Annales de la Faculté
des Sciences de Toulouse
MATHEMATIQUES

HELGE DIETERT AND AYMAN MOUSSA
Persisting entropy structure for nonlocal cross-diffusion systems

Tome XXXIII, n° 1 (2024), p. 69—104.
https://doi.org/10.5802/afst.1762

© les auteurs, 2024.

Les articles des Annales de la Faculté des Sciences de Toulouse sont mis
a disposition sous la license Creative Commons Attribution (CC-BY) 4.0
BY

http://creativecommons.org/licenses/by/4.0/

Publ,
4" Mersenne
o http:

ENTRE
MERSENNE


http://www.centre-mersenne.org/
https://doi.org/10.5802/afst.1762
http://creativecommons.org/licenses/by/4.0/

Annales de la faculté des sciences de Toulouse Volume XXXIII, n° 1, 2024
pp. 69-104

Persisting entropy structure for nonlocal cross-diffusion
systems *)

HELGE DIETERT () AND AYMAN Moussa (2)

ABSTRACT. — For cross-diffusion systems possessing an entropy (i.e. a Lyapunov
functional) we study nonlocal versions and exhibit sufficient conditions to ensure
that the nonlocal version inherits the entropy structure. These nonlocal systems
can be understood as population models per se or as approximation of the classical
ones. With the preserved entropy, we can rigorously link the approximating nonlocal
version to the classical local system. From a modelling perspective, this gives a way
to prove a derivation of the model and, from a PDE perspective, this provides a
regularisation scheme to prove the existence of solutions. A guiding example is the
SKT model [22]. In this context, we answer positively the question raised by [12] for
the derivation and thus complete the derivation.

1. Introduction
1.1. Cross-diffusion systems with entropy structure

Our starting points are cross-diffusion systems of n species with densities
u = (u;)1<ign solving a system

Opu; — div Z a;;(w)Vu; | =0, fori=1,...,n, (1.1)
j=1

on a domain (2 supplemented with boundary conditions and initial data v,

Here a;; are given scalar functions ( %0 = Rx>o) and the unknowns are the
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model densities u;’s, which are therefore expected to be nonnegative. The
matrix A(u) := (a;;(w)) is called the diffusion matrix and is always assumed
to be positive definite. As this work focuses on the entropy structure for the
diffusion, we do not consider here any reaction terms.

Without any assumptions on the a;;’s, the only estimate that we have on
system (1.1) is the conservation of the overall mass, i.e.

d
T U; = 07
dt Jq
fori =1,...,n. Due to the severe nonlinearity of the system, this sole control

is not sufficient to obtain the existence of global solutions. Searching for a
Lyapunov functional of the form

H(u) := /Q > hi(us), (1.2)
i=1

where h; € €°(Rs0) N €*(R>o), we find formally without boundary terms
that

d Vu1 Vu1
SHw=-[| @] c ]
dt Q . .
Vun, Vu,
with M : RZ; — R™*" defined by
hi(y1) 0O ... 0 a11(y) ai2(y) ... ain(y)
0 hy(y2) ... O az21(y) a(y) ... az.(y)
M(y) = : D : : - : - (13)
0 0 ...~ (yn) an1(Y) an2(y) - ann(y)

Hence we have a positive dissipation I = —dH/d¢ if (the symmetric part of)
M is positive semi-definite. This motivates the following definition, where
the second part quantifies the dissipation.

DEFINITION 1.1 (Entropy structure). — We say that the system (1.1)
has an entropy structure if there exist n functions hy, ..., h, € €°(Rxo) N
©*(Rs) such that the corresponding matriz map M : RZ, — R™*"™ defined
by (1.3) takes its values in the cone of positive definite matrices. We say that
this entropy structure is uniform when there exist furthermore n functions
ai, ..., an t Ryg = Ry such that for all (z,v) € R™ x RY it holds

n
2 M)z > Zai(vi)%f. (1.4)

i=1
For a given entropy structure the functions h;’s are called the entropy densi-
ties, a; ’s are the dissipations and the functional H defined in (1.2) is called

the entropy.
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Remark 1.2. — From the assumed positive definiteness of the diffusion
matrix A, it directly follows that for every entropy structure all the functions
h;,i=1,...,n, are convex.

Remark 1.3. — For typical examples, as the SKT system (1.5) below, the
entropy densities h; have diverging derivative towards the origin so that we
define the matrix map M only for positive arguments. In this work, we also
take R>( for the range of the densities which is the most common case. In
general the entropy structure can also be defined for bounded subsets of R,
cf. [15].

Smooth solutions for the system (1.1) are known to exist, at least lo-
cally in time, thanks to the work of Amann [1] which gives also a criteria
of explosion for such solutions. Apart from the very specific case of triangu-
lar system [13], for global solutions the current literature allows only weak
solutions and relies crucially on the entropy structure.

For an overview of such cross-diffusion systems we refer to [15], which
gives a list of examples in the introduction and also uses the quantified
condition (1.4). Note that [15] allows in principle more general entropies
but, apart from the volume-filling models, all examples have the additive
form (1.2) required in this work.

A guiding example is the SKT system with densities u; and us
dur = A((dy + digug)u),
{3tu2 = A((dz + d21ul)u2)

with parameters dy,ds,di2,d21 > 0. This system has been introduced by

Shigesada, Kawasaki and Teramoto [22]. Writing the system in divergence
form (1.1), the matrix (a;;(u)):; reads

dy +digua  di2ug
doruz  do +dour )’

(1.5)

For nonnegative solutions this matrix has nonnegative trace and determi-
nant. As remarked by Chen and Jingel [6] the following entropy allows to
symmetrize the system

H(ul,u2) = /Ed (hl(ul) + hQ(UQ)), (16)
with

Pi(2) = dath(2),  ha(2) = dia(z), (z) = zlog() — 2+ 1. (L7)
Indeed, one checks that

_(M(wm) O di +digug  digug _ * 1
M(u17u2) B ( 0 hlz/(UQ) d21U2 d2 =+ d21u1 B d12d21 1 % ’
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so that M is symmetric and still has nonnegative determinant and trace.
Thus M is positive semi-definite and forms with H an entropy structure
again under the necessary condition that the solution is nonnegative.

It is also known (see [10, 15, 16] for instance) that the previous entropy
structure of the additive form (1.2) can be found for substantial generaliza-
tion of (1.5) in the following general class of cross-diffusion systems

{@m = A(p1 (u1, uz) uy),

1.8
Opug = A(m(ul,uz) UQ), (18)

where the nonlinear functions p; and py are assumed €°(R%,) N ¢ (RZ,)
so that (1.8) can be written in divergence form (1.1) in order for the entropy
structure to makes sense. For the analysis of the PDE the difficulty comes
from the cross-diffusion effect so that we will focus on the case without self-
diffusion (imposing that u; does not depend on w;)

{atul = A(p(uz) ur),

(1.9)

Oy = A(ug(ul) ug).

The contribution of this paper is a constructive answer to the following
question.

MAIN QUESTION. — For a cross-diffusion system with an entropy H of
the form (1.2), does there exist a spatial mollification of the diffusion such
that the mollified system still has an entropy?

These mollified systems are called monlocal because the diffusion rate
of one species at a given point x does not depend anymore solely on the
population density at this place, but on a space average around it.

We provide a family of spatial mollifications of the cross-diffusion keeping
the entropy structure, where our intuition takes its origin from the article [8]
in which the first author of the current article exhibited an entropy struc-
ture for the SKT systems under a spatial discretization. To the best of our
knowledge, the current literature does not offer any prior example of per-
sisting entropy structure for a nonlocal cross-diffusion systems.

Approximation results. The usage of a spatial mollification was first
proposed by Bendahme et al. [3] and Lepoutre et al. [17] where no rigorous
link with the original model was established.

Having the entropy structure at hand, we can rigorously perform the limit
from the mollified nonlocal system to the original local system. This gives
immediately a new proof of existence of global weak entropy solutions.
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Such an existence result is nontrivial because an adequate approximation
scheme has to create nonnegative solutions and to keep the entropy structure,
as it has been done before by an entropic change of variable [15] or with a
semi-discrete scheme [10].

