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means of numerical methods. We show that the behavior of numerical solutions
heavily depends on the effect of the cross-diffusion term(s), i.e., when these terms
are dominant the standard numerical methods become unstable and the approx-
imate solutions are usually polluted by spurious oscillations. We present high-
resolution nonlinear finite element flux-corrected transport (FE-FCT) methods
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Introduction

0.1 What is a cross-diffusion system?

Convection, diffusion, and reaction are physical processes that play an important
role in the modeling of many real-life situations. A convection-diffusion-reaction
(CDR) equation may simply describe, a substance which undergoes diffusion and
spreads out (randomly or/and uniformly) from a higher concentration location,
moves in a certain direction due to convection coefficient, or interacts by affecting
other particles or influencing each other’s dispersal pattern. The situation is more
complex for systems of equations, where one considers not only a simple diffuser
or random directional mover, but also preferential directional motion of particles,
then the aforementioned processes are not able to describe the desirable phenom-
ena under consideration. In these cases, motility of the species is not determined
solely by their own characteristic in question but different species are considered
to be mutually interfering with each other, in other words the movement does not
only depend on the density of 7" species but also on the density of j** species.
The question of how to interpret these motions in the mathematical framework
was first addressed in [I] and also in the experiments of [2], where it was suggested
that a cross-diffusion term needs to be taken into account in order to describe such
a movement. The term cross-diffusion refers to a phenomenon where the gradient
of one concentration causes the flux of another concentration in the system. The
introduction of cross-diffusion term allows the mathematical models to capture
much more features of many phenomena in physics, biology, chemistry, ecology,
or engineering sciences. For instance, the Shigesada-Kawasaki-Teramoto (SKT)
model [3] in the population dynamics is a special case of a cross-diffusion system
which was proposed to investigate a segregation phenomenon of two species that
are competing with each other in the same habitat area. A motional type of in-
teraction was considered in [4], which described the movement of predator toward
prey and of prey away from predator. The effect of cross-diffusion greatly emerges
in the mathematical modeling of cancer invasions and their treatment see, e.g,
[5, 6] and [7, 8], respectively. A chemotaxis type cross-diffusion system known as
Keller-Segel model was proposed in [9, [10], where cell movement toward or away
from a chemical source was investigated. The modeling of population dynamics
[11], 12], electrochemistry [13], cell-sorting [14], pattern formation of bacteria [15],
tumor invasion [16] [I7] are among many other models utilizing cross-diffusion ef-
fects.

Many strongly coupled cross-diffusion systems can take the form
Owu = div (A(u)Vu) + f(u) in Qx (0,77, (1)
subject to boundary and initial conditions
(A(u)Vu) -v=0 on 0 x (0,77,
u(-,0) =u" in Q,

where 0 C R? (d > 1) is an open bounded domain, u(z,t) € R" is a vector-valued
function representing, e.g., population densities or chemical concentration and 0;u



is its time derivative, A(u) € R™ " is the diffusion matrix, f(u) € R™ denotes
the reactions and external forces, and v is the outward unit normal vector to 0f).
Usually, whenever u models concentration it is expected that these concentration
be non-negative, for the cases where u models mass fraction boundedness and
positivity are expected. As mentioned in the preceding, cross-diffusion systems
appear in many area of science, however the presence of the cross-diffusion term
often complicates analytical and numerical analysis, for which we will give a very
brief background in the following.

1. Some analytical background

It is known that, if the diffusion matrix A(u) is a (positive definite) diago-
nal matrix, then the corresponding equations are quite regular and the global
well-posedness can directly follow from applying energy methods. Assuming this
condition and that the components are continuous and uniformly bounded with
respect to u, a global weak existence result is proved for a system of the type
in [I8]. However, this assumption usually does not hold, i.e., A(u) is neither sym-
metric nor positive definite and it is usually non-diagonal as well, which leads to
lower regularity in the system in such a way that even questions of local-in-time
existence are already quite delicate, thus making such a system very challeng-
ing to handle. For the SKT system, an important and well-studied case of ,
the existence of solution is proved for both non-degenerate and degenerate case
in[19, 20 21] and [22], 23], respectively. For this system equipped with a nonlinear
reactive term the global existence result is proved in [24]. Sufficient assumptions
for the global existence of weak or strong solutions of various nonlinear parabolic
equations can be found in, e.g., [25 20, 27]. A classical approach which pro-
vides a very powerful tool for obtaining an uniform estimate of the solutions that
can yield the global in time existence is based on entropy structure of the cross-
diffusion system. This method is usually used whenever the maximum principle
E]or parabolic regularity theory cannot be applied, and it works by employing a
transformation of variables whenever the cross-diffusion system under considera-
tion possesses an entropy. This transformation results in a positive semi-definite
diffusion matrix, gradient estimates, and upper and lower bounds of solutions.
Moreover, this also leads to suitable a priori estimates which are key step to
prove global solvability. This approach has been first introduced in [28], later
were employed to analyze several classes of cross-diffusion systems, see, e.g., [2§]
for a population system in one dimension and [T, [I9] in several dimensions, [29]
where the global in time existence of bounded weak solutions is proved for a
class of strongly-coupled parabolic system, and [30] where the entropy variables
allowed L* bounds without using maximum principle. For more detailed back-
ground information regarding this technique we refer the reader to [27]. It it
worth noting that there are very few results on uniqueness and this is an open
question for many cross-diffusion systems. This motivated the researchers to ex-
plore other approaches which can be used in this regard. As a result, a technique
was introduced which makes it possible to enhance the regularity of the system

IThe validity of the maximum principle is of great importance since it can play an important
role in analyzing the existence, uniqueness, and positivity of solutions to partial differential
equations.



without any assumptions about the entropy structure of the cross-diffusion sys-
tems or in general whenever the identification of the entropy structure of the
system is difficult, in addition, it also does not rely on any assumptions regard-
ing the structure of the diffusion matrix A(w). This approach allows to prove
the well-posedness of the problem at hand by controlling the ratio of diffusion
and cross-diffusion components of diffusion matrix A(u). For an example of this
approach see [31], where a global existence result of non-negative solution is ob-
tained by applying Schauder’s strategy coupled with Meyer regularity result for
a system of type . Moreover, the question of boundedness of the solutions
is also addressed and a weak maximum principle is proved. A very interesting
result has been proposed recently in [32], in which the maximum principle for a
larger class of cross-diffusion systems has been investigated. It was proved that,
in contrast to the conventional believe that the cross-diffusion systems only en-
joy maximum principle whenever diffusion matrix A(u) is diagonal, a new result
on the maximum principle was reported considering that A(u) can also be non-
diagonal (provided that f(u) > 0). The key idea was to employ a matrix B to
transform the diffusion matrix A(u) to a lower or upper triangular matrix, where
as a result it makes it possible to establish some maximum principles for wider
range of cross-diffusion systems, see [32] for more detail. On the other hand, a
question that global solutions might not exist at all has drawn much attention
in the mathematical analysis of cross-diffusion systems over the past few decades
so that many researchers have accepted the low regularity of the systems under
consideration and showed that this effect may lead to blow-up of the solution,
see, e.g., [33, 34} 35, 36].

2. Some numerical background

Compared to the huge amount of the analytical results regarding the cross-
diffusion systems obtained over the past few decades, the numerical methods
and their respective analysis for this class of problems are far from well-studied.
Hence, constructing an appropriate numerical scheme to solve such a problem is
of great importance to give predictions for the future and to validate the assump-
tions that the model is based on, especially when the analytical investigations
appear to be very difficult or even impossible in some cases. Various methods
can be applied in this regard, very common among them are: finite difference
method, finite volume method, and finite element method. An explicit finite dif-
ference scheme was examined in [37] for a mechanical model of tumor growth, the
considered system was given by a multiphase flow model where the velocity was
a regularization of the classical Darcy law. In [3§], an efficient nonstandard finite
difference approximation was proposed for a strongly coupled system describing
cancer migration and invasion. It was shown that the proposed method guar-
antees the positivity of the numerical solutions for arbitrary mesh size and has
explicit and fast performance even with nonlinear reaction terms. A nonlinear and
linear discrete-time algorithms for cross-diffusion system were considered in [39],
where convergence rates for a time-discretized scheme was derived. A standard
two-point finite-volume flux in combination with a nonlinear positivity-preserving
approximation of the cross-diffusion coefficients was used for a reaction-diffusion
system with cross-diffusion in [40]. The existence and uniqueness of the approx-



imate solution were investigated and a stability analysis for a model of pattern-
formation was addressed. An unconditionally positivity-preserving linear finite
volume scheme for a class of Keller-Segel systems was addressed in [41], where
an upwind technique was employed. A modification of the finite volume method
for a class of chemotaxis system was proposed in [42]. For more examples on
two-point flux approximation finite volume methods for cross-diffusion systems
see [27]. A fully discrete implicit finite element approximation with a regular-
ization technique for the SKT model was considered in [43], where convergence
results in several space dimensions were proved. Finite element methods for a
class of chemotaxis-driven PDE systems were studied in [44], where different sta-
bilization techniques were used and the most reliable and efficient solvers were
investigated. There are many other contributions on the application of different
numerical schemes to cross-diffusion systems which can be found in the literature.

