

of (3.18)), yields

oin + dZUz(ﬂU) = / H(Fn,uv g)d’U + 0(8)’
14

(3.19)
O (nu) + div, /V V@ VEF, ,(v)dv = i_”; /V v L} [9i)(Fpu)dv + /V vH(Fy.,g)dv + O(e).
Therefore
/Vv ® vFy 4 (v)dv = /V(v —u) ® (v —u)Fu(v)dv+nu®@u=P+nu® u,
where the pressure tensor P is given by
P(t,z) = /V(v —u(t,z)) @ (v —u(t, x))Fn(t,zm(t’x) (v)dv. (3.20)
Since Li1 conserves the local mass , the system becomes
Oyn + divy () — /V H(Fpu, g)dv + O(e),
Ay(nu) + divg (P + nu @ u) = f: /V (v —w) L[] (Fp.)dv (3.21)
1=1
+/ vH(Fpu, g)dv + O(e).

\%4

Remark 3.2 It is easy to see that the influence of the turning operator L° on the macroscopic
equations only comes into play through the stationary state Fy, , in the computation of the
right-hand side of the second equation in (3.21)) and the pressure tensor P. While the structure of
the turning operator L} determines the effect of the chemical cues.

Taking into account the system (3.21)) and using the second equality of (3.18)) the system (3.17])

reads now

O + divg(nu) = / H(F, .., g9)dv+ O(e),
v

Ot(nu) + divg (P + nu®@u) = Z/ (v — u)Lgi](Fp)dv + / vH(Fyy,9)dv + O(e),
v v
' (3.22)
70 N; + dZ’Uz(NZUz) = / Gi(Fn,ua g)dv + 0(5),
v

Tiﬁt(NiUi)+divz(Q(gi)):/Vvli(gi)var/VvGi(Fnyu,g)varO(e),

with
Q(gi) := /Vv ®vg;(t,x,v)dv = (/Vvkvlgi(t’x’U>dv)1§k,l§d'

It can be observed that system (3.22)) is not yet closed. Indeed, it can be closed by looking for
an approximate expression of Q(g;). The approach consists in deriving a function a;(t,x,v) which



minimizers the LQ(V)—norm under the constraints that it has the same first moments, N; and N;U;,
as g;. Once a; this function has been found, we replace Q(g;) by Q(a;), and g by a in the others
terms.

Toward this aim, we consider the set of velocities V = sS4 with s > 0 and S ! the unit
sphere of R?. Let us introduce Lagrangian multipliers 7; and Z = (fil, e ,fz‘-i) respectively scalar
and vector, and define the following operator:

M(a;) = % fV a?(t, x,v)dv — m(fv ai(t,x,v)dv — N;i(t, z,v))
—g.(fv vai(t, z,v)dv — N;(t,z,v)U;(t, z,v)).

%
The Euler-Lagrange eguation (first variation) of M (a;) reads a; = 7; + & .v. We use the con-

straints to define n; and ;. First, from the first equality in (3.15)) one gets easily n;, = ‘]‘Vj‘. Next,
from Lemma [3.1] one obtains

2
Ni(t,z)U;(t,x) = / va;(t,z,v)dv = ]V]%g,
1%

%
then fl == WNz(t,x)Uz(t,x)
Therefore,

ai(t,z,v) = |é| <N,~(t, )+ iNi(t,x)Ui(t,x).v> . (3.23)

Consequently, using again lemma the pressure tensor Q(a;) is

52

1
Q(a;) :/ v ®@va;(t,z,v)dv = / v @ vN;dv = —N, I,
v VIS d

where I; denotes the d x d identity matrix. Thus, the following nonlinear coupled hyperbolic model
is derived:

on + divg(nu) = / H(Fpu,a)dv + O(e),
v

Or(nu) + divg (P + nu ®@ u) = Z /V(v —u)L}a;)(Fp.u)dv + /V vH(Fy 4, a)dv + O(e),
= (3.24)

HON; + divy(N;Uy) = / Gi(Fp o a)do + O(e),
1%

2
70, (N;U;) + %vai :/ vli(ai)dv—k/ VGi(Fpu,a)dv + O(e),
\% 1%
with a = (a1, , am).

