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Abstract

In this work we present the convergence of a positivity preserving semi-discrete finite
volume scheme for a coupled system of two non-local partial differential equations
with cross-diffusion. The key to proving the convergence result is to establish positivity
in order to obtain a discrete energy estimate to obtain compactness. We numerically
observe the convergence to reference solutions with a first order accuracy in space.
Moreover we recover segregated stationary states in spite of the regularising effect
of the self-diffusion. However, if the self-diffusion or the cross-diffusion is strong
enough, mixing occurs while both densities remain continuous.
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1 Introduction

In this paper we develop and analyse a numerical scheme for the following non-local
interaction system with cross-diffusion and self-diffusion
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o D €dp

E = 8x <,0— (Wiixp + Wipxn +v(p + 1)) + 53_>

o _ 9 (W*—i-W* +v(p+n) + ¢ o M
97 ax T) 22%1) 21%P0 pTn 2 x

governing the evolution of two species p and  on an interval (a, b) C Rforr € [0, T).
The system is equipped with nonnegative initial data p°, n° € Lﬂ_(a, b) N LY (a, b).
We denote by m the mass of pg and by m, the mass of 1, respectively,

b b
mi =/ po(x)dx, and mo :/ no(x) dx.
a a

On the boundary x = a and b, we prescribe no-flux boundary conditions

9

S (Wiixp + Wiaxn +v(p + 1) +€p) =0,
9

Uy (Waoxn + Warxp +v(p + 1) +€n) =0,

such that the total mass of each species is conserved with respect to time t > 0.
While the self-interaction potentials W1, Way € Cg(R) model the interactions among
individuals of the same species (also referred to as intraspecific interactions), the cross-
interaction potentials Wya, Wp; € Cg (R) encode the interactions between individuals
belonging to different species, i.e. interspecific interactions. Here C,f (R) denotes the
set of twice continuously differentiable functions on R with bounded derivatives.
Notice that the convolutions W;;xyr, with i a density function defined on [a, b],
are defined by extending the density ¥ by zero outside the interval [a, b]. The two
positive parameters €, v > 0 determine the strengths of the self-diffusion and the
cross-diffusion of both species, respectively. Nonlinear diffusion, be it self-diffusion
or cross-diffusion, is biologically relevant. As a matter of fact, around the second
half of the twentieth century biologists found that the dispersal rate of certain insects
depends on the density itself, leading to the nonlinear diffusion terms we incorporated
in the model, cf. [13,32,34,36,37]. At the same time we would like to stress that the
self-diffusion terms are relevant for the convergence analysis below.

It is the interplay between the non-local interactions of both species and their
individual and joint size-exclusion, modelled by the non-linear diffusion [4-6,10,12,
40], that leads to a large variety of behaviours including complete phase separation
or mixing of both densities in both stationary configurations and travelling pulses
[11,19].

While their single species counterparts have been studied quite intensively [15,
21,35,41] and references therein, related two-species models like the system of our
interest, Eq. (1), have only recently gained considerable attention [11,17,19,24,25].
One of the most striking phenomena of these interaction models with cross-diffusion
is the possibility of phase separation. Since the seminal papers [5,33] established
segregation effects for the first time for the purely diffusive system corresponding
to (1) for W;; = 0,1, j € {1,2} and € = 0, many generalisations were presented.
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This includes reaction-(cross-)diffusion systems [3,7,17] and references therein, and
by adding non-local interactions [2,11,19,24] and references therein. Ref. [24] have
established the existence of weak solutions to a class of non-local systems under a
strong coercivity assumption on the cross-diffusion also satisfied by system (1).

Typical applications of these non-local models comprise many biological contexts
such cell—cell adhesion [16,38,39], for instance, as well as tumour models [26,31], but
also the formation of the characteristic stripe patterns of zebrafish can be modelled
by these non-local models [42]. Systems of this kind are truly ubiquitous in nature
and we remark that ‘species’ may not only refer to biological species but also to a
much wider class of (possibly inanimate) agents such as planets, physical or chemical
particles, just to name a few.

Since system (1) is in conservative form a finite volume scheme is a natural choice
as a numerical method. This is owing to the fact that, by construction, finite volume
schemes are locally conservative: due to the divergence theorem, the change in density
on a test cell has to equal the sum of the in-flux and the out-flux of the same cell. There
is a huge literature on finite volume schemes, first and foremost [28]. Therein, the
authors give a detailed description of the construction of such methods and address
convergence issues. Schemes similar to the one proposed in Sect. 2 have been studied in
[9] in the case of nonlinear degenerate diffusion equations in any dimension. A similar
scheme for a system of two coupled PDEs was proposed in [22]. Later, the authors in
[14] generalised the scheme proposed in [9] including both local and non-local drifts.
The scheme was then extended to two species in [19]. All the aforementioned schemes
have in common that they preserve nonnegativity—a property that is also crucial for
our analysis.

Before we define the finite volume scheme we shall present a formal energy estimate
for the continuous system. The main difficulty in this paper is to establish positivity
and reproducing the continuous energy estimate at the discrete level. The remainder
of the introduction is dedicated to presenting the aforementioned energy estimate. Let
us consider

d b b 3,0
— 1 dx = 1 —d
dl/gﬁngx /a ogp - dx

b

9 0

=/ logp — | p— (Wiixp + Wiasn +v(p + 1) + €p) | dx
a ax ax

b
0 0
= —/ p — (Wiixp + Wioxn + v(p + 1) + €p) —(log p) dx,
« 0x ox
where the second equality holds due to the no-flux boundary conditions. Upon rear-
ranging we get

2
%

d/bl d+fba(+)8’)d+fb8
— 0 x+v — —dx +e€
dta,og,o aax'o n&x a |0x

- o Op
= —/ (Wixp + Wipxn) — dx.
a ox

dx
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A similar computation for 7 yields

d (b by an blanl|?
— 1 d — —d — d
dt/a Ul x+”/a ox P 5 x+6/a x|
b L
=— [ (Wixn+ Wy *p) — dx,
a ox

whence, upon adding both, we obtain

2

d/b[l +1 ]d+/baad
— (0] (0] X TV X
ar | [plogp+nlogn e

b 2 2
ap an
— — dx =D, + D,,
te /a ( ax ‘Bx ) * Pt P
where 0 = p 4+ n and
b ’ / dp
Dy:=— [ (Wixp + Wipxn) — dx,
a ax
b / ’ an
D, = —/ (Waoxn + Wy xp) — dx,
a ax

denote the advective parts associated to p and n, respectively. The advective parts can
be controlled by using the weighted Young inequality to get

b ’ / ap
a ax
1 b 2 a [P ap 2
Sg/a |W1/1*,O+W1/2*77| dx+§fa a dx,
for some « > 0. In choosing 0 < o < € we obtain
d [* bloo |
— 1 1 d —| d
) [plogp + nlogn] x+V/a |
b 2 2
a d C,+C
+ (e _ g) / o LA < M’ )
27 Ja ox dx 2a

where C,, = ||W/{ *p + W|,xn ||i2 and C, = [|Whyxn+ W), xp ||iz. From the last line,
Eq. (2), we may deduce bounds on the gradient of each species as well as on their
sum. As mentioned above the crucial ingredient for this estimate is the positivity of
solutions.

The rest of this paper is organised as follows. In the subsequent section we present
a semi-discrete finite volume approximation of system (1) and we present the main
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result, Theorem 2.4. Section 3 is dedicated to establishing positivity and to the deriva-
tion of a priori estimates. In Sect.4 we obtain compactness, pass to the limit, and
identify the limiting functions as weak solutions to system (1). We conclude the paper
with a numerical exploration in Sect. 6. We study the numerical order of accuracy and
discuss stationary states and phase segregation phenomena.

2 Numerical scheme and main result

In this section we introduce the semi-discrete finite volume scheme for system (1). To
begin with, let us introduce our notion of weak solutions.

Definition 2.1 (Weak solutions) A couple of functions (p, ) € L%(0, T; H'(a, b))?
is a weak solution to system (1) if it satisfies

b
- / po ¢ (0, -) dx

T rb 2
ap do  dVy\ dg € ,0%
= o V- + - 5= = p°— | dxdt,
/()/a|:p<at+< v3x+3x)8x LTS

(3a)

and

b
- / no¢(0, -) dx

T b 2
1) do  dVp\ dg € 5, 0%
= — —v— b4 —] — —n° —= | dxdt,
/0 /a [”(az +( Yox T 8x> ax>+2” axz |
respectively, for any ¢ € C°([0, T') x (a, b); R). Here we have set Vy = —Wj 1xp —
Wi oxn, for k € {1, 2}, and 0 = p 4 n, as above.

