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Abstract

We investigate the numerical discretization of a two-stream kinetic system with an internal
state, such system has been introduced to model the motion of cells by chemotaxis. This internal
state models the intracellular methylation level. It adds a variable in the mathematical model,
which makes it more challenging to simulate numerically. Moreover, it has been shown that the
macroscopic or mesoscopic quantities computed from this system converge to the Keller-Segel
system at diffusive scaling or to the velocity-jump kinetic system for chemotaxis at hyperbolic
scaling. Then we pay attention to propose numerical schemes uniformly accurate with respect to
the scaling parameter. We show that these schemes converge to some limiting schemes which are
consistent with the limiting macroscopic or kinetic system. This study is illustrated with some
numerical simulations and comparisons with Monte Carlo simulations.

Keywords: Asymptotic-preserving scheme, chemotaxis, kinetic-transport model with internal
state, well-balanced scheme.

AMS Classification: 65M08, 65N08, 656M12, 92C17.

1 Introduction

Kinetic equations are by now widely used to model the motion of bacteria by so-called ’run-and-
tumble’ process, i.e. an alternance of forward-moving runs with reorienting tumbles. In a simple
mathematical model, bacteria respond to a given external chemical signal only by modulating their
probability to tumble. Then, the motion of bacteria may be described by the dynamics of their
distribution function, which corresponds to the probability to find a bacteria at time ¢ with position
x and velocity v. This mathematical approach has been introduced in [15] and has attracted the
attention of many mathematical works, in particular it has been shown that Keller-Segel equations
may be derived at diffusive scaling (see e.g. [16, 3, 2, 11] and references therein).

Actually, the response of bacteria to signal changes is governed by a sophisticated chemotactic
signal transduction pathway. It involves a rapid response of the cell to the external signal change
called ’excitation’, and a slow ’adaptation’ which allows the cell to subtract out the background sig-
nal. In order to describe the multiscale mechanism between the intracellular chemo-sensory system
and the individual and collective motions of bacteria, more elaborated kinetic models have been pro-
posed. In [3, 4], a cell-based model which incorporates a linear cartoon description of the excitation
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and adaptation response of a cell has been introduced. The signal transduction pathway has been
studied in e.g. [10, 17]. We refer to [17, 24, 28, 26] where the case of bacteria F. coli and the link
between cell-based models and continuum models have been extensively studied.

In this paper, we consider the simplest description of the biochemical pathways, in which a
single additional variable m > 0, which represents the intracellular methylation level, is used. The
methylation has an equilibrium level M, depending on time ¢ and position z. Using F'(m, M) as the
adaptation rate, the intracellular adaptation dynamics is governed by a differential equation

dm
In order to model the dynamics of a population of bacteria, the following pathway-based kinetic-
transport model has been proposed in [3, 22]. Let ¢(t,x,v, m) be the probability density function of
bacteria at time ¢, position € R%, moving at velocity v € V, where V is a bounded domain of R¢,
and methylation level m > 0. We have

g + v - Vag + O [F(m, M)g] = Q[m, M](q), (1.1)

q(x,v,m =0,t) =0.

The ’run’ phase is modelled by the transport term in x, whereas the evolution of the methylation
level is modelled by the m-derivative. The *tumble’ phase is described in the right hand side by the
tumbling operator Q[m, M](q). It is given by

Qlm, Ml(q) = M/V [A(m,M,v,v’)q(t,x,v’,m) — A(m, M, v’,v)q(t,m,v,m)] dv’, (1.2)

where A(m, M,v,v") denotes the methylation dependent tumbling frequency from v to v. Departing
from such pathway-based kinetic equation several authors (see [3, 4, 2, 25, 21, 26, 23, 19]) developed
the asymptotic theory which allows to recover, in the diffusion limit, macroscopic equations as the
Keller-Segel (KS) or the flux-limited Keller-Segel (FLKS) system which governs the dynamics of the
macroscopic quantities depending only on ¢ and z. In [18], the authors show that, at hyperbolic
scaling, the above pathway-based kinetic equation converges to the classical velocity jump kinetic
equation for mesoscopic quantities depending on ¢, x, and v.

For E. coli chemotaxis, it may be assumed that the tumbling frequency A in (1.2) depends only
on M —m [22] : A(m, M,v,v") = MA(M5™), where Ag > 0 is the mean tumbling frequency and
0 > 0 is the stiffness of the chemotactic response. Moreover, we consider the linear model

%’? — F(m, M) = %(M —m),

where 7 > 0 is the characteristic time of adaptation. The equilibrium level M is a function of
extra-cellular chemical concentration and is assumed to be independent of time. Usually, it has a
logarithmic dependancy as it has been experimentally evidenced for E. coli in [14], which allows
to consider that V,M is uniform in space in exponential environment. We denote G € R the
constant vector G = VM. Then, we introduce the new variable y = M(xé) —= and the unknown
p(t,x,v,y) = q(t,z,v,m). After this change of variable and introducing a time scaling parameter o,

equation (1.1) rewrites (see [18, 19])

G

0p(t0,0.9) + 0+ T+ 0, (0§ = Do) = 2 () ) (1)



An asymptotic analysis of Eq. (1.3) depending on the scalings of A 1§, o, and 7 may lead to various
models. In [19], several scalings have been investigated depending on the relative magnitude order
of Ay L' — ¢, 6 =7, and 0. In particular, the authors recover macroscopic flux-limited Keller-Segel
models or Keller-Segel models as ¢ — 0 when § =7 = ¢ and 0 = €2, when § = 7 = €2, 0 = ¢, and
when 0 =7 =1, 0 = e. In [18], the authors consider the hyperbolic case Aal =1land d =7 =¢ for
which the limiting model is the kinetic 'run-and-tumble’ model. Let us mention that these limits
are singular in the sense that the distribution function converges to Dirac deltas.