As mentioned before, these systems usually contain strongly coupled nonlin-
ear equations, therefore the solution of one equation can severely influence the
results of the other equations in the system, which might lead to, e.g., nonphys-
ical (non-positive) numerical solutions, violation of the total mass conservation
law, or undershoots and overshoots in the numerical simulations. Hence, the
main difficulties in the design of a suitable numerical scheme is to preserve as
many essential properties of the considered cross-diffusion system as possible.
Most existing standard numerical schemes usually fail to satisfy these proper-
ties especially whenever the cross-diffusion term(s) appears to be much stronger
in comparison to the other terms in the system, which is usually the case in
many applications. Main feature of the solutions in these cases is the appear-
ance of layers which are narrow regions where large gradients of the solutions
are present, and standard numerical methods usually lead to heavily oscillating
solutions unless these layers are resolved by means of suitable meshes. Therefore,
the development of adaptive techniques which are usually based on a priori or
a posteriori error estimations to adapt the mesh appropriately in these layers
has been the center of attention for many researchers. For instance, an adaptive
finite-element /level-set method is employed for a model of tissue invasion in [45],
see also [46] and [47] for more examples. However, choosing a suitable mesh res-
olution is not always feasible and requires high amount of memory and/or CPU
expenses, and take a lot of computational time. Therefore, developing appropri-
ate numerical methods which are able to provide sufficiently accurate results even
on coarse meshes comparing to the width of the layers is of great importance.
In this regard, stabilization methods can be a great choice even though the de-
sign of a proper stabilization method may be quite challenging. The application
of stabilization methods to cross-diffusion systems has been addressed in several
publications, see, e.g., [48], 149, b0, BIl, H2]. However, these studies mainly focus
on the Keller-Segel system and moreover, their analysis is not available.

0.2 Thesis outline

Let us close this introductory part by sketching out the outline of this thesis:

« To begin with, as mentioned above, the behavior of the approximate solu-



tions of cross-diffusion systems are highly under the influence of the cross-
diffusion term(s). For comparably large magnitude of this term in the
system, i.e, when the cross-diffusion term is dominant, standard numerical
systems may become unstable or even lead to blow-up in the numerical
simulations, hence they need to be stabilized. This process resembles the
convection-dominated regime in the CDR equations in the computational
fluid dynamics, for which an extensive amount of stabilization methods has
been introduced over the last four decades. Hence, in Chapter[I] we shall re-
call some of these methods and their improvements with more emphasize on
the high-resolution nonlinear finite element flux-correction transport (FE-
FCT) method, which will be our method of use.

Next, a cross-diffusion system of chemotaxis-type modeling the invasion of
healthy tissues by cancer cells is considered in Chapter 2] We address the
low-regularity of the system which is the result of the cross-diffusion term
and also the structure of the other equations in the system. We estab-
lish the existence of global classical solutions in two- and three-dimensional
bounded domains utilizing the parabolic regularity theory. Then, the nu-
merical stability of the system is investigated by manipulating the respective
parameters in the system, it is shown that in the cross-diffusion dominated
regime the standard Galerkin method combined with #-scheme gives rise
to spurious oscillations and numerical blow-up in the system. Furthermore
the theoretical results are supported by numerical simulations in two- and
three- dimensions.

In Chapter (3, we consider the haptotaxis counterpart of the model con-
sidered in Chapter [2, for which the techniques presented in the previous
chapter is no longer applicable and its solvability is an open problem from
the analytical point of view. Though, we address this point by means
of the numerical methods, in this regard a high-resolution nonlinear FE-
FCT method is employed for space discretization combined with an im-
plicit #-method for time discretization and fixed-point iterations to deal
with nonlinearities. Then, making use of Brouwer’s fixed point theorem, it
is proved that both the nonlinear scheme and the linearized problems used
in the fixed-point iteration are solvable. Moreover we prove that they are
positivity-preserving. The results are supported with numerical test in two
dimensions.

In Chapter [ we consider a double cross-diffusion system modeling gang
rivaling interactions. The key feature of this problem is that the cross-
diffusion term is not only present in one but in two equations in the system
which poses even more challenges from analytical and numerical point of
view compared to their single cross-diffusion counterparts. We establish
the global bounded classical solutions and prove that these solution con-
verge toward homogeneous steady-state for sufficiently small initial data,
however, for large data it appears to be very difficult to obtain such re-
sults analytically. We utilize FE-FCT scheme once again and prove its
positivity preservation, moreover, we investigate the validity of the discrete
maximum principle. Making use of the numerical experiments in one- and



two-dimensions, we address not only the asymptotic behavior of large-time
solutions but also illustrate the evolution of the gang densities throughout
the time.

So far, we only addressed systems of partial differential equations. In Chap-
ter 5] we consider a system of strongly coupled nonlinear ordinary differen-
tial equations describing the influenza disease. We present a nonstandard
finite difference scheme and prove that it is positivity-preserving and also
elementary-stable. The results are supported by providing some numerical
experiments.



1. On the stabilization of
convection-diffusion-reaction
equations

Transport processes play an important role in the distribution of physical quan-
tities in many applications describing simple to very complicated and complex
problems; and can be modeled in a simplest form by CDR equations. Since ob-
taining the solutions of such problems analytically is usually too complicated in
many situations, it is necessary to approximate the respective unknown solutions
by means of numerical methods at discrete level. However, if the unknown solu-
tions represent concentrations or densities then numerical methods which produce
negative solutions and violate discrete maximum principle (DMP) by creating
spurious oscillations (over/under-shoots) are not usually useful in practice. On
the other hand, preserving the qualitative properties of the method is also of
great importance, and hence during the discretization the respective mesh has to
be chosen appropriately. Last but not least, the cost of a numerical schemes is
of great interest in applications. Therefore, it is desirable that the constructed
numerical scheme not only preserves the physical properties of the continuous
model in the discrete solutions but also it is highly accurate (with respect to
appropriate meshes), robust, and computationally reasonable.

The numerical solution of CDR equations is notoriously difficult if the con-
vection is larger by the order of magnitude in comparison to diffusion or reaction.
This usually gives rise to wild oscillations in certain areas (moving fronts, in-
terior and boundary layers), where the quantity of interest changes abruptly at
reasonable grid size. In finite difference methods framework, if central-differences
are used to approximate the convective term, the obtained solutions are usually
polluted by spurious oscillations. However, it was observed that the use of up-
wind differencing leads to oscillation free solutions but also to a loss of accuracy
since these methods are typically only first-order accurate, which results in overly
diffuse solutions. It was stated that the classical upwind differences, which are ap-
plied only to convection term, produce very poor results in the presence of source
terms. Later it was shown that a combination of central and upwind methods
works rather better than upwind or central-difference alone in one-dimensional
case, but the extension of such a methods to higher dimensions are much more
difficult and complicated in practice [53), 64, 55l 56, [57]. If finite element methods
are used to solve such problems, the use of the standard Galerkin finite element
method should be avoided unless the mesh is severely refined in the problematic
regions. It was observed that the use of the Galerkin finite element method is
roughly equivalent to central-difference approximation which also inherits similar
oscillatory properties in the approximate solutions [58]. The finite element equiv-
alent of upwinding was first presented in the late 1970s in [59], by introducing
a Petrov-Galerkin formulation in one-dimension. The basis of this method was
to use shape functions that are heavier in the upstream of a node considering
the direction of the flow, this approach opposes the Galerkin method in which



test and shape functions are usually selected from the same function space and
distributed evenly to each node of an element. Two-dimensional upwind finite
element discretization were presented in [60} 61, 62], however, generalization of
these methods to higher dimensions seems to introduce diffusion in the crosswind
direction. In addition, when applied to more complicated problems, some of these
methods were far from adequate. These difficulties have motivated researchers
to construct finite element formulations for the CDR equations that are stable,
accurate, optimal and applicable to a wide variety of problems. In the following,
we will give a brief review of the developments of some of these methods during
the past four decades, started from the 1980s through today. These methods are
called stabilized finite element methods.