Derivation from particle models. The main motivation comes from
the derivation of many particle models as a mean-field limit. The starting
point is by Fontbona and Méléard [12] who performed a stochastic derivation
of a regularised cross-diffusion system with a nonlocal spatial regularisation.
Their aim was not to produce an adequate approximation scheme but to
derive the SKT system from a particle model. However, they could not handle
the last step of the derivation and they explicitly raised the question, whether
it is possible to find the classical local cross-diffusion system in the limit of
small regularisation.

A partial answer in this direction is given in [20] in the special case of
triangular diffusion coefficients. The recent work by Chen etal. [5] uses the
same approximation by spatial mollifiers and manage to prove rigorously
the limit of small regularization and large population at the same time.
In the aspect of taking both asymptotic limits at once, the analysis of [5]
goes beyond the program of [12]. However, for proving the uniform stability
of the mollified systems, [5] impose the assumption of small cross-diffusion
coeflicients so that the cross-diffusion terms can be handled perturbatively.
Hence the result of [5] does not cover the full SKT system (1.5).

In general, our proposed regularisation scheme is different to the one
used in [5, 12] but agrees on the important example of a linear rate SKT sys-
tem (1.5). Hence we provide, to the best of our knowledge, the first complete
derivation of this popular cross-diffusion model via nonlocal approximation.

For completeness, we note that other approaches for the derivation of
cross-diffusion systems are fast reaction asymptotics [9, 14, 24] or spatial
discretisations (without convolution). The later method was formally pro-
posed in [8] and recently revisited rigorously in [2].

Plan. In the following Sections 1.2 and 1.3, we introduce our nonlocal
mollifications keeping the entropy structure. We then state the existence and
convergence results for the mollified systems in the following Section 1.4. In
the remainder of the paper these results are then proved.

As we focus on the approximation scheme, we will show existence of so-
lutions of the regularised systems by PDE techniques, where we already see
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the effectiveness of the regularisation. We expect that the stochastic deriva-
tion can be adapted; but leave a general derivation from particle models for
future work.

Another future direction is the study of the gradient flow structure. For-
mally, the original local system often has a gradient flow structure which
in most studies is only used in the form of the dissipation inequality (an
exception is [25]). Having found a regularisation, we plan for future work
to investigate the gradient flow formulation of the nonlocal system and the
limit towards the local system. Such limits of gradient flows are an active
field and we only mention [4, 18, 21] as starting points.

1.2. Regularisation on the torus

The starting point was [8], where the entropy structure was understood
for the linear rates SKT model in a spatial discretisation. In this paper the
intuition is to relate the entropy structure to the reversibility of a Markov
chain modelling an N-particle system whose mean-field limit converges (for-
mally) to the spatially discrete system.

Briefly, the idea in [8] is that, on a particle model with discrete space
variable, the entropy structure is obtained by imposing that a pair of particles
is jumping together with a suitable rate. Trying to use this idea for a nonlocal
approximation, we intuitively want to make pairs of particle with a given
distance jump together. In order to identify the pairs, we therefore take the
convolution reflected between the two species.

For Q = T¢ and a nonnegative measure p on T? this motivates the fol-
lowing regularisation of (1.5)
Orur = A((dy + drz ug * p)ur), (1.10)
8tu2 = A((dg + day ug * ,(v))UQ), ’
where p is the reflected measure. To understand why such a system may
preserve an entropy structure if any, it is instructive to study the particular
case of a Dirac measure p = d,. In that case, using the translation operator
Tof = f(- — a), and applying this operator to the second equation, the
previous system becomes

Orur = A((dy + dra Tauz)ur),
OyTauz = A((dz +d2o1 Ul)TaUQ)a
that is, we recover a standard SKT system in which the second species us is

replaced by the shifted one 7,uy. In particular, for H of the form (1.2) we

— 74 —



Persisting entropy structure for nonlocal cross-diffusion systems

recover directly

d _ Vug Vuy
aH(Ul,Ta’Ug) = — Ad <VTGU2> . M(ulaTaUQ) <v7_au2> )

where M is the same matrix associated to H, as in the usual local case. Due
to the translation invariance of the Lebesgue measure, we have H (u1, T,ug) =
H(u1,us2) and we therefore recover the entropy structure in the sense that
H still defines a Lyapunov functional with a dissipation.

In the case of a general nonnegative measure p, the previous computation
can be reproduced once noted that the system (1.10) can be rewritten (the
Laplacian does not act on the translation variable y)

Byuy = /d A((dy + dia Tyuz)ur) dp(y),
T

Opy = /d A((dz + da1 T—yur)uz) dp(y),
T

and using once more the translation invariance of the Lebesgue measure
(after integrating in the variable ), one recovers this time

%H(ul,UQ) — —/Td {/Td (VVTZ;Z) -M(ul,TyUQ) (VVTEQ)} dp(y).

This computation can be adapted to the generalised SKT system (1.8) with
the following caution: the spatial regularisation has to be applied after the
nonlinearity, without affecting the self-diffusion. By rescaling the time, the
kernel can be normalised (i.e. p defines a probability measure) and we find,
more precisely, the following proposition.

PRrROPOSITION 1.4. — Consider two smooth functions p1, po : Réo —
R>o and the corresponding system (1.8). If this system has an entropy H,
then for any nonnegative smooth kernel p of integral 1, any smooth solution
of the following nonlocal system (7, is the translation operator)

deuy — A [/Td p(y) i (ur, Tyuz)) dyul} =0, (1.11)

Opug — A [/ P(y) po(Tyur, u2)) dyug} =0
Td

satisfies

%H(ul (t), UQ(t)) < 0.

If the entropy structure of the system (1.8) is furthermore assumed uniform
with dissipation ay and as, then we have formally

d
T (t),us(t) + D0 <0,
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where
D)= [ o @PTurf + [ aaualt)*Vua®l.

Remark 1.5. — We considered here a smooth setting in order to avoid
tedious justifications for the computations below, but we will show later how
this can be made rigorous in the a weaker setting (see Theorem 1.10).

Proof. — Denoting by h; and ho the entropy densities, we find by mul-
tiplying the first equation of (1.11) by h}(u;) and integrating over T? that

d hl(ul)dx:—/

P hY (u1)Vuy - {/ p(y)V (1 (ur, Tyuo)uq) dy} dx
Td Td Td

_ _/w o) {/T B! (1) Vg - V(ﬂl(ul,TyUQ)ul)dx} dy,

where 7, is the translation operator and V acts on the z (not noted) variable
only. We have a similar formula for the second equation, that is

d ho(ug) dz = —/ (y) {/Td R (u2)Vug - V(po(Tyur, uz)us) dx} dy.

5 Td Td
Intuitively speaking, we want to collect the pairs u;(x) and us(x —y) in both
expressions. This motivates in the double integral in the variables x, y of the

last right hand side the change of variable (x,y) — (z — w, —w). Using that
the translation commutes with differential operators, we find

d
At Jra

=— /d p(—w) {/d hy (Tywu2)VT,us - V(ul(ul,Twuz)Tqu)dz} dw.
T T

Since p(—w) = p(w), renaming the variables as before, we collect both con-
tributions as

St = [ o { [ (G031 (wms) (o1 ) b

where M is given by (1.3), the coefficients of the matrix A being the one
used to write (1.8) in divergence form (1.1). The fact that H is a Lyapunov
functional and the precised dissipation in case of uniform entropy follow (for
the latter, use the normalisation of p). O

hg (’U,g)

If there is no self diffusion in the generalised system (1.8) like in (1.9),
the nonlocal system (1.11) becomes simply

{5tu1 = A((Ml(uz) * P)“l)’

atUQ = A((Mg(ul> * ﬁ)UQ) (112)
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Thus, compared to [12], the spatial regularisation is applied after the non-
linearity, while they do it the opposite way in their stochastic derivation.
However, in the fundamental case of the (linear) SKT system (1.5), we get
the same system.

For these systems with the Laplace structure, another important role
is played by the duality estimates, see [10, 16, 20]. An advantage of the
previous scheme is that these duality estimates naturally continue to work
in the nonlocal versions.

