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Abstract. In this paper we design, analyze and simulate a finite volume scheme for a cross-diffusion system which
models chemotaxis with local sensing. This system has the same Lyapunov function (or entropy) as the celebrated
minimal Keller-Segel system, but unlike the latter, its solutions are known to exist globally in 2D. The long-time
behavior of solutions is only partially understood which motivates numerical exploration with a reliable numerical
method. We propose a linearly implicit, two-point flux finite volume approximation of the system. We show that
the scheme preserves, at the discrete level, the main features of the continuous system, namely mass conservation,
non-negativity of solution, entropy dissipation, and duality estimates. These properties allow us to prove the well-
posedness, unconditional stability and convergence of the scheme. We also show rigorously that the scheme possesses
an asymptotic preserving (AP) property in the quasi-stationary limit. We complement our analysis with thorough
numerical experiments investigating convergence and AP properties of the scheme as well as its reliability with
respect to stability properties of steady solutions.
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1. Introduction

1.1. Presentation of the system
In some bounded domain  C R? (d > 1) and for some time interval (0, 7)) we consider the following
system
Ou = A(vy(v) u), in Qr =Q x (0,7, (1.1)
edw = 0Av — Bfv+u, inQpr=Qx(0,7), (1.2)

with € a nonnegative constant, 5 and ¢ some positive constants and where the function ~ is given by

v(s)=e* Vs>0. (1.3)
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The system is complemented by the following boundary and initial conditions

Viv(v)u]

cv=Vv-v=0, ondQdx(0,7), (1.4)
u(0) = v’

0 ew(0) =, inQ, (1.5)

where v is the exterior unit normal vector to 052, and where v® and v" are nonnegative functions.

The system (1.1)—(1.2) is a subclass of the class of systems introduced by Keller and Segel in their
seminal papers [41, 42] in order to model chemotactic aggregation in cell colonies. This particular
subclass corresponds to local sensing, that is, the cell is not able to perceive a gradient in the con-
centration of chemoattractant by comparing the concentrations at two different locations (gradient
sensing) and instead relies only on the concentration at the point it is located to direct itself: for a
modelling discussion on the subject see [20, 42, 55]. The nonnegative quantities u and v correspond
respectively to the cell density and the chemical concentration, the parameter ¢ is the diffusivity of
the chemical, the parameter [ is its degradation rate, and the parameter ¢ indicates a typical relative
order of magnitude of the time evolution of the source terms in (1.2) over the time evolution of v:
when e vanishes, the system is called quasi-stationary (or sometimes parabolic-elliptic). Finally, the
nonnegative function v represents the cell motility.

The present paper concerns the numerical resolution and analysis of the system (1.1)—(1.5). In
the last two decades a literature has emerged on the design and analysis of numerical schemes for
Keller—Segel-type systems, including the celebrated minimal Keller—Segel system [4]. The focus has
been put on many aspects including preservation of the conservative and entropy diminishing nature of
the system, stability analysis, the possibility of handling non-structured meshes as well as high-order
discretizations. Finite difference schemes have been investigated in [50, 61, 63]. Finite volume schemes
have been proposed starting with the seminal contribution [28], followed by many authors [2, 3, 6,
18, 72]. Finite element method [14, 51, 60, 62, 66, 70|, discontinuous Galerkin [24, 25, 36, 48, 71] and
alternative numerical strategies [8, 13, 17, 23, 26] have been analysed as well. However, the previous
numerical schemes do not concern chemotactic systems with local sensing as the one considered in the
present manuscript.

Some methods have been proposed very recently in order to study the system (1.1)—(1.2) and its
variant with logistic-type growth, that is, when (1.1) is replaced with

ou =AMy u)+ru(l—u), inQr=Qx(0,T), (1.6)

with » > 0. In [37], a meshless method based on Generalized Finite Difference is developed to ap-
proximate the quasi-stationary case (¢ = 0) for a quite broad range of motilities gamma, including
in particular (1.3). It is shown that this method is convergent when the growth parameter r is large
enough, a condition under which the solutions are known to relax towards the homogeneous steady
state. We also mention the work [12] where computer-assisted proofs are developed to study the steady
states of the system (1.2) and (1.6) for one dimensional domains and with r» > 0 (for quite arbitrary
motilities 7): with this method the authors obtain at once the existence of non-homogeneous steady
states and the validation of their numerical approximation, and provide bifurcation diagrams.

Our goal here is to propose a numerical scheme for the evolutionary system (1.1)—(1.3) providing
a faithful approximation of the solutions in various regimes, including away from the homogeneous
stabilization regime and including both the full system (¢ > 0) and the quasi-stationary asymptotic.
To achieve this goal we aim for a scheme that preserves the main structural features of the equation
(mass conservation, entropy dissipation, non-negativity of solutions), in order to ensure good stability
properties, with a computational cost that is as low as possible.
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1.2. Description and novelty of our main results

In this work, we introduce a two-point flux approximation (TPFA) finite volume scheme in space
together with a one step implicit/explicit (IMEX) Euler scheme in time for the system (1.1)—(1.2).
This IMEX strategy, which was already used in [50] for the minimal Keller—Segel system, allows us to
decouple at the discrete level the equations (1.1) and (1.2) and yields an efficient, w.r.t. computational
cost, numerical scheme. This efficiency is particularly important in order to numerically explore the
infinite-time blow-up phenomenon satisfied by the solutions to the system (1.1)-(1.5).

Let us now introduce the main hypothesis and results of our study. In all this paper, we will work
under the following hypothesis:

H1) Domain: Q C R? is a bounded and polyhedral domain (d = 1, 2, or 3).

(H1)
(H2) Parameters: € is a nonnegative constant and 5 and § are positive constants.
(H3) Cell motility: The function ~ is defined by (1.3).

(H4)

H4) Initial data: The functions u” and ev? are nonnegative and belong respectively to L?(£) and
HY(Q).

Remark 1.1. Let us precise that the scheme that we propose can be used for other cell motilities
than (1.3) (see the numerical illustrations in Section 8.5 for an example), but the numerical analysis
is limited to the exponential motility prescribed in (H3). Indeed, the core of our analysis relies on the
entropy dissipation of the system (1.1)—(1.3) exposed (at the continuous level) in Section 2.3, which
holds for the specific motility prescribed in (1.3). Adapting the analysis - and possibly the numerical
scheme - to other motilities will be the subject of a future work.

Under these hypothesis, we first prove in Theorem 3.1 that the scheme admits a unique positive
solution at each time step. We also show that the solutions of the scheme satisfy a discrete counterpart
of the entropy estimate (see (2.7) below) established in [15, 33, 40]. The proof of Theorem 3.1 strongly
relies on the linearly implicit structure of our scheme. More precisely, this structure allows us to rewrite
the scheme as linear systems of equations. Then, we prove that the associated matrices are invertible
and admit some monotonicity properties ensuring the nonnegativity of the solutions. The fact that
the scheme is entropy diminishing is proved by adapting at the discrete level the computations done
in [15, 33, 40].

Our second main result, exposed in Theorem 3.3, is the (subsequential) convergence of the scheme
when £ > 0. As often with finite volume methods [27] for nonlinear PDEs, the convergence proof is
done through a compactness argument which relies on some uniform estimates with respect to the
size of the meshes in space and time. If our strategy is quite classical we need to establish an unusual
(to our best knowledge) discrete duality estimate. In order to establish such estimate we introduce
a convenient discrete H!' dual norm and we adapt at the discrete level the computations of [15], see
Section 2.3 and Proposition 5.2 for more details. Then, thanks to this uniform estimate adequately
combined with the entropy and mass estimates, we are able to prove the (subsequential) convergence
of the scheme towards weak solutions to (1.1)—(1.5) in the sense of Definition 2.1 below.

Our third main result, Theorem 3.5, concerns the asymptotic preserving (AP) property of our
scheme in the quasi-stationary limit ¢ — 0. For this purpose, we consider a family of initial data
(u®,2°) indexed in € > 0 and we introduce an additional hypothesis:

(H5) Well-prepared initial data: The e-family of functions (u°,v°) is uniformly bounded in L?(£2) x

H(€), it is such that u® converges a.e. as ¢ — 0 towards a limit still denoted u°, and it
satisfies the condition

(u”) = B(v") = O(Ve). (1.7)
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The latter hypothesis is intimately connected to the initial layer in the limit € — 0. More precisely, one
can easily show that (1.7) is equivalent to [|{(9:v)||r2(0,7) = O(1), where (-) denotes the space average.
We refer to Section 2 for details, and to Section 8.3 for numerical illustrations of the initial layer.

Then, under assumption (H5), we show in Theorem 3.5 that when both the size of the meshes
and the parameter ¢ in (1.2) go to zero the solutions of the scheme converge up to a subsequence
towards the weak solutions of the quasi-stationary system in the sense of Definition 2.1. A by-product
of Theorem 3.5 is the (subsequential) convergence of the scheme when e = 0 (without the additional
assumption (H5) which becomes irrelevant in the quasi-stationary case, see Remark 3.6).

Finally, for space dimensions one and two, and under further regularity assumptions for the initial
data, Corollary 3.7 states a stronger AP property in the sense that the whole sequence of numerical
approximations converges (and not only a subsequence).

We have implemented the scheme in one and two space dimensions on unstructured meshes (see
Section 8.1 for details) and performed thorough numerical experiments to illustrate and complement
our theoretical results, through four testcases. In the first testcase we illustrate the second order
convergence in space of the scheme, for the error between the discrete solution and a projection
of the continuous solution on the mesh. This super-convergence property of a TPFA finite volume
scheme is expected, see for instance [22]. In the second testcase, we are interested in the asymptotic
preserving property and we show the effect of the well-preparedness of the initial data in the sense
of (H5) and in a stronger sense. In the third testcase, we investigate stability properties of stationary
solutions. We show that linear stability properties of homogeneous equilibrium are preserved by the
scheme. Finally we demonstrate the applicability of our scheme for motilities which do not enter our
theoretical framework.

1.3. Outline of the paper

The paper is organized as follows. Section 2 focuses on the continuous system: after a brief literature
review, we recall and develop some key notions and estimates in the continuous setting. We introduce
the numerical scheme and present the main results in Section 3. We prove that the scheme is well-
defined and satisfy some first properties (mass conservation, entropy dissipation) in Section 4, while
in Section 5 we establish some uniform estimates. Then, we show the convergence of the scheme in
Section 6. Section 7 is dedicated to the AP property of the scheme. Finally, in Section 8 we present
the aforementioned numerical experiments.

2. Insight from the continuous level

2.1. Literature review

On the theoretical side, the system (1.1)—(1.2) has been the subject of a wide recent literature treating
questions such as global existence of solutions and their long-time behaviour.