Remark 3.3 The second variation of M is 6*M (a;) = 1, then the extremum a;(t,z,v) is a mini-
mum.

4 Derivation of models

This section shows how the tools reviewed in the preceding section can be used to derive models.
Let us consider the model defined by choosing the stationary state and the turning kernels. Consider



F,, ., as follows:
1

v
It is easy to check that F), , satisfies the assumptions (i3.10] —.
We take the turning kernel 7° in (3.6) in the form

Fpu(v) = (n+ inu v), (4.25)

d
TO(v,0") = |N70|(1 + g V'),

with g a real constant, and consider that the turning kernel Ti1 in (3.7) depends on the velocity ',
on the population g;, and on its gradient, defined by:

M1 pod
Til[gi](vvvl) = m - WU/ ca(< gi >),

where « is a mapping R — R?, 11, po are real constants and < - > stands for the (v)-mean of a
function, i.e < h >:= / h(t,z,v)dv for h € L*(V).
1%

Therefore, the turning operator LY is given by:
/ (T%(v,0) f(t,2,0") = T°(v',0) f(t, 2, v)) dv
1
- :U’O ’ ‘ n'U u) f(U)

= pio (Fnu(v) — f(v)), (4.26)

then, L? is a relaxation operator to Fru-
While, the turning operator L}[g;] can be computed as follows:

Lzl [gz](f) = / (Tzl (giv v, ’U/)f(t, Z, vl) - Til(gia UI7 U)f(t7 Z, U)) v’

%
_ pad

d
|V| ’V|32nu.a(< gi >) — i f(v) + 'uiv (v) - (< g;i >)

i (57 - 1)) =4 (7 - vf<v>)~a<<g@->>.

Thus,
[ =Ll
v
ad nu
= Ml/ < qu(v)) v—— [ v ( - vau(v)) co< gi >)dv
V] s Jv \IV]
= —pinu + pena(< g; >).
Consequently,

Z /V(v —w) L g (Fpw)dv = —pimnu + Z pona(< gi >). (4.27)

Finally, take the turning kernel K; in (3.8]) as follows:
0;

Ki(’l),’l/) - m7



with o; is a real constant.
Then, the turning operator [; is computed as follows:

Li(h) = /V (K (v, o' Yh(t, 2,0') — Ki(o' 0)h(t, 2,0)) dv' = o << h>_ h) .

V]
/Uli(h>d’l): —ai/ vhdv.
v 1%

/ Uli(ai)d’l) = —UiNZ‘Ui. (4.28)
Vv

Therefore,

Consequently,

Now we compute the pressure tensor P. By using lemma [3.1] we have

n,u | ‘ d

Thus,
2

P+nu®@u= %n]ld. (4.29)

Finally, the system (3.24]) becomes, at first order with respect to ¢,

on + divg(nu) = / H(F,4,a)dv,
1%

52

Or(nu) + —Vgn = —pumnu + us Zna(Ni) + / vH(Fp 4, a)dv,
d , 1%
=1 (4.30)
7,0 N; + dZUx(NZUl) = / Gi(anu, a)dv,
1%

82

d

Tzat(NZUZ) + Vac]\fZ = —O'NiUl‘ +/ vGi(Fn’u,a)dv,

\%4

\

where a and F, ,, are defined in (3.23) and (4.25]).

Theorem 4.1 If we consider for all i = 1,--- ,m, a(N;) = a;(N;)VyN,, H and G; satisfy the
assumption (3.18|) then, we obtain the following system at first order with respect to €,

Oen + divg(nu) = / H(Fpu,a)dv,
1%

2 m
O (nu) + S—Vxn = —p1mnu + o Z na;(N;)VeN, + / vH(F, 4, a)dv,
¢ i=1 v (4.31)

7:0:N; + dwz(NZUz) = / Gi(Fn,u; a)dv,
Vv

2

Tlat(NZUl) + %val = —o;N;U; —I—/ UGi(Fn,u, a)dv.
14

\

This theorem leads to some specific models which are presented in the next subsection.