Remark 1.6. — In the regularisation (1.11) the rate (u;);=1,2 is averaged
with respect to the cross-diffusion influence but a possible nonlinear self-
diffusion is not regularised. However, a nonlinear self-diffusion tends to im-
prove the entropy-dissipation estimates and we thus focus on cases without
self-diffusion.

For stochastic derivations it is, nevertheless, interesting to also regularise
the self-diffusion. In a general setting this destroys the entropy structure and
we need a compatibility with the entropy structure. For such a regularisation
consider a symmetric kernel o, i.e. & = o, and assume that (1.8) can be

written as
Oyuy = A((M1(u2) + K1(ur)) Ul),
Oyup = A((,MQ(Ul) + Ka(u2)) UQ),
where the system without the s has an entropy structure with an entropy

H consisting of h; and ho and matrix map M. We then propose the regu-
larisation

(o) = 8 ([ o= s s)

+ /yer o(z—y) k1 (u1(y)) dy) Ul(m):| )
ouc) = A, || plo=) a1 (@) o

+ /Iew o(x—y) k2 (uz(z)) dx) Uz(@/)]'

For the dissipation we then find
d
7&H(U17U2) = IM + Il + 127

where I, is the dissipation with x; = k2 = 0 and thus has a good sign. The
new terms are after using symmetrisation & = o

L= % /ggEQ /yew o) (VZ?;(T)M i <VZ?;<f)y)> dy d
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with
N, — (hé’(uz'(flr)) 0 ) ( ri(ui(z —y))  ui(@)ry (ui(z - y)))
' 0 hi(ui(z—y))) \uilz —y)r1 (ui(z)) ki (ui ()
fori=1,2.
Hence H is still an entropy if (NV;);=1,2 are always positive semi-definite
which gives an extra condition on the system. We note, however, that for
the studied SKT system (1.5) this condition is always satisfied under the

natural assumption that effect on the other species is of the same form as
the self-diffusion effect, i.e. that it takes the form

{5tu1 = A((dy + dizu§ + di1uf Yur),
Orug = A((dg + d21u§ + dggug)UQ),

for constants dy, ds, d11,d12,d21,das, o, B € Ry with o < 1 (see, e.g., [10]
for the discussion of the local case).

Remark 1.7 (Dirichlet boundary condition by penalisation). — For cross-
diffusion systems where the entropy-dissipation is sufficient for controlling
the nonlinearity, we can impose Dirichlet boundary conditions by a penali-
sation method. We sketch the argument and the estimate formally for the
linear rate SKT system

8tu1 = A((dl + d11u1 + d12U2)U1),
8tu2 = A((dg + d21u1 + d22u2)u2)

with active self-diffusion, i.e. di1, d22 > 0, which has the same entropy func-
tional (1.6) as (1.5).

For the penalisation problem take N large enough such that Q cC
(=N, N)¢ and identify the hypercube [-N, N|? with the flat torus T% :=
(R/2NZ)?. Assume constant in time Dirichlet boundary conditions for
species u; given by b; and suppose the boundary data can be extended to a
twice continuously differentiable map b; : T4 — (0, 00) with || V?b; e < 1.

Using the spatial regularisation with parameter € > 0 and a penalisation
with parameter § > 0, we arrive at the system

1
atul,s,(i - A((dl +d11u1,65 +d12u2,5,5 * pe)ul,eﬁ) = _g(ul,s,(s - bl)]l’ﬂ‘?\]\ga

. 1
atu215>6 - A((d2 +d21u‘1,f‘375 * Pe +d22u275,5)u2,€,6) = 75(”2,576 - b2)1T7V\£2'

As discussed before, the convolution keeps the entropy structure but the
penalisation term may break it. The idea is that the entropy structure only
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depends on the second derivative so that we can shift the entropy functional
accordingly, i.e. we consider the new entropy
(h1 (u1) = hy(br)ur — ha(by) + Ry (b1)by

H(ul,u2) = /
T
+ h2(u2) - hé(bg)’u,g — hg(bz) + hé(bg)bz)

so that the penalisation term creates a term with a good sign. We then find
the dissipation

d
&H =—/, Vs by (ue,5) V((dy + digur e 5 + digUse s * pe)tnes)
TN

d
N

- /d Vg5 hy(uze,s) V((dz + dogtin e 5 + dortin e 5 % pe )z e 5)
TN

- A(Ry(b1)) ((dl + di1ure5 + diUa e 5 * Pe)ul,s,é)

T%

-/ A(hy(b2)) ((d2 + dagug,e 5 + dortiy e 5 % Pe )tz e 5)
TN
1

=5 [0 = BB 5 = 1)+ (b .5) = Hoon)) (e B2) |-

The first two lines are exactly the dissipation we have found for the regu-
larised system. The next two lines are error terms and the last line is a good
dissipation term from the penalisation. Hence we find for a constant ¢ that
d

diH < —/ (di1d21|Vu e s + doodi2| Vua e 5]%)
t T?\J

1
6 ’H‘(Zi\f
e [luresl3 + llugesl3)-
As the error term can be controlled by the entropy and dissipation, this
yields a uniform control. Hence we can pass to the limit. By the dissipation

we can control the nonlinearity and by the penalisation term the prescribed
boundary data are obtained.

[ 21,06 = 0 (51)) 11,0,5 = b1) (12,05 = B (b1) (20,5 = o) |

1.3. General regularisation scheme

In the previous subsection we considered the special case of two species
on the torus. In this subsection we will generalise the regularisation scheme
to several species and general domains 2. Here the boundary implies that
the specific Laplace structure as in (1.8) is not preserved and we have the
general divergence structure as in (1.1), see Remark 1.9.
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For the two densities case on the torus, we used the convolution in order
to define how a pair is interacting in the cross-diffusion. In the general case of
n densities on a domain (2, the suitable generalisation is a kernel K : Q™ —
R>o between all densities and the intuitive idea is that the cross-diffusion
between the densities uy (x1), ua(z2), . . ., un(zy,) at positions x1,xa, ..., 2z, €
Q happens with the intensity K (x1,xo, ..., x,). The idea of using a kernel on
a bounded domain has been proposed in [17], where K is the fundamental
solution the (Neumann) operator Id —dA with 0 < § < 1. However, the
authors kept the Laplace structure and applied the regularisation before the
nonlinearity so that the entropy structure was lost, see Remark 1.9 below.

At the boundary such a general tuple cannot diffuse freely if we impose
no-flux boundary conditions. Hence in order to rule out boundary terms we
further assume that

K(zy,...,2,) =0 ife; e fori=1,...,n. (1.13)

A family of kernel K€ for ¢ > 0 then yields an approximation of the
local system if the kernel is concentrating on the diagonal as ¢ — 0, i.e. for
a species i = 1,...,n, a point z; € €2 and a sufficiently nice test function
¢ : Q" — R it holds that

/ da; K€ (z1,...,2n) @21, ..., 2n) — &(T4, ..., T5) as e — 0,
G#i z;€Q

where we introduced the notation J[; J;.cqdz;j to denote the repeated
J
integral over all coordinates x; with j # ¢, i.e.

H/ dl‘j Z:/ d,’El/ dl’ifl/ dxi+1"'/ dl‘n
T;EQ z1€Q z;—1€Q Ti+1€Q T, €Q2

J#i
A natural candidate of such kernels K€ is a smoothing of

€ —
K (xla v 7xn) = C€1|xi—wj|§e,i,j:1,..4,n

with a cutoff towards the boundary and a suitable constant C..

We can now state our proposed general regularisation.

PROPOSITION 1.8. — Let n € N be the number of densities and assume
rates (aij)i,jzl,wn such that the local system (1.1) has an entropy H.
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For a constant € > 0, a domain Q € R% and a kernel K : Q" — Rxo
satisfying (1.13), suppose of densities uy, ..., u, : 8 = R evolving in time
t by the nonlocal system (i=1,...,n)

Btui (.’El) — EAUi (ZL'Z)

— lerl< H/ dzy K(z1,...,25) Z aij (ul(xl), e ,un(o:n))Vuj(:z:j)>
k#i VT j=1

LEQ
=0 (1.14)

supplemented in the case of boundaries with von Neumann boundary condi-
tions

n - Vu;(z) =0 for z € 00. (1.15)
Then it holds formally that

%H(ul( t),...,un(t)) <O0.