The problem of existence of global solutions to the system (1.1)—(1.2) with (1.4)—(1.5) has attracted
much attention over the past decade, with the exciting outcome that solutions do exist globally for
rather generic relevant motilities v in any dimension, see for example [32, 38] when ¢ = 0 and [21, 31,
33, 39] when £ > 0. In particular, for v given by (1.3), existence of global solutions is known in any
dimension: see [32, 38] when ¢ = 0 and [31, 33, 39] when ¢ > 0 for a theory of classical solutions and
see [15] for a theory of weak solutions.

In fact, the choice (1.3) is motivated by the studies [15, 32, 33, 40] where it is shown that in
bi-dimensional domains for this specific choice of 7 the system (1.1)—(1.5) exhibits a critical mass
phenomenon somewhat reminiscent of the behavior of the minimal Keller—Segel system. For subcritical
initial cell masses, solutions exist globally and remain bounded uniformly in time, and for supercritical
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initial cell masses, solutions exist globally and may blow up at infinite time. While the behavioral
change happens at the exact same critical mass for the system (1.1)—(1.5) as for the minimal Keller—
Segel system, one noteworthy difference with the latter is that here the blow-up is delayed to infinity.
We also note that in bi-dimensional domains the decaying exponential motility (1.3) seems critical, in
the sense that for a positive-valued motility function v nonincreasing and decaying to zero at infinity
with

lim e**y(s) =00, Va >0,

§—00

the global solutions of (1.1)—(1.2) are uniformly bounded and the blow-up is therefore ruled out [30, 39].

This similarity with the minimal Keller—Segel system in dimension two is not a mere coincidence
and reflects a structural similarity (in any space dimension), that translates at the minimum into a
common entropy functional for the two systems [15, 33, 40]. This entropy functional will be used in
the present analysis. Another similitude is that both systems share the same set of steady states. For
this reason, the existence of non-homogeneous steady states as well as their qualitative and asymptotic
behaviour have been extensively studied for about forty years, see for example [64] in one-dimensional
domains, [11, 56, 57, 65, 67] in bi-dimensional domains, [1, 7, 9, 10, 58] in higher-dimensional domains,
and references therein.

Beyond well-posedness and boundedness results, and the construction of special blowing- up solu-
tions in the supercritical regime, little is known about the qualitative behavior of the evolutionary
system. We are aware of two qualitative studies, both in the case € > 0. In dimension one, the existence
and stability of monotone steady states with boundary spike has been explored in [69] using bifurca-
tion theory and numerical simulations. The formation of patterns has been studied numerically and
theoretically in [19] for a porous-medium type generalization of the system (1.1)—(1.2) with e > 0. In
particular for the exponential motility (1.3), a linear stability analysis around the homogeneous steady
state (u, %) for a given p > 0 (see also [20, proof of Theorem 3.1]) suggests that pattern formation
has to be expected under the condition

1> B+ oM (9), (2.1)

where A\ (2) is the principal eigenvalue of the Laplace operator —A on  with homogeneous Neumann
boundary conditions. Furthermore, bi-dimensional numerical experiments, supplemented by heuristic
arguments based on the study of the excitable density set, might suggest that under this condition we
can expect formation of peaks.

As one can see from the short review above, the analysis for the system (1.1)—(1.2) for the cases
€ > 0 or € = 0 is mostly done separately. In fact, when a similar result exists for both cases, especially
about existence or boundedness/blow-up, the result for the quasi-stationary case is in general more
accessible than (and precedes in the literature) the one for the full parabolic case ¢ > 0. That is to say,
the quasi-parabolic system appears to be a good approximation of the full system € > 0, both seemingly
reproducing its qualitative behaviour and more accessible analytically. This naturally motivates the
study of the limit € — 0. Many studies indeed tackle the analytical proof of a similar limit for related
systems, mainly focusing on the minimal Keller—Segel system (see [43, 44, 45, 46, 49, 52, 53, 54, 59, 68];
see as well [47, 50] for numerical experiments and methods in the quasi-stationary asymptotics for the
minimal Keller—Segel system). However, as far as we are aware of, this limit has not been studied for
the continuous system (1.1)—(1.2).

In the present study, we recall some tools initially developed for showing the existence of solutions
for the system (1.1)—(1.5), in particular entropy and duality estimates, and adapt them in a discrete
setting. This is key to establish the well-posedness and the convergence of our scheme. We furthermore
develop new estimates to prove analytically the quasi-stationary limit for the system (1.1)—(1.5) that
we also adapt to the discrete setting. This is used to prove that our scheme is AP in the quasi-stationary
limit. Our final aim with this scheme is to test and observe the long-time behaviour partially described
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in the literature on the continuous system: the section 8, dedicated to numerical experiments, explores
in particular the pattern formation under (a discrete counterpart of) the condition (2.1) and questions
the uniform boundedness of the solutions (as opposed to blow-up) in 2D.

2.2. Notions of solution
The notion of weak solutions for the system (1.1)—(1.5) is defined as follows:

Definition 2.1 (Weak solutions to (1.1)—(1.5)). Assume (H1)—(H4). Let 7' > 0 and let (u,v) nonneg-
ative with

w€ L0, T5LH(Q), veL®0,T;H'(Q), eveHY(0,T;L%(Q), uy(v) € L*(Qr).
We call (u, v) a weak solution of (1.1)—(1.5) on (0,7 if for all p € C°(Q x [0,T)) satisfying V-v =0
[

on 092 x [0,T), we have
/ u Opp dadt + / u’(2)p(x,0) dr + uy(v) Apdzdt = 0, (2.2)
T Q Qr
and
5/ vOpp dadt + 6/ v0(xz) o(z,0)dz = 5/ Vo - Vedzdt + / (Bv —u) pdadt. (2.3)
Qr Q Qr Qr

In particular when € = 0, (u,v) is called a weak solution of the quasi-stationary system.

Remark 2.2. Under the regularity assumptions of the above definition, the distributional formu-
lation (2.2)—(2.3) is equivalent to the formulation (1.4)—(1.6) given in [15, Definition 1.1]. Indeed,
starting from (2.2) and first testing with ¢ homogeneous in space, we obtain that (u(-,t)) = (u") for
a.e. t € [0, 7). Then for ¢ in C°(Q x [0,7)) we use (2.2) with ¢ = (—A)~ (v» — (¢)), where (—A)~1
has to be understood with homogeneous Neumann boundary conditions, and we get

~ [ wi) = w(v)) wdadt
Qr

= | wd(-A)" (¢ — (¥)) dedt + / u® (=) (¥(-,0) = (1(-,0))) d=
Qr Q

= [ =) (<) 0 (v — ) dadt + [ (w0 = @) (=87 ($(,0) = (@(-0))) da
Qr Q

:/T(—A)_l(u— (w)) 6t¢dxdt+/ﬂ(—A)_1 (u® — ) (e, 0) .

A density argument together with the regularity of uy(v) and u® allow to conclude that (1.4) and the
first equality of (1.6) in [15, Definition 1.1] hold. The reverse direction of the equivalence follows from
the same computations, and the treatment of the equation for the evolution of v is standard. Here,
we chose to use the distributional formulation (2.2)—(2.3) which appears naturally in the asymptotics
of the numerical scheme.

The proof of the AP property of the scheme relies on some uniform estimates with respect to the
size of the meshes and the parameter €. While some of these estimates are a direct by-product of the
estimates established for the convergence proof, an extra uniform estimate has to be obtained on the
L? norm of 9;v. We first present this estimate in Section 2.3 where for pedagogical purpose we establish
it formally at the continuous level, highlighting the role of (H5). We then adapt it at the discrete level
in Proposition 7.1. Finally, the proof of the AP property relies on a compactness approach. However,
the compactness properties of the solutions do not ensure that the whole sequence of solutions to the
scheme converges toward the weak solutions of the quasi-stationary system. Therefore, we propose
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to consider a more restrictive class of solutions for the quasi-stationary system in which uniqueness
can be proven. Following [15], we then consider a slightly stronger notion of solution, namely the
weak-strong solution:

Definition 2.3 (Weak-strong solution for the quasi-stationary system). Assume (H1)-(H4) and ¢ = 0.
Let T > 0, and let (u,v) nonnegative. Then, (u,v) is called a weak-strong solution of the quasi-
stationary system on (0,7") if (u,v) is a weak solution of the quasi-stationary system in the sense of
Definition 2.1 which additionally satisfies

SAv — fu+u=0, in L*(Qr).

Of course, one needs to derive sufficient conditions ensuring the existence of such weak-strong
solutions. The answer is (partially) given in [15]. Indeed, we have the following result:

Proposition 2.4 (Uniqueness of weak-strong solutions). Assume (H1)—(H4) with d = 1 or 2 and
e = 0. Assume furthermore that u® € L°°(2). Then there exists at most one weak-strong solution of
the quasi-stationary system in the sense of Definition 2.8 such that

u e L>(0,T; L)), forq>2. (2.4)

Remark 2.5. In [15], the existence and uniqueness of the weak-strong solution is obtained for the
system (1.1)—(1.5) for ¢ > 0 and not for the quasi-stationary system. Besides, this property is only
proved for a smooth bounded domain € in R? while in this work we consider only polygonal (or
polyhedron) domains. We therefore explain here how to adapt the arguments of [15] in our framework.
First, under the regularity assumption (2.4) one can readily adapt the proof of uniqueness for the
quasi-stationary system, see the proof of [15, Theorem 1.6]. Besides, in order to construct a weak-
strong solution it is sufficient to improve the regularity of the weak solutions. The arguments given in
the proof of [15, Proposition 1.7] to improve the regularity of the weak solution of (1.1)—(1.5) for one
dimensional domains can be easily adapted for the quasi-stationary system in order to obtain that u
and v belong to L*°(Qr). However, in bi-dimensional domains, due to the regularity of 92, we need
to modify more deeply the arguments of [15, Section 4.3]. For this purpose, noting that u belongs to
L*>(0,T; Llog L) (this is a consequence of the entropy inequality (2.7) with e = 0), we apply the result
in [35] which ensures that v € L°(Qr). Then, using the duality estimate we deduce that u € L*(Qr)
and we conclude thanks to [34, Theorem 4.3.1.4] that v € L?(0,T; H?(Q)). Then, by a slight adaption
of the proof of [15, Lemma 4.2] we conclude that v € L>(0,T; L1(Q)) for any q > 2.