4.1 A Cattaneo type model for chemosensitive movement

Taking m = 1 in (4.31)), one can derive the corresponding hyperbolic system for chemosensitive
movement, at first order with respect to ¢, as follows
(Oin + divg(nu) = U(Fpu,at),
2
S ~
O¢(nu) + Evmn = —pinu + ponoy (N1) Ve Ny + U (F, 4, a1),

T10¢N1 + divg(N1U) = @1 (Fu, a1),

(4.32)

2

S ~
\710t(N1U1) + va]\ﬁ = —oNiUs + &1 (Fou, 1),

where

U(Fy,a1) ;:/ H(Fpy oy a1)dv, U(Fpy,a1) ::/qu(Fn,u,al)dv
1% 1%

and
Q1 (Fru,a1) 22/ G1(Fnu,a1)dv, EI;1(Fn,u,a1) 12/ vG1(Fyu, a1)dv.
1% 1%

In absence of interactions, the authors in [I5] and [22] derived, respectively, the first two equations
for (n,nu) by asymptotic analysis and moment closure. The system composed by the first two
equations with H = 0 is called the Cattaneo model for chemosensitive movement with density
control [111, 21].

4.2 Derivation of Keller-Segel models

The approach proposed can be applied to derive a variety of models of Keller-Segel type. Indeed, by
taking the system (4.31) and with different scalings this approach allows to derive various models.

1 d
From (3.23) and (4.25)), we have F,,, = Tv‘(n + 2 v) and a; = ﬁ(Nl + ;%NlUl-v). To get our
aim, we assume moreover in this subsection the following assumption,

an

H(Fn,uaal) =H (a T
VItV

1 n N 1
5 Fnu; = IETIERE T al o) 4.
) +O(S2) and Gl( , al) Gq (‘V‘ ‘V) +O(82) ( 33)

and we set
~ n N —~ n Ny
H(n,Ny) = |V|H <7> and Gi(n,N7) = |V|Gy (,) .
(n, N) = VIH \ 757 777 (n-20) = VI | 77 7

Consequently, we have the following proposition,

Proposition 4.2 For m = 1, the system (4.31) becomes, with above assumptions (3.18|) and (4.33]),
which are satisfied if H and G1 are bilinear

O -+ divy(nu) = FH(n, N1) + O(Si?),

2
1
Dy(nu) + =V ,n = —panu + panar (N VN, + O(ng)v

d (4.34)

— 1
710 N1 + divg(N1Uy) = G1(n, N1) + O(?)?

52 1
T10,(N1U7y) + EVJ:Nl = —o1NU1 + 0(57)~

10



Let now 07 — oo and s — oo such that % — Dp,. Dividing the fourth equation of system
(4.34) by o1 and taking last limits, yields Dy, VN, = —NUj, therefore the third equation of (4.34))

writes 5N
TlaTl — Dy, AN, = G1(n, Ny). (4.35)

Thus, we get the following system

e + divy(nu) = H(n, N1) + 0(;12),

2

1
O¢(nu) + %Vrn = —pnu + ponai(N1)VyN, + O(?), (4.36)

~ 1
TlatNl - DNlAl‘Nl = Gl(nﬂ Nl) + O(?)
Consequently, if we take: 7 =1, a1(N1) =1 and H = O(s%) = 0 and we define

C’;\i(nv Nl) = g(”v N1)7

then we recover the system (16) in [15].

In addition we apply an other scaling for the two first equations of (4.36)) we can derive some
K-S type models. Indeed, we take ul = pu2 and s — oo such that

32

— = D,. 4.37
o (4.37)

Next, dividing the second equation in (4.36]) by p1 and taking last limits, yields
D, Vn =—nu+ a1 (N1)nV Ny,

then,
nu = a1(N1)nVy N1 — D, Vn,
replacing in the first equation of system (4.36)), with S := Ny, x(S) := a1(.9), yields
O = divg (D, Van — nx(S)VS) + H(n, S),

B (4.38)
T10¢S = DgALS + Gl(n, S)

System (4.38)) consists of two coupled reaction-diffusion equations, which are parabolic equations.
Moreover, this model is one of the simplest models to describe the aggregation of cells by chemotaxis.

5 Numerical methods

Now, we present some numerical tests in the hyperbolic model (4.31)) with the choice m =1, H = 0,
Gi1 = ﬁ, and 1 = 1:

(Oin + divg(nu) = 0,
2
Or(nu) + %an = —pinu + ponag (N1)V, Ny,
(5.39)
Oy N7 + divx(NlUl) =n,
2
8t(N1U1) + va]\ﬂ = —0'1N1U1.