In the case of uniform dissipations («;); it holds that

S H (1), ua(0)) + DlE) <0,

where
D(t) = Z/ [e By (us()) + v (us (2))*wi(2)] [V ()| dz
i=179
with the weights (w;)i=1,... n defined as

H/ Qdo:jK(zl,...,xn):wi(a:,;) >0, VazeQ (1.16)
jAL 7 TIE

Here we added a small global diffusion with € in order to compensate
that the kernel K vanishes at the boundary so that the system becomes
uniformly parabolic and we can obtain global regularity estimates for the
regularised system. By the assumption (1.13) the imposed von Neumann
boundary conditions imply zero-flux boundary conditions.
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Proof. — In order to obtain the estimate, the idea is to collect the inter-
action in a tuple uy(z1),. .., un(zy,). We then find for the dissipation

d
- EH(U(t))

:_Zdt/esz () da:

—Z Vo (:) bl (ui ()

| L"‘,};I-/zkegdmk K(xy,.. Za” uy (1), un(@n)) Vg () | da;
Vul(:lzl) vul(xl)
:/dxl/dan(lhaln) ]\/f(U1(5C1)77un(xn))

/ Zh”ut ) V() de,

e i

where M is the matrix from the entropy structure, Definition 1.1, and
the boundary terms vanish due to the von Neumann boundary condition
and (1.13).

By the assumed sign of the matrix M and the lower bound by «;, respec-
tively, the result follows. O

Remark 1.9. — The previous regularisation (1.10) for two species in the
simple setting Q = R% or Q = T is exactly recovered by setting K (21, x2) =
p(x1 — x2) and dropping the normal diffusion with e.

This leaves the question whether the Laplace structure of a system of a
the form (1.8) can be preserved in the nonlocal version. Applying the regu-
larisation procedure for a general kernel K, we can rewrite the regularised
evolution in the Laplace structure if

VK (e,y) = ~V,K(z,y).

This, however, is only true if K has a convolution structure and thus does
not work for domains with boundaries. Indeed we find for the two species
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system (1.8) the regularisation

Orune) = s = A, | [ K(w) i (10(0).walo) dyn ()

=l 0K @) + @) )]s (11 0). sty ) dy ()]

=—Vy /GQ [(0: ) (@, y) + (0, K) (2, y)] p2 (ua (2), u2(y)) do uQ(y)_

(1.17)
which contains corrector terms for the defect of the convolution structure on
the right hand side.

For the linear rate SKT system, this matches the regularisation follow-
ing the discrete structure in [8], where we identified the entropy with the
reversibility of a corresponding Markov chain, see Appendix A.

1.4. Results

Having introduced the regularisation schemes, we can now state our rig-
orous existence and approximation results.

Our first result shows that the regularisation (1.12) for (1.9) is sufficient
to find solutions satisfying the entropy-dissipation inequality. It will be clear
from the proof below that the diffusivity u;’s could be assumed sublinear,
instead of being controlled by the entropy densities. The self-diffusion could
be included via the more general approximation (1.11) (for which there is
a similar existence result) but we have chosen to avoid it to simplify the
presentation.

THEOREM 1.10. — Consider the generalised SKT system (1.9) with
p1, 2 € €°(Rso) N EH(Rsg). Assume that it admits a uniform entropy
structure with entropy H, entropy densities hi,ha € €°(Rs0) N €*(Rxo)
and dissipations a1, o : Ryg = Rxq. Assume furthermore two positive con-
stants 6, A such that for all z € Ry

I < () KA+ ha(2) and 0 < pa(z) <A1+ hi(2)). (1.18)

Fix p € €%(T%) nonnegative having integral 1 over T, and a bounded initial
data ul™t uiMt satisfying for some positive constant

o < u;nit < ,7/—17
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so that H™?® := H (ul"* ult) < +o00. Then, there exist positive functions
ur,up € €0([0, T); LA(TY)) N L2(0, T; HY(T9)) N L>°(0, T; L>°(T?)), (1.19)

such that (u1,uz2) s a distributional solution to the system (1.12) initiated
by (u!™t, uiMt). This solution (uy,us) satisfies furthermore the following es-

timates for i =1,2:

e conservation of the mass: u; € €°([0, T]; L' (T%)) and for t € [0,T)

/w ui(t) = /w ulMt, (1.20)

e entropy estimate: h;(u;) € €°([0, T); L1 (T?)) and for t € [0,T)

H(ur(t), us(t)) + /O D(s)ds < H™™, (1.21)

D(t) := /d ar (ur ()2 [Vur ()] + aa(uz(t))?[Vuz (1)
T
e maximum principle:
v exp(—ABrinit || Ap|l 1 (1)) < ui <77 exp(ABr it | Ap| Lo (1ay), (1.22)
where
Brinit := T(1 + H™®).
e duality estimate:

/ ([ () * plus + [p2(ur) * plug) (u1 + uz)

T
Sa (14 2ABrinit) </ (up™*)? +/ (Uiznit)2> . (1.23)
Td Td
where the constant behind <q depends only on the dimension d.

Remark 1.11. — The upper bound in assumption (1.18) is natural for
many cross-diffusion systems. For instance if 1 and py are given by power-
laws (as in [10]), the entropy densities are precisely given by the same expo-
nents (with an exception for the linear case). See also Remark 1.13.

Using the uniform control by the entropy, we can prove the following
limit theorem. Together with the previous existence result, this shows, as a
by-product, the (known) existence of weak solutions to the generalised SKT
system (1.9).
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THEOREM 1.12. — Consider the assumptions of Theorem 1.10, for a
sequence of nonnegative functions (pp)n € €*(TYN which converges weakly
towards the Dirac mass, with dissipation rates a1 and oo wvanishing on a
set of measure 0. Assume furthermore that the diffusivities are strictly sub-
quadratic or controlled by the entropy densities, that is

i pa(z) p2(2) _
im =
2400 ho(2) + 22 hi(z) + 22
Then, the corresponding sequence of solutions (ui n,uzn)n given by Theo-
rem 1.10 converges (up to a subsequence) in LY(Qr) towards a weak global
solution (u1,uz) of the SKT system which satisfies for a.e. t € [0,T] the con-
servation of the mass (1.20), the entropy estimate (1.21) and the following
duality estimate

(1.24)

/ (11 (ug)ur + po(ur)uz) (u1 + usg)

T
Sa (1+ 2ABT,M)/ (uirit)? +/ (udi)2. (1.25)
T Td

Remark 1.13. — The assumption (1.24) is crucial to avoid any concen-
tration in the nonlinearities of the system. However, in practice (see for
instance the power-law case in [10]) the control of gradients of the entropy
estimate gives raise (by Sobolev embedding) to another estimate on pg(uz)

and p12(u1).

In a general setting we described the regularisation scheme (1.14), for
which we can state the following existence result.

THEOREM 1.14. — Consider a cross-diffusion system (1.1) for n species
and rates a;; € CKO(R’;O), i,j = 1,...,n. Assume that it admits a uniform
entropy structure with entropy H, entropy densities hy, ..., h, € €°(Rxo) N
€%(Rso) and dissipations oy, ..., ay, : Rsg — Rso.