In order to further illustrate those asymptotic behaviors numerically and elucidate the compli-
cated multiscale mechanism between the intra-cellular pathway dynamics and the collective motions
of bacteria, one needs an accurate and efficient numerical method which can address the asymptotic
limits. This paper is devoted to the numerical discretization and simulation of such kinetic system
with internal variable (1.3). In order to simplify the study and facilitate the presentation of the com-
putations, we consider the problem in one dimensional spatial domain and assume that v € {—1, 1}.
We denote by p=*(t,x,y) and p>~ (¢, z,y) the unknowns, depending on &, of our problem. In this
one dimensional setting with 6 = 7, equation (1.3) rewrites

o0~ F + 0,p7F + %@,((iG —y)p5F) = i)\oA(Qy)(pE’ — =), (1.4)
This system is complemented with some initial data p©*(t = 0,y). In this work, we would like to
propose numerical schemes for (1.4) which are able to deal with the diffusive limit (0 = \;! = ¢ <
1 = 7) and the hyperbolic limit (¢ = \g = 1,7 = ¢ < 1). This is the so-called asymptotic preserving
(AP) property [7, 13]. There are several challenging issues in doing so. As already mentionned, one
difficulty is due to the extra variable y, then usual AP numerical schemes for kinetic equations may
not be directly applied. Another difficulty is that the distribution function has a singular limit when
e — 0 since it converges to Dirac deltas (see [18, 19]). To overcome these difficulties, we follow the
approach in [5], which proposes accurate numerical schemes preserving stationary states, and we
couple it with a projection step which allows us to capture the Dirac deltas.

The paper is organized as follows. In Section 2.1, we investigate the numerical discretization of
system (1.4) at diffusive scaling. We propose a numerical scheme having the so-called asymptotic
preserving property. Section 3 deals with the hyperbolic scaling. Although we follow the same idea
as for the diffusive scaling, the scheme should be adapted to this scaling, as it is emphasized in §3.3.
Numerical illustrations are proposed in Section 4 and compared with a Monte Carlo (MC) scheme.
This paper ends with a conclusion. Finally, an appendix gathers a useful technical computation and
a presentation of the MC scheme used for comparison.

2 Diffusive scaling

2.1 System at diffusive scaling

We first consider system (1.4) at the diffusive limit o = )\0_1 =¢,7 = 1. We denote p>*(t,z,y),
resp. p=~ (t,x,y), the distribution function of bacteria at time ¢ > 0, with internal state y, going to
the positive, resp. negative, direction. Their dynamics is governed by the system :

20,p5F + £0,p°% + €0, (£G — y)p°F) = :|:A(2y)(p€’ —p=h). (2.5)

We first notice that it has been proved in [19] that when the support of initial data p&¥(0,) is
included into [—|G|, |G|], then for any ¢ > 0 the support of p>*(¢,-) is also included into [—|G], |G|].



Thus we will assume that the support in y of the initial data is included into [—|G/, |G|] such that
the domain of the internal variable y is [—|G|, |G|].

Before focusing on the numerical discretisation of (2.5), we first explain how to perform formally
the diffusive limit ¢ — 0 into (2.5). Let us assume formally that p®* admit a Hilbert expansion
pot = pa*L 4—5]91*L + O(?). Letting € — 0 in (2.5), we first deduce that pj = p; = po. Then, injecting
the Hilbert expansion into (2.5) and identifying the term at order 1 in &, we get

Ay)

+0:po + 0y ((£G — y)po) = iT(Pf - ).

Adding these two equations, we deduce 9, (ypo) = 0. Hence po(t,z,y) = po(t, x)dy—o for some py.
We are left with the relation

A(y)

Ozpo + 9y(Gpo) = T(pf —py).

Therefore, injecting the relation po(t, z,y) = po(t, x)dy—o, we get

2G]50 /

T —pf = ——8,poby—0 + —
U AQy) 0T A (y) 0

Py —p
Integrating over y, we deduce

/R(pl —pf)dy = A(20)8x]50 + 2G250j\\;<0(;)2. (2.6)

Moreover, adding the two equations in (2.5) and letting formally £ — 0 leads to
20upo + Oa(py — 1) +0y(G(p] — 1) —y(p] +p1)) =0.
Integrating over y and injecting (2.6), we get

1 A'(0)
Opo — Op | —=0.P0 + GPo——5 | =0, 2.7
Do <A(O) Do + poA(0)2> (2.7)
which is the Keller-Segel equation for the density pg. This formal computation has been done
rigorously in [19].

2.2 A consistent uniform numerical scheme

From above computations, we observe that a difficulty in the design of the numerical scheme is the
emergence of Dirac deltas at the diffusive limit. Then, an uniform numerical scheme should be able
to captur this Dirac deltas. In order to overcome this difficulty, we consider an approach consisting
in two steps:

e In a first step we solve

1

atpi - gay(ypi) = 0. (2.8)
When ¢ — 0 this step may be seen as a projection step onto the set of Dirac deltas in y = 0
which is the limiting set. Indeed taking ¢ — 0 into this equation leads formally to (%(ypi) =0

which implies that p* are Dirac deltas in y = 0. A similar idea has also been used in [6].

e In a second step we consider an uniform discretization of
A

eOip™ + Oppt + GO pt = iﬂ(p* —ph). (2.9)

2¢e



More precisely, let us consider a cartesian grid x; = iAx for ¢ € Z and yr = kAy for k =
—K,...,K such that KAy = |G|. In this paper, to simplify the computations, we assume that
Ay = |G|Ax, unless otherwise stated.

In the first step, we discretize (2.8) by an implicit upwind scheme

pz'i,/cM% =pij - eity< i ,;if - Ji ,ﬁf), (2.10a)

Jfki? = (—m)*pj,;m% - (ﬂ/kﬂ)@f;’cﬁ%- (2.10D)
In this scheme, we use the usual notation u* = max{0, u} for the positive part, and v~ = max{0, —u}
for the negative part. We impose no-flux boundary conditions at the boundary : Jf;:f =
Jzij;:%% =0, for any 3.

In the second step, we discretize (2.9) thanks to a well-balanced asymptotic preserving scheme.
However, this equation may be considered as a two-dimensional equation with the two directions x
and y. In order to be consistent with the asymptotic limit, it is not a good idea to split the directions
as it is illustrated in §3.3. Truly two-dimensional well-balanced schemes are not much developed
yet. We mention the recent paper [1], and [9] in the particular case of radiative transfer equation.
However, the case at hand can be seen as a one dimension problem by introducing a new variable.
Indeed, let us denote ¢*(t,2) = p(t,x + 2,y + 2G), then (2.9) rewrites

Ay + 2G)

satqi + 8zqi =+ %

(p~ —p").