Let us introduce some standard notation which will be used throughout this
work: Let Q C R4, d > 1 be a bounded domain, then L?(€2) denotes the Lebesgue
space, W*P(2) is Sobolev spaces which is the space of functions whose distribu-
tional derivatives up to order k are belong to LP(2). The norm (semi-norm)
on WHP(Q) is denoted by I llspa (lepa)- Note that the spaces WHk2(Q) are
Hilbert spaces with convention W*2(Q) = H*(Q) and s =llg20 (similarly

1.1 Stabilization of steady-state convection-
diffusion-reaction equations

Let Q C RY, d € {1,2,3} be a polygonal or polyhedral bounded domain with a
Lipschitz-continuous boundary 0€). A linear scalar steady-state CDR equation
has the form

—cAu+b-Vu+cu=g in €, (1.1)
U= uy on 0, (1.2)

where ¢ > 0 is a constant diffusion (or viscosity) coefficient, b € W1 (Q)4
is a solenoidal (i.e., V - b = 0) convection coefficient (or velocity field), ¢ €
L>(Q) is a reaction coefficient, g € L*() is describing sources or sink terms,

u, € H 3 (092) N C(09) is a prescribed boundary condition, and u is the unknown
function. For simplicity of the presentation, Dirichlet boundary condition is con-
sidered on the whole boundary 0€2. In addition, we shall also assume that the
following assumption holds

o:=c—1idivb > 0. (1.3)

Let @, € H'(Q2) be an extension of the boundary condition w,. Then, the varia-
tional formulation corresponding to ([1.1)-(|1.2)) reads: Find v € H*(2) such that
u—1y €V := H}(Q) and

a(u,v) = (g,v) YveV, :
a(u,v) = ¢ (Vu, Vv) + (b - Vu,v) + (cu,v), (1.5)



where (-, ) indicates the inner product in L*(Q) or L*(Q)?, and H}(f2) consists
of functions from H'() with zero trace on the boundary.

The standard Galerkin finite element discretization is constructed based on the
variational formulation by replacing the function spaces with finite element
subspaces and approximating #, by a finite element interpolant ,. Let 7T, be
a triangulation of Q that belongs to a regular family of triangulations (see [63])
and consists of open set elements. Then we introduce finite element spaces

W, — {vh € C(Q)iu|, € RIT)VT € Th} L V= Whn HAQ),
consisting of continuous piecewise (multi-)linear functions, and R(T) = P (T)

for triangular elements and R(T) = Q1(7T) for rectangular elements. The usual
basis functions ¢y, -- , ¢y of W), are defined by ¢;(z;) = d0;5,i,7 = 1,2,--- , N,

where 0;; is the Kronecker symbol and z;,7 = 1,--- , N denote the vertices of the
triangulation 7, such that z1,--- ,zp € Q and zp;11, -+ ,xy € OS). Clearly, the
functions ¢q,- -+ , ¢y form a basis for Vj,.

Any function u;, € W}, can be written uniquely in the form

N
Up = Zuz ®i (1-6)
=1
and identified with the coefficient vector U = (uy, -+ ,un).

Now, let V}, C V., then the standard Galerkin method reads: Find u; € W),
such that u;, — Uy, € Vj, and

a(up,vp) = (g,vn) Yo, € V. (1.7)

As mentioned above, this method leads to solutions that are globally polluted
with spurious oscillations in the convection-dominated regime (¢ < |b|h) and
need to be stabilized. The stabilized finite element methods can be formulated
as : Find u, € W), such that u, — uy, € V3, and

ap(un,vn) = (g,vn)  Vou € Vp, (1.8)

ah(uh,vh) = CL(’U,h,’Uh> + S(Uh,?)h), (19)

where S(uy, vy) indicates the additional terms added to the Galerkin finite ele-
ment discretization. These terms are added in such a way that the stability is
enhanced, consistency is preserved, and accuracy is improved.

1. Streamline upwind/Petrov-Galerkin method

Streamline upwind/Petrov-Galerkin (SUPG) method also known as stream-
line diffusion finite element method (SDFEM) is one of the most popular linear
stabilization finite element methods which was originally introduced in [64), [65]
66]. The basic idea behind this method is to add a streamline upwind perturba-
tion acting only in the flow direction to the standard Galerkin formulation (L.7)),

10



which manifests itself as a stabilization term S(up,vp,) in (1.9) in the form

Ssupa(un,vy) == Z ( —ecAup, +b-Vu, +cup, —g,7b - Vvh> , (1.10)
TeTh T

where Tj, is the same triangulation used for defining the finite element space V},
as before, T" denotes an arbitrary element of the triangulation, 7 denotes the non-
negative stabilization parameter, and (-,-)r denotes integration over T in L*(T)
or L?(T)%. This consistent Petrov-Galerkin residual-based stabilization (RBS)
method introduces artificial diffusion along streamlines which maintains stability
and improves accuracy away from the areas where sharp layers exist.

Now, it remains to define the stabilization parameter 7. Although it was
noted in [66] that the structure of the stabilization term is far more important
than the value of the parameter 7, it was shown later in many studies that the
appropriate choice of the stabilization parameter is also of great importance, since
it determines the amount of the artificial diffusion to be added by the SUPG
method to the Galerkin discretization. The stabilization parameter has to be
chosen in such a way that it is large enough to suppress the spurious oscillations
but also at the same time it is small enough to prevent smearing of the layers.
Comparing to the finite difference stencils, a first stability parameter which was
limited to the linear interpolation was suggested in [66]. Originated from one-
dimensional case, the stabilization parameter on any element 1" € T, of linear or
bilinear finite elements can be defined by the formula

h 1 ) b| h
T‘T = 2|F‘£|(c0thPeT — ) with  Pep = bl L (1.11)

PGT 2¢

where hp is an approximation of the length of the mesh 7' in the direction of
the convection vector b and Pep is the local mesh cell Péclet number. It was
suggested in [67, 68] to set the stabilization parameter 7 on each element 7" € 7T,
as

~ diam(T") _ |bldiam(T)

1 .
T’T = 2|b|<coth (PeT/Z) — PeT/2> with  Pep = — 5 (1.12)

where diam(7T") = sup{jlz — y|;x,y € T} denotes the diameter of T". Another
possibility is to set

h if Pep >1

7|, = {T" roonher (1.13)

Tlh%/éf if P€T S ]_,

which was suggested in [56].

Studies in [69} [70] revealed that the choice of the stabilization parameter at in-
terior and boundary layers has negligible influences on reducing the spurious
oscillations and the best way to deal with this difficulty is to refine the mesh
properly in these regions. Later in [71], the author showed that even though
controlling the inadmissible oscillations in the characteristic layers seems to be
difficult, however, it is possible to introduce an appropriate stabilization param-
eter which is able to reduce the oscillation along the outflow boundary layers
(0t ={z € 92 : (b-n)(z) > 0}) to a great extent. Thus, it was suggested to
keep the stabilization parameter defined in as it is away from the outflow
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boundary layers, and define 7 on any other element which intersects with the
outflow boundary layers as

|br| hr

1 .
T’T = TO‘T<coth Per — P) with  Pep = 5

er

(1.14)

where b is the mean value of b in T, and 7y is a positive piecewise constant
function satisfying

/ ¢z+7_0bv¢ld'r:07 i:17"'aM7
G,

where G}, consists of all elements intersecting 9Q2%. Another possibility to de-
sign a proper stabilization parameter was proposed in [72, [73], which relies on a
posteriori computation of this parameter and leads to considerable reduction of
unwanted nonphysical oscillations in the vicinity of the sharp layers. The analysis
regarding several possible choices of the stabilization parameters that can be used
in practice were discussed in details in many publications, e.g., [74, [75, 6], see
also [76, [77, [78] and references there in for more details and examples.