Fori # j define a;; : RSy — R by

8j'dl-j(v) = Q;j; (U), DS R;LOV and 'dl-j (U) = 0, Zf v = 0.
Suppose that v — a;;(v) is continuously differentiable with respect to v; and
that there exists a constant A such that for all v € RYy andi=1,...,n

aii(v) < A(L+hi(vi) + -+ + hn(vn)),
a5 (v)

<A+ hy(vi) + -+ hy(vy)),

V;
and

Diaij(v) < AL+ hi(v1) + -+ hn(vn)).
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Let Q € RY be a domain with piecewise €' boundary and K € €2(Q")
be a nonnegative kernel satisfying (1.13). Further fiz bounded initial data
it = (it Nt satisfying for some positive constant vy

o < ui_nit < ,_)/—17
s0 that H™?® := H (u™') < +o00. Then, there exists positive functions

U, ..., u, € €00, T); LA(Q)) NL2(0, T; HY(Q)) N L0, T; L>=(9)), (1.26)

such that (uy,...,up) is a distributional solution to the system (1.17) with
initial data u™* and von Neumann boundary data (1.15). Furthermore, the
solution u = (uy,...,uy) satisfies the following estimates fori=1,... n:

e conservation of the mass: u; € €°([0,T]; LY(Q)) and for t € [0,T)

/Q ui(t) = /Q uimit, (1.27)

e entropy estimate: h;(u;) € €°([0,T]; L1 (2)) and for t € [0,T)

H(u(t))) + /0 D(s)ds < H™,

n 1.28
D(t) = Z/Q [e by (us(2)) + v (us (2))*wi(2)] [V () do .
i=1
with the weights (w;);=1,... n defined in (1.16).

e maximum principle:

yexp (—MT) < u; <y texp (MT), (1.29)
where

M = 24 max(|| K |oo. [| VK loo, [V K [lo) (|92] + H™™). (1.30)

e ¢ regularity:

T
1 ini
sup st oy e [ 1900 Ry < 030 | 70 (242 1l
te(0,T] 0 €

Under the assumption that the dissipation is big enough, one can con-
clude that the approximations converge to the local version. In the setting of
their time-discretisation approximation scheme, [7] discusses possible condi-
tions for such a convergence. Nevertheless, they need to treat the SKT case
separately.

As the SKT case is the motivating example, we focus on the SKT case,
where we replace the duality estimate with a positive self-diffusion. For
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n species with densities u = (uq,...,u,) the SKT system corresponds to
the evolution
n
Owu; = A diu; + Zdijujui (131)
j=1

with constants dy,...,d, > 0 and (dij)ij > 0. Furthermore, suppose that
there exist weights 7y, ..., 7, = 0 such that the diffusion coefficients satisfy
the detailed balance condition

Widij :Wjdji, for i,j = 1,...,n, (132)
see [8] for a discussion on the condition. Then the evolution (1.31) has an
entropy structure with

hi(z) = m; (zlogz — z + 1)
and dissipation
OZZ(Z) = ﬂ-z'di'i-
THEOREM 1.15. — Given a bounded domain Q C R? with €1 boundary
and an increasing sequence of sets (Am)men with A, CC Q and A, T Q as
m — co0. Suppose that there exists a constant ¢ and extension operators &, :

W1’2(Am) — Wl’Q(Rd) such that ||gm||W1v2ﬁ\W1»2 <c and Hgm”Lp*)Lp <ec
forp=2+2/d.

Assume a corresponding sequence of nonnegative reqularisation kernels
(K™)men in €2(Q") for n densities satisfying (1.13) with weights wi™, i =

1,...,n, as in (1.16). Suppose that the weights always map to [0,1] and
wit(z) =1, forze A, andi=1,... n.

3

Moreover, suppose that K™ concentrates along the diagonal, i.e.

1
K™(1,...,2n) =0, if |z; —xj| > — for somei,j=1,...,n.
m

Consider the SKT system (1.31) for n densities with constants
di,...,dn =20 and (d;;);; > 0 and weights 7y, ..., 7, = 0 satisfying (1.32)
and di; > 0 fori=1,...,n with initial data u™* = (ui™*, ... wl"Y) with

v it 4l
fori=1,...,n and a constant v € Rsg.

Then there exists a sequence of (€ )men With €, | 0 as m — 0o such that
the approzimating solutions (™), as constructed in Theorem 1.14 converge
along a subsequence to u in LI([0,T) x O RY ) with ¢ = 2+4(1/2d). The limit
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u is a nonnegative weak solution to (1.31) with the no-flux boundary condi-
tions satisfying the entropy-dissipation inequality, i.e. for ¢ € €>°([0,T] x Q)
with ¢(T,-) =0 andi=1,...,n it holds

_/OT/QW&QS+/0T/Q gaij(u)vuj 'VQS:/Q“;M%(O")’

where
a;;(u) = di + 2digu; + Zj;«éi dijuj if i = ]»
dijug otherwise.
Remark 1.16. — A sequence of such sets A,, can be constructed for lo-

cally Lipschitz domains. For this, locally write the boundary as a graph of
d — 1 variables and locally then such a sequence can be constructed. For
the construction of extensions we refer to the treatment of [11, Section 5.4]
and [23, Section VI].

2. The convolution scheme on the flat torus

This section is dedicated to the proofs of Theorem 1.10 and Theorem 1.12
on the torus. For the domain, we introduce the notation

Qr :=1[0,T) x T%,
and start by recalling some useful results about the Kolmogorov equation,
that is
Oz — A(uz) =G, (2.1)
2(0,-) = 2™t (2.2)

where G, u and 2™ are given and z is the unknown. Solutions will be
understood in the following sense:

DEFINITION 2.1. — Given a measurable function p: Qr — R, and two
square-integrable functions G, 2™ : Qr — R we say that z € LY(Q7) is a
distributional solution of (2.1)—(2.2) if zu is integrable on Qr and for all
test function ¢ € 2(Qr) it holds that

—/ Z(atsoJruA@):/ 2" 0, ) + Ge.
T Td Qr
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2.1. Reminder on the Kolmogorov equation

The following result is directly extracted from [20], more precisely merg-
ing results obtained in Theorem 3, Proposition 2 and Proposition 3 therein.

THEOREM 2.2. — Fiz p € L>®(Qr) such that infg, u > 0. For any
2t ¢ L2(T9) there exists a unique solution z to (2.1) — (2.2) in the sense
of Definition 2.1. This solution belongs to L2(Qr) and satisfies

e maximum principle: if G and 2™ are nonnegative, then so is z;

e duality estimate: u'/%z € L2(Qr) and

o (e [ ) (L or [ )

where the constant behind <g4 depends only on the dimension;

o sequential stability: for fized G and 2™ as above, the map p +— 2,
restricted to those p who are bounded and positively lower-bounded,
is continuous in the L1(Qr) topology for the argument pu and the
L2(Qr) topology for the image z.

We will use two corollaries of the previous theorem.

COROLLARY 2.3. — Consider the assumptions of Theorem 2.2, with G =
0. If furthermore 2™ is bounded with v < 2™ < 4~ for some positive con-
stant v and if Ap € LY(0,T;L>(T)), then z € L (Q1) with the estimate

vexp( / (A~ |Md>ds>\z< p(/ Ayt ||LW)ds)

where the exponents * and ~ refer to (respectively) the positive and negative
parts.

Proof. — Define
t
B(t) = wexp( / 1A () e o ds> .
() = 2 —vexp(— / ||(AM)(5)LOO(Td)dS>,

which satisfy
(0:® — A(p®@)) (t,2) = (P + 2)(t, ) ([(Ap) T (B) Lo (ra) — Apu(t, 7)) >
(000 — A(pW))(t, ) = (z = ©) (& 2) (Apt, x) + [(Ap) ™ ()L e)) =

The conclusion follows using the maximum principle of Theorem 2.2, since
® and U are initially nonnegative. ]

3

0
0
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COROLLARY 2.4. — Consider the assumptions of Theorem 2.2, with G =
0. If furthermore Ap € LY(0,T;L°(Qr)), then z € L*(0,T;L*(T%)) N
L2(0, T; HY(T%)) with the following estimate for a.e. t € [0,T]

/ // ulv=l? eXp(/ 1(Aw)™ (8)l|Lee ray dS)/Td(zi“it)Q. (2.3)

Proof. — We first assume that p and the initial data are smooth. In that
case, we can rewrite the Kolmogorov equation (2.1) as standard parabolic
equation, and we get the smoothness of the solution z. In this situation, we
can rigorously multiply the equation by z and integrating by parts, to get