2.3. Key estimates at the continuous level

As previously exposed, the proofs of our main theorems rely on the adaptation at the discrete level
of some uniform estimates that are for most of them rigorously established for the continuous system
in [15], namely mass conservation, entropy dissipation, and duality estimates. The study of the limit
¢ — 0 with the proof of the AP property also requires additional estimates that are uniform in e.
Therefore we establish some e-uniform estimates for the time derivative of v, that are apparently
new, though inspired by the treatment of the quasi-stationary system in [15]. To give a flavor of our
proofs, we use this section to present these estimates formally at the continuous level. Let us then
consider (u,v) nonnegative such that (u,v) is a strong solution of (1.1)—(1.5) and assume that (u,v)
is as smooth as needed for the computations performed in this section. For the sake of simplicity we
assume in this section € > 0, though the case € = 0 can be treated similarly with minor adaptations.
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Mass and entropy

Let us first state the mass estimates. For this purpose, we recall that (w) denotes the mean value of
w on §2:

/w dz, Ywe LY(Q),

where m denotes the Lebesgue measure (in any space dimension). Then, the system preserves the
nonnegativity of u and by integrating (1.1) over the domain @, for ¢ > 0 we get the preservation of
its mean value along time, i.e.,

1
(u(t)) = ) lu@) 1) = (u®), fort > 0. (2.5)

Besides, v is also a nonnegative function and by integrating (1.2) over the domain {2 we have

d (u®) B (u®)
@ ((U(t)> - 5) = (@(t» - 5) ;

so that its mean value verifies

v —@ e Bt/e (UO <u0>> or
(v(t)) = 3 + (v) 7 for t > 0. (2.6)

Now, as for the minimal Keller-Segel model, one can notice [15] that (1.1)—(1.3) admits a Lyapunov
functional:

H(u,v) = / {ulogu —u+1+ §|v|2 —uv + g |Vv|2} dz
Q
Indeed, computing

— H(u,v) :/ log (ue™) Qrudx +/ [Bv — u — 0Av] Oy dx
Q Q

1
—— [V (we ) do—< [ jouf? dr <0,
0 Q

ue—"?

we obtain that H(u,v) is nonincreasing. Note that this computation crucially relies on the specific
choice of v in (1.3). Furthermore, we get the following dissipation equality

H(U(t),v(t))+4/0t/9’v\/ue—v2

However, let us emphasize that by itself this dissipation equality is of limited use, for example it does
not directly give a priori estimates of v in L>°((0,T); H*(9)). This is due to the nonpositive quadratic
term —uw in the definition of H. In order to circumvent this issue the main idea is to make use of a
duality estimate, in a strategy that we now describe.

t
dzds + 5/ / |8,0* dzds = H(u®,2°), for t > 0. (2.7)
0 JQ

Combination of duality and entropy

As explained above, our objective here is to find a lower bound for the nonpositive quadratic term
—uw in the definition of H. Noting that in the definition of H there also appears a (nonnegative) term
equivalent to the H! norm of v, our strategy will be to find an estimate for « — (u) in (H'), the dual
space of H'. Indeed, provided we have such estimates, we can control,
w = (u—(u) v +@w) v €L
——

~—~ ~—
€(HY)Y eH! el
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Roughly speaking, the main argument to obtain this (H')" estimate of u — (u) is a combination of the
equation for u and the relation

1y = IV (=2) " fllrz @), (2.8)
valid for any f with [, f(z)dz = 0. To be more precise, let us first introduce some notations here:
let (H')'(Q) denote the dual space of H'(Q), let H}(Q) denote the set of all functions in H' ()
with mean value zero, let (Hé)’ (©2) denote its dual space, and finally let us introduce the operator
K= (=A)"1: (H})(Q) — H}(2) which inverses the Laplace operator with homogeneous Neumann
boundary conditions.

Following [15] by applying K to (1.1) and testing the result with u — (u®) (which is of zero mean
thanks to the mass conservation (2.5)) we obtain,

1 0\ (12 /T/ 2 Lo 0\ (12 0\2
— sup ||lu — {(u ) T v)u”dedt < =||lu” — {(u ooy +m(2)(u )T, 2.9
2 lu = W) Ty (o) A Qv( ) <5l (W) (ry ) + m(Q)(w”) (2.9)
Then, denoting by Cr > 0 the constant such that

||u(t) — <u0>||(H1)/(Q) < CT, for t € (O,T),

we have, for t € (0,7),

—/qudx:—/Q(u—<u0>)vda?—/9<u0>vdx
:/QUAIC(u—<u0>)dx—/Q<uo>vdm

:—/QVIC(u—(u0>)-V1)d:c—/Q<u0>vdm
2

This yields, for t € (0,7),

2 u0)2

O

Thus combining (2.7) and (2.10) one can deduce an upper bound on the H!(2) norm of v and on

the logarithmic entropy of w, which is uniform over any finite time interval (0, 7). These estimates (in

their discretized versions, and established rigorously), will be at the cornerstone of our convergence

proof, see Theorem 3.3. Besides, contrary to the minimal Keller—-Segel model, these estimates also
imply that if a blow-up phenomenon occurs it has to be postponed to the infinite time limit.

+/ {uloguu+1+§|v|2+i|V1}|2} dz. (2.10)
Q

Estimate in the quasi-stationary relaxation

As already exposed, we intend in our final main result, see Theorem 3.5, to consider the limit ¢ — 0.
For this purpose we need to establish some estimates that are uniform with respect to . However, we
notice that the entropy dissipation equality (2.7) (combined with (2.10)) yields a L?(Q7) estimate on
V€0 only. In order to derive an estimate on d;v uniform in e, we first differentiate (1.2) w.r.t. time
and get

g0y + PO = Oyu + 0 A0.

Note that the right-hand-side having zero-mean (thanks to the mass conservation (2.5)) we can apply
the operator K = (—A)~! to the equality above so that, after testing the result with (9;v — (9yv)) we
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obtain
/Q (0w — (D)) K[eduv + BOpv] du
_ / (00 — (90)) K [0yu] da + 6 / (00 — (90)) K [Ady] da
Q Q
= [ @0 = 0w) (@r(0) = (@) do =5 [ (O~ (0r0))* da
Q Q
<=5 [ @w—100)* o+ 2 [ () — (e )? d,

where we have used the equation (1.1) for the second equality, and Young’s inequality for the last
inequality. We furthermore compute the left-hand-side as

/Q (Opv — (Op)) K [e0yv + BOpv] dx
= E/ (at’U — <6t’U>) K [8,5,51) — <8ttv>] dr + ﬁ/ (6{[} — <8tfu>) IC [at’U — <at’U>] dz
Q2 Q

= 6/ VK [Otv - <8tv>] - VK [8ttv — <8ttv>] dx + 6/ |V’C [aﬁ/ - <8tU>]|2 dz

th/mc o — @) do+ 5 [ [V [0 — (0] da,

where we have used the definition of K (including the associated boundary conditions). Summing up,
we have that

;/Q(atv—@m) dx+f—/ VK [0 — (00)] 2 dx+ﬁ/ VK [0 — (90)]]? da

2dt
< 55 | 00) — ) do. (21)

Using that uy(v) is bounded in L?(Q7) thanks to the duality estimate (2.9) and the fact that v in (1.3)
is uniformly bounded, we finally get that, for any 1" > 0,

T
/ / (O — (By0))? dadt < Ch.
0 JQ
In order to estimate the L? norm of (9;v), we differentiate (2.6) with respect to time to get,

(Opv) = () = 5 B@O}e_gt

g

[ o aman = D (IR0 (oo,

Therefore we conclude that dsv is bounded in L?(Q7) uniformly in ¢ exactly under the assump-
tion (H5).

, (2.12)
so that

3. Numerical scheme and main results

3.1. Meshes and discrete functional framework

From now on d = 1, 2 or 3. For presentation purposes we present the discretization of the domain Qr =
Q x (0,T) and our results for bi-dimensional domains only. Unless stated otherwise, the generalization
to other space dimensions is straightforward.
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Let then Q@ C R? be a bounded, polygonal domain. An admissible mesh of € is given by (i) a
family 7 of open polygonal control volumes (or cells), (ii) a family £ of edges, and (iii) a family P of
points (zx ) keT associated to the control volumes and satisfying Definition 9.1 in [27]. This definition
implies that the straight line TxZ7, between two centers of neighboring cells is orthogonal to the edge
o = K|L between two cells. For instance, Voronoi meshes satisfy this condition [27, Example 9.2]. The
size of the mesh is denoted by Az = maxger diam(K). The family of edges £ is assumed to consist
of interior edges &yt satisfying o € Q and boundary edges o € Egxt satisfying o C 9. For a given
K € T, € is the set of edges of K, and it splits into Ex = Eint,x U Eext,k and N (K) the set of its
neighbouring control volumes (i.e. the cell L such that LN K is an edge of the discretization). For any
o € &, there exists at least one cell K € T such that o € £x. Moreover, for o € £, we introduce the
distance

~ Jdist(zx,2r) if o = K|L € &g ks
N dist(zg,0) if 0 € Eext K,
where dist is the Euclidean distance in R?, and the transmissibility coefficient
m(o)
Te = 4
The mesh is assumed to satisfy the following regularity assumption: There exists ¢ > 0 such that for
all K € T and o € €k,

(3.1)

dist(zg,0) > (d,-. (3.2)

We also introduce suitable function spaces for the numerical scheme. The space of piecewise constant
functions is defined by

Hr = {w :Q— R:3 (wr)ker CR, w(z) = Z leK(:U)}, (3.3)

where 1 is the characteristic function on K. In the sequel, we will identify each w € Hy with its
associated sequence (wi ) ke and for any element w € Hy, we will write (as at the continuous level)

(w) = )] Z m(K)wg.

KeT

Besides, in order to define a norm on the space H7, we first introduce the notation

wry, ifU:K’LEgint,
WK,c = .
7 wg if 0 € et K,

for K € T, 0 € £k and the discrete operators
Dgo,w:=wgs —wg, Dew:=|Dg wl|
Let ¢ € [1,00) and w € H7. The discrete W4 seminorm and discrete W14 norm on H7 are given by

D,yw|?
L{,q,T - Z m() dg c;
oc& o

|w il g7 = 1wl 7 + 1wl feq),

respectively, and |[wl|zq(q) denotes the LY norm i.e. ||w| zaq) = (X ket m(K)|wg|9)"9.