The stability and error estimate for SUPG method can be achieved with
respect to the norm

lollsgpe = (elol2q + o 2o + |72 9ol )"
SUPG * 1O 0.0 0.0 ’

see e.g., [79, [80].

A generalization of this method has been applied to various other problems, e.g.,
coupled multi-dimensional advective-diffusive system [81], Stokes and Navier-
Stokes problems [82, B3], compressible flow problems [84, 85], and first order
linear hyperbolic system [79]. The SUPG method was further enhanced by in-
corporating shock capturing operator [86], 87, [77, [88].

The SUPG method does not contain any spurious crosswind diffusion and per-
forms significantly well on many problems in comparison to the Galerkin method,
but it is not a monotone method and does not satisfy the DMP, thus it usually
yields some oscillations around sharp layers.

2. Galerkin/least-squares method

The next popular residual-based stabilization scheme known as Galerkin/least
-squares (GLS) method was developed in [89] 90], which as its name suggests adds
a least-squares term to the Galerkin method and can be formulated in (1.9) as:

Scrs(up, vp) = Z (—6Auh+b-Vuh+cuh—g,T(—eAvh+b-Vvh+cvh)>
TeT T
(1.15)

This term is capable of enhancing the stability of the Galerkin discretization with-
out degrading accuracy. Defining a proper choice of the stabilization parameter
7 can be done similarly as for the SUPG method. Convergence analysis in [89]
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indicated that the algorithmic parameter 7 must behave as

h2
C—~L  when Peris small,

T.=1 (1.16)
C/H when Peris large,

on each element T, where C' and C’ are positive constants independent of the
mesh size and Péclet number. It was also determined from this analysis when the
expression for 7 changes from one case to the other. The condition ((1.16]) holds
if

[0 hT

T‘T — m’ o= min{Cl Pe, 02}7

where the constants C} and C5 are related to the constant appearing in the in-
terpolation error of the finite element approximation used and also to inverse
estimates, see [89] and also [91]. There is also the possibility of using the same
parameter 7 as in the SUPG method for the GLS method.

The GLS method represents a generalization of the SUPG method with ad-
ditional discontinuity capturing feature and it is applicable to a wide variety of
model problems, [92] 03, 94] 95|, 96, O7, O8], 99]. The stability and error estimate
for GLS method can be achieved with respect to the norm

Z,Q +H7—1/2 (—eAv+b-Vov+ CU)HiQ)l/Z_

lollazs = (cloliq +[r ]

A detailed convergence analysis of the scalar steady-state convection-diffusion
equation is presented in [89]. The error analysis and existence results of the GLS
method was further investigated in [I00] for CDR and Navier-Stokes problems.

Galerkin/gradient-least-squares (GGLS) method was introduced in [101] for
the cases that require a strong control over the solution gradients with the stabi-
lization term

Scars(un, vp) =

Z (V(—&? Aup +b - Vuy + cup — g), 7V(—e Av, + b - Vuy, + cvh)) ,
TeTT T
(1.17)

which represents the gradient of a least-square term. In order to have stronger
control over the gradient, a combination of these two methods (GLS and GGLS)
was introduced in [102].

Similar to the SUPG method, the GLS method is a Petrov-Galerkin method
and it is consistent and easily applicable to many problems. However, it is known
that the GLS method often presents good stability and accuracy properties if
the exact solution is smooth enough, otherwise, the spurious oscillations can still
remain in the vicinity of sharp layers.
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3. Unusual stabilized FE and bubble enriched Galerkin methods

Stabilized finite element methods often enhance the stability and preserve the
good accuracy property of the Galerkin method by adding mesh-dependent terms
which are evaluated on each element of the triangulation. It was shown that the
stability can be achieved also by mesh-dependent stabilization term composed by
an adjoint term from the Galerkin discretization as:

SUSFEM(uh,vh) = Z (—5Auh—|—b-Vuh—|—cuh—f,T(—eAvh—b-Vvh—l—cvh)) ,
TeTh T
(1.18)

these methods are called unusual stabilized finite element methods (USFEM)
which were first introduced in [103, [94] and further developed in [104] 105].

Adding appropriate terms to the Galerkin variational formulation is a well-
accepted practice which performs greatly for convection-dominated equations.
However, it was found that revisiting Galerkin method using richer subspaces
rather than piecewise linear polynomials can also guarantee stability and higher
accuracy without the need to manipulate the Galerkin variational form. In other
words, the idea is to enlarge the finite element space using bubble functions de-
fined elementwise and then eliminating them using static condensation. Such
bubbles can be seen as the addition of stabilization terms, therefore choosing
the appropriate (shape and number of) bubble functions is of great importance,
in other words, the selection of an optimal stabilization parameter is practically
translate into the problem of finding an optimal bubble space.

For brevity we assume that c is constant and homogeneous Dirichlet boundary
condition on Q. Let V¥ := {v € H}(Q); U‘T € R(T)® B(T)}, where R(T) is
defined as before and B(T") denotes the space of bubble functions spanned by the
bubble basis function ¢ € B(T') such that:

or(x) >0, Veel,

or(x) =0, Vzedl, (1.19)
and ¢r = 1 at the barycenter of the triangle (rectangle). Then, the standard
Galerkin method enriched with bubble functions is formulated as : Find u;, € V}?

such that
a(uh,vh) = (g,vh), Yy, € V;f, (1.20)

where uy, is the unknown solution consisting of a linear part u; € V), and its part
spanned by bubbles, i.e.,

up = Uy + Z ubT or, (1.21)
TeT,

and u is the unknown bubble coefficient. Now, we wish to understand the effect
of bubble functions on the linear part of the solution wu., for this reason we utilize
the static condensation which consists of first taking v, = ¢ on T' (and v, = 0

elsewhere in Q) and also substituting (1.21]) in (1.20) which leads to:

(cur, 7)1 + (b Vuy, ér)r + (€ Vuy, Vor)r (1.22)
+uj (cor, ¢r)r +uj (b-Voér, ér)r +uj (eVér, Vér)r = (g, ¢r)r.
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Solving ([1.22)) in each element for the bubble coefficient u] we get:
-1
- 2 2
cllorllor +ellVorllr

The second part of the static condensation is to set v, = v; € V}, in (1.20) as

(cup +b-Vuy —eAuy — g, o7)r. (1.23)

(cuy,v1) + (b Vuy,vy) + (¢ Vug, Vuy) (1.24)
+ > w (dr,cv)r— > (¢, b-Vu)r — D> (¢r,e Avy)p = (g,v1).
TET TETh TETh

Substituting the expression for u} we get:

(cuy +b-Vuy —eAuy — g, ¢7)

a(uy,vy)— (¢1,cv1—b-Vui—cAuvy) = (g,v1),
2 oy T VorlEy
(1.25)

Vv, € Vj, bypassing the definition of the bubble shape function ¢, (1.25) can be

simplified as

a(uy,vy) — Z <cu1 +b-Vu, —ecAuy — g, 7(cv; — b -V, — 5Av1)> = (g,v1),
TeTh T
(1.26)

where the stability parameter 7 is given by

‘ (fT ¢Td$>2
T = 5 5T
T T [ellgrllz + £ 1Vorlls 7]

This is the USFEM method mentioned above which is similar to the GLS method.
It was shown that this method can reduce to SUPG method see, [106, [105] and
references therein for more details. Moreover, the relationship between stabilized

methods and Galerkin method enriched with bubble functions is also studied in
[107].

As noted in the preceding, choosing bubble functions of correct shape and
number is of great importance, taking inappropriate bubbles can lead to Galerkin
method which behaves like a stabilized method with a poor selection of the sta-
bility parameter. Therefore, another possibility to design special bubbles was
introduced by means of residual-free approach where the stabilizing mechanism
is considered in the enrichment of the space. In the residual-free bubble method
the optimal parameter is determined through the solution of a suitable boundary
value problem in each element. This method was suggested and investigated in
various studies, see, e.g., [108], 109, 110, 111, 112), 113].