33 L 208+ [ uiv=oF = = [ Ve Tu)
1

2 1 )
— 5 [ #0800 < JIA* Wl [ =02

We have thus

th {exp( / 1(Ap) " (5)[lLe Td)d3> /Td z(t)2}
+oup / B Gz ds) [ wOF=0F <0,

and we infer after time integration the stated estimate. For the moment,
we only established the estimate in the case of smooth data. Replacing p
and 2™ by smooth approximations (i), and (2iM'),  approaching them
in L'(Qr) and L*(T¢) respectively, with furthermore [(Apy)T|lL(Qr) <
(Ap)t L= (@r), We get a sequence (zy), which, by the sequential stability
of Theorem 2.2, approaches z in L?(Q7). The usual semi-continuity argu-
ment for weak convergence allows to obtain that z € L*(0,T;L23(T9)) N
L2(0,T; HY(T%)), with the estimate (2.3) being satisfied for a.e. ¢. O

2.2. Proof of Theorem 1.10

Proof. — We start by proving the four a priori estimates, under the
assumption of positivity and regularity (1.19).

e conservation of the mass: since u; € €°([0, T]; L2(T%)), it also be-
longs to €°([0, T]; L' (T%)) and this is sufficient (via a density argu-
ment) to use Lya as test function which allows to recover (1.20).

e entropy estimate: the h;’s and p;’s are locally Lipschitz, so bound-
edness of the u;’s and their belonging to ¢°([0,7]; L?(T%)) imply
hi(ui), pi(u;) € €°([0, T); LY (T?)), for 4 = 1,2. With the same type
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of arguments we recover h(u;) € L2(0,T; H!(T9)). This is sufficient
to justify the following formula for all ¢ € [0, T, by density of smooth
functions,

/Ot [ oo = [ ntuo) = [ n).

Similarly, we have that (with the analogous formula for the other
species)

—/ hy (un) A ([ (u2) % plur) :/ hi (u1)Vur - V ([pa (u2) % plur),
0 JTd 0 J1d

which is sufficient to reproduce rigorously the computation done in
the proof of Proposition 1.4 and integrate it time to get (1.21).

o maximum principle: we have (using assumption (1.18) and the en-
tropy estimate)

T
/0 1A (11 () ) (3)llo (rty ds < llan (u2) s cop 1 APl oo e
SAT(L+ H™)||Apl|p,o0 (ra

and likewise for A(ug(ui) x p) so that (1.22) follows directly from
Corollary 2.3.

e duality estimate: the function z := wuy; + us solves the following
Kolmogorov equation
Oz — A(puz) =0,

Z(O, ) — uilnit + uiznit7
with
(11 (u2) * p)ur + (pa(ur) * plus
w1 + Uz
where p is well-defined thanks to the positivity of the u;’s and fur-
thermore bounded. The duality estimate of Theorem 2.2 implies

)

/ ([11(u2) % plur + [p2(ur) * plus) (ur + uz)

T sl f ) W) ([ [ @

To recover (1.23), simply notice that p < pq(u2) *x p + pa(u1) * p so
that using the normalisation of p and assumption (1.18),

/Tyg /Tul(UQ)'f'/QT,UQ(Ul) <A</T(2+h1(u1)+h2(u2)))

< 2A By init,
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where we used the entropy estimate and the constant Br ini =
T(1+ H™M),

These estimates have been proven for a positive solution with regular-
ity (1.19) whose existence has been assumed. We now construct a solution
by a fixed-point argument.

On the set E := L'(Qr) x L*(Qr) we define the map © : E — E which
sends (u1,us) to the solutions (u$,u$) (in the sense of Definition 2.1) of
Out = ([ A M) » g,
Ous = A([pa(uf A M) plus),
where the cutoff constant M > 0 will be fixed later on. By continuity of 1
and ps we have
max (1 (x), p2(z)) < C, Yz € [0, M]. (2.5)
In particular, Theorem 2.2 applies and ensures that the previous map is
well-defined. Moreover, (2.5) implies for (uy,us) € E that
A (i (A M) % )| = a6 A M) % Ap| < CllAplls ooy,

and likewise for A(p2(uf A M) % p). Hence we infer from Corollaries 2.3
and 2.4 that the images u} and u$ are nonnegative and uniformly bounded
in L>°(Q7) and L2(0, T; H*(T¢)). Moreover by the equations, the time deriva-
tives are also uniformly bounded in L2(0, 7; H~!(T¢)). That means that there

exists a constant ¢ such that
maxi ||V;||1ee s NV || L2(0.T:HL(T4))
@(E)CK:{(Ul,’UQ)GE' (lvillue@ry: lville o, 78 (rayy ' }
10evillL2 0,711 (ray) ) <€ for i=1,2

Then by the Aubin-Lions lemma the convex set K is also compact in E.
Hence Schauder’s fixed-point theorem applies and ensures that there exists
a fixed-point (u1,us) € K, solving therefore (the u;’s are nonnegative)

Opur = A([pa (uz A M) % plus),
Oruz = A([pa(uy A M) * plus).
The bounds obtained for elements in K also ensure that u; and us both
belong to €°([0, T]; L?(T%)) so that we have the required regularity (1.19).

In order to conclude we just need to fix a constant M such that the corre-
sponding saturation vanishes. For this purpose, we consider

M=2y"" exp(AB7,init]| Ap|l o),

(2.6)

where the constants A and Brni; are defined in the statement of Theo-
rem 1.10 and we recall that v > 0 is such that

o < u;nit < ,7—1.
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‘We now define

* 3M
= Sup{t €10, 7] : max llwillLes (0, xTe) < 4}.

By Corollary 2.3, we have t* > 0 and up to any ¢ € (0,¢*) the cutoff M has
been irrelevant. Thus, for ¢ € (0,t*) all the a priori estimates apply and in
particular the entropy estimate which implies

t
|11 (u2) l1 (0, x4y < A/ <1 + /Td hz(u2)> < At(1+ H™®) < ABrjinit,
0

with a similar estimate for the other species. This in turn implies by Corol-
lary 2.3 that for ¢t < t*

M

max l[willee ([0, x Ty < >
which proves that ¢* = T by the usual continuity argument and our fixed-
point (u1,usg) is the required solution. a

2.3. From nonlocal to local SKT

We start with a compactness tool already used in [16] that we adapt
slightly to our setting. The proofs are only included for the reader’s conve-
nience.

LEMMA 2.5. — Fiz a : Ryg — Ry having a negligible set of zeros.
Consider a sequence of positive functions (wy), € WY1 (Q1) such that

(i) (wn)n bounded in L2(Qr);
(i) (Opwy)n bounded in LY(0,T; H-™(T9)) for some integer m;
(iii) (c(wy)Vwy), bounded in L2(Qr).

Then (wy,), admits an a.e. converging subsequence.

Proof. — By assumption (iii) the sequence (VF(w,)), is bounded in
L2(Qr), where F : R — R is defined by

F(z) :—/Ozl/\a.

Moreover, F' is an increasing (because a > 0 a.e.) 1-Lipschitz function van-
ishing at 0. In particular, we infer from (i) the same bound for (F(w,)),. Up
to a subsequence we can thus assume that (w,), and (F(w,)), respectively
converge weakly to w and @ in L?(Qr). Using (ii) we thus infer from [19,
Proposition 3] that (up to a subsequence),
/ wpF(w,) — ww. (2.7)
T

n—roo QT
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At this stage we use the Minty-Browder or Leray—Lions trick: one first es-
tablishes that

=hp

/ (E(wn) — F())(wn — w)

= F(wp,)w, + F(w)w — / F(wp)w — / F(w)w, — 0
Qr Qr T T n—reo
by exploiting the L?(Q7) weak convergences (wy,)n —n w, (F(wpn))n —n W,
together with (2.7). Then, since F is increasing, we have h, > 0 so that
the previous convergence may be seen as the convergence of (hy,), to 0 in
LY(Q7). In particular, up to some subsequence, we get that (h,,), converges
a.e. to 0 which in turn implies (increasingness of F') that (wy ), — w. O

Proof of Theorem 1.12. — Using the duality estimate of Theorem 1.10
we first have

/ ([m(uz,n)*pn]ul,n + [ug(ul,n)*ﬁn]u2,n) (U1, +u2,n) Sdnit 1, (2.8)

T

where the constant depends on the dimension and initial data but is uni-
form in n. In particular, both species satisfy (since p; and pg are positively
lower-bounded) assumptions (i) and (ii) of Lemma 2.5. Using the entropy
estimate of Theorem 1.10, we have also for both species that (o (u; n)Vun)n
bounded in L?(Qr), which validates assumption (iii) of the lemma since the
dissipation rates a; are assumed a.e. positive on Rsg. We infer therefore
from the previous lemma that, up to a subsequence (that we do not label),
(U1,n)n and (ugn)n converge a.e. to some u; and ug, respectively.