(3b)

Notice that the existence of weak solutions to system (1) will follow directly from
the convergence of the numerical solution. Indeed, our analysis relies on a compactness
argument which does not suppose a priori existence of solution to system (1).

To this end we first define the following space discretisation of the domain.

Definition 2.2 (Space discretisation) To discretise space, we introduce the mesh

T::UC,',

iel
where the control volumes are given by C; = [xj—1,2,x;41y2) foralli € I :=
{1, ..., N}. We assume that the measure of the control volumes are given by |C;| =

Ax; = Xit+1/2 — Xi—1/2 > 0, for all i € I. Note that X12 = a, and XN+1/2 = b, cf.
(Fig. 1).

We also define x; = (x;4+1/2 + xi—1/2)/2 the centre of cell C; and set Ax;112 =
Xi+1 —x; fori =1,..., N — 1. We assume that the mesh is regular in the sense that
there exists & € (0, 1) such that for 4 := max|<;<y{Ax;}
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Ci1 C; Cit1

—— | % | % | % | —

— | : : | :
T1/2 = 0Q Ti—3/2 Ti—1 Ti—1/2 T Tit1)2 Ti+1 Tit3/2 TNy1/2 = b

Fig.1 Space discretisation according to Definition 2.2

Eh<Ax; < h, “4)

and, as a consequence, § h < Ax;y12 < h,as well.

On this mesh we shall now define the semi-discrete finite volume approximation of
system (1). The discretised initial data are given by the cell averages of the continuous
initial data, i.e.

1 1
pi = E/c po(x)dx, and nf:= E/c no(x) dx, )

for all i € I. Throughout, we write p; (resp. n;) to denote the approximations of the
two densities on the i -th finite volume cell, C;. Next, we introduce the discrete versions
of the cross-diffusion and the interaction terms. We set

N
(V)i ==Y Axj (Wi pj + Wiy /).,
=1
(V)i 1= =Y Ax;j (Wy 'nj + Wy pj), (6)
=1
where
wi=i — L / Wi (|x; — s|)ds @)
M= Axg Jo TR ’
. J
fork,l =1, 2, and
Ui := —(pi + i), ®)

for the cross-diffusion term, respectively. Then the scheme reads

%(t) _ Fir1p@) = Fic1p(0)

dt - Ax; ’

dni = Gig12(1) = Gi—12(0)

dt @ = Ax; ’ ©a)

for i € I. Here the numerical fluxes are given by
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Fiv12() = [V (dU);i]/z + (dvl)?:H/Z:I Pi
+ [V @+ @7 ] i

2 2
€l TP
2 Axizip

Git12(t) = [V (dU),trl/z + (dV2)itr1/2] i

+ [V dU)ijyp0 + (dVZ)i_+1/2] Mi+1

2 2
€M T ’ (9b)
2 Axit1p
fori =1,..., N — 1, with the numerical no-flux boundary condition
Fipp(t) = Fns12(t) =0, and Gipp(t) =Gn412(1) =0, (9¢)

where we introduced the discrete gradient du; 11,2 as

L Uiy — U
dijyyp = ———
Axit1,2

As usual, we use (z)* to denote the positive (resp. negative) part of z, i.e.
()7 := max(z,0), and (z)” := min(z, 0).

At this stage, the numerical flux (9b) may look strange since

e the cross-diffusion term is approximated as a convective term using that

0 8(+)_8 do
0x paxp 7 T ox pax

with 0 = p + n and g—g is considered as a velocity field. This treatment has
already been used in [9] and allows to preserve the positivity of both discrete
densities (p, 17) (see Lemma 3.1), which is crucial for the convergence analysis.

e In this new formulation, the velocity field is split in two parts both treated by an
upwind scheme. One part comes from the cross-diffusion part, and the second one
comes from the non-local interaction fields. This splitting is crucial to recovering
a consistent dissipative term for the discrete energy estimate corresponding to
Eq.(2).

Definition 2.3 (Piecewise constant approximation) For a given mesh 7;, we define the
approximate solution to system (1) by

pen(t,x) == pi(t), and nu(t, x) :=n;(),
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for all (t,x) € [0,T] x C;, withi = 1,..., N. Moreover, we define the following
approximations of the gradients

dph(t’x) — M’ and dnh(t’_x) — w
AXiq1)2 AXit1/2
for (¢, x) € [0, T) X [x;, xj+1),fori = 1,..., N — 1. Furthermore, in order to define

dpn and dny, on the whole interval (a, b) we set them to zero on (a, x1) and (xy, b).

Notice that the discrete gradients (dpj,, dny,) are piecewise constant just like (op, 1)
however not on the same partition of the interval (a, b). In a similar fashion we define
the piecewise constant interpolation of the discrete advection fields, i.e.,

dVi, n(x) = (dVi)it1/2,

for all x € [x;, xj41),fori =1,..., N — 1, and zero at the boundary.
We have set out all definitions necessary to formulate the convergence of the numer-
ical scheme (9).

Theorem 2.4 (Convergence to a weak solution) Let pg, no € L ﬂr(a, b)yN LY (a, b) be
some initial data and Q1 = (0, T) x (a, b). Then,

(i) there exists a nonnegative approximate solution (pp, ny,) in the sense of Definition
2.3;

(ii) up to a subsequence, this approximate solution converges strongly in L*>(Qr) to
(p,n) € L>(Q7), where (p, n) is a weak solution as in Definition 2.1. Further-
more we have p, n € L20,T; H (a, b));

(iii) as a consequence system (1) has a weak solution.

3 A priori estimates

This section is dedicated to deriving a priori estimates for our system. In order to do
so we require the positivity of approximate solutions and their conservation of mass,
respectively. The following lemma guarantees these properties.

Lemma 3.1 (Existence of nonnegative solutions and conservation of mass) Assume
that the initial data (po, no) are non-negative. Then there exists a unique nonnegative
approximate solution (pp, Np)p>0 to the scheme (9a)—(9c). Furthermore, the finite
volume scheme conserves the initial mass of both densities.

Proof On the one hand we notice that the right-hand side of (9a)—(9b) is locally
Lipschitz with respect to (p;, ;) 1<i<n. Hence, we may apply the Cauchy—Lipschitz
theorem to obtain a unique continuously differentiable local-in-time solution.

On the other hand to prove that this solution is global in time, we show the nonnega-
tivity of the solution together with the conservation of mass and argue by contradiction.
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On a given mesh, let some initial data, p; (0), 7;(0) > 0, be given fori =1, ... N.
We rewrite the scheme in the following way.

dp; Fivip = Fio12 1
dt() Ax; Axi(zpz‘l‘ i Pi+1 + Ci pi 1) (10)
where

Ai=v (dU)i_—l/Z + (dvl)i_—l/Z -V (dU)ztrl/z

€ Pi Pi
— @i, ,—= ,
@iy 2 (Axi+1/2 * Axi—l/Z)

_ — Pi+1
B; = —v (dU); — (dVy); € —,
i dU)j 1) =@V pp + 2Axit1)2
Pi—1
C; =v(@dU)F dvph € ——.
i ( )1—1/2 =+ ( 1)1_1/2 + 2AX,'_1/2

Then let t* > 0 be the maximal time for all densities to remain nonnegative, i.e.
t*=sup{t >0]pi(s) >0, foralls € [0,¢], andi = 1,..., N}.

If t* < oo, then there exists a nonincreasing sequence (fx)gen such that fp > 1*,
ty — t* as k — oo and there exists iy € {1, ..., N} verifying

pi, () <0, VkeN.

Since the index iy takes a finite number of integer values, we can extract a nonincreasing
subsequence of (#;)en still labeled in the same manner such that there exists an index
Jjoef{l,...,N}and

Pjo(t) <0, VkeN,

where f; — t*, as k goes to infinity.

Also note by continuity of (p;)1<i<y, we have that p;(t*) > 0 for any i €
{1,...,N}.

By the above computation, Eq. (10), we see that, if pj,11(t*) > 0 or respectively
Pjo—1(t*) > 0, then either Bj,(t*) > 0 or respectively C;,(¢*) > 0 and

dp]O (t*) —

ar Ay (A i)+ By Py (1) + Co pjo-1(1")

1 R .
= A (BIO pj0+1(t )+C]() ,Oj()—l(t )) > Oa
X jo

hence there exists T > 0 such that forany ¢ € [¢*, t*4-7), we have pj, (t) > p;,(t*) =

0, which cannot occur since pj, is continuous and for #; > t*, p; (%) < 0 for any
k € N with #f — t* when k goes to infinity.
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If pjo—1(t*) = pjo(t*) = pjy+1(t*) = 0 then by uniqueness of the solution, we
have that pj, = 0 for ¢ > ¢*, which contradicts again that pj, (#) < O for any k € N
large enough.