11



To compute numerical solutions of in one space dimension we use a well-balanced scheme
adapting the method developed by Gosse and Toscani [I§]. Well-balanced schemes have been de-
veloped in order to guarantee good behaviour of numerical solutions for large time [I7]. Moreover,
we show that the resulting scheme is asymptotic preserving for the limit in , in the sense that
it is asymptotically equivalent to a well-balanced numerical scheme for the Keller-Segel model. The
two-dimensional case referring to [I5], where the numerical method is based on time splitting scheme
between the conservative part and the source term of system where the conservative equation
is approximated by the Lax-Friedrichs scheme [13], 26].

5.1 One dimensional well-balanced and asymptotic-preserving scheme

In this section we present a well-balanced discretization of system in one-dimensional setting
subject to the scaling of Section The scheme obtained is asymptotic preserving in the sense that
when holds, the limiting scheme is asymptotically equivalent to the well-known Scharfetter-
Gummel scheme for the Keller-Segel equations .

Let us first give an other presentation of system (5.39). We are in the setting of Section SO

we set
52 2

d S
M1 = M2 = ——, an o1 = .
Dn DN1

System ([5.39) in one dimension, replacing p1, p2 and o1 by their expressions in ([5.40)), yields

(5.40)

on + Oy (nu) =0,
20y (nu) + Opn = an — g—u,
" (5.41)
0Ny + ax(NlUl) =n,
N U
20 (N1UL) + 0s Ny = ———,
Dy,
with € = % and a = B‘—i@le.
Following the ideas of [I§], we write (5.41) as
1 1 1
O+ 20w =g [(a = 5ot (at pjul,
1 1 1
O = 20w = =5 (o= pJot (et —pjul, (5.42)
1 1 n )
OV + gaxW = T2:2Dy, (V-w)+ bx
ow—to,v =L wv_owy+"
T ETTT T 22Dy, 2
where ) .
v = §(n+5(m¢)), V= §(N1+€(N1U1)), (5.43)
1 1
w = §(n—s(nu)), W = 5(]\71 —e(NUh)). (5.44)

We are now ready to deduce a numerical discretization of system ([5.39) based in the represen-
tation (5.42)). We discretize [0,7] x [-L, L], T, L > 0, by a uniform Cartesian computational grid

12



determined by Az and At, standing for the space and time steps respectively. Let x; and t* such
that 2; = —L + iAz and t* = kAt, i = 0,--- ,N,, k € N. The approximations of v(z,t), w(z,t),
V(z,t) and W (z,t) at the spatial point x; and at the time step t* are denoted by vF = v(ty,z;),
wf ~ w(ty, x;), V;k ~ V(tg, ;) and VVZ-’g ~ W(ty,z;) respectively. We will recover approxima-

1
tions of n(x,t), nu(z,t), Ni(x,t) and NUj(z,t) by setting n¥ = of +wf, (nu)f = g(vf —wh),
1
Nij = VE+ WE (NU)f = Z(VF = W)

Following the ideas in Gosse-Toscani [18], we discretize (5.42)) by

At k+1
k+1 _ k k+1
i T T A S Ui*%Q)’
At k+1
k+1 k k+1
wi+1 Wil T A (wij—1 —w, ),
eAx
At k+1 At (5.45)
k41 k k+1 3 k+1
V; _VYZ Al'(v; ‘/Z_%Q)—i_ 2”1 )
At kel At
k+1 _ ik k+1 k+1
with ¢ = 0,--- , N;. In order to update the values vf, wfﬁl, Vik, Wl]i 1» we need expressions for the

numerical flux v, _1, w; 1, V,_1 and W,_1. For that purpose we solve in [z;_1,z;|, the stationary
2 2

2 . 2
problem composed of the four equations of ([5.42))

0.5 = 3@y~ o+ (apy + )],
0.0 = 5 (0 — o+ (ap_y + )],
0,V = _25119N1 (V —77),
. 1
0T = =5 (V=)
where, a;_1 = %%’ i=0,---,Ng.