This latter equation can be discretized following the idea in [7, 8]. We find the numerical scheme

gt = +nts ﬁ( Fatl_ ontly 2Ath (q#m_% B ._,n_,_%)
J J eAx J Az(2eG+ Ay 1) 1 J

2
—n+l -ty At yn1 —n+1 2AtG —n+3 +,n+3
q]‘—q =q;. *+ sAx( j_? —qj_? ) ( a4 ),

A:L‘(ZSG + ]\k—%)

where A, 1 = yik ) A(y) dy. Coming back to the notation pT, it gives, when G > 0,
4 —
+n+l +n+3 At +,n+1 —n+1
Pir, =D ©— EAm( A A (2.11a)
2AtG ( +n+3 _ —,n+%)
Az(2eG + Ak_l) Pic1 k=17 Pik
2
—nt1 —ntg At 4o —nt1
pi—?,k—l =Pt “Ar (pi—?,k—l - Pi—Tll,k—ﬂ (2.11b)
2ALG ( —nt+y 4t )
Az(2eG + Ay_y) TPk T Pkl
2



When G < 0, we have

+ntl  +nts At ot il
Pk =P T Pk TP ) (2.12a)

244G (p"""'*‘% p—m-‘r%)

A i-1k+1 ~ Pik
e —nty . B —n+1

Pitii = Piciia + E(pi*?,kﬂ — P 1ks1) (2.12b)

+ — ) 2 _ " 2 )

Az(2eG + Ak+1) (pl»k pz—l,lc+1)

2

Finally, the resulting numerical scheme is given by (2.10)—(2.11) when G > 0, or (2.10)—(2.12) when
G < 0. We mention that (2.11) and (2.12) are implicit but can be easily solved by inverting a 2-by-2
matrix.

The following Lemma gives some properties for this scheme:

Lemma 2.1 Let us assume that Ay = |G|Ax, and that A > Apy > 0. Let (p;tk")lkn be a sequence
defined thanks to scheme (2.10)—(2.11) when G > 0, or (2.10)~(2.12) when G < 0. Then, under the
condition

1
At < §AmmAx2, (2.13)
the scheme is positive.

Proof. It is well-known that the implicit upwind scheme (2.10) is positive. For the second step,
we perform the computations for G > 0, the case G < 0 being similar. From (2.11), we deduce by
inverting the system

2At At 1 At — 4l
<1+> p+,n+1 _ <1+> p+,n+2 + nt3

cAx ) Uik Ar ) Vik ALk
2AL (At + eAx)G ( +ntd _7n+%)
5A$2(2€G+l_\k_;) pi—l,kfl pi,k
2

202G ( -ty +,n+%)
eAz?(2eG + Ay, 1) Pitt o1 = Pk ’
2

and

2At _ At —_n+l At fptl
1 —n+l _ 1 T TN
( * 6AIL‘> Pik < * 5Am> Pig —F eAg ik

2A8°G oty —n+i
* 8A$2(25G + Akfé) (pi—l,k:—l - pi,k )
2At(At + eAz)G |, 4+l gl
— (P 1k — P )
eAx?(2eG + Am%) i+ 1,k+1 ik

Then, this scheme is positive provided all coefficients are positive, which is equivalent to, for all

ke{-K,...,K},

2AtG in At At+eAz) At
A:c(26G+J_\k+%) - At +eAx’ At At +eAx



Since we have by definition Ak 1= f Yt A(y) dy > AminAy, then the above inequality is satisfied

for any k provided
2G 1

<
Ax(2eG + AminAy) — At +eAx’
which is equivalent to (2.13) by recalling that Ay = GAz for G > 0.

2.3 Asymptotic scheme

In order to verify the consistency of the scheme at the diffusive limit, we perform the limit € — 0 in
the above numerical scheme (2.10)—(2.11) when G > 0 (the case G < 0 being done in a similar way).
+ 1
Lemma 2.2 Let the sequence (p, ,;n+2)i,k,n be computed thanks to scheme (2.10). When e — 0, we
K
+.n
have p; ; s — pjE Or—=0, where ﬁfc’” = pﬁ”.
k=—K

+ n+2 . J:t n+2
ik+1 ik—1

. Then, for any i € Z, k € {-K,...,K}, n € N,

Proof. Letting ¢ — 0 into equation (2.10a), we deduce that J, , and for k = 0, we

in+2 in+2

have by definition (2.10Db) JZ =0=J
2 [ 2
"E ",

the limit satisfies (yx)™ p k = (Yks1)~ pl k+1 . We deduce that for k& # 0, we have p =

1
Thus, for any i €Z, ke {-K,...,K}, n €N, there exists a quantity, denoted ﬁi +2, such

+n+3 . -
that p +n+2 = P, n+26k_0. Finally, thanks to the no-flux boundary conditions, we deduce that
_+n+i i n+i _:I: n
b; 2= k zk : ka =P - [l

We may now pass to the limit into equation (2.11). We have

Lemma 2.3 Formally, when ¢ — 0 the sequence (pfc,’c")ikn computed thanks to equations (2.10)—
(2.11) converges towards %pi'dy—g, where the sequence (pl)in solves the numerical scheme

AtG 1 1 1

n+1l _ n 7 n n

= — | =i — = A =——pi — =i |- 2.14

IO'L IO'L + A.T (Al 7,—1 A_lpl + A_lpz-f—l A1p2> ( )
2 2 2 2

This scheme is consistent with the Keller-Segel equation (2.7).

Proof. We first observe that when ¢ — 0 into (2.11), we have pjL il p;,;"H. Hence, for any
1

. . +ntE nt+io
n > 1, using also Lemma 2.2, we get that lim p, =limp,, % = P 0k=0-
e—=0" b e—=0" Y

Moreover, adding the two equations (2.11a) and (2.11b) after a change of index, we get

1 —n+1 +, n+ — n+1
P e =y
2AtG 1 +, n+f —,n+% 1 - n+2 +,n+%
Az (25G+l_\k—§ (D121 — Py 2+ 25G+1—\k+ (Pif1pts —Pir ) -



Passing into the limit € — 0, we get, thanks to Lemma 2.2,

P+ D) k—0 = (B + D) k=0

oAtG [ 1 1 o
+ —— | = (P 10k=1 — P} Or=0) + = (P;; 1 Oh=—1 — D; "Or=0) | -
Az <A 7% ) ) Ak+% 7 7
K
We denote by pj' = Z (p;r,;n +p; ") = 2p;. By summing over k the latter identity, we obtain
k=—K

(2.14).

We now verify that the limiting scheme (2.14) is consistent with the Keller-Segel equation (2.7).