Finally we get the conservation of mass,

da [b N d
— t,x)dx = » Axi—p;
dt/u pn(t, x)dx ; Xi P

N
Fivip—Fic12
= Z Axi—————==Fyy12—F12 =0,
, Ax;
i=1
by the no-flux condition. Analogously, the second species remains nonnegative and its
mass is conserved as well. As a consequence of the control of the L!'-norm of (on»nn)
we can extend the local solution to a global, nonnegative solution. O

Now, we are ready to study the evolution of the energy of the system on the semi-
discrete level. The remaining part of this section is dedicated to proving the following
lemma—an estimate similar to (2) for the semi-discrete scheme (9).

Lemma 3.2 (Energy control) Consider a solution of the semi-discrete scheme (9a)—
(9b). Then we have

N N—1
d
T Z Ax;[pi log pi + nilogn;] + Zsz'H/z [V dU;41)21?

i=1 i=1
€
+ 1 (|d/0i+1/2|2 + |d77i+1/2|2>] <Ce,
where the constant C. > 0 is given by

c. = b —a)

2 2
(Wil + 1W31 1) md + (Wl + 1Whalie)® mi3 ).
(11)
Proof Upon using the scheme, Eq. (9a), we get
a N
5 Z Ax; pilog p; = — Z(E‘H/z — Fi—1,2) log pi,
i=1

i=1

due to the conservation of mass, ensured by Eq. (9¢). By discrete integration by parts
and the no-flux condition, Eq. (9¢), we obtain

N N-1

d

I Z Ax; pilog p; = Z Axiy172 Fivr2dlog piv12
i=1

i=1
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N—-1
=v Z AXxit172 ((dU)ﬁrl/zpi + (dU),-+1/2Pi+1>d10g Pi+1/2

i=1
N-—1

+ ) Ax AV hoi + @V e )dlog pi

i+1/72] ( I)H_]/zlot + ( 1)i+1/2pl+1 0g Pi+1/2»

i=1

N-—1

(pi2+1 - ,Oiz) dlog pi+1/2,

NSH

i=1

where, in the last equality, we substituted the definition of the numerical flux, Eq. (9b).
Let us define

Pi+1 — Pi

log pre1 —logpr’ if pi # pit1,
D = i+1 — i 12
Pi+1/2 pi + pist (12)
_ else,
2
fori € {1, ..., N — 1}, and note that then p; 1,2 € [p;, pi+1] by concavity of the log.

Here, and throughout, we use the shorthand notation [x, y] := [min(x, y), max(x, y)].
Reordering the terms, we obtain

N N-1
d - €
T Z Ax;p;log pi — Z Axit12 [v dUiv1/20i+1)2 — 3 dpi2+1/2] dlog pi+1/2
i=1 i=1
N-1
=v Y Axitip ((dU),-JZrl/z(Pi — Di+1/2)
i=1
+ dU); 4 o (Pi1 — ,5i+1/2)> dlog pit1/2
N-1
+ Z AXxiy1)2 ((dVl);:q/z(,Oi = Pi+1/2)
i=1
+ @V g0 (Pig1 — ,5i+1/2)) dlog piy1/2
N-1
+ Z Axiy172 piy172dViip1/2dlog pig1y.

i=1

(13)
Thus, using p; 12 € [pi, pi+1] and the monotonicity of log, we note that
(pi — pit1/2)dlog Pi+1/2(v(dU);:_1/2 + (dVl),trl/z) <0,
(Pi+1 — pi+1/2)dlog Pi+1/2(v(dU)f+1/2 + (dVl)f+1/2) <0. (14)
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This is easy to see, for, if p; = p; 1, we observe dlog p;11,2 = 0 and Egs. (14) hold
with equality. In the case of p; < p;j41 we observe

(pi — pl+l/2) dlog Pi+1/2 (V(dU),_H/z + (dVl);:_l/z) <0,
=0 =0 >0

while, for p; > p;41 there also holds

(oi = Bi+12) dlog pir1y2 (VAU ) + @V ) <0,
20 <0 >0

whence we infer the inequality. The same argument can be applied in order to obtain
the second line of Eq. (14). Thus we may infer from Eq. (13) that

N-1

N
d - €
I Z x;pi log p; — Z AXiy1)2 (V/Ji+1/2 dUit12 — 3 dp,-2+1/2) dlog pi+1/2

i=1 i=1

N—

Z Xi+1/2 Pi+1/2 dlog piv1/2d V1 it1/2.

Note that the definition of p; 41,2 in Eq. (12), is consistent with the case p; = p;41
and there holds

Pi+1/2dlog pit1/2 = dpi+1)2,
whence we get

N-1
— Z Ax; pi log pi — v Z Axivi2dpit172dUitry2
i=1
e Vol N—1
+ 5 Z; Axit1/2 dpi2+1/z dlog pit1/2 < Z; Axiv172dpiv172dViiv1y2.
1= 1=

Furthermore, we notice that

Pi+1 + pi

d dpis12)?,
2pin \dpi+1)2]? | Pi+1/2]

1
5 dp}yypdlog pisija =
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where we employed Eq. (12). Hence we have

N N—1

— Z Ax; p; logpi —v Z Axiv12dpiv12dUig1 2
i=1 i=1
¢ N- N—1 (s)
5 Z Xit12 1dpis1pl? < Z Axiv172dpit12dVeiv1y2.
i=1 i=1
A similar computation can be applied to the second species, which yields
q N N—1
T Z Ax;n; logn; —v ; Axit172dniv172dUit12
N-1 N—1 (16)

€
+ 3 21: Axit1p2 |dnigrpl* < 21: Axiy12dni12dVait12
1= 1=

Upon adding up Eqgs. (15) and (16), we obtain

N

N-1
Z [pilog pi +nilognil —v Y Axit12dUig12d (p+ 0)ig1p
i=1

N-1

17)
€
+ = Z Axit1,2 (|dpi+1/2|2 + |d’7i+1/2|2> < R,
2o

where R, is given by
N—1
Rn = Z Axivip [dViig12dpivi2 +dVa it dnig 2]

i=1

Finally we notice that

[dV1,iv1/2]
Ry < _ZAXWUZ[L

" |dVaig12l?

+adpit1/2)?

+ o Idm‘+1/2|2} : (18)

for any « > 0, by Young’s inequality. Observing, that for k = 1, 2

Wi (xit1 —y) — Wi (x; — y)
[dVkivi2] < 0j /
4 / /g J ) sz+l/2
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N—1
Wio(xit1 —y) — Wia(x; —
" Z . /' &t —y) k2 (X y)dy
s o] Axiy12

< IWiillzeo my + Wiyl oo mo

and by conservation of positivity and mass, it gives fork = 1, 2,

(b—a)
2a

N—1

1 2

o E AXi+1/2|de,i+1/2|2 < (my Wl +mal|Wisllize)™ .
i=1

Thus Eq. (18) becomes

N-1
o
Ry < > Z Axiy1)2 (|d,01'+1/2|2 + |d7)i+1/2|2) + Coa,
i=1

where Cy, is given in Eq. (11). Finally, substituting the latter estimate into Eq. (17),
we obtain, upon using Eq. (8),

N N-1
d
I Z Axilpilog pi +n;logn;] +v ZAxi+1/2|dUi+1/2|2
i=1 i=1
e g VI
> > Axipip (Idpi+1/2|2 + Idm+1/2|2) < Coa,

i=1

for any solution (p;)ier, (ni)ic; of the semi-discrete scheme (9). Hence choosing
a = €/2 concludes the proof. O

Corollary 3.3 (A priori bounds) Let (p;)icr, (ni)icr be solutions of the semi-discrete
scheme (9). Then there exists a constant C > 0 such that

7 N—1
€ €
f E AXxit1/2 <4_L|dpi+1/2|2 + Z|dm‘+1/2|2 + V|dUi+1/2|2) dr <C.
0 .
i=1

Proof Using the fact that x logx > —log(e)/e, i.e. x logx is bounded from below,
yields

log(e)
e

> Axi pi log pi + nilognil(1) = —2 (b—a)=:—C).

iel

Hence the discrete version of the classical entropy functional is bounded from below.
Therefore, we integrate the inequality of Lemma 3.2 in time and get

7 N—1

€
/0 > A [0 140120 + 5 (14pes12OF + i p0F) | dr
i=1
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b
<C.T+C +/ pol 1og pol + ol log noldx.
a

which proves the statement. O

Thanks to a classical discrete Poincaré inequality [28, Lemma 3.7] and [8], we get
uniform L%-estimates on the discrete approximation (op, 11)h=0-

Lemma 3.4 Let (0i)icr, (Ni)ier be the numerical solutions obtained from scheme (9).
Then there holds

lonllz2cory + Innllr20y < C,

for some constant C > 0 independent of h > 0.