We complete this system with the incoming boundary conditions

U(io1) = vic1, V(zi—1) = Vi1, W(x) =w;, W(z) =W,
and we look for the unknowns:

v =0(wi), Vi1 = V(i) w1 =w(xia), W1 = W (zi1).

One can solve explicitely this system of differential equations. After straightforward but tedious
computations, one finds

vi_%: wi—i-fi_%, Vi—%: WZ‘—FFZ_%, 1=0,---,N, (5.46)
w,_1=vi1—fi_i, Wi_1=Wiqa—F_1, 1=0,---,Ng, (5.47)
2 2
where A
2ea, 1D, (vz_l —e i3 xwi)
fi—% = a. 1 —a Az )

13



2€DN1
’_% 25DN1 -+ Aa:( i1 Z)

. . ) k+3 k+i okt
Now the approximations of the numerical fluxes v, w1, V.

1
2 =3 2
(6-36), (547 as

1 1

= k_i_,

2 and Wi_f are computed from
3

k+3 k+3 .
v =t VIR = W EML =0, N, (5.48)
2 2 2
k+3 k+1 k k+3 k+1 k+1
wi_% = U, *fi_%, W_% = ‘/i—l 7Fi—%’ 1 :O7 ,N:m (549)
with .
—a X
i 2£af_an(vf_1 —e 1wk
fl’*% - : —ak 1Az —ak | Az ’ (550)
et (1o ) e o
2
2eD oy NF, — Nf._
b BN ), and o, = SLEE L ()

i3 2Dy, + Az -3 D, Az

Since in (5.45)) the numerical fluxes are multiplied by a factor of order 1, we use in (5.48)-(5.49) a
semi-implicit discretization in time where the term f;, 1, which is of order ¢, is treated explicitly.
2

From (5.45), (5.46) and (5.47) we obtain, for i = 0,--- , N,, the following well-balanced scheme of

system (|5.42])

At | g At At
14 28kt 2 kv ko 20k
(I+ EAJJ)% Az vt sAacfZ—%’
At | 4 At At
14+ —)whtl — bl — b = = ¢k
(1+ 5A:c)w’ eAz ' Wi T oAl (5.52)
At g At At At '
L+ ——)VH - — W =V —FF - —
( +€Aa:)’ eAxr " ! +5Aa: ’L-%+ 2 i
At k At At At
1+ —— YWkt ——yktl gk . —Z phtly Tkt
x( +5A:p) ! eAx " CoeAr ity 2
where fl.’i ; and Ff_il are given in ([5.50) and (5.51]) respectively.
2 2
The ghost-points, points with index ¢ = —1 or ¢ = N;+1, are computed from the boundary conditions
where we impose Neumann boundary conditions for the density n and for the concentration Ny
0 ON
—"‘ —0, and 2| _y, (5.53)
on lon on 1o

n(z) stand for the inward unit normal at x € 9. The boundary conditions for the flux ¢ := nu are
the Dirichlet conditions:

qloa = 0. (5.54)

This yields
nfr=nf, nk =0k, 1 (5.55)
(151 = qlf, QJ]ifz+1 = Q?szr (5.56)

Next, we will prove that 15.52: is asymptotic preserving scheme, more precisely we will prove that
when ¢ is small (i.e s is large) 15.52) is asymptotically equivalent to the Scharfetter-Gummel scheme,
discussed in bellow, for the Keller-Segel model.
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We first recall Scharfetter-Gummel method [31] adapted to the Keller-Segel model. It has been
shown in section that problem is ”asymptotically” equivalent to the following Keller-Segel
type model

On = 0y (Dy0zn — nx(5)0:5),

(5.57)
S = Dg0ysS,
with S = Ny and x(5) = a1(9).
We rewrite the first equation of ([5.57)) as
on+0,J =0, with J=—-D,0;n+ na10;5. (5.58)
In standard notation, the discretization of the equation ([5.57)) writes
k k
it o ey Ny 0 (5.59)
At Az - '
Here, the flux J z‘k+ , is given by the local boundary-value problem
k Gk
J¥ | = —Dyd 1+ g ",
2 Az (5.60)
ﬁ(()) = n?’ n(ALB) =N
This differential system can be solved explicitely, one gets
k _ a1z 5(c) kY, k
JE = a0l St - P Th, 0 (jl )n”l, (5.61)
2 1— exp(—ia})ﬁ”:@x SE)
ko gk
where, 03(60)5’!‘3 = S”ixsl ,1=0,---,Ny.