Recalling that A1 = Ay A(y) dy, we approximate thanks to a trapezoidal rule A1 ~ MAZ/ ~
g 5 2

A(0)Ay + 1Ay2A’(0) Then

|~

12
12

1 1 <1 B 1AyA’(0)> '
L AO)AY(L+ iAayEE)  A0)AyY 27 A0)

By the same token we deduce,

1 1. A(0)
AL T A0)Ay <1 + 54 A(O)> ‘

Injecting this approximation into (2.14), recalling the relation Ay = |G|Ax, we deduce

At AtGA'(0)
+1
e S AZZA(0) (P71 = 207 + 1) + 2Az(A0))2 (Pi1 = Pia) - (2.15)
This is a finite difference centered discretization of the Keller-Segel equation (2.7). 0

3 Hyperbolic scaling
3.1 System at hyberbolic scaling

In this part, we take 0 = \g = 1,7 = ¢ into (1.4). The system at hyperbolic scaling reads

Op™ £ Op™ + éay((iG —y)pt) = iM(p‘ —ph). (3.16)

Formally, when ¢ — 0, we obtain 0y((£G — y)pT) = 0. Then, we deduce that pT(t,z,y) —
[T (t,2)0y=¢ and p*(¢t,z,y) — f~(t,2)dy=—¢ as € — 0. Then, integrating (3.16) over y, we deduce

O 0uf* = £ (M-C)I ™~ AG) ). (3.17)

We recover the two stream kinetic system for chemotaxis.
In order to discretize equation (3.16), we proceed in two steps :



e In a first step, we discretize the transport equation

1
éMF+g%«iG—wf3=0

As above we use an implicit upwind scheme, which

reads, for any n € N, ¢ € Z and k €

{-K,...,K},
tntd  4g At J:i:,n-i-% Ji,n+§ 318
it - L (AT ) 15
+n+i +n41 _ +n+i
‘]i,k+%2 = (G - yk)+pi,k * = (£G = Yk+1) Pigrr - (3.18b)
. . +n+i +n+l .
We impose no-flux boundary conditions : .J n+12 =J n+21 =0, for any ¢ € Z.
,K+5 ,—K—3
e In the second step, we discretize
Ay), _
opt + 0,pT = iﬁ( —p"). (3.19)

2

Using a well-balanced scheme, in the spirit of [7, 8], we get, for any n € N, i € Z and

ke{-K,.. K},

+.n+1 +,n+% At +,n+% 7,n+% At +,n+% ,7n+%
Pk =Pk " ag P P D G Ay P TP ) (3204)
4l A AN A e At —ntt o 4ntd
e e , o " rtE gy . (3.20b
pz—l,k’ pz—l,k Ar (pz—l,k: pz—l,k ) AJZ(l + %A(yk)Ai‘) (pz,k pz—l,k ) ( )

It is well-known that the numerical scheme (3.20) is stable and consistent with (3.19) provided

a CFL condition is satisfied:

Lemma 3.1 Let us assume that the following CFL condition At < Ax holds and A is a nonnegative
function. Then the scheme (3.18)—(3.20) is positive and conservative.

Proof. Indeed, scheme (3.18) is clearly positive and conservative. For (3.20), it may be rewritten

+n+1 +ntg At At !
L2 = . ]. - A A ]‘ -
Pii = pi ( Ac) "B \' T T4 JAmA
—n+1 —,n-&—% At At !
L0 = . ]. - A A ]‘ -
Dicik = Pi1k ( Az * Ax 1+ %A(yk)Ax

Then, since A is nonnegative, it is clear that all coefficients are positive under the CFL condition.

3.2 Asymptotic limit

We verify the behaviour of the scheme when € — 0.

p—,n—i—% n At p+,n+%
T R+ JAG A
4l At ol

Pic1’ ’

+ .
Az(1+ LA(ye)Ax)



+ 1
Lemma 3.2 Let the sequence (p, ,;n+2)i7k7n be computed thanks to scheme (3.18). When ¢ — 0, we
K
havep & nts — p; "Op—src, where p; " = i
k=—K
Moreover, the sequence (ﬁf")lkn satisfies the numerical scheme

At _ At At _
—+.n+1 —+.n +n _ _——n —+n ——,n
=5 " - —(p" —p ™) + 0 (3.21
pz pz ﬁl'(pz pz ) ffﬂ(l %~(G)f )pz 1 ﬁl‘(l %«(_G)jx)pz ( a‘)
At At At
n+l —+n —+,n —,n ——.n —+,n
E R A— 3.21b

Pily Pt Ay Ap Pt —P) Ax(1+ %A(—G)Ax)pl Az(1+ JA(G)Ax )pl i )

This is a consistent discretization of the kinetic equation (3.17).

Proof. Letting e — 0 in (3.18a), we deduce that at the limit we have, for any k € {—K,..., K},

+ + o ..
Ji kf? = J n+2 = 0, where the latter equality is a consequence of the no-flux boundary condition.
) 2 2
Then, for any i, k,n, the limit satisfies
+.n+1 _ +n+i
(G — yk)Jr ? = (£G — yr+1) pi,k+12 .
1 1
If G > 0, we choose k +1 = K and deduce that 0 = :r;jQ By induction 0 = j,;n+2 for any

k< K —1. For k = —K, we deduce that 0 = 2 n;jl, by induction, 0 = p k 3 for any k > — K.

1

If G <0, by taking k+1 = K, we get 0 = p K . By induction, we deduce 0 = p k 3 for any
+n+3

ke {-K,...,K}. For k= —K, we get Ozpi7K+1 Hence, 0 = p k 3 for any k € {—K,...,K}.
Moreover, summing over k the equation (3.18a), we deduce that zk_ KD jtknJrQ = Z e — K pl o

Hence, summing (3.20a) and (3.20b) over k, we obtain the scheme (3.21). In order to verify the
consistency with the kinetic equation (3.17), we recall the expansion

1
1+ 1A (£G)A

1
=1- §A(:|:G)Aa: + o(Ax).
Injecting this expression into (3.21a), we obtain

o Al _ = p" — At < p; " — T+ A(G)Axﬁ:r_’? - %A(—G)Amﬁ;’n + O(Am)>

A 7
n At L. 4 At a4 e
= ﬁj T Az (p:r _p;ril) - 7(A(G)plt’1 - A=G)p;” ) + o(At).

This is consistent with the equation for f* in (3.17). We proceed in the same way with (3.21b).