We finally define the space-time discrete framework. Let T" > 0, let Np € N be the number of time
steps. We introduce the step size At = T'/Np as well as the time steps ¢, = nAt forn =0,..., Np. We
denote by D the admissible space-time discretization of ()7 composed of an admissible mesh 7 and

647



M. HERDA, A. TRESCASES, A. ZUREK

the values (At, Ny). We introduce the space Hp of piecewise constant in time functions with values
in Hr,

Nt
Hp = {w Qx0T — R:3 (w")pe1,. Ny CHyy w(z,t) = Z w"(x)l(tn_l,tn](t)} ,

equipped, for 1 < p, ¢ < oo, with the discrete LP(0,T; W4(Q2)) norm
Nr 1/p
(Z AtHwnHIl),q,T) :
n=1

3.2. Numerical scheme

We first discretize the initial conditions as

1 1
0 0 0 0
U = ——— | w(x)dzw, v :7/1) x)de, VKeT. 3.4
k= iy @ vk = o [ @) (3.4)
Now for a given n > 1 and a given (u"~ 1, v" 1) € R2€d(T) the numerical scheme is defined as

uK B 1

m(K) = = ) 7 Dio(uy ("), VKeT, (3.5)
cefk

_,n—1

sm(K)% — 5 3 7 Drov" +m(K) (it — Bu), VEET. (3.6)
o€k

We notice that the scheme (3.5)—(3.6) is linear and it can be rewritten as
M, o™ ="t Mo = b (3.7)

where 7! = (m(K)(ev" ' + Atu" ) ger, b7 = (m(K)uy M) ger and M, and M? are squared
matrices of size Card(7) x Card(7) with entries
(

(M) g = m(K)(e + AtB) + 0At Y peg,  Tor VK ET,
(My) i, = =0 At 74, VKeT,VLeN(K), o=K]|L, (3.8)
(My) K, =0, VKcT,VL¢NK),

and
(M) i, = m(K) + At Zaesim’;{ oY (vk), VKET,
(M) kL = —At 75y(v}), VKeT,VLeN(K) o=
(M) k. =0, VK eT,VL¢&N(K).

K|L, (3.9)

3.3. Main results

Our first main result deals with the existence of a unique solution to the scheme (3.4)-(3.6) at each
time step. But first let us introduce the definition of the discrete entropy functional

B ") = 30 w(E) (huf) + 510k = wieoi ) + 5 370 (D", (3.0

KeT 065
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where h(z) = z(log(xz) — 1) + 1. We also introduce the corresponding discrete entropy dissipation
functional as follows

D(u™,v", v ) = 42 Ty (DUW)Q +e¢ Z m(K)

ceé KeT

Theorem 3.1 (Well-posedness of the scheme). Assume (H1)-(H4). Then, for any 1 < n < N, there
exists a unique positive solution (u™,v™) to the scheme (3.4)—(3.6). Moreover this solution satisfies the
following properties:

2
n n—1
VK — Vg

N (3.11)

e Mass estimates: for allm € {1,..., Np} we have

() = ) = e /Q WO (z) dz, (3.12)

and

ny _ (1) e \" (u®)
(V") = 3 + <5+5At> ((v0> - 5) . (3.13)

e Entropy dissipation inequality: for alln € {1,..., Ny} it holds
H(u™, v™) + At D(u™, 0™, 0" 1) < Hu" o™ 1), (3.14)
where H and D are defined in (3.10) and (3.11).

Remark 3.2. Let us emphasize that the statement of Theorem 3.1 also holds in the quasi-stationary
regime ¢ = 0. It actually also holds in the asymptotic regime § = 0. Let us precise nonetheless that
the regime § = 0 is very degenerate and the convergence of the scheme as well as the well-posedness
of the continuous system are far from being guaranteed in this case.

The next main result deals with the convergence of the scheme. We first need to introduce some
notation. For K € 7 and o € £k, we define the cell Tk , of the dual mesh:

o If o = K|L € &t i, then Tk, is that cell (“diamond”) whose vertices are given by =k, xp,
and the end points of the edge o.

o If 0 € Exi K, then Tk, is that cell (“triangle”) whose vertices are given by zx and the end
points of the edge o.

The cells Tk, define a partition of 2. Then, the approximate gradient of w € Hp is defined by

m(o)
m(TK,U)

where v , is the unit vector that is normal to ¢ and points outwards of K.

Finally, we introduce a family (D,,)men of admissible space-time discretizations of Q7 indexed by
the size 7, = max{Ax,,, At} of the mesh, satisfying n,, — 0 as m — oco. We denote by 7, the
corresponding meshes of  and by At,, the corresponding time step sizes. Finally, we set V™ := VPm,

va(:C,t) = (DK,ka) VK,o for x € TK,O’) te (tk,‘—17tk‘}7 (3.15)

Theorem 3.3 (Convergence of the scheme). Assume (H1)—(H4) and € > 0. Let (Dy,)men be a family
of admissible meshes satisfying (3.2) uniformly in m € N and such that 1, — 0 as m — oo. Let
(U, Um)men be a family of finite volume solutions to (3.4)—(3.5) obtained in Theorem 3.1. Then, there
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exists two nonnegative functions u € L>(0,T; LY(Q)) and v € L>=(0,T; H*(Q))NH(0,T; L*(2)) such
that, up to a subsequence, as m — oo we have

Uy —u  weakly in LN(Qr),
vm — v strongly in L*(Qr),
V" — Vv weakly in L*(Qr).
Moreover, (u,v) is a weak solution of (1.1)—(1.5) in the sense of Definition 2.1.
Remark 3.4. When comparing this result with the existence result from [15], we observe that in (H4)

the condition u® € L?(Q) is slightly stronger than the ones imposed in [15]. This stronger assumption
arises when establishing a discretized version of (2.9), see Remark 5.3 for more details.

Eventually, we will prove that the scheme (3.4)—(3.6) is uniformly, w.r.t. € and the size of the meshes,
asymptotic preserving.

Theorem 3.5 (AP property). Assume (H1)-(H5), and let (Dpm)men be a family of admissible meshes
satisfying (3.2) uniformly in m € N and such that 1, — 0 as m — 0o. Consider a sequence (€m;)men C
[0,00) such that e, — 0 as m — oo and an associated sequence (U, Uy )men of finite volume solutions
to (3.4)—(3.6) obtained in Theorem 3.1. Then, there exists (u,v) such that, as (Em,Mm)meN converges
to (0,0), we have, up to a subsequence,

Uy, — U weakly in Ll(QT)a
Uy — U strongly in L*(Qr),
V"™ — Vv weakly in LZ(QT)u
0y — 0 weakly in L2(QT)-
Furthermore, (u,v) is a weak solution to the quasi-stationary system in the sense of Definition 2.1.

Remark 3.6. Note that a by-product of Theorem 3.5 is the convergence (up to a subsequence) of
the numerical scheme for € = 0 under assumptions (H1)—(H4). Indeed, taking (&,,)men = 0 and some
initial data u" in L?(Q), and defining v° as the solution of (1.2) with ¢ = 0 and u replaced by u°, we
have that assumption (H5) is automatically verified. In fact, noting that when ¢ = 0 no initial data
for v is needed, see (1.5), assumption (H5) becomes irrelevant.

As a direct consequence of Theorem 3.5 and Proposition 2.4 with Remark 2.5 we obtain the

Corollary 3.7. Let the assumptions of Theorem 3.5 hold, with d =1 or 2. Furthermore, assume that
u® belongs to L=(2). Then, there exists (u,v) such that the convergences in Theorem 3.5 hold for
the whole sequence (Um,Vm)men (and not only subsequences), and such that (u,v) is a weak-strong
solution of the quasi-stationary system in the sense of Definition 2.3.

4. Existence proof and entropy diminishing property of the scheme

This section is devoted to the proof of Theorem 3.1. Our strategy is the following. For w € (0, 1) given,
let us first define the regularized initial data

W = ul +w, VKeT, (4.1)

W n,w)
)

Then, starting from (u%“,v°) we establish the existence of a (unique) positive solution (u™*, v
to the scheme (3.5)—(3.6), for which we can show mass and entropy estimates. In order to conclude
the proof, it will remain to prove some uniform w.r.t. w estimates and to pass to the limit w — 0
both in the scheme and in the entropy estimate. Finally, we will use this later inequality to prove that
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the solutions to the scheme (3.4)-(3.6) are positive. First, our results on the scheme with regularized
initial data are presented in the following lemma.

Lemma 4.1. Assume (H1)-(H4), and for w € (0,1) let u%‘] be defined by (4.1). Then, for any 1 <

n < Nr, there exists a unique positive solution (u"™*,v™*) to the scheme (3.5)—(3.6) with initialization

(u%w,v%). Moreover it satisfies the following properties:

e Mass estimates: for allm € {1,..., Np} we have
(™) = (u*) = (u°) + w, (4.2)
and
n,w\ __ <u0> tw € " 0 <’LL0> tw
(V™) = 3 +<5—|—BA7§) ((v)—ﬁ ) (4.3)

e Entropy dissipation inequality: for allm € {1,..., Ny} it holds
H(u™® ™) + At Z To Do (0¥ y(v"*)) D o log(u™“~(v™))

0€Ent
o=K|L

< H(un—l,w’vn—l,w)’ (4.4)

where H is defined in (3.10).

Proof. We divide the proof into three steps.

Step 1. Well-posedness of the scheme. In the following we argue by induction. If n = 1, we notice
that all the diagonal entries of M, are strictly positive, whereas the extra-diagonal coefficients are
nonpositive. Besides, for a given K € 7T it holds

> (My)k,L = m(K)(e + Atg3) > 0.

LeT
Therefore the matrix M, is strictly diagonally dominant with respect to its rows and we conclude that
M, is a M-matrix. In particular M, is invertible and, since all the components of the vectors b) are
positive, we deduce that there exists a unique vector v with positive components satisfying (3.6).
Similarly, one can show that M. is strictly diagonally dominant with respect to its columns. Since in
M all the diagonal entries are strictly positive, whereas the extra-diagonal coefficients are nonpositive,
we conclude that M! is also a M-matrix. This implies the existence of a unique positive vector u'®
solution to (3.5). Finally, arguing recursively we obtain the existence of a unique positive solution
(u™“, v™%) to the scheme (3.5)—(3.6) for all 1 < n < Np.

Step 2. Mass estimates. Now, we observe that by summing (3.5) over K € T we have by construction

S mK)up® = > m(K)ul

KeT KeT
such that (4.2) holds. Similarly, we sum the equation (3.6) over K € T and we obtain
0
em(Q)(v™) — m(Q)Mﬁ*”
0 0
— em(Q) (0" 1) — em(@) >B+ Y LALB <m(9) fu >ﬁ+ Y m©) <UW>> :
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so that

(e +ALp) <<Un’w> - <u0>ﬁ+w> =e(v" 1) — €<u0)ﬁ+w'

Hence

n,w\ <’LL0> +w _ € n—1,w\ <u0>+w
W) — —6+Bm(w L) ﬁ3)

and we conclude (4.3) by a direct induction.