On the other hand the second equation of system ([5.57)) is approximated by the classical second
order finite difference scheme [20]

Sk-‘rl _ Sk S +1 25k+1 + SZC+1
St =Ds il (A’ E Lokt (5.62)
T

with ¢ = 0,--- , N;. On the boundaries, we again use ((5.55)).

The next proposition show that the well-balanced scheme (5.52)) is asymptotic preserving scheme.

Proposition 5.1 Formally, when ¢ — 0, the numerical discretization (5.52]) converges to the dis-
cretization (5.59), (5.61), (5.62) of Keller-Segel system (5.57) (with S = N1 and x = a1).

Proof. By summing the first and second equations of (5.52)) and the third and fourth equations,

one can drive, for every ¢ =0, --- , N, the two following equations
k k
Nz fz’+l
E+1 _ k
n; _ni_’—ﬂ( 52_ 52)7 (5.63)
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s k+1
At (FZ Fz+
€

k1 _ gk
S =5 Aaz €

e (5.64)

But the expressions of fz.k_ , and FZI’C+1 in Egs. and -, implies
2

f-’i; QaI.ian
i-z i1
£ 6&?_% (1+ exp(—af_le)) — (exp(—af_%A:):) -1)
exp( Aac)

<[l + elm)ty) - (nf — c(nu)})]

FkJrl

Z—*

3 Dg

- 2€D A (Sk+1 + E_:(SUl)k+1 Sk + €(SU )k+1)
S

and

It follows that for every ¢ = 0,--- , N,

i o) gk A
lim =% — S (nh ) — exp(— T 0SE k), (5.65)
k+1 Dg k41 k+1
and, lim F —— (S =87, (5.66)

e—0+ ’_5 - Az

Passing to the limit, in (5.63)-(5.64)), and using the relations ([5.65)-(5.66|) yields the discretization
G59), B-61), (5.62).

a

5.2 Two dimensional numerical method

In this section we will solve numerically the model in the two dimensional case. Since the
extension of the techniques proposed in previous section to higher dimension is still not complete,
we choose a discretization based on the Lax-Friedrichs scheme [I3], [15] 26].

Following the idea of [15] we write in the following form

OU + 8, Fy(U) + 8,F>(U) = R(U), (5.67)
where

nuy nuz
RO = | o |+ BO=| g2 |- (5.68)

£ 0

; =

0
and R(U) = _“1”“+“2ZO‘1(N1)VN1 : (5.69)
—o1N1Uy
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with
n
1 2 nu
u = (ul,UQ), U1 = (UI’UI) and U = N . (570)
1

N Uy

We use a Cartesian discretization of the rectangular domain [—L, Ly X [—Ly, L,] with steps Ax
and Ay. The nodes of the mesh are denoted (z;,y;) with x; = —L, + iAz, y; = —L, + jAy, for
i=0,...,Nzand j =0,...,N,. The time step is denoted At and tF = kAt, for k € N.

For each time step the equation is solved using a time splitting method where the approx-
imation UZ-’?LI is updated from Ui’fj in two steps: first we approximate the solution of equation (5.39))
without the source term (R = 0), using the following scheme

k+1 At kbl k+1 At g+l k+3
Uij * =Uij — Ax (Fl,z‘—i-%,j i 7,]) - Xy( 2ij+1 2,1',]‘—5)’ (5.71)
1 1 1
where the numerical flux Fk+2 F k+ D kJ.r.Q 1, and Fk%? . are given by the Lax-Friedrichs flux
1 +27] 172_57] 277’7]+§ 277'7]_5
3]
ket i 1 2 kt3 2 kti g o kt3 k+3
litdj 5( 1(U ) + 1(Ui+1,j)) - j(UHLj - Uy )’
I’ 27
k+1 1 k+1 k+1 Qg o k+1 k+1
172-,2%73- = §(F1(Uz‘—1,2j) +R(U;; %)) - 7(Uz’,j P-Uil%),
k+3 1 k+3 k+3 oy o ktl k+3
2,i,j2+% - §(F2 (U ?) + FQ(Ui,j-‘fl)) - %(Ui,jﬁl Ui ?),
k+5 1 k41 Qy okt ki
ngi,f,% = §(F2 (Uz] 1) +B(U;; %)) - 7(Uz‘,j 2= Uih)-

Here the contants a, and «y, are defined by

Qg = max { i}, and a, = max {1221},

where A\l (respectively \?) is the eigenvalue of the the jacobian matrix F](U) (respectively F4(U)).