4 Proof of Theorem 2.4

This section is dedicated to proving compactness of both species, the fluxes, and the
regularising porous-medium type diffusion. Upon establishing the compactness result
we identify the limits as weak solutions in the sense of Definition 2.1.

First by application of Lemma 3.1, we get existence and uniqueness of a nonnegative
approximate solution (o5, n,) to (9a)—(9b). Hence the first item of Theorem 2.4 is
proven. Now let us investigate the asymptotic 7 — 0.

4.1 Strong compactness of approximate solutions

We shall now make use of the above estimates in order to obtain strong compactness
of both species, (o5, n) in L2(Q7).

Lemma 4.1 (Strong compactness in LZ(QT)) Let (pn, nh)n=0 be the approximation
to system (1) obtained by the semi-discrete scheme (9). Then there exist functions
p.n € L2(Qr) such that

pn —> p, and np —> N,

strongly in L>(Q7), up to a subsequence.

Proof We invoke the compactness criterion by Aubin and Lions [23]. Accordingly, a
set P C LZ(O, T; B) is relatively compact if P is bounded in LZ(O, T; X) and the
set of derivatives {0; p‘p € P} is bounded in a third space L'(0, T; Y), whenever
the involved Banach spaces satisfy X << B < Y, i.e. the first embedding is
compact and the second one continuous. For our purpose we choose X := BV (a, b),
B = Lz(a, b),and Y := H_Z(a, b). The first embedding is indeed compact, e.g. Ref.
[1, Theorem 10.1.4] and the second one is continuous.

In the second step we show the time derivatives are bounded in LY0, T: H %(a, b)).
To this end, let ¢ € C°((a, b)). Throughout, we write (-, -) for (-, ~)H—2’H2 for the

@ Springer



488 J.A. Carrillo et al.

dual pairing. Making use of the scheme, there holds

don / dp; ]:i+1/2—fi—1/2/
— @dx E _— dx,
< > v Ax; c,-(p !

i=1
having used the scheme, Eq. (9a). Next we set

1
j = — dx,
Qi Ax; pdax

Ci

perform a discrete integration by parts and use the no-flux boundary conditions, Eq.
(9c¢), to obtain

do, N—1
< ” ,<0> Y Fivi (@ig1 —0i).
i=1

Using the definition of the numerical flux, Eq. (9b), we get

N—1
<dph > Z[(”(dU),H/ZJF(dVI):”/z) &

i=

+ (v(dU),-—H/2 + @VDii1y2) pit] (i = 00)

N-1 2 2
€ Pivy — P

— =Y L (g1 — 9.
2 AXit1/2

Let us begin with the self-diffusion part. Using the Cauchy—Schwarz inequality, we
estimate the discrete gradient and p itself by Corollary 3.3 and Lemma 3.4

rN=1 2 2

€ Piy1 — P
— L (pja] — @) dr
2/0 1221 AXiy1/2 (01 /)
¢ 7 N-1
=55 / Z Axiy1721dpig1/2] (i1 + pi) di
LOO
1/2 172
€| oe ' 2 / ry 1 2 :
e Axit1/2ldpiy1/217de / 467 Axilp;|~dt
2 || ox L>® /() ; l+/ l+/ 0 ; v

<C ”‘p”HZ(a,b)’
(19)

where we used that ¢’ € H! C L and the regularity of the mesh, £ > 0, cf. Eq. (4).
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Next, we address the cross-diffusion and non-local interactions terms using the
same argument. For instance for the cross-diffusive part, we have

T N—1
v / 3 (@Yo + QUi || i1 — gl a
0 .
i=1
Nl 12 v 12
2v | dg fT 2 T 2
< 20| Axis1pldUs s pf2dr / Axipfdr
\/gawa(ogl/l/ 0;11
= Clelg2,p-

where we used Corollary 3.3 and Lemma 3.4 again. The non-local interaction term is
estimated in the same way, thus there holds

T
J
By density of C°((a, b)) in HO2 (a, b) we may infer the boundedness of (dd%);»o in
L'(0, T; H %(a, b)), which concludes the proof. m]

dpop

<?§0>‘ dr < Cllell g2a.p)-

From the latter result we can prove the convergence of the discrete advection field
dVj p and dVaj, defined as in Definition 2.3.

Lemma4.2 Foranyl < p < ocoandk € {1, 2}, the piecewise constant approximation
dVy» converges strongly in L*>(0, T; L*(a, b)) to —(W[ xp + W[ xn), where (p, 1)
corresponds to the limit obtained in Lemma 4.1.

Proof Letk € {1,2}. Foreachi =0,..., N — 1,and x € [x;, x;11) we have

N
Wi1(xiv1 —y) — Wii(xi — y)
Vi, n(x) = (dViit12 = —Z/ AN 2 pjdy
el Axit1)2

n;dy.
Axit172 !

N
B Z/' Wia (i1 —y) = Wea(xi —y)
j=17€i
We define V , and V as
Vi) i= =W xpn — Wyowiin,

Vi(x) = =W ixp — W) oH.

On the one hand from the strong convergence of (pz,, n3,) to (p, n) in L2(0, T; L?(a, b))
and the convolution product’s properties, we obtain

“Vk/,h — V](/”Lz((),T;Lz(a,b)) —> 0, When h —> O (20)
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On the other hand, we have for any x € [x;, xj4+1)

|dVi, 0 (x) = Vi, (0)]

N
=
j=1 Cj

Wi1(xit1 —y) — Wi (xi — y)
Axit1,2

— Wi (x —y)‘ pjdy,

al Wio(Xit1 —y) — Wia(xi —
_’_;/Cj k2 (Xig1 A};)iH/z k2(xi —y) Wi — | n; dy,
< (MW lleomy + W5l Loo ma ) b,
hence there exists a constant C > 0 such that
Vi 5 (x) = V{ (07 < CPR%.
Integrating over x € [x;, x;4+1) and summing overi € {1,..., N — 1}, we get that
1dVin = Vipllr20.7:22@.py) — 0. When h — 0. (21)

Notice that (x1, xy) C (a, b) where x; — a and xy — b as h — 0. From Egs. (20)
and (21) we get that ||dVy , — V/</||L2(O,T;L2<a,b)) goes to zero as h tends to zero. O

4.2 Weak compactness for the discrete gradients

In the previous section we have established the strong L2-convergence of both species,
(pn)n=0 and (nx)n=0. However, in order to be able to pass to the limit in the cross-
diffusion term pj (dpj, + dnp) we need to establish weak convergence in the discrete
gradients in L. This is done in the following proposition.

Proposition 1 (Weak convergence of the derivatives) The discrete spatial derivatives,
defined in Definition 2.3, satisfy dpy, converges weakly to % in L>(Q7) and B €
L2%(0, T; H'(a, b)), where B € {p,n, U}

Proof Take 8 € {p, n, U}, hence from Lemma 4.1, we know that 8, — S strongly in
L*(Q7). Furthermore, from Corollary 3.3 we also deduce that d 8, weakly converges
to some function r € L2(Qr).