Step 8. FEntropy dissipation inequality. Let 1 < n < Np be fixed, we multiply (3.5) by
Atlog(upv(vE™)) = At(log(ug™) — vEg®), we sum over K € T and we use a discrete integration
by parts to obtain

> m(K)(@™ = u" ) (log(uf) — vi)
KeT

+ At Z To D o (0™ y(v"™*)) D & log(u™“y(v™*)) = 0.

o€E&int
o=K|L

Using the convexity of the function h(z) = z(log(z) — 1) + 1 we get

> m(K) (i) = hluje ™)) = D7 mK) (i — uj)oje
KeT KeT

+ At Z To D o (0 (v")) D o log(u™“~(v™¥)) < 0. (4.5)

o€&int
o=K|L

Now, we multiply the equation (3.6) by (vi* — U?{l’w), we sum over K € T and we use a discrete

integration by parts to get

(Un,w _ vn—l,w)Q
€ Z m(K) K AK + 4 Z ToD K o™ DK,U(U"’“ — v”_l’“’)
KeT ¢ oEEint
oc=K|L
F8 Ym0 o) - Y mlK )l o) =0
KeT KeT

Applying the classical inequality a® —b? < 2a(a — b) for all @ and b € R to the second and third terms
of the Lh.s. yields

nw  n—1w\2
e Z m(K) (UK AUtK ) + g Z T ((ngn,oJ)Q _ (ngn—LoJ)Q)

KeT 0E€Eint
o=K|L
£ 057 () (o — g P) = 0 m(Kul e — o) <0, (46)
KeT KeT
It remains to sum (4.5) and (4.6) and we end up with (4.4). [ |

It now remains to pass to the limit w — 0 and to show the positivity of the limit in order to prove
Theorem 3.1.
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Proof of Theorem 3.1. For w € (0,1), we consider the regularized solution (u™“,v™) built in
Lemma 4.1. Since w € (0,1), we deduce thanks to (4.2) and (4.3), that there exists a constant C' > 0
independent of w (but which depends on 7) such that

0 <up, v <C, VKeT,n=1,...,Np. (4.7)
Thereby, for any 1 < n < Ny, there exists (u",v") such that, up to a subsequence, as w — 0 we have
up, vt — ulf, v >0, VKeT.

We conclude that (u™,v™) is a solution to the scheme (3.5)—(3.6). Besides, the linear structure of the
scheme allows us to deduce that (u™,v™) is the unique solution to the scheme and that in fact, as
w — 0, the whole sequence (u™*,v™%) converges toward (u",v™). We now pass to the limit in (4.2)
and (4.3) in order to obtain the mass estimates (3.12) and (3.13). Moreover, a first consequence of (4.4)
and the uniform, with respect to w, bound (4.7), is that for all o € & with o = K|L, we have

tim sup { (ufey (V) — up“y (v)) (log gy (vje)) — log(uf“~(v})))}

w—0
< H@u" o™ + C?m(Q).

This implies that u™ is positive. Indeed, by contradiction let us assume that there exists K € T with
u’ = 0. Then, the previous inequality implies that any cell L € N(K) should satisfy u} = 0. Then,
repeating this argument over all K € 7 we conclude that u% = 0 for all K € 7. This contradicts the
mass estimate (3.12). Hence, u” is a positive vector for all 1 < n < Np and since M, is a M-matrix
we deduce that v" is also a positive vector for all 1 < n < Np.

We can finally pass to the limit w — 0 in (4.4) and obtain

H(u",v") + At Z To D o (u"y(v")) Dk o log(u"y(v™))

o€t
o=K|L
o — L[
+eAt Z m(K) | E——E | <H@" v,
At
KeT

We then apply the elementary inequality 4(v/a — v/b) < (a — b)(log(a) — log(b)) for all a, b > 0 and we
obtain the desired entropy inequality (3.14). |

5. Uniform estimates

In this section we establish some uniform estimates on the solutions to the scheme (3.5)—(3.6). The
main idea, as exposed formally in Section 2.3, is to combine the entropy inequality (3.14) together
with a duality estimate. Following [15, Section 2.1], we first bound from below the term —uwv appearing
in the definition of the entropy functional. Roughly speaking, this is done by estimating the (H')'(£2)
norm of u — (u) thanks to the relation (2.8). Thereby, we need to adapt this approach at the discrete
level. For this purpose, we introduce some discrete counterpart N of the norm || - [| g1y (). We first

define the subset 7-LT of Hr as
Hr ={weHr : (w)=0}.

We then define the map N : Hy — R, by

1/2
N(w) = <Z TG(DUZ)2> = |Z|1,2,7—7

oe&
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where the vector z is the unique solution in 7—~[7— to

— Z ToDg oz =m(K)wg, VKeT. (5.1)

o€e€i

The existence and uniqueness of such z are guaranteed by [16, Theorem 2.5]. One can easily check
that N is a norm on H7. More precisely, we have the

Lemma 5.1. Let T be an admissible mesh of Q. Then, for all w € Hr, we have
N(w) = sup{/ whdz : 0 € Hy, 0127 = 1}.
Q

Proof. Let w € H7 and 6 € H7. We multiply the equation (5.1) by 0k, we sum over K € T, we
apply a discrete integration by parts and Cauchy—Schwarz inequality to obtain

/ whdx = m(K)wg g = Z TeDK,02 DKot < N(w)[0]1 27
KET o€€int
oc=K|L

Then, picking 0k = zx /N (w) for all K € T, we have that 0 € Hr, |0]1,2,7 =1 and

/w&dx—)z 7o(Dy2)? = N(w).

This concludes the proof of Lemma 5.1. |

Equipped with this norm, we now prove the following estimate, which can be seen as the discrete
counterpart of (2.9).

Proposition 5.2 (Duality estimate). Assume (H1)—(H4) and let D be an admissible mesh satisfy-
ing (3.2). Then, there exists a constant C' > 0 only depending on Q and ¢ such that

Nr
max N(u" — (u”))? +2 ) Atflu"/y(0")|[F2iq) < Cllu® — (W) F2(q) + 2T m(Q) (u°)®.  (5.2)
n=1

1<n<Np

Proof. We consider the term

1 _

1= 2 3 m(E)((wk — @'))f — (it = )z ),
KeT

where the vectors 2" and 2"~ ! are the unique solutions to (5.1) associated to u™ — (u®) and u"~! — (u°)

respectively. Thanks to (5.1) and a summation by parts, we first observe that we can rewrite I as

1 n n— 1 n n—
I= Uggj 7o (Doz")? = (D" 7)?) = 2 [N(u" = (u))* = N(u"™ = (”))’] . (53)
oc=K]|L

On the other hand, applying the inequality (a? — b?) < 2a(a — b) for a, b € R, we obtain
1 _ _
I= 3 Z 7-(,((D(,z")2 — (Ds2" 1)2) < Z To(Dk 02" — Di o2 ') D 2"

o€€int 0€&int
o=K|L oc=K|L
n n—1\ _n
= — E E To (Dr o2 —Dgo2""") 2.
KeT o€k
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Using the equations (5.1) and (3.5) and some discrete integration by parts we get

1< Y m(K) (e = W) = (wh ' = (@) 2k = =At Y 7 Dico (u"y(v")) Dico2"
KeT Uegint
o=K|L

= At Z Z To D 02" Uy (v ).

KeT oelk
It remains to apply once more (5.1) and the inequality y(vf) < 1 for all K € T together with (3.12)
and we end up with

[<-At > m(K) (uh — (W) wgr(vk) = = At{lumy v [F2q) + At () [y (") 10

KeT

< = At By + Mm@ (5.4)
Gathering (5.3) and (5.4) we obtain
N(u" = (u"))? + 28 [[u" \/7(v") [ 120y < N (@™ = (u))? + 248t m() ("),

We sum over n the above inequality, such that, it holds:

n_ n _ (2,0\)2 0\2
1%2%3(%]\[(“ +2ZAtHu /(v HLQ < N(® — (@)% + 2T m(Q) (u°)>.

We now apply the Cauchy— Schwarz mequahty, Lemma A.1 in Appendix A and the discrete Poincaré—
Wirtinger inequality (see [5, Proposition 1]) and we have

N(u® = (u))? = |07 = Y m(K)(uf — (u°)) 2k

KeT
o\ /2
< (Z m(K) [uf — (u°)] ) 120 2@y < Clle® = @) 2y 1o, (5:5)
KeT
for some C' depending only on  and (. Thereby, combining (5.5) with the previous inequality we
deduce (5.2). n

Remark 5.3. The counterpart of Proposition 5.2 in a continuous setting, given by the equation (2.9),
only requires the (H')" norm of the initial data (minus its mean) while here the obtained inequality
depends on its L? norm. To discuss this divergence, let us first introduce the zero-mean L? set

L3() = {w € L(Q) : (w) = 0}.

In the proof of Proposition 5.2, the L? norm of the initial data arises in (5.5), where we obtain the
continuity of the discrete projection given by (3.4) and (3.3),

7w € L3(Q) — Z 1K / wdz € Hr, (5.6)
KeT

when 77 is endowed with the norm N, and L%(Q) is naturally endowed with the L? norm. However,
one cannot hope in general to obtain the continuity of the discrete projection w7 when extended and
seen as an operator from ((H')'(Q), [ - g1y ) to (H7,N), as showed in the counter-example given
in Appendix B. Actually, while N seen as a dual norm (see Lemma 5.1) and the norm || - ||(z1y/(q)
share formal similarities, they are quite delicate to compare. One reason is that the intersection of the
dual sets Hy and H'(Q) is trivial.
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We could however slightly weaken the assumption u® € L?(Q2) by u" € LP(Q2) for some convenient
p < 2. Indeed, it is sufficient in the estimate (5.5) to apply Holder’s inequality as follows

> m(K) (uhe — () 2% < [lu® — ()| o) 112°] Lo (),
KeT

with 1/p+1/q = 1. Then, depending on the space dimension d = 1, 2 or 3, one can readily obtain the
convenient exponent p < 2.