4. Local projection stabilization method

In comparison to the residual-based stabilization methods mentioned above,
where the stability was mainly induced into the Galerkin method through stabi-
lization terms that control the derivative of approximate solution in large scales,
another scheme known as local projection stabilization (LPS) method was in-
troduced to enforce the stability using only a fluctuation of the derivative of
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the approximate solution in small scales. This method was originally proposed
for Stokes problems in [I14], later extended to stabilization of CDR problems
[115], 116, 117], and incompressible flow problems [118] 119, 120} 121].

The idea of the LPS method mainly relies on a projection Il : X, — Dy
of a finite-dimensional space X} into a discontinuous space D), where a stabi-
lization term is added to the Galerkin discretization in such a way that it gives
L?—control over the fluctuation sy, := id — IIj, of the gradient of the approximate
solution. Proving the error estimate and stability results of the LPS scheme is in
need of a proper construction of an interpolation operator in the approximation
space X}, that exhibits an orthogonality property with respect to the projection
space Dy, see [122, [123] 124], [125]. Tt has been proven in [126, [82) 125] that such
an interpolation operator exists if both approximation space Xj and projection
space D), satisfy local inf-sup conditions. Additionally, the appropriate choice
of Dy, is of great importance, on one hand D has to be large enough to satisfy
some approximating properties on the other hand it should be small enough to
guarantee the inf-sup condition.

It is known that there are two variants of the LPS method: a two-level ap-
proach and a one-level approach. LPS method was first introduced as a two-level
approach [114] 119, 127, 125 128], in which the projection space D;, C L?*(€) lies
on a coarser grid M, C €. This coarse grid M, is constructed by utilizing a basic
finer mesh 7y, and each of its macro-elements M € M, is a gathering of neigh-

boring cells T € Ty. Let Dp(M) = {qh’M;qh € Dh} and Iy, : L*(M) — Dp(M)
denote the local L?—projection on each element M € M,, which defines the
global projection IT, : L?(Q) — Dy, by (Hhv)‘M = Iy, (U’M>. Furthermore, set
kar i=id — Ty (id : L*(M) — L?(M) is the identity operator) to be the so-called
fluctuation operator. Then, providing that the local inf-sup condition holds, i.e.,
there exists a positive constant 3 independent of h such that VM € M,, :

inf sup (0, Gn)ar >, (1.27)

an€DR(M) 4, eV, (M) ||vh||07M||Qh||O,M

where Vi, (M) = {v, € Vj;u, = 0in Q2 \ M}, the local projection stabilization
term S(up,vp,) can be defined as

SLpS(uh,vh) = Z TM<KJM (bM'VUh),KJM (bMVUh)) s \V/Uh c Vh(M),
MeMy, M
(1.28)

where 7, is a non-negative stabilization parameter on each macro-element M
which can be defined analogously as for the SUPG method, and by, is the value
of b in some point inside each M.

The one-level approach was introduced later in [115, [125] 117, 115] in such a
way that the finite-dimensional space V}, and the projection space Dy, are defined
on the same mesh (i.e, set M, = 7T;). In this case, the approximation space
is enriched with bubble functions. Following the same strategy as before : Let

Dy(T) := {Qh 73 dn € Dh}, and I, : L*(T) — Dy(T) be a local projection which
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defines the global projection by (Hhv)’T = I, (U’T> and kj, := id — I}, be the

fluctuation operator. In addition, V1" € 7Tj, there is a § > 0 independent of h such
that the local inf-sup condition holds:

. (viw qh)T
inf sup —— =
an€DR(T) v, eV (T) ||Uh||o,T||Qh”0,T

B, (1.29)

where V;,(T) := {vy, € Vi;up = 0inQ\ T}, the local projection stabilization term
S(up,vp) reads as:

SLpg(uh, ’Uh) = Z TT (KZT (bT . Vuh), RT (bT . V’Uh))T, Vvh € Vh(T) (130)
TeT),

where 77 is a non-negative stabilization parameter on each element 7'

The LPS method is equipped with the norm

) 9 1/2
folles i= (elola +]o" 2], + Sers(w.0)) (1.31)

It was shown in [I124] that the LPS method is as stable as the SUPG method in
the sense of an inf-sup condition.

A comparison of these two variants, a detailed analysis of computed parame-
ters 7)y and 77 based on a priori estimates, and the relation between LPS method
and RBS techniques, can be found in [IT5]. It was mentioned in [IT5], that there
is a close relation between the LPS method and sub-grid modeling [129]. More-
over, these methods can be interpreted as a special class of variational multiscale
(VMS) methods [130, 131, 132].

We would like to note that the LPS method has several advantages over the
RBS methods, namely: they form a symmetric stabilization term, do not contain
second order derivatives, and do not lead to additional coupling between vari-
ous terms when applied to a system of partial differential equations. However,
they have a few drawbacks, first, both variant require more degrees of freedom
than residual-based methods, this difficulty has been overcome using overlapping
macro-elements in [123], [133], additionally, they are not able to completely remove
the wild oscillations in the vicinity of the sharp layers as well.

5. Continuous interior penalty and/or edge stabilization method

Next in line to enhance the stability of the Galerkin discretization is contin-
uous interior penalty (CIP) or/and edge (face) stabilization method. The basic
idea behind this method consist of adding an stabilization term to to con-
trol the gradient jumps across element boundaries instead of inside each elements.
This stabilization term can be defined as:

Serp(un, o) = 3 Th?E([b-Vuh],[b-Vth , (1.32)

Ecé&y E
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where &), denotes the set of all interior edges (faces), hg is the edge length (face
measure), 7 is the stabilization parameter, and [-] g denotes the jump of a function
across an edge F. Another possible choice of S(up,vy) is

Scrp(up,vp) =Y Th%([Vuh], [Vvh]> : (1.33)

Ee&y, E

The first attempt to construct such methods was proposed in [134] for CDR equa-
tions for which later the inf-sup stability, convergence property and monotonicity
of discrete solution was investigated in [I35]. The edge stabilization has been
successfully applied to the generalized Stokes problem in [136], it was noted how-
ever that different results might be observed if the stabilization parameter scales
with respect to the mesh size h. The CIP method was presented and compared
with other types of stabilization methods (residual-based / projection-based) in
[T18] for the Oseen problem. In [I37], the authors provided a generalization of
the interior penalty method following the work [134] to a model problem of vis-
coelastic flow and proved an optimal a priori estimate. An extension of CIP for
Oseen’s equations using equal order interpolation for pressure and velocity was
presented in [I38]. A CIP hp-finite element method was introduced and analyzed
for advection and advection-diffusion equation in [139].

Compared with other stabilization methods mentioned above, the formula-
tions and possess a few advantages: they do not require the com-
putation of second-order derivatives, the formulation remains symmetric, no hi-
erarchical meshes are needed. However, the stiffness matrix is denser due to the
connection between degrees of freedom on neighboring cells.

6. Mizukami-Hughes method

Although the aforementioned methods perform very well on many problems,
most of these methods do not satisfy the DMP and are not able to remove the
oscillations in the vicinity of sharp layers completely. Mizukami and Hughes sug-
gested that choosing an appropriate upwind direction can improve the possibility
of constructing a new method which is able to overcome this difficulty [140].
They proposed one of the first monotone methods for solving — with
¢ = 0 for linear triangular finite elements which, not only satisfies the DMP but
also provides very accurate results, since it does not lead to smearing of the layers.