Let us show that g € L%*0,T,H(a,b)) and r = % First, we have for any
t €[0,T]and any ¢ € C2°((0, T) x (a, b)),

9 r N
/ ﬂh(f)a—(pdx = / D B [pt. xip12) — @t xi12)] dt
or x 0 i=1
7 N—1
= —/ Y AxipipdBigip(0) ot xig1y2) dt,
0

i=1
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having used discrete integration by parts and the fact that ¢ is compactly supported,
ie. o(t, xyy1/2) = @(t, x12) = 0. Then, by Definition 2.3 on the discrete gradient,
we may consider

TN-1 oxiyy T rb jg
/ Z / d,3i+1/2§0(t, x)dxdt + / / Br — dx dt
0 i—1 Y% 0 a ox

7 N—1

Xit1
S/O 2/ |dBit1y2| |e(t, x) — @(t, xit12)| dx dt
i=1 7Y

9 T N-1 172 7 N—1 1/2

¢ 2

<l / ZAxiH/z\dﬂiH/z! dr / ZAx?H/zdt
0xlleo \Jo i 0 =

o0

having used the a priori bounds, cf. Corollary 3.3. This yields the statement, when
h — 0, for we have

7 N—1

Xit1 T rb Ay
/ E / dBit120(t, x) dx dt +/ / Bn —dxdt — O, (22)
0o = Xi 0 Ja 0x
i=1 ¢

which proves that df; converges weakly to %, as h — 0 and thus g €

L%(0,T; H' (a, b)). o

4.3 Passing to the limit
We have now garnered all information necessary to prove Theorem 2.4. For brevity
we shall only show the convergence result for p, as it follows for n similarly, using

the same arguments. Let ¢ € C2°([0, T) X (a, b)) be a test function. We introduce
the following notations:

T b a(p b
& ;:/ / pha—dxdt+/ £ (0) (0) dx,
0 a t a

T b
d
Ap = / dVin pn % dx dr,
0 ax

a

T b
3
f au, pn 2 dx dt,
a ax

T b 2
¢
2
— dx dr.
/a phax2 .

S— >—
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and
eth) =&, + A, +C,, + Dy,.

On the other hand, we set
1
@i(t) = — | o, x)dx,
Ax; C;

and multiply the scheme, Eq. (9a), by the test function and integrate in time and space
to get

S+ A+ Cin+Dip=0, (23)
where
N—1 T
Aip = /0 Axiv1)2 [(dVl);Zrl/z pi + @V ,Oi+1] deit12(1)dt,
i—
N-—1 T
Curi=v 3 [ Asiara [@UIE 101+ @I o 1] dra 01,
i=1
p N-—1 T
Dy = _E /O [0;2+1 - /012] di+1/2(2) de.

i=1

When # tends to zero and from the strong convergence of (pj, np)n=0 to (o, n)
in L2(Q7), the strong convergence of (dVi p)n=0 to Vk’ in L2(Q7) and the weak

convergence of the discrete gradient (dUj)p~0 to —g—‘; in L2(Qr), it is easy to see
that

T b Tag [aVi @ dp| € , 0%
h =+ v — |+ = p* =5 | dxdr
£ _)/o / {p[8t+<8x Vax(p+’7)) 8xi|+2'0 ax2} *
b
+/ p(0) 9(0) dx,
a

when i — 0. Therefore it suffices to prove that (k) — 0, as h goes to zero, which
will be achieved by proving that A, — Ay, Cp — C1, and Dy, — Dy j, vanish in the
limit A — O.

The self-diffusion part Dy — D1

On the one hand, after a simple integration we get

e & r g I
_ 2 . _ .
Dy = 3 ;_l /o p; (1) |:ax (. xiv1/2) 3 (t,xz—l/z):| dr
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N-—1 T
€ ap
=3 E /(; [,Oiz+1(f)—0i2(f)] a(f,xiﬂ/z)dl-
i=1

Hence, we have

N—-1 T

J

d
Dy —Dip = — |:p[2+1(t) — piz(t)] [f(h Xi+1/2) — d(ﬂi+1/2(t):| dt

NSRN)

i=1
and observing that

2

ax2

S ‘

I
(1, x; — dg; t
‘ax( Xi+1/2) — dgit+1/2(2) .

we obtain, in conjunction with the Cauchy—Schwarz inequality and the a priori bounds
established in Corollary 3.3, and Lemma 3.4, that

a2l (N2 gt N\ 210nl20,)
T
Dy — Dial < 5152 o Zl/(; Axiy1/21dpjq12|7de iz h
i
< Ch, (24

in the virtue of the estimate Eq. (19).

The cross-diffusion part

Let us now treat the cross-diffusion part. This term is more complicated since it
involves the piecewise constant functions p;, and dUy, which are not defined on the
same mesh. Thus, on the one hand we reformulate the discrete cross-diffusion term
CinasCrp =Ciro.n + C11,p With

N-—1 T
Cion=v Z/ Axiv172@U) iy n [pit1 — pi] dgit12() dr
— Jo
i=1
and
N—1 T
Ciin=v Z/ Axiv172 pi AUjt172 dgit12(2) dt,

i=1 70

where a direct computation and the application of Corollary 3.3 and Lemma 3.4 yield
d¢
U —
ax

Ch. (25)

[C10,n]

IA

1AULN 200 1dPn Nl 2¢01) B
LOO

IA
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On the other hand, the term C;, can be rewritten as

7 N—1

Xit1 9
Ch=v / ZdUi+l/2(t) / ph—(pdxdt.
0 iz Xi 0x

Since

Xi+1 ]
/ Ph 2 ax = pi [@t, xig12) — @, xp)]
X; ax
+ pit1 [t xip1) — @1, xig172)],
= [pi — pi+1] [@(t, xit12) — (t, x))]
+ pit1 [ot. xip1) — @t x)].

the term Cj, can be decomposed as Cp, = Coo., + Co1.n With
7 N—1
Coo,n = —V / Z dUit1y2 [pis1 — pi] [0, xig1/2) — @(t, x)] dt
0 i1
and

7 N—-1
Cotp=v / Z AUi12 pi [9(t, xip1) — @(t, xi)] dr.
0 *
i=1
Similarly to (25), the first term Cqp ; can be estimated as
|Coo.n| < Ch, (26)
whereas the second term Cp; j is compared to Cyy

[Cot,n — Cr11,nl
7 N—1
< U/ Z Axit172|dUi 12| pi
0

i=1

o(t, xit1) — @(t, x;)
AXxit1,2

—dit1/2(t)| dt.

Using a second order Taylor expansion of ¢ at x; and x;1, it yields that

‘ (p(tv xi-‘rl) - (p(tv -xi)
Axiti1/2

—dgit12(t)] < Ch,

hence we get from Corollary 3.3 and Lemma 3.4 that
[Co1.n — Ciinl < Ch. (27)
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Gathering Eqs. (25), (26), and (27), we finally obtain that

ICr — C1nl = 1Co0,1 + Cot,n — Cr0,n — C11,0] < Ch. (28)

The advective part

The evaluation of A, — A is along the same lines of the cross-diffusion terms
Cn — Cy1,j, since the latter is treated as an advective term. Hence, thanks to Lemma 4.2,
we get that

[Ap — Aipl < Ch. (29)

Finally by definition of ¢(h) and using Eq. (23) together with Egs. (24), (28), and
(29), we obtain

le(W)| =1 = (A1n +Cin +D1p) + An +Cp + Dyl
< |Ap — Ainl +1Ch — C1p| + | Dy — D1
< Ch,

that is, e(h) — 0, when i — 0, which proves that (p, 1) is a weak solution to Eq. (1).
This proves the second item of Theorem2.4.

Finally the last item concerning the existence of solutions to (1) is a direct conse-
quence of the convergence.

5 A fully discrete implicit scheme

In this section we shall comment on a discrete-in-time version of the semi-discrete
scheme (9). To this end we replace the time derivative in Eq. (9a) by simple forward
differences and obtain the following implicit and fully-discrete scheme

+1 +1
ot =pp T T
At Ax; ’
1 n—+1 n—+1
nith =gt Gitip— Y900
=— , (30)
At AXx;

where At > 0. System (30) gives rise to two approximating sequences (0;')1<i<n
and (Tl?)lsisN, for 0 <n < M where M := [T /At] and the discrete time instances
t" := nAt; cf. Theorem 5.1. Here the numerical fluxes are given by

Fis = [ @+ @f ) !

+ [V (dUn+l)i_+1/2 + (dvln)i_ﬂ/z] Pin:ll
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K (p;:hl)z (pith?
Axit1,2

1 I 1
:lrl/2 = [" @u"* )z+1/2 + (dVZn);L+1/2] it

[V (dUn+1)i_+l/2 + (dvzn)i_+1/2] ’77:11

9

€ ( 1_’l+])2 ( l’l+1)2
& Mit1 1 , (30a)
2 AXit1/2
fori =1,..., N — 1, with the numerical no-flux boundary condition
Fit=F =0, and GI5 =Gyt , = (30b)

forn =0, ..., M. Recall that

’

+1 4 it +1 +1,\ £
AU _<(p;+1 m) = e g >>
i+1/2 =

AXxiy1)2
and
L Wi (i — ) — Wi (i — y)
AV = (— = = ptdy
SR JX_; Cj AXiy1/2 !
N
Wia(xit1 —y) — Wia(xi —y) *
- Z A mj dy ) .
Xi+1/2 :
fork =1, 2.