Corollary 5.4. Assume (H1)-(H4) and let D be an admissible mesh satisfying (3.2). Then, there
exists a constant C > 0 which depends on u°, v°, 8, 6, T, Q and { such that

N
K)h(u% 4 At n n)|2
1£zlg}fvTKeTm( Jhuic) + nz::l |\/1T(v)|1,2,¢

2

Nt " — ,Unfl
n
_ < (C. .
+ max oo +e Z At||— =0 (5.7)
n=1 L2(Q)

Proof. As already mentioned, in order to establish (5.7), the main idea is to use the entropy in-
equality (3.14). For this purpose we need to bound from below the term —u}j v} appearing in the
definition (3.10) of the functional H. In the sequel we denote by 2" the unique solution to (5.1)
associated to u™ — (u"). We have the following relations

> m(K)ujvi = Y m(K)(uf — ()i + Y m(K) (u’ )

KeT KeT KeT
= - Z Z To Dic o 2" vl + (u®) Z m(K) vl
KeT o€k KeT
= Z To Di 02" Dg g0" + (uo) Z m(K) vi.
0€Eint KeT
o=K|L

Applying Young’s inequality we obtain
N(u™ — 0\\2 )
=Y mm) g > L S
KeT p
Therefore, thanks to Proposition 5.2 we deduce that there exists a constant C' > 0 only depending on
u?, T, Q and ¢ such that

(> B

vy anH%?(Q)‘

n ,n c <u0>2 n ﬂ n |2 4 n\2
Hu"v") > —— — + E m(K) | h(uy) + =|vg|* ) + = E T (Dgv™)=.
0 B P 4 4
€T oe€
Hence, the inequality (5.7) is a simple consequence of the above estimate, the entropy production
inequality (3.14), Lemma A.1 and Lemma A.2. |

Proposition 5.5. Assume (H1)—(H4) with ¢ > 0 and let D be an admissible mesh satisfying (3.2).
Then there exists a constant C > 0 only depending on u°, 1%, B8, ¢, 6, T, Q and ¢, which blows-up as
€ — 0, such that

2
Jol- +7) = o Miamorn SC7 € (0,AL), (5.8)
where v € Hp denotes the piecewise constant in time function associated to the solutions v™ of (3.6)

for 1 <n < Nrp.
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Proof. Following, for instance [27], we first notice that it holds

/TT/ (v(z,t+7) —v(x t))2 dzdt < %T:/TTX (t,t+7)dt Z m(K) (v — o™ 1)2
" ¢ | | =t o KeT R

where
1 if nAt € (¢t + 7],
ntat+ - .
Xn(t:t+7) {0 it nAE ¢ (£t + 7.

Let us observe that by construction we have

T—1
/ Xn(t, t+7)dt < 7.
0

Thus
T—1 Nt
/ / (v(z,t 4+ 7) — v(2,1))? dedt < 7 Z Z m(K) (v —op )2,
0 Q n=1KeT
Thanks to Corollary 5.4 we deduce that there exists a constant C' > 0 only depending on u, v°, 3, «,
5, T, Q and ¢ such that (5.8) holds. ]

6. Proof of convergence of the scheme

6.1. Compactness properties

Let the discrete time derivative of a function w € Hp,, be given by
w"(z) — w" ()
Aty,
Proposition 6.1. Assume (H1)-(H4) and € > 0. Let (Dp)men be a family of admissible meshes
satisfying (3.2) uniformly in m € N. Let (U, Vm)men be a family of finite volume solutions to (3.4)—

(3.5) obtained in Theorem 3.1. Then, there exists u € L°(0,T; LY () and v € L*°(0,T; H(Q)) N
HY(0,T; L?(2)) two nonnegative functions such that, up to a subsequence, as m — 0o we have

of'w(z,t) = for (z,t) € Q X (tn_1,tn].

Uy — U weakly in LY(Qr),
I strongly in L*(Qr),

V", — Vo weakly in LQ(QT)y

Oy, — Opv weakly in L2(QT)7
Y (vm) = uy(v)  weakly in LX(Qr). <

Proof. All the convergence properties stated below occur up to the extraction of a subsequence when
m — oo. The existence of a non-negative function u € L'(Q7) such that the convergence result (6.1)
holds, is a direct consequence of (5.7) and the Dunford—Pettis theorem. The weak L'(Q7) conver-
gence and the mass estimate (3.12) show that u € L°°(0,T; L' (2)) and that mass is conserved at the
limit. Now, the existence of a function v € L?(Qr) satisfying (6.2) is a consequence of Corollary 5.4
and Proposition 5.5 in conjunction with a Kolmogorov compactness theorem in L?, see [27, Theo-
rem 3.9, Theorem 4.2]. This convergence implies that v,, — v a.e. in Qp, so that v is a nonnegative
function. Moreover, Corollary 5.4 yields the existence of a function w such that Vv, — w weakly
in L?(Qr). Then, we readily show that in the sense of distribution it holds w = Vwv. The fact that
v € L>®(0,T; H'(Q)) is a consequence of the entropy inequality (3.14) and the Ls.c. of the L? norm.
Applying once more Corollary 5.4 allows us to observe that the sequence (9], )men is uniformly
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bounded in L?(Qr), which yields the convergence result (6.4). Finally, for (6.5), we first notice that
Uy, — u weakly in Ll(QT). Besides, since the sequence of nonnegative functions (v, )men converge
a.e. in Q7 and since the function ~ is continuous then

Y(m) — y(v) a.e.in Qr and su% H'y(vm)HLoo(QT) <1.
me

Hence, thanks to Lemma A.3 we conclude that u,,y(v,) — uy(v) weakly in L'(Q7). Finally, using
again the uniform bound on ~(v,,) we deduce from Proposition 5.2 that the sequence (Y (vVm))meN
is uniformly bounded in L?(Qr). We can then improve its weak convergence and obtain (6.5). [ |

6.2. Identification of the limit

We can finally prove the convergence of the scheme.

Proof of Theorem 3.3. It remains to show that the functions v and v obtained in Proposition 6.1
are weak solutions to (1.1)—(1.5) in the sense of Definition 2.1. In order to prove that v satisfies (2.3)
we refer for instance to [27, Theorem 4.2]. Now, let o € C2°(Q x [0,7T")) with Vv = 0 on 90 x [0,T),
we multiply (3.5) by Atmgo}l(_l where go’}{l = ¢(rr,th—1), we sum over K € T, and 1 <n < Np, and
we obtain F" + F3" = 0 where

Nt
F" =% > m(K)(uf —uj ") Z > om k) = Y m(K) ufeg,
n=1KeTm n=1KeTmn KeTm

and

ZAtm Z ZTO' DKO'U’ ’7( ))QD

KeTm o€k
Let ¥m(z,t) = (V% — o5 )/Atm forall z € K, K € T, and t € (t—1,t,] and ¢2,(z) = ¢Y% for all
x € K. Then, since ¥, — 0y in L®(Qr) and ¢2, — ©(-,0) in L>®(Q), using the convergence results
of Proposition 6.1 one obtains that, up to a subsequence,

F" + uyp dadt —I—/ u®(x)p(x,0) da
Qr Q

= / (uOpp — Um ) dadt + /Q(uo(x)go(a:,()) —ul (2)% (x))dz — 0 as m — oo.

T
Now, we rewrite Fj" as

n—1 n—1

Y — Pk
=-3 Z Aty Y- m(0) (ufe o (Vi o) = wher(vR)) g
= a
Let us now introduce the followmg quantity

F}l = Z At /Q UmY(vm) Ap(x,ty—1) dx
=Y Aty Y uf(v /Awl“tn1d

=53 At Y (uier(vk) — e A(0Re0)) [ Teplsitas) - vica ds.
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Thanks to the weak convergence, up to a subsequence, in L?(Q7) of (tm ¥(vm))men towards uy(v) we
obtain

Fl— / uy(v) Apdzdt  as m — oc.

Besides, we notice that the term FQ’" + F3 can be rewritten as

By + Fji = 2 Aty Y- m(0) (ufy (Vi) — uke 1 (VR o)) RE
o€l
where
—1 n—1
_ 1 Vo ~ PK
R"l:zi/v ytn—1) - ds — —————.
T (o) J, VA ) e o T

Using the regularity of ¢ we deduce that there exists a constant C' > 0 only depending on ¢ such that

This yields

R < o,
Nt
|F5" + F3i| < Cnn Y Aty >
n=1 o€€int

)| (Vekr(wk) + i) (Vo) = yJuia o) |
o=K|L

Now, thanks to Cauchy—Schwarz inequality and the discrete entropy estimate (3.14) we obtain the
existence of a constant, still denoted C, independent of 7,, such that

1/2

B < O | S5 A S m(a)d, (W%(«)@Wum(vz))g

n=1 o€€int
o=K|L

We estimate the remaining term as follows

Nt
> Aty > m(o)ds <\/u”K’y(v?<) + \/u}ffy(v}j)>
n=1

0€Einy
o=K|L

2

Nt
<23 Aty Y m(o)d(zk,zr) (uiy(vi) +upy(vp))

n=1 g€Eint
o=K|L
Nr
<2Y Aty Y ufy(vk) Y m(o)d(zk, ),
n=1 KeTnm O'Egint,}(

where, using furthermore the regularity assumption (3.2), we observe that in two space dimensions we
have

Y me)d@x. o) < - Y mlo)d(ak.o) < 2m(K),
Uegint,K C UESint,K C
so that
Ny 2 4 N
S AL, S m(a)dg<\/u’}<’y(v?()+\/ug'y(v2)> <2 Aty S m(K) uy(vf).
n=1 O'Egirrz n=1 KETm
o=K
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Applying once more the Cauchy—Schwarz inequality and the estimate y(v}) < 1 for all K € Ty, we
obtain

, _ Ny 1/2
Z At Z m(co)d, <\/u7}<’y(v}‘<) + \/u%v(v}j)) < @ (2—31 Atm”“m\/m"%?@))) :

o€€int
o=K|L

We end up with the following estimate

1/4
20 1/4
|F5" + Fop| < Im Cl/g (Z Aty ||tmy /Y (Vi ”L2(Q)) M-

Finally, the discrete duality estimate (5.2) allows us to conclude that
F"+ F57 — 0 as m — o0.
This finishes the proof of Theorem 3.3. |

7. Asymptotic preserving property of the scheme

This section is dedicated to the proof of Theorem 3.5. For this purpose we will first adapt at the
discrete level the estimate (2.11). We define for every 0 < n < Np — 1,

v = o
=2 VK . 7.1
Then, using the equation (3.6), we deduce that wf, satisfies for all 1 <n < Np —1,

n—1 n—1

6m<K)% + pm(K)whk = 9§ Z ToDr sw" + m(K)%, VKeT. (7.2)
Kefgk

Throughout this section, for each 0 < n < Np — 1, we introduce the unique element z" € ’ﬁT such
that

— Z To Dgo2" = m(K)(wyg — (w")), VKeT.
cefk

Proposition 7.1 (Discrete counterpart of (2.11)). Assume (H1)—(H4). Then, for each1 < n < Np—1,
the following estimate hold

) " n € (Dgz”)2 — (Dgzn_1
QKQPNK)WK—@U»2+22;% N +5Z;% o2"
< o= 3 m(E) (ufer(v) — (0P (73)
KeT