3.3 A remark on the extension of this latter scheme to the diffusive regime

In this subsection, we underline the importance of a careful use of the splitting approach to recover
the good asymptotic limit. Indeed, a natural extension of the scheme used in previous section to the
diffusive regime will not provide a consistent scheme at the diffusive limit. In order to justify this
affirmation, let us consider the following numerical scheme:
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e We use the same upwind scheme as above for a first time step (3.18a)—(3.18b).

e In the second step, we discretize by a uniform scheme the equation

e20pt £ ed,pt = :|:A(2y)(p_ —ph).
Using an asymptotic preserving well-balanced scheme, in the spirit of [7, 8], we get
P = St (3.22)
T As (e + %A/i(yk)Ax) (pj_’?j,;% - p;,;"Jr%)
Pt = p e S et (3.:23)
- i,

_|_ .
Ax(z + 1A (yp)Az) (P x

Since this scheme is uniformly accurate with respect to €, we may pass to the limit ¢ — 0.
After straightforward computations, we get from (3.22)—(3.23)

ol EAT+ AL ntl At n+i
Pir = oA St 5o B

N eAx +2At i3k eAx + 2At itk
ol A ey SATE AL pnig
Pik T eAx +2At i3k cAx + 2AE itk

+1 +on+g At +nty  —ntg
An 12 = T nTy n 2)

. . + . — .
i—5,k phk A:B(s 4 %A(yk)Ax) (pz—l,k pz,k

n+% —,n—i-% At —,n-i-% -l-n-i-2
z+%,k pz,k Aa:(&t—i—%A(yk)Ax) (pz+1,k pzk )

As a first observation, we notice that when € — 0, we have

1 1, n+i n+3 n+l
lim + " lim - (A" 2+ B2 lim p; ;
5—>0p e—0 2( Z*%,k l+%7k) 5—>Opl’k

We deduce that for any n € N*, we have lim._,o p; ;" = lim._,0p; ;"

Moreover, by adding the first two equalities in the above numerical scheme, we get

okl -t

2 2’

Let us define the macroscopic density p' := Zszf x(D; ,;” + p; ;). Then, we have clearly

K
n+1
Pi Z <Az +B+2,k)

k=—K
We pass to the limit € — 0 in the latter numerical scheme. We recall that from Lemma 3.2

.. +n4+l _ _ . . ..
(ii), we have p, . ' ? — pii’n(s;g:ﬂ( where pj[’" = Zf:-}( pii,;n. Hence, passing into the limit,
we obtain

n+2 2At 7+7n . 2At _—n
Agn (”Z +A(G)Ax2pi—1)5’“=f( A G)azPi k=

n+% _—n 2At 2At —+.n
B+§k = ( it A( G)A 2pz+1>5k_, A(G)A A Ao Ok=K -

11



Summing over k, and denoting p;' = lim._,g p}', we arrive to the limiting scheme

2At 1 1
—n+1 __ -n _—'i-,n - _—'l-,n _.—,n - —'—,n '
pi =Pt Ax2 <A(G) (pzfl p; ) + A(=G) (le p; ))

With the fact that ]5:“" =p, "= %ﬁ?, we get

At 1 1
pntl —on L T8 (g — M —— (P —
P; = P + AZL’2 A(G) (pz—l Pi ) + A(—G) (pz—‘rl P )) :

This latter scheme is obviously not consistent with the Keller-Segel equation (2.7).

4 Numerical results

4.1 Problem

In order to illustrate our theoretical results, we carry out numerical computations for the following
problem. Let us consider the one dimensional space = € [0, 1] with mirror boundary conditions,

These boundary conditions impose that the net mass flux at the boundary is zero; i.e.,
J:/(p+—p)dy:O, at z=0,1.
R

As the initial condition, we consider

1 |G|
rel lyl <5,
Pt =0,2,y) = <
07 |y| > 2

for any = € [0,1]. Hereafter we only consider the case where G > 0.
For this problem, the steady state solutions in the diffusive and hyperbolic limits are explicitly

calculated as below :

Steady state in the diffusive limit. Let us consider the Keller-Segel system (2.7), which is ob-
tained in the continuum limit at the diffusive scaling. We first recall that this equation is
conservative, implying that fOL po(t,z)dz = M for all positive time t. The steady states verify

1. N0
Or <A<o>3fp0 * Gpwmz) =0

Since the flux in the diffusive scaling is given by (2.6), the no flux boundary conditions give

_ _A(0)
OzDo + GPOW =0.

By integrating the above equation and using the mass conservation, we obtain

GA'(0)M G
e

po(z) = GAT(0) MO (4.24)
AO) (120 )

12



Steady state in the hyperbolic limit. For the two-stream kinetic equation in the hyperbolic
limit (3.17), the steady state can be explicitly computed. Indeed, it should satisfy :

1 _
complemented with no-flux boundary conditions. By subtracting the above equations, we
obtain 9,(f* — f~) = 0. Thus f* — f~ is constant, which is 0 thanks to the no-flux boundary

conditions. Therefore, fT = f~ = f, injecting into (4.25), it gives
1
0.1 = LA-G) ~ A(G))

Integrating,
F(z) = Aez(M=G)-A@)e

The constant A is computed thanks to the conservation of the mass : M = fOL f(x) dz. Finally,
we have

A-G)—AG)M  1ipx—c— .
=5 EA(—;)—A(G))L) 1)62(A( . 20
e —_—

=

4.2 Numerical results for scheme (2.10)—(2.11)

The asymptotic preserving (AP-diff) scheme (2.10)—(2.11) is implemented for the problem in Section
4.1. Although this scheme is implicit, it can be implemented very efficiently. The computational
procedure is described in Appendix 1. We carry out the numerical computations for various values
of A\g and illustrate the validity of the AP-diff scheme by comparing the numerical results to those
obtained by a MC method, which is explained in Appendix 2, and the analytical solution (4.24). We
also investigate the accuracy of the AP-diff scheme by comparing the numerical results for different
mesh systems.
For the response function A(y), we consider

A(y) =1 — xarctan(y), (4.27)

where y is the modulation amplitude. In the following computations, unless otherwise stated, the
parameters G = 1 and y = 0.5 are fixed.

Figure 1 shows the time dynamics of population density p for different values of \g. In Figure 1(a)
and 1(b), the results of the AP-diff scheme are compared with those obtained by the MC method.

Although the AP-diff scheme and MC method are different types of numerical methods, both
methods provide consistent numerical results. The distributions in the internal state y obtained by
the AP-diff and MC methods are also compared in Figure 2. It is seen that even for the distribution
functions both results coincide with each other. We also observe that the y-profile becomes narrower
and more symmetric as Ag increases. This observation is consistent with the asymptotic behavior
for small ¢ = A, ! where we know that pT concentrate at y = 0 in the continuum limit, i.e.
pE(t, 2, y) = po(t,x)dy—o as € — 0 (see Section 2.1).

However, when ¢ is too small, MC method may not be implemented efficiently. Then in Figure
1(c), the result of the AP-diff scheme for \g = 10® is compared with the KS equation (2.15), which
is the continuum limit equation when € — 0 of the two stream kinetic model at diffusive scaling.
Remarkably, this comparison illustrates the asymptotic preserving nature of the AP-diff scheme.