Similarly to Definition 2.3 we define the piecewise constant interpolation by
pn(t, x) :=pl', and np(t,x) =y,

for all (¢, x) € [t", t"“) x Ci,withi=1,...,N,andn =0, ..., M. Moreover, we
define the discrete approximation of the spatial gradients as

p." — pn — r]f’
depp(t,x) = L and  dyny(r,x) = T 70
AXxit12 AXiy1)2
for (t, x) € [t", ") x [x;, xip1),fori = 1,...,N—landn =0, ..., M. As above,

we set the discrete gradients to zero on (a, x1) and (xy, b). Furthermore, we define
the discrete time derivative as

ntl _ pn n_ g
Pl and domy(e,x) = 20

d t,x) =
1on(t, x) At At

’

for (r,x) € [t*, ") x Cj,fori=1,...,Nandn =0, ..., M — 1.
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Theorem 5.1 (Existence and uniqueness result) Let ,ol.o, n? be nonnegative initial data
with mass m1 and mo, respectively, and assume the following time step restriction
condition

16 (m1 + m2) <1 31)

At
(Eh)3
Then there exists a unique nonnegative solution (pi", n;‘ ) to scheme (30), (30a) and

(30b).

Proof We show existence first and prove uniqueness later. Suppose we are given
(pi")lgifN and (n;’)lﬁisN from some previous iteration. In order to construct the
next iteration we shall employ Brouwer’s fixed point theorem. It is easy to verify that
the set

X::{(p,n)eR”wlsisN:pi,mzo,
N N
ZAX“O[ <my, and ZAxiTIi = mz},
i=1 i=1

is a convex and compact subset of R x R" . Hence, we define the fixed point operator
S : X — RY xRY by setting (p*, n*) = S(p, n) where (p*, n*) are implicitly given
as

At At

pl=r == (5511/2 - fi*_l/z) N ( i+~ g;_1/2>
1 1

for any (p, n) € X, where F* and G* denote the numerical fluxes

Flap= [" @O+ (dvln);:—l/Z] ol

+ [ @+ @] e

€ (i1 +0;) Py — Pf
2 Axiti2

Glp= [V (dU):rl/z + (dVZn)?:Hﬂ] n;
+ [" dU)ipy0+ (dvzn)i;l/z] U
€(Mip1+n) My — 1}

- , (32)
2 Axiy12
fori =1,..., N — 1 where dU is computed from (p, 1), with the numerical no-flux
boundary condition
Fip=Fys12=0, and Gip =Gy i) =0. (33)
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Notice that for any given (p, n) € X, the viscosity terms in front of the discrete gradi-
ents involved in the definition of the fluxes 7, | P and G7, /o are indeed nonnegative,
hence the couple (p*, n*) is well defined since it corresponds to the unique solution of
a classical fully implicit scheme in time with an upwind discretisation for the convec-
tive terms and a centred approximation for diffusive terms [29]. Moreover, since p”
and n" are nonnegative and using the monotonicity of the numerical flux with respect
to (p*, n*), we prove that both densities p* and n* are also nonnegative. Furthermore,

using the nonnegativity and the no-flux conditions, we get

N N
”p*”Ll =ZAx,-pi*=m1, and ||)7*||L1 ZZAxin;zmz,
i=1 i=1

which yields that (X)) C X. Finally, G is continuous as the composition of con-
tinuous functions. Thus, we may apply Brouwer’s fixed point theorem to infer the
existence of a fixed point, (p" 1, 1), It now remains to show uniqueness of the
fixed point.

To treat in a systematic way the boundary conditions and simplify the presentation,
we define ghost values for (p, 1) by setting for « € {p, n}, and k € {1, 2},

any1=ay ag=oap and AV )yi12 = (dV})12=0.

Then we consider two solutions (o, 7) and (p, n) to (30). Setting h(x) := x2/2,
s = p—pandr := n — 7, we get after substituting the two solutions to (30), for
i=1,...,N,

5t = —AA—; (@VI o0+ @V sin = @V o sic = @YDy 1)

LA ([h(pim — h(Bia)] = [h(oi) — h(f)]

Ax; AXit+1/2
 Th(p) = h() = Th(pioy) — h(ﬁin])

Axi—1)2

- AA—; (@Y1 51+ @Iy st = @UYEpsim = @O 50)
— B (101 — @Y1+ 1O — @O ] i)

Ax; i+1/2 i+1/2 i+1/2 i+1/2
+ AA—; (1Y = @OV o) it + 1), = @O 1 )

and a similar relation for (r;)1<;<n. Applying a Taylor expansion on 4 (p) = h(p) +
h'(p) s, with 5 a convex combination of p and £, we may write

(Ax; + At Ap) s;
= At (Bi—15i—1+ Cij15i41)
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—at (1Yo = @OV o) i+ LAUD o = @O ) i)

+A ([(dU)f_1 = @O 1B+ AU, — @O ] ﬁi) . (34)
where A;, Bi_1, Ci+1 are nonnegative coefficients given by

Ai = "‘(dvln)ittl/z =@V + (dU)thl/z —dU);_yn
h' (i) ' (i)
+ ,
Axiyi2  Axi-1p2

Bi_i = +@V), ,+ @O, + bi-1)
i- 1i-1,2 i—1/2 Axii
_ _ h (pit1)
Ciy1 = —(dV{"); — (dU); —
il @VDig1yy = @0y + AXxiy12
Now, we multiply equation (34) by sign(s;) and sum over i = 1,..., N, hence

using that x — x7 is Lipschitz continuous and observing that A; = B; + C;, with
A;, Bi, C; > 0, ityields

N N
i Isis 1]+ rit] 4 Isi| + |ri]
> Axilsi| < zmupnooZ( : ’ —
P P AXit1/2

Isi—1| + ri—1l + Isi| + |ri|>
+
Axi—12
and in a similar way,

N N

N rig1] + ISip1] + |ril + Isil
> Axilri| < 24t ||n||ooz< ’ ’ R

AXxit1)2

i=1 i=1
N lrictl + Isic1] 4 |ril + |5i|>
Axi_1p2

Gathering these latter inequalities and from (4), it gives that

N At N
D Axisil+ 1 < 16](5, Dl 2 D Axi (Isil + Iril) .-
i=1 i=1

Finally, from the nonnegativity and the preservation of mass, we have

- my + my

< - =

1o, Moo = o
hence under the condition (31), we conclude that s = r = 0 and the uniqueness
follows. o
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It is worth to mention here that the condition (31) is not optimal since we only use
the discrete L'-estimate on p and 7 to control the discrete gradient and the L°-norm.

We are now in position to state for (30), (30a) and (30b) an analogous results to the
semi-discrete case

Theorem 5.2 (Convergence to a weak solution of the implicit Euler discretisation)
Under the assumptions of Theorem 5.1, let pg, no € Lﬂr(a, b)N Lof(a, b) be some ini-
tial data and Q7 := (0, T) x (a, b) as above. Then, given two nonnegative sequences
(") 1<i<n and (n)1<i<n satisfying (30), (30a) and (30b), for any n € {0, ..., M},
then

(1) up to a subsequence, the piecewise constant approximations converge strongly in
L2(QT) to(p,n) € LZ(QT), where (p, n) is a weak solution as in Definition 2.1.
Furthermore we have p, n € LZ(O, T: H'(a,b));

(i) in particular, system (1) has a weak solution.

Sketch of the proof of Theorem 5.2 1t is easily observed that the total mass is conserved
due to the discrete no-flux boundary conditions, cf. (30b). Together with the nonneg-
ativity we were able to prove a semi-discrete version of the energy estimate Eq. (2)
which is at the heart of the convergence result. Similarly as above, we are able to prove
a fully discrete version of the energy estimate which then reads

i log pf ! — pltlog p T log ! — iyt log !
2 At E Ax; +
At At

M
Z At ZAx,H/z [v dUTEL 2+ (Idp{’fll/zlz + |dnf’j11/2|2)] <C,
with C > 0 asin Corollary 3.3. The inequality follows from the convexity of x (log x —
1) since

P log p ! — 1) — pl(log pf — 1) < log(p! ™) (ot — o).