Assuming that, in addition to the assumptions made at the beginning of this
section, the triangulation 7}, is of weakly acute type, i.e., the magnitude of all
angles of elements T" € T}, is less than or equal to 7, then the idea of the Mizukami-
Hughes method is to replace the test functions ¢; by functions ¢; defined by

TETh,
x, €T

where C’s are constants and y7 is the characteristic function of 7. Then, choos-
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ing the constants CI for any T € 7T}, in such a way that

37

N
¢l >-1 vie{l,--- N}, zmeT, Y CI'=0, (1.35)
et

and the local convection matrices are of non-negative typd'} these fulfill the con-
ditions to prove the DMP (since the triangulation is of weakly acute type, all
local diffusion matrices are of non-negative type, thus it is only suffices to prove
that convection matrices are of non-negative type). Let x1, x9, and 3 be the
vertices of any element 7" of the triangulation 7, such that for each vertex z; it is
possible to define a vertex zone and an edge zone [140]. If the convection vector
b points into a vertex zone then holds for
CT 2 CT CT ’

37

and the local convection matrices are of non-negative type, however, when b
points toward an edge zone it is not possible to find appropriate C!’s which
satisfy the above properties. The authors in [140], suggested to change the orien-
tation of the convection vector to deal with this problem, in which b is replaced
by any function b in such a way that b—bis orthogonal to Vu, which is always
possible. The definition of C!’s strongly relies on the orientation of b to guar-
antee correct solutions, for example, it was shown that for b pointing to an edge
zone if T lies in the boundary layers the definition of C!’s are not appropriate and
lead to incorrect solutions, hence in [I41] [142], the author presented several im-
provements to overcome such difficulties. Moreover, he showed that it is possible
to extend the prescribed method to CDR equations and to the three-dimensional
cases. Since the original Mizukami-Hughes method and its improved version are
only defined for conforming triangular finite elements, the method was later ex-
tended to bilinear quadrilateral finite elements in [I43], it was shown that in this
case the properties of the method depends on the definitions of four constants
on each element of the triangulation and also proved that the method fulfills the
DMP. Another improvement of the Mizukami-Hughes method was presented in
[144], the accuracy of the discrete solution was improved for different values of
the diffusion coefficient or/and whenever the convection is not extremely large,
i.e., for small and moderate Péclet number.

The Mizukami-Hughes method possesses many nice properties: it is a mono-
tone method that always satisfies DMP which ensures oscillation-free solution
even in the vicinity of sharp layers, it is of upwind type though does not con-
tain any stabilization parameters, it is a Petrov-Galerkin method therefore it is
consistent, it is highly accurate in comparison to many other upwind methods or
stabilized methods, the construction of the method is simple and clear. However,
the method possesses some drawbacks as well: it depends on the discrete solutions
and hence it is nonlinear which may cause some difficulties when highly accurate
solutions are desired, generalization of the method to more complicated problems
is rather difficult, the method may lead to incorrect solution in some cases, and
there is no existence, uniqueness and convergence results available for the method.

LAll off-diagonal entries are non-positive, the row sums are non-negative
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We would like to note that except Mizukami-Hughes method, most of the
upwind approaches introduce too much artificial diffusion which, usually lead to
the smearing of the layers and results in poor accuracy see, e.g., [62), 14T, 145]
140, 146, 147].

7. Spurious oscillations at layers diminishing methods

As mentioned above, the SUPG method
a(un, vp) + (Rp(un), 7b - Vu,) = (g,vs), Yo, € Vi, (1.36)

with the residual Ry (up) = —e Aup, + b - Vuy, + cuy, — g, is known to be one of
the best and most used stabilization methods in reducing the spurious oscillation
arising in the Galerkin solutions, however, since it is not a monotone method it is
not able to completely remove or considerably reduce the over- and undershoots
in problematic areas, precisely speaking, in small regions where the derivatives
of the solution are extremely large. Removing these unwanted oscillations has
been the subject of an extensive research over the last few decades, as a result, it
was revealed that adding a suitable amount of the artificial diffusion to the left-
hand side of (1.36), can lead to a discretization which fulfills the DMP in most
model cases, such a procedure is called spurious oscillations at layers diminishing
(SOLD) method. The resulting methods are nonlinear since the amount of the
artificial diffusion in these methods depends on the unknown discrete solution
up. In the following we briefly recall different types of these methods which were
developed during the last two decades to eliminate the oscillations in the discrete

solutions of the problem (|1.1])-(1.2]).

o The methods of the first type tend to add isotropic artificial diffusion terms
to the left-hand side of the SUPG discretization (|1.36) as

(Z Vup, Vop), (1.37)

which was originally introduced in [86] and later extended in [148] [149].
One of the best choices of € is to set

b 2
. max{()’ 7 |bl [ R (un)| _T|Rh(uh)2/ }
V| |V
which was presented in [I50]. It was suggested in [I51] that the stabilization
parameter can be defined as

é‘T = max {0, o [diam(T)]”| Ry (un)| — 5} . YT T,

with some constants a and v. Other possible definitions of & has been
suggested in [152, 153, [154]. In [I55], an adaptive technique was used along
with this type of SOLD method to increase the convergence order and
improve the results obtained with the SUPG method. In addition, a priori
and a posteriori error estimates for these methods were also investigated in
[151, 156].
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o Next type is to add an artificial diffusion orthogonal to the streamline di-

rection (i.e., in the crosswind direction) to the ([1.36|) as
(€ DVuy, Vuy), (1.38)

where D is the projection onto the line or plane defined by

b®b
1—2%2 4o,
p " pp MR

0 if b =0,

with I being the identity tensor. Note that, in two-dimensional case the
SOLD term (|1.38) can be written in the form

—(ba, b1)

(Eb" - Vuy, b* - Vu,) with b* = TN

(1.39)

see [I57] for more detail. One of the best choices of & was introduced in [7§]
following the works of [I58] as

dlaHl(T) ]Rh(uh)\ _ 8},

A 0
E‘T max{ , M 2 [V

where diam(T') is the diameter of T and 7 is a suitable constant. In [157]
it was suggested to define & by

f| = max {o, Ib| h3/% — 5} VT € Th,

see also [159, [160], T6T], [162] for other variants of &.

o Last type of the SOLD methods is based on edge-stabilization, adding the
following term to the formula ((1.36)

- . duy, ovy,
S LA G 0w

TeTh

where tyr is a tangent vector to the boundary 0T of T'. For these types of
methods it was suggested to set &€ on each T € Ty, as

By = CelT| ‘Rh(uh)‘T‘ T € T,

where C' is a non-negative constant [I35].

In all aforementioned types of SOLD methods, the parameter € is to be set zero
whenever the denominator defining & vanishes. For a great collection, classifi-
cation, comparison, and numerical experiments of most of the SOLD methods
which has been constructed to completely remove or at least considerably reduce
the undesirable oscillations without deteriorating the accuracy, we refer to two
great reviews [78] [163], and also |71} [77] and references therein.
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Similarly to the SUPG method, the LPS scheme is also unable to remove
the oscillations completely and some of them still remain along sharp layers.
Therefore, in [7§], the LPS method was combined with a SOLD term as

5= (&, e (Dar Vanmar (Das V) ), (1.41)

MeMy,
with

and o

|uh|1,M

5‘M = 1 har [bar] ’ (1.43)
where M € M, is a macro-element, hj; is the diameter of M, n > 0 is a user-
chosen constant parameter, and D, : R? — R? is the projection onto the line or
plane orthogonal to the vector by, . As proposed in [164], it is also possible to

add a nonlinear term (¢ DVuy, Vuy,) of SOLD type to the CIP method.

Although, SOLD methods are considered to be monotone or monotonicity pre-
serving in some model cases and are capable of significantly improve the SUPG
solutions, the main difficulty in the application of these approaches is that they
contain two user-chosen parameters. Hence, despite a huge amount of literature
on these methods, it is still impossible to choose a method with an appropriate
parameter which works perfectly in all test cases.

8. Flux corrected transport method

Going through a long pass of research to discover a method that guarantees
the DMP and as a result computes solutions without spurious oscillations, even
in the vicinity of sharp layers, another class of stabilized finite element meth-
ods has been introduced which often satisfies the DMP by construction (under
certain assumptions on the meshes). Methods of this type are called finite el-
ement flux-corrected transport (FE-FCT) methods or algebraic flux correction
(AFC) methods and were first introduced in [165], [166], following the pioneer
works of [167, [168] in the formulation of the flux correction, and since then
they have been intensively developed and improved in many publications, see,
e.g., [169, 170, 171}, 172, 173, 174, [I75]. Unlike previous stabilization techniques,
which were mainly based on the modification of a variational formulation of the
problem, the AFC stabilization methods are performed on the algebraic level. In
other words, they manipulate the matrix and the right hand side of the algebraic
system of equations.