Furthermore, Table 1 shows the numerical accuracy of the AP-diff scheme for different values of
Ao. It is seen that the AP-diff scheme is uniformly accurate and efficient irrespective of the parameter
value of \g. Even for the small mesh system I = 50, the maximum relative error of the population
density p, i.e., the error in the norm L*° divided by the local population density, is estimated less
than 0.1%.
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Figure 1: Time dynamics of p for different values of Ag; i.e., Ag = 10 in (a), Ao = 10% in (b), and
Ao = 10% in (c). The solid lines show the results obtained by the AP-diff scheme (2.10)— (2.11). The
squared symbols show the results obtained by the MC method in (a) and (b) and those obtained by
the finite-difference scheme of KS equation (2.15) in (c).

12F ] 12F .
i £=0.001 ] i e=0.001 |
10F - 10F ]
8 . 8fF ]
+Q.: Y ]
6f 6F ]
4f 4k =0 e=0.01 ]
oF 2F ]
-0.5 0 0.5 -0.5 0 0.5
y y
(a) (b)

Figure 2: Figures (a) and (b) show p*(y) and p~(y), respectively, for different values of ¢ = Ay L
The solid lines show the results obtained by the AP-diff scheme while the plots with squared symbols
show the results obtained by the MC method.

Table 1: Numerical accuracy of the AP-diff scheme for different values of Ag. The maximum relative
errors, i.e. the error in the norm L* divided by the local population density, between the steady-
state profiles of p obtained for two different mesh systems (I,I") are shown. The mesh size is set as
Arx=Ay=1/I and the time-step size is set as At = 0.1Az2. Read as 4.9e-4=4.9x10~*
Mesh (I,I') X =10 X =102 Xo=10° X =10°
(50,200) 4.7e-4 6.7e-4 5.5e-4 4.1e-5
(100,200) 1.7e-4 2.4e-4 1.9e-4 8.1e-6
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4.3 Numerical results for the second scheme (3.18)—(3.20)

In this Section, we consider the scheme (3.18)—(3.20), denoted AP-hyp scheme in the following, for
the problem in Section 4.1 at the hyperbolic scaling (3.16). We carry out numerical computations
for various values of 7 and A¢ and compare the results with those obtained by the MC method and
the analytical solution in the limit 7 — 0, (4.26).

Figure 3 displays the time dynamics of population density p for different values of 7 when
Ao = 10 is fixed. In each figure, the results obtained by the AP-hyp scheme are compared with
those obtained by the MC method. It is clearly seen that the both methods can provide consistent
results. Furthermore, in figure (¢), the steady-state profiles obtained by the AP-hyp and MC schemes
are compared with the analytical solution in the asymptotic limit 7 — 0 (4.26). This comparison
illustrate the validity of the AP-hyp scheme when 7 — 0.

The distributions in the internal state y obtained by AP-hyp and MC methods are compared in
Figure 4. It is seen that both methods can provide consistent results. It is also seen that the profile is
completely different from that obtained at the diffusive scaling (see Fig. 2). As described in Section
3, in the hyperbolic scaling, the distribution functions p* concentrates at y = +G, respectively,
when 7 — 0. Figure 4 illustrates that the AP-hyp scheme reproduces this asymptotic behavior.

47”‘,”‘,”‘,”‘,‘”7 47”‘,”‘,”‘,‘”,”‘ 47”‘,”‘,”‘,”‘,”‘

=5.0

Figure 3: Time dynamics of p for different adaptation time 7; i.e., (a) 7=0.1, (b) 7=0.01 , and
(c) 7 = 1078, The parameter \g = 10.0 is fixed. The solid lines show the results obtained by the
AP-hyp scheme while the squared symbols show those obtained by the MC method. In figure (c),
the dashed line shows the analytical result in the limit 7 — 0 calculated by Eq. (4.26).

Table 2 shows the numerical accuracy of the AP-hyp scheme. Compared with Table 1, it is seen
that the AP-hyp scheme is less accurate than the AP-diff scheme for 7 = 1. However, the AP-hyp
scheme keeps the accuracy even for a very small 7 at A\g = 10.

When ) is large, the accuracy of the AP-hyp scheme significantly falls at small values of 7. This
is because the spatial profile of p becomes exponential for small values of 7 when Aq is large. Indeed,
the analytical solution for 7 — 0 (4.26) indicates that the mass is concentrated at z = 1 when g
is large. Figure 5 illustrates that the spatial profile of p becomes exponential when 7 is small at
Ao = 100. The growth rate is inversely proportional to 7.

4.4 Comparison of two schemes

In Section 4.2 we have implemented the AP-diff scheme for the two-stream kinetic system at diffusive
scaling, where the parameter 7 = 1 is fixed. In this Section, in order to treat the variation of
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Figure 4: Figures (a) and (b) show the results for 7=0.1 and 7=0.01, respectively. The parameters
Ao = 10 is fixed. The solid lines show the results of the AP-hyp scheme while the symbols show the
results of the MC method.

Table 2: Numerical accuracy of the AP-hyp scheme (3.18) and (3.20) for different values of 7 at
Ap=10 and 100. The maximum relative errors, i.e. the error in the norm L*° divided by the local
population density, between the spatial profiles of p obtained in two different mesh systems (I,I")
are shown. The mesh size Ay is set as Ay = Ax. See also the caption in Table 1.

Mesh Ao =10 Ao = 100

(1,1 r=1.0 7=0.1 7=0.01 7=10"° =10 7=0.1 7=0.02
(200,800) 3.1e-3 2.0e-2 5.9e-2  5.6e-2 1.0e-2  1.0e-1 —
(400,800) 1.0e-3 6.7e-3 1.9e-2  1.9e-2 3.5e-3  3.4e2  3.3e-1
(800,1600) - - - - - -~ 1.6e-1

10F

10°

102 ke

Figure 5: Spatial profiles of population density p for different values of 7. The parameter A\g = 100
is fixed. The solid lines show the results of the AP-hyp scheme and the symbols show the results of
the MC method.

Table 3: Numerical accuracy of the AP-diff scheme for different values of 7 at Ag=10 and 100. The
maximum relative errors between the spatial profiles of p obtained in two different mesh systems
(I1,I') are shown. The mesh size Ay is set as Ay = @Aw. See also the caption in Table 1.