Multiplying this expression by Ax;/At and summing over i = 1,...N and n =
0, ..., M we obtain

M N n+1 n+1 n n
lo )O — 1) — pltdo p. — 1
Z ¢ Z ( g ) P; ( g P; )

At

M pl’l+1 _ Ion
< t Ax; lo ntl -+t
_}; ; i log(p} ") =—

The right-hand side is then substituted by the scheme and simplified along the lines of
the proof of Lemma 3.2. Since the computations are exactly the same we omit them
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here for brevity and only note that it is important to set

pn—H pn+l
i+1 i n+1 n+1
oz 0"t — log o1 it pi " # oy
~n+1 ._ ) 10gp;  —10gp; (35)
Pit1y2 = prHl 4
lfl“’ else’

to obtain the right sign in the numerical artefacts in Eq. (14), which now read

(ot = A )dlog L, (v(dUn + 1) ] 12 @V ) <O,

(pzn:ll - '51+1/2)d10g pz+1/2(“(dUn+1) 12 T (dVl )i+1/2) =0.

Following the lines of the proof Lemma 3.2 and Corollary 3.3 we obtain the fully
discrete a priori bounds

N-1

ZAt Z Axit1,2 <|dx;0,+1/2| =+ |dx77,n:_rl]/2| + |d; U”_:’l]/2| ) <C,
n=0 i=1

for some constant C > 0, where we used ‘d,’ to denote the discrete spatial gradient as
before. Again, an application of Aubin—Lions Lemma provides relative compactness
in the space L2((0, T) x (a, b)) of the piecewise constant interpolations oy, ;. AS
above, the discrete gradients are uniformly bounded in L?((0, T) x (a, b)) and their
weak convergence is a consequence of the Banach—Alaoglu Theorem. Identifying the
limits as a weak solution to system (1) is shown in the same way as above and we
leave it as an exercise for the reader. O

Remark 1 (Explicit scheme) We do not consider an explicit scheme here since its
analysis is much more complicated due to the lack of uniform estimates. Indeed, an
explicit scheme requires a CFL condition on the time step which appears in the stability
analysis or the energy estimate provided in Lemma 3.2. In our case, it leads to

pn+1 log anrl _ pn IOg pn _ pn+1 _ pn (pn+1 _ pn)Z

n f— —
At n (oo = 1)+ o2 AL

where p"1/2 belongs to the interval [p", p"t1] or [p"t!, p"]. The control of this
reminder term would require some lower bounds estimates on the density p (see for
instance [30]).

6 Numerical examples and validation
In this section we perform some numerical simulations of system (1) using our scheme,

Egs. (9). In Sect. 6.1 we test our scheme by computing the error between the numerical
simulation and a benchmark solution on a finer grid. Furthermore we determine the
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numerical convergence order. In Sect. 6.2 we compute the numerical stationary states
of system (1) and discuss the implication of different cross-diffusivities and the self-
diffusivities, respectively.

Let us note here, that in the case of no regularising porous-medium diffusion, i.e.
€ = 0, and certain singular potentials the stationary states of system (1) are even
known explicitly [19]. This allows us to compare the numerical solution directly to
the analytical stationary state in Sect.6.2.1.

Throughout the remainder of this section we apply the scheme (9) to system (1)
using different self-diffusions, €, and cross-diffusions, v.

6.1 Error and numerical order of convergence

This section is dedicated to validating our main convergence result, Theorem 2.4. Due
to the lack of explicit solutions we compute the numerical solution on a fine grid
and consider it a benchmark solution. We then compute numerical approximations on
coarser grids and study the error in order to obtain the numerical convergence order.

In all our simulations we use a fourth order Runge—Kutta scheme to solve the ordi-
nary differential equations Eq. (9) with initial data Eq. (5). The discrepancy between
the benchmark solution and numerical solutions on coarser grids is measured by the
error

1/2

M N
e:= (Ar > (Ax D pex (i, xi) = p ks x) > + Inex (i, i) — 0, xi>|2>)

k=1 i=1

Here pex, nex denote the benchmark solutions. We use this quantity to study the con-
vergence of our scheme as the grid size decreases.

6.1.1 No non-local interactions

Let us begin with the purely diffusive system. We consider system (1) without any
interactions, i.e. W;; = 0, fori, j = 1, 2, and we choose v = 0.5 and € = 0.1.

In Fig.2 we present the convergence result as we decrease the grid size. We com-
puted a benchmark solution on a grid of Ax = 2710 on the time interval [0, 10] with
At = 0.05. Figure 2a shows the convergence for symmetric initial data whereas Fig. 2b
shows the convergence of the same system in case of asymmetric initial data. In both
cases we overlay a line of slope one and we conclude that the numerical convergence
is of order one.

6.1.2 Gaussian cross-interactions

Next, we add non-local self-interaction and cross-interactions. We choose smooth
Gaussians with different variances. These potentials, like the related, more singular
Morse potentials, are classical in mathematical biology since oftentimes the availabil-
ity of sensory information such as sight, smell or hearing is spatially limited [18,20,27].
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1 v error v v error v
5] — line of slope 1 v 24 — line of slope 1 v
272 v " v
v -2
g 5° v
3 v G, v
274 v v
25 2 v
276 v 7
v v
2% pyn P > 25 e 25 pysy 2% 2% > pyrs 25 pa paa) pass
Ax Ax
(a) Symmetric initial data. po(z) (b) Asymmetric initial data. po(z)
=no(x) =1 7,10 = 15,7 and 70(%) = L (10,12

Fig.2 Inthe purely diffusive system all interaction kernels are set to zero. Both graphs show the convergence
to the benchmark solution. The triangular markers denote the discrepancy between the numerical solution
and the benchmark solution. A line of slope one is superimposed for the ease of comparison. On the left
we start the system with symmetric initial conditions, on the right we start with asymmetric initial data. In
both cases the scheme has numerical convergence order 1

For the intraspecific interaction we use

|x|*
Wi1(x) = Wa(x) =1 —exp _m ,

while we choose

|x|*
W = —W = l —_ e — s
12(x) 21(x) eXP( %01
for the interspecific interactions.
We consider system (1) with the diffusive coefficients v = 0.4 and € € {0.1, 0.5},
and we initialise the system with

p(x) =n(x) =c((s —6.5)9.5 - )",

on the domain [0, 9]. Here the constant c is such that p and n have unit mass. Figure 3
depicts the simulation with Gaussian kernels as interaction potentials. In Fig.3a, b we
present the error plots corresponding to € € {0.1, 0.5}. Again we observe convergence
to the reference solution with a first order accuracy in space.

6.2 General behaviour of solutions and stationary states

In this section we aim to study the asymptotic behaviour of system (1) numerically.
Let us begin by going back to the set up of Sect.6.1.2. We note that the potentials
were chosen in such a way that there is an attractive intraspecific force, and the cross-
interactions are chosen as attractive-repulsive explaining the segregation observed in
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21w error v .| v error v v
—— line of slope 1 v 1 — line of slope 1
0]
v v
-
v v
21
o 27
g 272 g v
] O, v
23
-
v
24 v
-
R v
P ) P R
Ax Ax
(a) Convergence to benchmark solution (b) Convergence to benchmark solution
for individual diffusion constant ¢ = 0.1. for individual diffusion constant e = 0.5.

Fig. 3 We choose Gaussian interaction kernels of different strengths and ranges for the self-interaction
and the cross-interaction, respectively. The graphs show the numerical convergence order in the cases of
€ = 0.1 (left), and € = 0.5 (right), respectively

0.5
— 0 — 0
0.8

n 0.4 n

0.6

0.4

IS

0.24

0.24

N

0.14

0.01 0.01

0 2 4 6 8 0 2 4 6 8
(a) Stationary state (e = 0.1). (b) Stationary state (e = 0.5).
Fig. 4 We choose Gaussian interaction kernels of different strengths and ranges for the self-interaction

and the cross-interaction, respectively. The graphs correspond to the simulationed stationary states for
self-diffusivities € = 0.1, and € = 0.5, respectively

Fig.4a. For larger self-diffusivity, ¢ = 0.5, we see that some mixing occurs. In the
absence of any individual diffusion we would have expected adjacent species with a
jump discontinuity at their shared boundary [19]. However, this phenomenon is no
longer possible as we have a control on the gradients of each individual species, by
Lemma 3.3, rendering jumps impossible thus explaining the continuous transition.

In the subsequent section we shall push our scheme even further by dropping the
smoothness assumption on our potentials.