The first step towards the design of an AFC scheme is to rewrite the Galerkin

formulation (1.7)) as:

N
doayuy =g, i=1,- M, (1.44)
j=1

u; = ul, i=M+1,---,N, (1.45)
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where Q5 = a’(¢j7¢z)z7] = 17"'7N7gi = (g,sz),Z = 17"'aM and Ui) =
up(z;), i = M 4+ 1,--- | N. Then, modify the algebraic system ([1.44]) in such
a way that the necessary conditions for fulfilling the DMP holds and the lay-

ij=
corresponding to the above-mentioned discretiza%ion and U = (uy,--- ,uyn) be
a solution vector consisting of unknown coefficient w;,7 = 1,--- , N. Then, the
satisfaction of the local DMP is guaranteed if and only if the matrix of the lin-
ear discretization above is a matrix of non-negative type with positive diagonal

entries, i.e., if and only if

N
ers are not excessively smeared. Let A = (aij) . denote the stiffness matrix

a; > 0, Vi = 1,--- , M, (146)
aijg()’ VZ#j, 7:217"'7M7j:17...7N7 (147>
N
> a; >0, i=1,---,M. (1.48)
j=1

If, in addition, the matrix of ([1.44])-(|1.45)) is non-singular, then the global DMP
is satisfied as well. However, it is known that for the above discretization in
the convection-dominated regime the validity of the conditions above is usually

violated and as a results the DMP does not hold. As a remedy, to enforce the
DMP, a sufficient amount of artificial diffusion has to be added to (1.44]). Let

N
D= (dij), - denote a symmetric artificial diffusion matrix with entries
27]:

dij = dj; = —max {aij,(), aji} , Yi#g, dy=— Zdij7 (1.49)
JF

then, the matrix A = A + D has positive diagonal and non-positive off-diagonal
entries, and in addition Zé\f:l a; > 0,i=1,--- , M (provided that ¢ > 0) holds
i.e., the necessary conditions for satisfying the DMP are met, see [I76]. Now, the

system ((1.44))-(1.45)) can be replaced by:

(AU) =g, i=1,-,M, (1.50)

i

u; = u?, i=M+1,--- N, (1.51)

which is a monotone low-order method. This modified system is a manifestation
of a simple artificial diffusion method and results in an excessive smearing of the
layers due to the large amount of added artificial diffusion. The smearing can be
prevented by restricting the artificial diffusion to the areas where the solutions
change abruptly, while the DMP is still respected.

The symmetric matrix D is a discrete diffusion operator with zero row and
column sums, hence it follows that

(]D)U)z:ZfZJ7 izla"')Na
i

with fluxes f;; = d;;j(u; — w;). Obviously, fi; = —f; for all 4,5 = 1,--- | N,
meaning that the amount of flux added to node 7 is subtracted from the node j
and vice-versa. Finally, for the last step of building an AFC scheme, the fluxes
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have to be limited appropriately, in other words, so-called solution-dependent flux
limiters a;; € [0,1] are introduced in such a way that the DMP is maintained
and artificial diffusion is mainly localized around extrema and layer areas without
compromising the accuracy. To this end, system — is replaced by

(AU),Igi‘i‘ZOéijfij, i=1---,M, (1.52)
' i#]
u; = ul, i=M+1,--- N, (1.53)
or equivalently
ZCLUUJ + Z — ;) dij (uj — ;) = gi, i1=1,--- M, (1.54)
w=ul, i=M+1,--- N. (1.55)

This nonlinear scheme makes it possible to easily switch between high- and low-
order techniques depending on the smoothness of the solution, for which, clearly
the Galerkin finite element method is recovered in the smooth regions and the
low-order scheme is used in the vicinity of sharp layers. To maintain the conser-
vation property of the resulting scheme, it is usually assumed that the coefficients
a;j(ug, -+ ,un) be symmetric, i.e,

Oéij = Oéji, l,j = 1, L ,N. (156)

Let
bij = (1= aiy)diy, Yi# g, bi=— by, (1.57)
i#
then, the system (|1.54)-(11.55) can be written in the form

Z (aij +bij)uy = g i=1,-- M, (1.58)

b i=M+1,---,N. (1.59)

then, the system ([1.58)-(1.59)) can be rewritten in the variational form, where the
algebraic term is represented by

(w; z,v) Z bij(w (), w,z,v e C(Q),

i,j=1
with b;;(w) = by ({w(xz)}fvzl) Then, the stability and error estimate for the
AFC scheme can be derived with respect to the solution-dependent norm
1olape = (elvlia + o llolga + bn(ussv,0) ) v eV,
see [I77] for details.
Over the years, many different variant of the correction limiter c;; have been

suggested in the literature, however, their definition mostly relies on the fluxes
fi;- In the following we shall recall some of these limiers.

1. The Kuzmin limiter

This limiter was originally developed in [172].
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1. To begin with, one first computes

N N N N
PiJr: Z ga ]Dii: Z f737 Qj:_Zfzgv Q;:_Z ;7
j=1 j=1 j=1 j=1
aji<aij aji<aij
for i = ]., st ,M, where fij = dij(uj - ui), fzj = maX{O,fij}, and fz; =
min{O, fU}

2. Next, one defines

+ -
R;”:min{l,gi}, R;:min{l,gz_}, i=1,---,M.

(2

If P or P, vanishes, set R =1 or R; = 1, accordingly. At the Dirichlet

7

nodes, also define R = R, =1,i=M +1,--- | N.

3. Finally, for any 4,j € {1,---, N} such that a;; > a;;, the limiter o;; is
defined by
RP if fi; >0,
;=41 if f;; =0,
Ry if fi; <O0.

This is an upwind-type limiter which is applicable to P; and @Q; elements. The
Kuzmin limiter was analyzed thoroughly in [I7§] for steady-state CDR equations.
The existence of a solution of the nonlinear problem and the satisfaction of the
DMP was proven under certain assumptions on the mesh, for P; elements.

2. The BJK limiter

This limiter was originally derived in [I79] for P; elements. The first step is
to define

max min

ul™ = max w;, wM = min u; =y di;, 1=1,--- M
JES,ULa} 7 I jeS,Uli} E qi ’Y'LJIGZS. 179 ) ) )
1

where §; = {j e{l,--- ,N}\{i}:a; #0ora;; > 0} and +; is a positive con-
stant, see [I79] for more details. As next step:

1. Compute fori=1,--- , M

Pz‘+:Z i}_7 PZ,_:Z i;7

JES; JES;

QF = qi(ui —ui™), Q; =g (u@ - uf-“in) , (1.60)

2. Then, compute

+ =
R;r:min{l,gﬂr}, Ri:min{l,%’}, i=1,---, M.

% %

If Pt or P is zero, set R = 1 or R; = 1, respectively. For Dirichlet

(2 (2
nodes, the values of R and R; are set to 1.
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3. Next, calculate

Rj_ iffij>0,
R, iffij<0,

4. Finally, set
Oéij :min{&ij,dﬁ,} Z,] = 1, ,N.

For AFC methods equipped with this limiter, the existence of the nonlinear prob-
lem and the satisfactions of local and global DMP on arbitrary simplicial grids was
proved in [I79]. Moreover, it was shown that the method is linearity-preserving.
This property demands that the modification added to the formulation vanishes
in case the solution is a polynomial of degree 1, hence leads to improved accuracy
in the regions where the solution is smooth.

3. Monotone upwind-type algebraically stabilized (MUAS) method

This method was recently proposed in [I77]. Let the stabilization term in

(11.58)-(|1.59) method be as follows:
bij = —max{(l —aij)&l-j,(),(l—ozji)aﬂ}, 7,,] = 1, ,N, 7,7&], (161)
N
bi=—S by, i=1---,N. (1.62)
j=1

such that b;; = bj;, ¢,5 = 1,--- , N. Then, the limiter «;; is determined as follows

1. First, compute

N N
Pr= 3 aylui—u)", Pr= > ay(u—u),
Jj=1,a;;>0 j=1,a;;>0
and
N N
Qf = Zmax{aij ,aﬂ} (uj —w)™, Qf = Zmax{aij 7%'1} (u; —u;)”.
Jj=1 J=1

2. Then, calculate

¥ .
R:r:mm{l,gi}, R;:mm{l,gl}, Z:l,’M

7 A

If B or P is zero, set R =1 or R; = 1, respectively. The values of R;"

and R, are 1 at Dirichlet nodes as well.