We now pass to the limit (in 2’(Qr)) in the products

(111 (u2,n) * pr |t n and [pe(u1,n) * pruzn.

W.lo.g. we can focus on the first one. Since (uz,, ), converges to us a.e., so
does (u1(ug,n)n to p1(uz), by continuity of ;.

The assumption (1.18) and the entropy estimate of Theorem 1.10 imply
that (u1(ug.n))n is bounded in L>(0,T;LY(T?)). As this is not sufficient
to prevent possible concentration in the space variable, we use the growth
assumption (1.24), to establish the uniform integrability of (u1(ug2.4,))s. In-
deed, since py is continuous, the sequence cg := inf{z > 0 : u1(z) > R}
diverges to 400 with R and we have

/ Ml(u&n)]lm(uz,n))R < / Ul(u2,n)1uz,n>CR
T T

< sup <I>(z)/ h2(u2,n)+u§,n’

ZZ2CR T
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where ®(z) := #ﬁ)z? goes to 0 as z — +o00, by assumption (1.24).
Since po is positively lower-bounded (thanks to assumption (1.18)), we infer
from (2.8) a bound for (ua,), in L?(Qr) (we use here the nonnegativity
of all the involved functions). Using the entropy estimate and the previous

inequalities, we therefore infer

lim Sllp/ ,Ul(UQ,n)ﬂp,l(uzn)?R = 0’

R—400 p -
which establishes uniform integrability.

Therefore, Vitali’s convergence theorem implies that (u1(ug.))n con-
verges to pi1(uz) in LY(Qr). The sequence (g1 (ug,n) * pn)n shares the same
behaviour. In particular, (u1(us,n) * pn)n is also uniformly integrable and
adding a subsequence if necessary, we can assume that it converges a.e. to-
wards 1 (uz2). Now, to conclude we write

Wy = (11 (U n) * pu]unm = [pa(uam) % pn] > 11 (uan) % ] 01 .

As already noticed, (w,,), converges a.e. to the expected limit 11 (u2)us. The
previous writing together with the duality estimate (2.8) and the Cauchy—
Schwarz inequality shows that (w,), is bounded in L!'(Qr). Even better,
(wy)n is the product of a L2-uniformly integrable sequence with an L2-
bounded one so that (w, ), is uniformly integrable and the Vitali convergence
theorem applies once more to get the convergence of (wy,),, towards py (us)u;.

The previous reasoning (which applies to both species) allows to pass
to the limit of the equations. The limit satisfies the estimates by Fatou’s
lemma. O

3. General regularised scheme on a domain

In this section, we study the general regularisation scheme introduced
in Proposition 1.8 and prove the corresponding results Theorem 1.14 and
Theorem 1.15.

3.1. Existence of regularised solutions

We start with proving the existence of solutions for the regularised
scheme, i.e. Theorem 1.14.
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The advantage of the regularisation is that the cross-diffusion terms are
controllable and we thus rewrite the evolution as

<e +H dog K (21, ..., 2n) ai(ur(x1), . .. 7un(;rn))> Vul(xl)}
it

i TR EN

(’“)tui (SUZ) — diVIi

= div,, [H/j dzy K(z1,...,2 Za” (u1(x1), U (25)) VU (x])}

k#i KEQ j#i
For the cross-diffusion terms, the a;; in Theorem 1.14 are defined such
that
aij(ur(21),. s un(20))Vuj(x;) = Vo, a5 (ur (1), - - -, un(T0))

so that the partial derivative can formally be integrated by parts onto the
kernel K, where no boundary terms appear due to (1.15). Hence the evolution
can be rewritten as

Opu; — V((G + al[u])Vuz) + Bl[u}Vul +c; [u]uz =0, (3.1)
with von Neumann boundary conditions and

[€D) H/ day, K (z1, ..., @) ag(uy (1), . . . un(20)), (3.2)

ki LEQ

J:) =TI / Az, 0K (21, ..., x0) 0idij (ur (1), - s tn(2n)), (3.3)

J#i ki) TREQD

1(z;) Z / dzy 0;; K (21, .., 2y >aij(u1(x1),...,un(xn)). (3.4)

i i Jane ui(z;)
The assumptions of Theorem 1.14 then imply for z; € Q that
|@i[u](z:)] < AN K loo (12 + H (),
[bilu](z:)] < AVE|oo(1Q] + H (u)), (3.5)
Eilul(z0)| < AIIV2K oo (192] + H (u)).

This is enough to prove the existence of solutions by a Galerkin scheme.

Proof of Theorem 1.14. — Let o € €>°(R™) a nonnegative mollification
kernel with suppo C By and [ odz = 1 and define

o™(z) = mo(maz).

Extending a;, b;, ¢; with zero outside €2, we consider for m € N the following
System

Opuy" — V(e + (@[u™) A M) c™)Vul™)
+ ((bs[u™] A M) % a™)Vul™ + ((&;[u™] A M) % c™)u =0, (3.6)
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with von Neumann boundary conditions, ¢ = 1,...,n and the constant M
as in (1.30).

By a standard Galerkin scheme (e.g. taking the von Neumann eigenvec-
tors of the Laplacian on ), the system (3.6) has a solution «"* with initial
data ui™* and has any H*, k € N, regularity after an arbitrary short time.
Hence we can apply the maximum principle for parabolic equations and find
as in Corollary 2.3 that

yexp (=TM) < u™ <y 'exp(TM).

Furthermore, each u}” is preserving the mass. Finally, we can test (3.6)
against u" to find the followig estimate independent of m:

1 ini
sup |[lu" (¢, HL2(Q)+E/ Vi ( HL2(Q) exp[TM<2+ )}Hul tHIQJ"(QV
t€[0,T)

where 7 = 1,...,n and we used the cutoff with M. Note that here the right
hand side is bounded by assumption. Hence we find for a constant C(T)
independent of m that

[0:ui" L2 (0.7 1-1 () < C(T)
fori=1,...,n.
By Aubin-Lions lemma we can therefore find a subsequence (relabelling
with m) and
u; € €°([0, T]; L2(€)) N L2(0, T; H' (2)) N L>(0, T; L= (%)),

for i = 1,...,n such that u]® converges almost everywhere to u; and Vu[*
converges L? weakly to Vu,;. Moreover, it holds that

yexp (=TM) < u; <y exp(TM).
The convergence implies that for ¢ € € (Qr) with ¢(T,-) = 0 it holds that

//ulam—&-//e—kaz A M)Vu; - V¢—|—// ) Vu; ¢
N CCISIYE /Q gt

ie. u = (uy,...,u,) is a weak solution with von Neumann boundary data.
Moreover, by the continuity this implies directly the conservation of mass.

Until a time T* < T for which

sup sup max(a;[ul, |b;[u]|, &[u]) < M,
te[0,T*] z€Q

the cutoff M is not applied and we have a weak solution of (3.1). As in the
Laplace case on the torus in Section 2, the proven regularity is sufficient to
justify rigorously the formal entropy estimate as in Proposition 1.8.
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The assumptions (3.5) then imply that at time T* it holds that
. M

sup max(a;[u], [bs[u]], & [u]) < —-

€N 2

and thus by continuity T* = T and we have constructed the claimed solution.
O

3.2. Limit for the SKT system

Having constructed the nonlocal approximation, we now prove Theo-
rem 1.15.

The assumption of the extension operator allows to find a uniform
Gagliardo—Nirenberg inequality.

LEMMA 3.1. — Assume the setup of Theorem 1.15. Then there exists a
uniform c for the Gagliardo—Nirenberg inequality

1o ay < e (IS IV A Gy + 1 s a,)) VS5 A — R,
holds on all A,,, where m € N, § = 2/p andp=2+2/d.