Proof. First, we rewrite for every K € 7 the equation (7.2) as

n—1
em(K) K YK | (Kt

At
=06 Y, Do (w" — (W")+ D uDio(u"y(v") = (")),

oeli o€l
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multiplying this relation by 2% and summing over K € T we obtain the equation I; = I where

w — wi

Il—&‘z K K K+BZ K)wk 2k,
KeT KeT

I,=56 Z Z ToD o (W™ — (w™)) 2% + Z Z ToDg o (u"y(0") — (u"yv")) 2.
KeT oelk KeT o€k

For I, since (z") = 0 we have

wh — (™)) — wn—l_ wn—l
Ilzstm(K)( i = (") A(tK < >)z?(+5zm(K)(w?<—(w”>)Z?(

KeT KeT
€ _
=% Z Z Ty (DKUZ” —Dg 2" 1) 2 — Z Z ToDK 2" | 2.
KeT \o€efi KeT \o€e€i

Therefore, thanks to a summation by parts we have

I3
I = A Z Ty (DKJZH - DK’an_l) Dro2"+ Z Ty (Dg2"™)?.
o€t 0€Eing
oc=K]|L oc=K|L

It remains to apply the elementary inequality 2a(a — b) > a® — b? for every a and b € R and we get

D,z"t
Z O' AEJ + B Z Ta Dy2"

UGS el
Now, for I» we use two discrete integration by parts to obtain

Iy =0 (wi— W) Y 7Dkez"+ Y (upy(wi) — uy(w") > 7eDx 2"

KeT o€lk KeT o€lk
= =5 > m(K) (wi — (w")® = Y m(K) (uhy(vk) — @"y(©")) (wk = (w™)).
KeT KeT

Hence, thanks to Young’s inequality we end up with

B<— 3 mlK) (wh — (W) + 5= 3 m(E) (o) — (" (0)°.
KeT KeT
Thus, combining (7.4) and (7.5) yields (7.3).

Proposition 7.2. Assume (H1)—(H4). Then, the following estimates hold: when & > 0,

Np—1 2 2Nt
— w2 m(Q) (W) = B°) B 1
5 gt <22 (H1290)' (1o () )

2 &
+5 Z_%AtHu"’y(v") — (WY (V" ) 720

and when € = 0,
Nr—1

Z At - m(K) [wil* < < ZAtHu V(") = ()12

KeT

Proof. Thanks to the estimate (7.3) and Young’s inequality we have for each 0 <n < Np — 1

D3 mlE) W < S m(@) ) 4 o Y m(K) (her(v) — (a0
KeT KeT
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so that
NT 1 NT 1
Z At Z |wK|2 < 2m(92 Z At (w ZAtHu (v (u”’y(v"»”%g(m. (7.8)

KeT
Let us now estimate the first term in the rlght hand side of (7.8). For this purpose, we use (7.2) and
the mass conservation (3.12) to compute for any 1 <n < Np — 1,

(e + BAL) (w") = e(w™ ).
When ¢ = 0 we get that (w™) = 0 for any 1 < n < Np — 1, so that (7.7) is a straightforward
consequence of (7.8). Now when ¢ > 0, a direct induction leads to, for 1 <n < Np — 1,
fwry = 0
(148"
where & := %. Besides, by definition of w and using (3.13) at n = 1 we have

_1 (), 1 (u”) _ (W) =B 1
@)= g (5 + e (00 ) - o) = A0 e

Thus, we can compute

Nr—1 0 oyy2  Nr-l
((u”) = Blv 1
> At<w”>2:— ty (14672
n=0 52 n=0 1 + § +
where
1 1 1
Ay Bl i el i Sl (e
noHHW (1+6° -z 26 1+§ 28 14§
Hence, it holds
Nr—1 0 2 2NT
- 1
5 artn <22 (12 s =
Now, we combine the estimates (7.8) and (7.9) and we obtain (7.6). |

Corollary 7.3. Assume (H1)-(H5) and let D be an admissible mesh satisfying (3.2). Then, there
exists a constant C' > 0 only depending on d, B, T, Q0 and ¢ such that

Nr—1 n+l _ . n
Aty m(K) | N Kl <0 (01)+1). (7.10)
n=0 KeT

Proof. The result is a direct consequence of Proposition 7.2, the definition (7.1), the duality esti-
mate (5.2) and assumption (H5). |

We can now make use of these uniform estimates to show the AP property of the scheme.

Proof of Theorem 3.5. The result is a direct consequence of the previous uniform estimates and
a slight adaptation of the computations done in Section 6.2 in order to identify the limit functions as
weak solutions to the quasi-stationary system in the sense of Definition 2.1. |
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8. Numerical experiments

8.1. Implementation

The scheme was implemented in dimension d = 1 and d = 2 using Matlab. The code is available at
https://gitlab.inria.fr/herda/fvlocsens. For bi-dimensional simulations, we use unstructured
triangular meshes generated by Gmsh with a Delaunay algorithm, interfaced with Matlab through the
code available at https://gitlab.inria.fr/herda/fvmeshes. As the scheme is linearly implicit it
involves one resolution of linear system per species per time step. The matrix for the equation on u
depends on the second species and must be reassembled at each time step. In order to optimize the
computational cost, the mass and the stiffness matrices should be preassembled outside of the time
loop.

8.2. Testcase 1. Convergence and entropy decay

In this first testcase we illustrate and complement our theoretical convergence result with an exper-
imental convergence test in dimension d = 1. The domain is taken to be the segment © = [0,1], on
which we consider the system (1.1)—(1.5) endowed with the parameters

e=10"3, =103, B=0.1,

and the initial conditions
u’(z) = 152%(1 — 2)?, %(x) = 0.

We solve the scheme (3.5)—(3.6) to compute an approximate solution of the initial system at final time
T = 20. We run the scheme for a sequence of decreasing space steps. More precisely the number of
points is Nj, = 50-2F for k = 0,...,6. The time step At = 10~* has been experimentally chosen small
enough so that spatial errors dominate. As we do not know the analytical solution for this system, we
take as reference solution the computed solution on the finest mesh (3200 cells). Then the error for the
k-th mesh is taken to be the L? or L™ distance between the k-th solution and the reference solution
projected on the k-th mesh. The results are reported in Table 8.1. Convergence in the space variable is
experimentally observed. This illustrates the result of Theorem 3.3 and suggests, as expected (see [22]),
a second order accuracy in space. In fact, while Theorem 3.3 predicts a weak convergence in L' (for
a subsequence), the experimental observations suggest a strong convergence in stronger norms. Here
we present only one experiment, but these results were tested on multiple configurations and appear
to be robust.

TABLE 8.1. Testcase 1. Estimated errors and orders of convergence in space at final
time T = 20. Reference solution is for 3200 cells and At = 1074,

Ny | L? error | order | L error | order
50 || 6.4-1072 1.0-1071
100 | 1.5-1072| 2.1 | 23-1072| 2.2
200 | 3.7-1073| 2.0 [|6.7-1073| 1.8
400 | 9.1-107*| 2.0 ||1.7-1073 | 2.0
800 || 2.2-107*| 2.1 |[4.0-107*| 2.1

B W N~ O

On the same testcase, for the finest mesh, we report on Figure 8.1 the time evolution of the entropy
and each term in the sum composing it. This illustrates in particular the decay of the entropy as
predicted in Theorem 3.1. It also highlights that the decay of the entropy does not imply a decay
for the sum of the Boltzmann entropy for v and the H! norm of v, but is instead associated with a
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large compensation between that sum and the negative term — [, uv dz. Finally it illustrates that the
problem of establishing a lower bound for the entropy is far from artificial.

—o— H(u,v)
P~oeeomomemnas - IQ(” logu —u+1)dz
_ Lﬁﬁfﬁﬁﬂ}ag&ﬁﬁ% g Jiy [0]? dar
B O e — [ uvde
T %"%&& 18 [ Vo2 da

N T 1 A A T Hllﬁf
1072 107" 10° 10' 10* 10°
t

FIGURE 8.1. Testcase 1. Time evolution of the entropy and related quantities. The
mesh is taken as N = 3200 and At = 1072.

8.3. Testcase 2. AP property in the quasi-stationary limit

In this testcase, we investigate the limit ¢ — 0. We start again from the domain = [0, 1] and the
parameters are taken as 6 = 1073 and 8 = 0.1. We consider three different initial conditions which
are more or less well-prepared with respect to the limit equation. The first initial condition, which we
refer to as the strongly well-prepared (SWP) initial condition, is given by

ul(z) = 152%(1 — 2)2, =64 () + p°(z) = u®, B = (u°). (8.1)

It satisfies assumption (H5) and moreover v° and u® satisfy the limit Poisson equation. The second
initial condition, which we shall refer to as the well-prepared (WP) initial condition is

uw(z) = 152%(1 — )%, BO(z) = (). (8.2)

Once again assumption (H5) is satisfied, however —dAv®(z)+ v (x) # u’. The third initial condition is
referred to as the ill-prepared (IP) initial condition and coincides with that of the previous convergence
test case, namely

u(z) = 152%(1 — )%, 2%(z) =0. (8.3)
In this case assumption (H5) is not satisfied. We simulate the equation on a uniform one dimensional
mesh composed of 3200 cells with final time T = 100. As we want to emphasize the initial layer at
t = 0 which may arise depending on the compatibility of u° and v° with the limit equation, the time
step is taken of the order of 1078 until time 10~2. Then, on the time interval [10~2, T] the time step
is taken to be At = 1072,

On Figure 8.2, we show the evolution of the approximate solution at different times, in the cases
e =10"! and € = 0, for the ill-prepared initial condition (8.3).

On Figure 8.3, we show [|(9v)|12(0,7) With respect to ¢ for the different initial data. This is an
illustration of (2.12) and its discrete counterpart (7.9). Whenever the well-preparedness assumption
(H5) is not satisfied then [[(0;v)||12(0,1) tends to +o00 as e — 0.

On Figure 8.4 we plot the evolution of the error between the solution to the scheme and the solution
of the limit (¢ = 0) scheme as € — 0 with respect to time for different values of ¢ and different initial
data. Even if this does not per se illustrate the conclusion Theorem 3.5 (as the time and step size are
fixed here), the interesting point is that convergence in L?(Q7) norm is satisfied under (H5). However
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FIGURE 8.2. Testcase 2. Snapshots of the chemoattractant v (red), and the density u
(dashed blue), at time ¢ € {0, 10,20, 100} for e = 10~ (top line) and € = 0 (bottom
line). The initial condition is u’(x) = 152%(1 — x)?, v%(x) = 0.
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FIGURE 8.3. Testcase 2. Time derivative of the chemoattractant concentration in the
quasi-stationary limit for ill-prepared (8.3), well-prepared (8.2), and strongly well-
prepared (8.1) initial conditions.
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it is not necessarily satisfied in L°°(0, T'; L?(£2)) norm under the same hypothesis. It holds only for the
strongly well-posed initial data (8.1) where the limit equation is enforced on the initial data which
prevents an initial boundary layer. A more surprising observation is that the L?(Qr) convergence is
also satisfied for the ill-prepared initial condition. This suggests that our assumption (H5) might be
weakened.