Mesh Ao =10 Ao = 100

(1,I") =01 7=0.01 7=01 7=0.02

(200,300)  8.9¢-3 2.8¢-2 -
(400,800)  3.0e-3  6.8¢-2 9.4e-3  1.7e-1
(800,1600) - 3.5e-3 - 8.66-2
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Figure 6: Comparison of the y distribution obtained by the AP-diff scheme (solid lines) and that
obtained by the hyperbolic scheme (dashed lines). Figure (a) and (b) show the results for 7 = 0.1
and 7 = 0.01, respectively, at Ao = 10.

parameter 7 explicitely, we slightly modify the AP-diff scheme as following. We replace Ay with
TAy in (2.10) and G with G/7 in (2.11) and (2.12). The relation between x- and y- mesh intervals
is rewritten as Ay = @A:p while the CFL condition (2.13) remains unchanged. Thus, when the
parameter 7 is small, the mesh size in y space, Ay becomes more coarsened than that in x space.

Although the diffusive scaling is not appropriate unless the parameter 7 is sufficiently larger
than Ay ! we implement the modified AP-diff scheme for some small values of 7 and investigate the
applicability of the AP-diff scheme for small 7 by comparing the results with those obtained by the
AP-hyp scheme (3.18) and (3.20).

It should be noted that the AP-diff scheme is conservative when the condition piiK = pf[_ =0
for any i € {0,..., I} is satisfied (see Appendix 3). Indeed, this condition is satisfied at the diffusive
scaling since the internal state y is concentrated at y = 0 (See Fig. 2). However, as it is observed
in Fig. 4, the internal state y is biased at y = £G when 7 is small. Thus, when we implement the
modified AP-diff scheme for a small value of 7, we need to extend the domain of y in order to satisfy
the mass conservation. In the following computations, we set the domain of y as —3G < y < 3G for
7=10.02 and —4G < y < 4G for 7 = 0.01 and divide the domain into the uniform mesh system with
Ay = @Am.

Table 3 shows the accuracy of the modified AP-diff method when the parameter 7 varies. Com-
pared to Table 2, it is found that the AP-diff scheme is more accurate than the AP-hyp scheme
except for the case with 7 = 0.01 and Ay = 10. We also confirmed that the spatial profiles of p
obtained by the AP-diff scheme and by the AP-hyp scheme coincide with each other within the
numerical accuracy. Thus, these results confirm that the AP-diff scheme can accurately reproduce
the macroscopic density p even for the case where the parameter 7 is as small as Ay L

However, very interestingly, the distribution of the internal state y obtained by the AP-diff
scheme is quite different from those obtained by the AP-hyp and MC methods. This illustrate the
remark in Subsection 3.3. Figure 6 shows the distribution of the internal state y at = 0.5 obtained
by the AP scheme. The distribution of y obtained by the AP-hyp and MC methods for the same
parameter values is shown in Fig. 2. In Figs. 6 (a) and (b), the results obtained by the AP-hyp
scheme are also shown for comparison. The distributions of y obtained by the AP scheme also have
peaks at y = +G. However, the profiles are much more diffusive than those obtained by the AP-hyp
scheme.
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5 Conclusion

This paper deals with the numerical discretization of a two-stream kinetic model for bacterial chemo-
taxis with internal state. We have proposed two schemes depending on the scaling parameters :
AP-diff for the model at diffusive scaling, AP-hyp at hyperbolic scaling. Theses scheme have the
property to be consistent with the asymptotic limit, which is the so-called asymptotic preserving
property. In numerical parts, we implemented both AP-diff and AP-hyp schemes. Numerical con-
vergence of the schemes is evaluated in detail by comparing the results obtained for different meshes.
We also compare the numerical results obtained by the AP-diff and AP-hyp schemes to those ob-
tained by a MC method and some analytical results in order to confirm the validity and consistency
of the proposed schemes.

These numerical results confirm that the AP-diff scheme is uniformly accurate and efficient with
respect to the variation of the tumbling frequency Ay at the diffusive scaling. From the comparisons
between the AP-diff scheme and MC method, the consistency between the two methods is clearly
observed. Remarkably, the asymptotic preserving nature of the AP-diff scheme is clearly illustrated
by comparing the result obtained at a very small Ay Lie., Ao '~ 1078, to the numerical solution of
the KS equation.

The AP-hyp scheme is robust with respect to the variation of the parameter value 7. Even when
the parameter 7 is very small, i.e., 7 = 1078, the AP-hyp scheme can keep the numerical accuracy.
The consistency of the AP-hyp scheme and MC method is also confirmed in the time dynamics of
the macroscopic density and the distribution function of the internal sate at steady state.

Finally, we also compare the AP-diff scheme and the AP-hyp scheme after a slight modification
of the original AP-diff scheme to treat the variation in 7. Although the AP-diff scheme loses the
asymptotic preserving property when the parameter 7 is comparable to or smaller than Ay Lot
accurately reproduces the macroscopic density for moderately small values of 7, where 7 is still
larger than Ay ! However, interestingly, the distribution function of the internal state obtained by
the AP-diff scheme is quite different from that obtained by the AP-hyp scheme and MC method
for moderately small values of 7. This interesting observation illustrates the mismatch of the time
splitting strategy and the asymptotic behavior of the solution. The importance of a careful strategy
in the time splitting approach is discussed in detail in §3.3.

In summary, we conclude that the AP-diff scheme is very accurate and efficient at the diffusive
scaling even in the continuum limit. Even when the parameter 7 is moderately small, the AP-diff
scheme can accurately reproduce the macroscopic density while it cannot reproduce the distribution
function of the internal state. The AP-hyp scheme is valid in the variation of the parameter value 7.
It can reproduce the hyperbolic limit behavior both in the macroscopic density and the distribution
function of the internal state.
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Appendix

1 Computational Procedure of the AP scheme

The well-balanced and asymptotic preserving (AP) scheme (2.10)-(2.12) is implemented efficiently

by the following procedure. In the first step (2.10), p *z for k € {—K,---,—1} are calculated by
using the only lower tridiagonal matrix as