Proof. — By the extension operator &, and the Gagliardo—Nirenberg
inequality on R? we find

AT 4y < NEm(NIT 0 ray
0)
S 1Em(f )IILll oy 1V Em( 2 ra)
SUAIEED) (112, + IV FIR2a,00)-

As p > 2, we can interpolate ||f|i2(a,,) between || fllLica,,) and ||fllLe(a,.)
and absorb the contribution of || f||1»(4,,) so that the claimed inequality
follows. O

The first lemma ensures the integrability and determines the sequence e.

LEMMA 3.2. — Assume the setup of Theorem 1.15. Then there exists a
constant Cp and a decreasing sequence (€m)m With €, | 0 such that

1w |Ls jo,myx0) < Cr
fori=1,....;nandp=2+1/d.

Proof. — For the regularisation kernel K™ and €, > 0, we find by The-
orem 1.14 a solution u,, which satisfies

(i) Nlui*|lLeeo0,r;1(0)) < ¢ for i =1,...,n (conservation of mass),
(ii) [[Vul™ HLQ (0.7512(0)) S el exp(e,, ) (e-dependent estimate),
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(iii) ||Vu§”|\%2(0 7124, S c (dissipation estimate in the set A, on
which the weights are w™ = 1)
for a constant ¢ independent of m.

The parameters 6 and p of the Gagliardo—Nirenberg in Lemma 3.1 are
chosen such that 8p = 2. Hence we find on A,, that for i =1,....,n

T T
m m m 1 0 m
J R A A (e AN e [ R el R

With the gradient control from the dissipation and the conservation of mass

this shows
/ |u* P dedt < cq
[0,T)x A,

for a constant cg independent of m.

As the domain 2 is assumed to have €' boundary, we can also apply the
argument of Lemma 3.1 to find over ) that fori=1,...,n

T T
m m m(1—60 m
| e s [ (19 IS+ 1 ) a

Hence we find for a constant ¢, independent of m that

/ |uf*P da dt < ce <1 2 exp(e;ll)>.
[0,T)x €m

As p < p we can find ¢ € (0,1) so that the Holder inequality implies

I fllLe o, myx By < (TIBDT | fllLeo,m)x B)
for BC Qand f € LP(]0,T) x B).

By splitting Q into A,, and Q\ A, we therefore find (as |4,,| < |9])

i lue (o,my <) < i lue(o,7) x Am) + 14 L7 (j0,7) x (@\ A1)

- /p
< T|QICY? + T QN Ay |9cl/P (1+(3)<1D(€7n)> .
€m
As |Q\ A,,] = 0and ¢ € (0,1), we can therefore find a sequence €, | 0 such
that |Q\ A,,]|9(1 + €., exp(e;;1))/? is bounded by a constant independent
of m. The claim then follows directly from the given estimate. O

We can now proceed with the convergence result.

Proof of Theorem 1.15. — Inside each good set A, the dissipation and
mass conservation give a uniform estimate for v in L>°(0,7;L'(A,,)) and
L2(0,T;HY(A,,)) for i = 1,...,n and m > m. By the equation this also
gives a uniform estimate of the time-derivative in L!(0,7;H=*(4,,)) for a
large enough k € N (depending only on dimension d). Hence on Az we have
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compactness for u]*. As A, 1 2, a diagonal argument shows that along
a subsequence (which we relabel with m) that for ¢ = 1,...,n there exist
u; ¢ [0, T) x Q such that u® — wu; a.e. Moreover, choosing €, as in Lemma 3.2
we find u; € LP([0,T) x Q).

By the dissipation inequality we find that
VWi Vi |2 o,m) <)

is uniformly bounded. Hence along a subsequence ,/w!*Vu;* converges
weakly in L? to a limit ;. As w™ is the constant 1 inside the set A,,
and A, 1 Q, it follows that /wVu!™ — Vu and Vu € L2.

As u™ preserves the mass, is nonnegative and satisfies the entropy-
dissipation inequality, the same is true for the limit v by using the stated
regularity. Moreover, the stated regularity gives the claimed convergence.

It thus remains to check that u is a weak solution. As u™ satisfies von
Neumann boundary data and K™ vanishes at the boundary, the constructed
solutions satisty for all ¢ € €°°([0,T] x Q with ¢(T,-)=0andi=1,...,n
that

T T
—/ /u at¢+em/ /Vu;”-qs
0 Q 0 Q

+/OT/Q (H/ dngm(xl,...,mn)iaij(ugn(m),...,ugl(mn))vu;ﬂ(zj)) V¢
ki Tk € j=1

= [ o,

For the diffusion from d;; with ¢ # j and 4,j = 1,...,n, we must therefore
show that for all test function ¢

T
/ K™y, op)uf(tz) Vi (t,2;) Vo(t, z;) doy . . . day,dt
0o Jan
T
—>/ / u;(t, £)Vu;(t, ) Vo(t, x) de dt.
o Ja
We rewrite the nonlinear diffusion term as
T
/ K™y, op)uf(tz) Vi (t,2;) Vo(t, z;) doy . .. day,dt
0o Jan

T
- /0 /Q \/mvu;ﬂ(tyxj)’l/)m(t,xj) da; dt,
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where

$17 ) xn)u;ﬂ(t? 332) V(b(ta x’L)

txj

W 7 (@) k#a

By the definition of the weight w?"
P > 2 to find that

7'y we can apply Jensen’s inequality for

™ e o)<y < " VéllLao,r)x)-

By the proven convergence and regularity of " we find that ™ — u; V¢
a.e. in [0,T) x Q. The previous inequality gives a uniform bound of ¥™ in
L? with p > 2 so that ™ converges strongly in L? to u; V. As NTIRAL S
converges weakly in L2 to Vu;, this proves the claimed convergence.

The other terms in the weak formulation converge more directly in the
limit and we thus have found a weak solution. 0

Appendix A. Microscopic reversibility

In the linear SKT model (1.5), the entropy was understood as reversiblity
in a microscopic model in [8] and this gave us the intuition about the nonlocal
entropy structure. In this appendix we discuss in the case of two species how
the form in Remark 1.9 in the general regularisation on bounded domains
by a kernel K : Q% — Rs( appears formally from the microscopic entropy
structure.

In the microscopic picture of [8] we considered a spatial discretisation in
the one-dimensional setting so that we have discrete positions {1,..., N}.
On this discrete setting we consider many particles of the two species 1 and 2
and we then obtain a reversible cross-diffusion behaviour if a pair consisting
of a particle of species 1 at position ¢ and a particle of species 2 at position j
jumps together with rate R,.(7, j) to the positions i+1 and j+1, respectively.
Likewise the pair can jump with a rate R;(4,j) to i—1 and j—1, respectively.
We then have the reversibility (and thus the entropy structure) if

R.(i,j) = Ri(i+ 1,5 +1). (A.1)
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In the formal mean-field limit we then find the evolution for the densities
u1 and ug the following nonlinear system

Dy (i) = i {Reti = 1,3 = Dua() + Ruli + 1, ) (i + Duz()
T D) + R (i)us (i) }

unli) =3 {Roli = Dur@)ual = 1)+ Bali, 5+ Do (ol + 1)
T ) + R ual)

for which we can indeed verify the entropy

H = Z[ ) + hluz ()]

where h/(z) = logx as

ZR (4,7 [ul i+ Dua(j+1) —ui(d )Uz(J))

x (log(us (i + us(j + 1)) — log(us (Duz(7)) |

For the formal limit of the discrete system to a PDE, we denote the
centred discrete Laplacian

(Baf)(i) = F+1) + f(i = 1) = 2f(0).

We can then rewrite the evolution as

Opuy (i) = Aqg Z Bl ;Rr(i,j)ul(i)uz(j)

+ % Z{ul(iH)uz(j) [Ri(i+1,5) = Re(i+1,5)]

+ un(i=D)ua(5) [Rr(i=1,5) = Re(i+1,5)] }

and likewise for ug. By the microscopic reversibility (A.1) we note that this
is exactly the discrete form of the regularisation found in (1.17).
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