1

. . . . . k45
Next, the approximation U¥F! is computed from the approximation Ui;_Q by
k+1 ket k+1
U”Jr =U,;*+ Ath(Ui’;-r ), (5.72)
with
0
NEFL gkl
_M]_(nu]_)lj + /1/ nk+1 1 1,541, %Axlz 1,7
k+1\ Nk+l Nk+1
Ra(Ui5) = —,u1(nu2)U + p2 nk+1 1—1‘L’+1§Ay“ e (5.73)
k4l
/[/7.]
—o1 (N Uy)
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Figure 1: Time dynamics of the cell density n(t,x) obtained from the WB scheme with s = 5% on
the domain [—2,2]. Parameter values: ay = 0.33, D,, = 1, Dg = 0.001.
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Figure 2: Time dynamics of the cell density n(t,z) obtained from the WB scheme with s = 5,
k =0,1,2,5,7,9 and comparison with KS on the domain [—2,2]. Parameter values: a; = 0.33,

D, =1, Dg = 0.001.
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Figure 3: Time dynamics of the cell density n(¢,z) obtained from the two-dimensional scheme LF
with s = 100 on a square domaine [—0.4,0.4] x [—0.4,0.4]. Parameter values: a3 = 0.33, D,, = 1,
Dg = 0.001.
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As in the one space dimensional case we complete the system with Neumann boundary conditions

Vn-n|69:0, and VN 0 (5.74)

'”‘aﬁ =

for the density n and for the concentration N1 and we impose Dirichlet boundary conditions for the
flux ¢ := nu and ¢ := N1Uy:

q- n|aQ =0, and gqp- n|aQ =0. (575)

5.3 Numerical tests

We present here some numerical experiments in both cases: in one space dimension and in the two
dimensional case. For all numerical tests carried out below, we take

a1(N1) =033, D,=1, and Dg=0.001.

For the initial conditions we consider an initial datum for the chemical concentration S (=Np) and
for the flux nu which are at rest,

S(0)=0, and (nu)(0)=0.

Concerning the density of cells n, we take

X — X 2 X X 2
(exp (~ E 200 4 oxp (- EE000Y),

n(0,x)

2702

in one space dimension, where ng = 5, g = 0.5 and o = 3.10~!. In two space dimension we consider
[15]

(exp (- (z = 20)* + (y — 0)*

= (x4 20)% + (eryO)Q))’

)+exp(— 552

n(()? ‘T7 y) = 27_(_0_2

where ng = 0.25, (20,%0) = (30,30) and o = 3.1072.

In the following, we denote by
e WB: the well-balanced asymptotic preserving scheme (j5.52));

e KS: the scheme ([5.59)), (5.62]) for the Keller-Segel system;

e LF: the Lax-Friedrichs scheme (5.71))-(5.72)).

We illustrate in Figure 1. the behavior of the WB scheme at successive times (¢t = 0.01, 0.02,
0.06, 0.08). It can be seen that with the evolution of time we observe the union of the two initial
high density regions of n. In Figure 2. we plot at successive times (¢ = 0.03, 0.04, 0.05, 0.07) the
density of cells obtained from the WB scheme for different values of € (¢ =57, k =0,1,2,3,7,9).
We also compare with the numerical result obtained with the KS scheme. Clearly the WB scheme
converge as € — 0 to the KS limit. It illustrate the result of in Proposition

The behavior of the model in the two-dimensional case is illustrated in the Figure 3. where
we plot the density of cells obtained from LF scheme at different times (¢ = 0.001, 0.002, 0.004). As
in the one-dimensional case we observe the union of the two initial high density regions of n.
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