+,n+ +, AtG
pz—nK2_pz—nK <1+ >7

eAy
and, for k€ {—-K +1,---, -1},
A - +2
o+l € P — Atye_1p; ;-
Pik N eAy — Aty

By the same token, p *3 for £k € {1, -+, K} are calculated by using the only upper tridiagonal
k

ntl

% is calculated as

+ Tl+2 At :I:ﬂ’],-i,—% 7’1+ i,n
Pip ~F Ay \UPin T Y-l T ) = Pig

matrix. Then, pi 0

In the second step (2.11), by 1nvert1ng the 2-by-2 matrix, we can explicitly calculate ]ojE L for

ie{l,---,I-1}and k € {-K,--- ,K} from

2At At VAN A O
(1 + ) p:},ﬂn—i—l _ (1 + ) p:;;n+2 +—p. n+3

eAzx eAx eAg’ bk
2At(At + eAx)G |, 4tk —nt+l
—— (P12 P )
€A$2(2€G+Ak_;) i—1,k—1 i,k
2
208G ﬁnJr% +,n+%

eAx?(2eG + Ak+%) (piﬂ’k“ ~ Pik )

and

2At _ At PATIEY JAN ZRRT
(1 + ) pz,an = (1 + ) pz’,kn+2 +

eAx eAx Az’ Hk
2A2G ( +n+d —,n—i—%)
eA22(2eG + A,_1) Timth=1 T Pik
2
2AL(At + eAz)G ( o+l —,n+%)
eAT2(26G + Ay, 1) LitbhL T Pk )
2
9 :t :l:
Hereafter, we set p, K:f =p, n;(r *, = 0, which is equivalent with the non-flux condition J; K:; =
+ .
J J;rf% = 0, for any 4. By using the boundary conditions p; il p}“’}gnﬂ and pJr il = Py, an in
(2.11a) and (2.11b), respectively, we can compute
+nt1 +,n4+3 2AtG +,n+3 —n+i
; ’ Prleis—Pre )

e A N e Ky
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n+1 —n+3 2ALG -+l 4+l

) - + = - )
pO,k pO,k Ax(QEG + Ak:-i—%) (pl,k—H pO,k )

for any k.

2 Monte Carlo Method

We have extended a Monte Carlo (MC) code of the classical velocity-jump kinetic equation proposed
in [20, 27] to treat the internal state y. The procedure of the MC method is described below. Here,
we consider (1.4) in one-dimensional space = € [0, 1] and the same boundary condition in (4.1).

1. The initial states of each MC particle, i.e., the position x?g), velocity ’U?é), and internal state
y&) at the time step n = 0 are stochastically determined according to the initial distribution

function p*° (z,y). Hereafter, the superscript n represents the time step and the subscript ¢
represents the index of each MC particle.

2. Given the position, velocity, and internal state of the Ith MC particle at time step n, the
position and internal state of the MC particle is advanced in the time-step size At as

Ty = + VAL,

Ty&) + Ath&)

n+1 _
O] T+ At
3. The particle which moves beyond the boundary at x = 0 (or = 1), say the I'th particle at
x = x’(%l <0 (orz= 33?;,31 > 1), is relocated at x = —a:?;,r)l (orz=2-— x’(%l) with changing
the sign of the velocity as v = —v&f)l. This process corresponds to the no-flux boundary
conditions.

4. Tumbling of each particle is decided by the probability )\OA(y@')H)At/ 2. The particles, which

are decided to make tumble, change the sign of the velocities, U&)H = —v&), while other

particles stay the velocities unchanged.
5. Return to the second process (2).
The macroscopic population density in each lattice site z € [iAx, (i +1)Az] (i =0,--- , I —1)is

calculated as
1 X pnas
Py = / 0(x — xfy )dz,
S Py i t

where N, is the total particle number.
In §4, the time step size At = 10~% and the total particle number Np ~1.2x 108 are used except
the cases for A\g = 10%. For \g = 10%, we set At =1 x 107°.

3 Note on the mass conservation for the AP-diff scheme

In this part, we consider the mass conservation for the AP-diff scheme.
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Lemma A.1 Let us consider the AP-diff scheme (2.10)—(2.11) when G > 0 (the case G < 0 be-

; o . .. +n+1
ing similar) complemented with the no-flux boundary conditions Ji K+f
’ 2
equivalent to
in+2 o i,nJr% o
Pik+1r = Pi—x21 =0
and with reflection boundary conditions
+7n —_ —n —n +7n
Por = Po > pI,k =DPrg -

Then, if we assume moreover that p K = pZ
AP-diff scheme is conservative.

Proof. We define the local density by
K

pi = Z (p:—k +p;k>

k=—K

and the total mass M, calculated by the trapezoidal law,

I-1
_ potpr
M—T‘szi'

7:|:n +,n+1 in+l
Let p _Zk— szk,andp : KPik ’

_+n+d _
boundary conditions, p, = 2 = pit"

By summing up (2.11a) and (2.11b) w.r.t. k, we obtain, respectively,

=Y

K
_+n+1 _+7n+2 At _+n+1 _—n+1 +n+2
p; =D; A —D; + Z g1 \ Pic1k=1
k=—K
K
I R A G S R +ntg
=Dp; T Ag \Pi D + Z ay Pi—1x=1
=—K+1
—n+i
O k1P K>
2ALG and

where a; 1 =
2

n+1 —n+3 At +,n+1 n+1 o —n+3
——, =" 2 =T )
D; =p; T Az (pi - D >+ Z a1\ Pif1pia
k=—K
K
. _—,n+% At _+n+l  _—ntl n+
=D; +€A$ D; —D; + Z ag szrlk
k=—K+1
—l—n—l-2
T Ok4lPik s

where we use (A.1). Thus, by summing up the above equations, we have

1 1 1
n+1 + n+§ +,n+§ *,n‘i’g
Pt =pi + Z ap—1 ( Piciki1 —Pik—1 TPk
—K+1
—,n-i-% +n+
—O0_g 1D Kk aK+1sz ]
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= 0 for any i € {0,...

+n+i .
= Ji,—K—Q% = 0 which are
(A1)
(A.2)

I}, we get that the

, we obtain, from (2.10a) with the no-flux

_7n+%
— Dk )

—n+l A.3a
pz‘,kn 2) ( )
+ntg

pi7kn 2))
+,n+% (A3b)
“Dip

—n+l
“Dik



and by further summing up for i =1 to ¢ = I — 1, we have

+1 _ +.n+ +,n+ n+ —,n—‘,—l
DPEES SRS DI (o PR

—K+1
-1 . (A.4)
Y (o ).
i=1
On the other hand, pr and pg are calculated, respectively, from (A.3b) and (A.3a) as
+1
Pr PI +n+d —nt1 — ol
2 + Z (pl 1k 1 p[k > _K_lp[ K27 (A5)
—K+1
n+1 1 L
i —ntd 4t ot
0 o + Z ( n 2_p0’kn_12> amlpO; , (A.6)
—K+1

where we use the reflection condition (A.2).
From (A.4)-(A.6), we obtain

N zaﬁu%+2fwﬁ.

Since a;,_ 1 > 0, the condition for the mass conservation reads pl K = pl = 0, for any ¢ €
{0,...,1 } 0
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