6.2.1 Case of singular potentials
In this section we go beyond the limit of what we could prove in this paper. On the one

hand we consider more singular potentials and on the other hand we consider vanishing
individual diffusion. We study system (1) for ¢ € {0, 0.02, 0.04, 0.06, 0.09}, and
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175 —_ analyt/cal 175 —— analytical
-=- £=0.00
1.50 1.50
— £=0.04
125 125 — €=0.09
1.00 1.00
0.75 0.75
0.50 0.50
0.25 0.25
0.00 0.00

0.0 3.0 0.0 0.5 1.0 15 2.0 25 3.0

(a) In the case v = 0.05, € = 0, we obtain a great agree-a (b) Adding individual diffusion may still lead to
ment of the numerically computed stationary states and segregated stationary states. However both specie

the analytical stationary states described in [19)]. remain continuous as they mix.
-—p —— analytical
1.0 - 1.0 s £20.00
—— analytical — £=0.02
0.8 08 £=0.04
— £=0.06
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0

0 1 2 3 4 5 0 1 2 3 4 5

(C) The case v = 0.5, € = 0 leads to adjacent station- (d) The regularising effect of the individual diffusion, by
ary states. Again we see an excellent agreement of the Corollary 3.3, becomes apparent immediately. Instanta-
numerical stationary states and the analytical ones [19]. neously both species become continuous as they start to

intermingle in a small region. This region grows as we
keep increasing the individual diffusion.

Fig.5 We pushed our numerical scheme to see how it performs in regimes in which we are unable to prove
convergence. We chose Newtonian cross-interactions in the attractive-repulsive case. The red curves denote
the symmetric stationary states of n while the blue curves are the stationary distributions of p. The different
line widths and styles correspond to varying values of € (colour figure online)

v € {0.05, 0.5}. Here the potentials are given by

Wi (x) = Wa(x) = x%/2.

for the self-interaction terms and
Wia(x) = |x] = £Wa1(x).

for the cross-interactions. The system is posed on the domain [0, 5] with a grid size
of Ax = 278, Note that the case of € = 0 corresponds to the absence of individual
diffusion, see Fig. 5a, c. By virtue of Corollary 3.3, it is the individual diffusion that
regularises the stationary states, in the sense that we will not observe any discontinuities
in either p or 5. As we add individual diffusion we can see the immediate regularisation.
While stationary states may still remain segregated, as it is shown in Fig. 5b, adjacent
solutions are not possible anymore (see Fig. 5d).
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1.75 0 . v
1.50 n v
v
125 2
v
1.00 [
g
0.75 o) v
21 ]
0.50 v
272 |
025 v error
0.00 ly — line of slope 1
00 05 10 1's 20 25 30 28 277 26 2% 274 2% 272
Ax
(a) Strictly segregated stationary state in (b) Convergence to benchmark solution
the absence of individual diffusion, ¢ = 0, and in the case of € =0 and Newtonian attractive-
Newtonian potentials. repulsive potentials.

Fig.6 Stationary state and numerical convergence order in the case of Newtonian attractive-repulsive cross-
interactions. Even though our estimates fail in the analysis above we observe a numerical convergence order
of one

In the case of attractive-repulsive interspecific interactions, i.e.
Wia(x) = |x] = =Wai(x).

we expect both species to segregate [19]. We initialise the system with the following
symmetric initial data

p(x) = 1(x) =c((x =35 —x0)",

as symmetric initial data are known to approach stationary states [ 19]. Here the constant
¢ normalises the mass of p and 7 to one.

Figure 5a, ¢ show our scheme performs well even in regimes we are unable to
show convergence due to the lack of regularity in the potentials as well as the lack
of regularity due to the absence of the porous medium type self-diffusion. While the
schemes developed in [14,19] are asymptotic preserving, their convergence to weak
solutions of the respective equations could not be established. We reproduce the steady
states of [19] that exhibit phase separation phenomena. Figure 6 displays the stationary
state in the case v = 0.09 and € = 0. Even in the case of no regularising individual
diffusion and with Newtonian cross-interactions we observe a numerical convergence
order of one.

In the case of attractive—attractive cross-interactions, i.e. Wi2(x) = |x| = Wa1(x),
we observe an interesting phenomenon. Even in the absence of the individual diffusion,
i.e. € = 0, some additional mixing occurs even though we expect sharp boundaries,
see Fig.7, due to numerical diffusion. This is in contrast to the finite volume schemes
proposed in [14,19].
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Fig.7 We choose m| = 0.6 and
my = 0.1 in order to be able to 1.0 —— analytical
compare the stationary state with
the explicit one given in [19].
We can see a strong resemblance 0-81
between the numerical stationary
state and the one obtained 061
analytically. However there are
some regimes of mixing due to
numerical diffusion 0.4
0.2
0.0 - T T v
0.00 0.25 1.75  2.00

6.3 Energy dissipation

It is known that system (1) has a formal gradient flow structure, cf. [24], whenever
W12 = Wa1. In this case, the evolution of system 1 is such that it decays the energy
functional

1
E(p,n) = 5//qu*eranznder//lez*ndx
1

+ E/v(,o—i—n)2 + ep? +en2dx.

Here, we present two examples, one corresponding to the potential

x2

Wii(x) = ER and W;;(x) = |x|,

fori, j =1,2andi # j, cf. Fig.8, the other one corresponding to

(%)
Wii(x) =1—exp|— , and

2

Wii(x) =1+exp (—(4x)2) — exp (—%(4)@2) ,

fori, j =1,2andi # j, cf. Fig.9.
In the first case, we choose the initial data

p(x) =c((x =2)2.5-x)", and n(x) =c(x — 105 -x)",
where ¢ > 0 normalises the mass to one. Due to the long-range we observe an attraction
of the two initial bumps until they meet. They begin to mix until they are completely

merged. The graph in the last panel shows the decay of the associated energy to a
constant one which corresponds to the energy of the steady state. It appears the energy
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t=0.0 t=0.211 t=0.433
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t=0.614 t=0.768 t=0,909
16 —_—p 18 —p 16 —p
- = . = - =
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08 08 08
06 0.6 06
(d)t=0614 (e)t=0.768 (f) t =0.909
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o
02 02 08
(g)t=1.111 (h)t=141 (i) Decay of the energy, €(p,n).

Fig.8 Evolution of segregated initial data for attractive—attractive interactions with corresponding potentials
Wii(x) = x2 /2 and W;; (x) = |x|. The two blobs move towards each other. The associated energy appears
to converge exponentially fast to a constant while the profiles merge

is dissipated at an exponential rate but an analytic result for systems, corresponding
to that of a single equation, cf. [21], is not known to our knowledge.

In the second case, for Gaussian potentials, we change the computational domain
to (0, ), for convenience. We choose the initial data

p(x) =sin(2x)?, and cos(2x)?,

cf. Fig.9. We observe the formation of nearly segregated clusters which, as the evo-
lution continues, as begin to merge due to the nonlocal interaction. However, the
short-range cross-interaction is working against this trend which explains that the
evolution slows down just before the merging, a phenomenon which is also observed
in meta-stability. After the 5 clusters have merged into three the profile stabilises which
is reflected in the evolution of the energy, cf. graph in the panel. We still observe a
decay, however, after a strong initial decrease the energy decays much slower for a
while before going to the constant corresponding to the stationary state. The explana-
tion lies in the increase of the internal energy. Initially, we have p + n = 1 which is
a minimiser of the internal energy. Due to the nonlocal interactions the system wants
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Fig. 9 Evolution of mixed initial data, p = sin(2)c)2 and n = cos(2x)2 on the domain (0, 7). The
interactions are linear combinations of Gaussians modelling self-attraction whereas the cross-interactions
are short-range repulsive and long-range attractive. The associated energy decays abruptly at the merging
and separation between aggregates. The slower decay of the energy before r ~ 10 is due to the trade off
between the local (internal) energy and the nonlocal interaction energy. After the rearrangement of the five
initial clusters to only three, the energy stabilises

to rearrange but at the cost of increasing the internal energy to allow for a decrease
in the interaction energy. This beautifully portrays the interplay of local and nonlocal
effects. Similar effects are known in the context of meta-stability.

7 Conclusion

In this paper we presented a finite volume scheme for a system of non-local partial
differential equations with cross-diffusion. We were able to reproduce a continuous
energy estimate on the discrete level for our scheme. These discrete estimates for
the approximate solution are enough to get compactness results and we are able to
identify the limit of the approximate solutions as a weak solution of the equation.
We complement the analytical part with numerical simulations. These back up our
convergence result and we are also able to apply the scheme in cases in which we cannot
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show convergence. To this end we pushed the scheme to regimes of singular potentials
also lacking the regularising porous medium type self-diffusion terms. Comparing
them with the explicit stationary states from [19] we conclude the scheme performs
well even in regimes it was not designed for.
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