Strongly well-prepared (SWP) Well-prepared (WP)

101 101 R S S
1072 1072
1075 107°
108 1% 10-8
10°% 107° 102 101 10°%  107% 102 10!

L*(Qr) and L>(0,T; L*) distance

10" ¢ o—o—g-P
\/’j:j’ -
1072 }/:Cfij\t |o- L
oo - - L2 WP
L}; SWP
1075 F —o— L& 1P H
—&— L7 WP
L>*; SWP
-8 | —8 | | I I
Yo 105 w02 o U0 0 10 10!
¢ £

FIGURE 8.4. Testcase 2. Time evolution of the error (in log-log scale) between the
chemoattractant density v for a given € and the quasi-stationary case € = 0. (Top left)
L?(9) distance vs time for the strongly well-prepared (SWP) initial data (8.1), (top
right) L?(£2) distance vs time for the well-prepared (WP) initial data (8.2) and (bottom
left) L2(Q) distance vs time for the ill-prepared (IP) initial data (8.3). On the bottom
right plot we show the corresponding L?(Qr) and L>°(0,T; L*()) errors with respect
to € for the three initial data.

8.4. Testcase 3. Instabilities in 2D

In this testcase, we investigate numerically the linear stability of homogeneous steady states in a
bi-dimensional domain. Given p > 0, consider the homogeneous steady state

(12, 02) = (1, 11/ B). (8.4)
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A straightforward adaptation of the linear stability analysis performed in [20, proof of Theorem 3.1]
and [19, Theorem 3.2] yields that (8.4) is asymptotically linearly stable if and only if

p<pg with pg =8+ A ()4, (8.5)

where A\1(2) > 0 is the first non-zero eigenvalue of the Laplacian (—A) in € with homogeneous
Neumann boundary conditions. This linear stability analysis can be transposed in the fully discrete
setting. This yields, independently of At > 0, the same stability condition as (8.5) where A\;(Q) is
replaced with the first non-zero eigenvalue of the finite volume Laplacian L associated with the mesh,
defined by

To

Lick = Socenne iy VKT
Ly, = — Z(), VK eT,VLeNK), o=KL (8.6)
Ly, =0, VK eT,VL¢NK).

The space domain €2 is taken as a (polygonal approximation of) a circle of radius R = 1 centered at

2
the origin. In a disk domain of radius R the principal eigenvalue of the Laplacian is A\ (2) = ( Jia/ R)

with j] ; ~ 1.8412 the first non-zero root of Ji, with J; the first Bessel function. The parameters are
taken to be R =6 = e =1 and 8 = \1(Q)/R? ~ 3.39. This yields u$ = 283 ~ 6.78.

The initial data is taken to be a perturbation of (u,, v.). In polar coordinates with origin at the center
of the disk, we set either a perturbation with the first non-trivial mode of the Neumann Laplacian

uO(r,0) = p, 0(r,0) = u (1 + Cofée) J1 < /\1(9);)) ; (8.7)

or the third non-trivial mode of the Neumann Laplacian (which is a radially symmetric function)

WO, 0) =, O(r,0) = (1 + %Jg <m;)> . (8.8)

We test several values of p that are

(@) p=09pz,  (b) p=11pz, () p=4u.

For the initial data (8.7), linear instability is expected in cases (b) and (c) since p > p2. For the second
initial data (8.8), linear instability of the corresponding third eigenmode of the Neumann Laplacian is

expected only in case (c) where one has 4u? > S+ A3(€2)d with our parameters. Here A3(€2) = (j671/R)2
with jj, ~ 3.8317 the first non-zero root of .J.

The domain is meshed with 11790 triangles, the time step is taken to be At = 0.1 and the final
time of simulation is 7" = 50000. Let us precise that the mesh does not preserve any sort of radial
symmetry of the domain.

On Figure 8.5 and Figure 8.6, we report snapshots of the solution at different times for the initial
data (8.7) and (8.8) in the case (c¢) p = 44, so that both cases are linearly unstable with a different
perturbation. As expected, the solution deviates largely from the homogeneous equilibrium and tends
to localize in parts of the domain.

On Figure 8.7 we show the evolution of global quantities. In the stable case (8.7) (a), we plot the
time evolution of the (discrete counterpart of the) relative entropy with respect to the homogeneous
steady state

H((u,v); (ug,vi)) = /Q {(u — uy) log (;) + g\v — 0% = (u—u) (v — ve) + g IVo|?| dz.

*

We observe exponential decay of this quantity which illustrates the exponential asymptotic stability
of the homogeneous steady state for this set of parameters. In the unstable cases, namely (8.7) (b),
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FIGURE 8.5. Testcase 3. Snapshots of the solution density u (left) and chemoattractant
v (right) at different times ¢t = 2000, 5000, 50000 (top to bottom). Initial data is (8.7)
with (c) p = 4ps.
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(8.7) (c) and (8.8) (c), we show the time evolution of the L* norms with respect to time. The L*>
norm of u is monotonically increasing for all three simulations.

In fact, we recall that the literature [15, 32, 33, 40] predicts a dichotomy between uniformly bounded
solutions and possible infinite-time blow-up. However, from our observations it is challenging in practice
to judge whether a blow-up phenomenon is actually detected for a given set of parameters. Indeed,
in regimes where the homogeneous steady state is unstable, both below and above the critical mass
threshold, we observe aggregation patterns that appear qualitatively similar. At the discrete level,
we emphasize that the growth of ||u||pe is constrained by positivity and mass conservation, and on
coarse meshes this quantity may saturate. Moreover, even in parameter regimes where blow-up is
theoretically expected, the growth of ||u||z is extremely slow, in line with the infinite-time blow-up
scenario, and hence difficult to distinguish from a merely bounded but increasing solution. A thorough
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FIGURE 8.6. Testcase 3. Snapshots of the solution density u (left) and chemoattractant
v (right) at different times ¢ = 2000, 5000, 50000 (top to bottom). Initial data is (8.8)
with (¢) p = 4pu?.

numerical investigation of this phenomenon, including refined meshes and adaptive strategies, will be
the subject of forthcoming work.

8.5. Testcase 4. Aggregation in large domain

We reproduce here the testcase of [20, Section 4.2.2] in order to illustrate the use of the scheme for a
non-exponential cell motility. The latter is taken to be

1
1) =
with ¢ = 1 and k£ = 2. The space domain 2 is taken as a square with edge of length R = 10. The
parameters are taken to be ¢ = f = 1 and 0 = 3/(5 x 14.6819) The initial data is taken to be a
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FIGURE 8.7. Testcase 3.(Left) In the stable case (8.7) (a): time evolution of the relative
entropy between the solution and the homogeneous steady state. (Right) In the unstable
cases (8.7) (b), (8.7) (c) and (8.8) (c): L* norm of u versus time.

perturbation of the homogeneous steady state (uy,v,) defined in (8.4) with p =4
W(z,y) = p, 0(2,y) = 05+ X(2,y)),

where 0 < X (z,y) < 1 is the realisation of a random variable with uniform distribution. The value
of the parameter § has been chosen in order for the homogeneous steady state to be linearly unstable
as in the previous section. The domain is meshed with 14788 triangles, the time step is taken to be
At = 0.1 and the final time of simulation is 7" = 20000. Let us point out that compared to [20,
Section 4.2.2], we can handle a non-uniform mesh and a coarser time step. For the latter point, we
recall that our semi-implicit scheme is unconditionally stable, unlike the explicit scheme used in [20,
Section 4.2.2]. On Figure 8.8, we show the evolution of the density with respect to time. As pointed
out in [20, Section 4.2.2], we observe aggregation in spots which tend to merge in time.

Appendix A. Auxiliary results

Lemma A.l. Let T be an admissible mesh of Q satisfying (3.2) and w € H' (). Then, the vector
(wi)keT € H1 with wr = m(K)™! [, w(z)dz satisfies

> m()fwwl < | @) da.

KeT

Proof. Thanks to Jensen’s inequality we have

) m(K)|wK|2—/Q\w(x)|2dx: 3 (m(lK) (/Kw(x) da:)2/K|w(x)|2dx>

KeT KeT
_ K;T (m(K) </Kw(x) m‘zz)f _ /K w(z)|2dx>
< Ig (m(K)/K ()2 m(?f() _ /K \w(x)|2d:r> _o.
This finishes the proof of Lemma A.1. [ ]
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FIGURE 8.8. Testcase 4. Snapshots of the density at times (left to right, top to bottom)
t = 25, 50, 75, 100, 200, 300, 500, 1000, 2000, 4000, 8000, 20000. The color scale varies
between each subfigure.
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Lemma A.2 (see [27, Lemma 3.4]). Let T be an admissible mesh of Q satisfying (3.2) and w € H* ().
Then, there exists a constant C > 0 only depending on Q and ( such that the vector (wig)keT € H1
with wg = m(K)™! [ w(x)dz satisfies

Y 7(Dow)? < CllwlF g
oce€

Lemma A.3 (see [29, Proposition 2.61]). Let (X, M, ) be a measurable space with p finite. If u, — u
weakly in LY(X), v, — v pointwise for u a.e. x € X, and sup,, [vnllLoe(x) < 00, then upvy — uv
weakly in L*(X).
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Appendix B. On the continuity of the discrete projection

Proposition B.1 (Continuity of the projection, counter-example). Let Q = (—1,1) and, for m > 2,
let T be given by the reqular grid, T = {(TI)‘;, k'H) , —m<k<m-— 1}. Then,
N
sup N(m7u) = 00. (B.1)
we(ary (@) vl @)
Proof. Let r >m and u =01 — d_1. Clearly (u) = 0 and for any ¢ € H(Q), we have
1 1 ;

wor=o(3) -0 (-3) = [,¢ < il

: 2
so that u € (H'Y() with [[ul z71(a) < ¥2.

On the other hand, when projecting u on the grid T, using that r > m we get that myu = m1(07i) —
ml( 0)° We then pick the test function 6 = Zf( 0,1) — 1(,170)) and verify that 6§ € Hr with

=1, so that, using Lemma 5.1, we get

1
N(mru) > ’/ mrufde| =
-1

Taking r = Am? with A > 1, we obtain

1

Nk

N (mu) < Am
ullggry =V 27
and we conclude by letting A tend to infinity. [ |
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