3. Lastly, define

R;r ifui>uj,
Qi = 1 ifuz-:uj, Z,jzl,,N
Rz_ ifuz-<uj,
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The MUAS method has been analyzed in [I77]. The solvability of the nonlinear
discrete problem and satisfaction of local and global DMP on arbitrary simplicial
grids are proven.

4. Symmetrized monotone upwind-type algebraically stabilized method

A new algebraically stabilized method with a new definition of limiter «;,
known as symmetrized monotone upwind-type algebraically stabilized (SMUAS)
method, was recently published in [I80]. It was shown that the SMUAS method
is linearity-preserving and satisfies the DMP on arbitrary simplicial meshes. This

method is defined by ([1.61))-(1.62)) and computed as follows:

1. Compute
P;r = Z dij {(’UHL - Uj)Jr + ('LLZ - uij>+} )
JES;
JES;
2. Compute
Qj = Z max{aij ,aﬁ} {(U] — UZ‘)+ + (uij - Uz)Jr} )
JES;
Q; = Z max{aij ,aji} {(uj — ;)" 4 (uy; — uz)_} ) (1.64)
JES;
3. Compute

+ -
Rj:min{l,gﬂr}, Ri_:min{l,gl_}, i=1,---,M.

7 A

If P or P is zero, set R =1 or R; = 1, respectively. The values of R;

1

and R; are set to 1 for Dirichlet nodes as well.

4. Define
R:_ if u; > Uy,
Oél'j: 1 ifui:uj, Z,]:l,,N
R; if u; < Uj,

In the above definition w;; = w; + Vuy, . (z; — xj). Here TV is a mesh cell

1

containing x; that is intersected by the half line

{mi +0;(x; — xj) : 0; > 0} .

Another possible choice of limiter known as BBK limiter is presented in [I81].
Numerical studies in [I82] show that AFC methods with BJK limiter usually
provide more accurate results in comparison to Kuzmin limiter. The results in
[183] revealed that using AFC method with Kuzmin limiter leads to solutions
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with sharper layers compared with the solution obtained with the BBK limiter.
The Kuzmin limiter was replaced by a value that introduces sufficient amount
of artificial diffusion and fulfills the conditions to satisfy a local DMP in [184].
A mixture of both Kuzmin and BJK limiter was proposed in [I85] to obtain a
limiter which is linearity preserving and satisfies a local DMP. A simpler version
of the limiter from [I86] is considered in [I77], which does not use the conven-
tional inter-nodal fluxes as in other AFC methods, it was shown that the resulting
method guarantees the DMP. For numerical comparison of the AFC scheme with
Kuzmin limiter and the MUAS method see [I77]. Another very promising limit-
ing strategy includes the development of a monolithic convex (MC) limiting. This
limiter was first proposed in [I87] for linear advection equations and nonlinear
hyperbolic conservation laws, and its adaptation to other types of equations was
investigated very recently in [I8§]. AFC scheme with Kuzmin, BJK, and MC
limiters has been investigated in [I89] for a steady-state CDR equation in three
dimensions.

As mentioned in the preceding, the discretized algebraically stabilized schemes
are nonlinear. With nonlinearity different concern arises, this matter has been
recently addressed in [I90], where two basic fixed-point iterations and a New-
ton method were investigated for solving the nonlinear problem arising from the
AFC discretization. This investigation was further continued in [I82], where
comprehensive numerical studies for solving the resulting nonlinear scheme were
presented. In this work a mixed fixed-point iteration, a refinement of Newton
method, and a regularized formal Newton method were used.

Despite the huge amount of numerical studies, the amount of rigorous math-
ematical analysis for the algebraically stabilized schemes was considerably low
for a long time. It was only very recently that the first numerical analysis for
this class of stabilized methods was carried out in [I91]. It was shown that the
linear problems obtained using the fixed-point iteration are well-posed, however,
the nonlinear problem is not solvable in general. In this case, the possible non-
existence of solution seems to be the result of the violation of the symmetry
condition on the correction limiter, i.e, when «;; # oj;, t,5 = 1,--- ,N. This
shortcoming has been addressed in [I78], where for the first time the existence
of the solution, existence and uniqueness of a solution of a linearized problem,
and an a priori error estimate were proven under rather general assumptions on
the limiters «;;. Moreover, it was shown that under the symmetry condition and
certain restrictions on the mesh it is possible to prove the local DMP. A survey
on the development and analysis of the AFC schemes has been published in [192]
and [I83]. The performance of a posteriori error estimates was studied in [193].
Furthermore, the behavior of the AFC method with Kuzmin, and BJK limiters
and of the MUAS method on adaptively refined grids, both with conforming
meshes and with hanging nodes is studied in [194]. For a survey on the finite ele-
ment methods that satisfy a local or global DMP for convection-dominated CDR
equations see [I195]. A numerical study is presented in [196] which investigates
finite element methods satisfying the DMP for CDR equations.

Algebraically stabilized methods have several advantages in comparison to
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most of the other stabilization methods: they often satisfy DMP by construc-
tion and as a result preserve the positivity of the solution, their implementation
does not depend on the space dimension, they usually provide sharp approxima-
tions of the layers. However, there are also some drawbacks: these methods are
usually nonlinear even if the problem at hand is linear, and the application of
algebraically stabilizations to higher order finite elements is not developed.

There are even more proposals of stabilized methods which are not included
in this section. Among these methods are: consistent approximate upwind
(CAU) methods [197], controlled consistent approximate upwind (CCAU) [198],
Taylor-Galerkin method [199, 200], entropy viscosity approach [201], variational
multiscale (VMS) methods [131], 132 130], algebraic subgrid-scale stabilization
[120, 202], orthogonal subscales methods [203| 204], and many more, see also
[56], 205], 206] for reviews. However, despite more than four decade of intensive
research, there is still no method that has been proven to be a universal choice,
hence the numerical solution of convection-dominated CDR problems is still a
challenge. Moreover, for many available discretizations of this simplest model
problem the analysis still remains an open problem.

1.2 Stabilization of transient convection-
diffusion-reaction equations

Time-dependent CDR equations appear in various applications. These equations
are not only important on their own but are often part of complex nonlinear
systems of equations that are strongly coupled in such a way that inaccuracy in
one equation directly effects all other equations in the system. Therefore, over
the years, a great deal of effort has been devoted to the development of proper
numerical methods for approximating the solution of transient problems involv-
ing convection, diffusion, and reaction terms.

Let us consider the evolutionary CDR equation
U —eAu+ b -Vu+cu =g in (0, Taa) X Q,
U= uy on [0, Tae] x 09, (1.65)
u(e,0) = w(e), i

where € is a polygonal or polyhedral bounded domain in R?, d € {1,2,3} with a
Lipschitz-continuous boundary 0, [0, T},4.] is a time interval, € > 0 is a constant

diffusion coefficient, b(z,t) € L™ (O, Trnaz; Wl’OO(Q)d) is a convection field with

Vb =0, c(z,t) € L= (0, Trhaz; L=°(2)) is a non-negative reaction coefficient,

g(z,t) € L? (O, Trnaz; L2(Q)) is an outer source of the unknown quantity u, u; €
1

L? (O, Trnaz; H2(09) | is the boundary condition, and ug(z) € Hy () is the initial

data. Moreover, without loss of generality, it is assumed that there exists a
positive constant oy such that

0 <og <o(t,z) =c(t,x) — 5 divb(t, x), V(t,z) € [0, Traz] X ©Q,  (1.66)
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which is the standard assumption that guarantees the unique solvability of ,
see [56]. Clearly, the numerical solution of an equation of type consists of a
double discretization process, that is, the temporal discretization and the spatial
discretization. We wish to only focus on the finite element methods for spatial
discretization in the following, thus we introduce a triangulation 7, of 0 which
possesses the usual compatibility properties and define the finite element spaces
as

W), = {Uh S O(Q);vh\T € R(T),VT € Th}7 Vi =W, N Hy(Q),

consisting of continuous piecewise (multi)linear functions as before. As for the
time discretization, the time interval is decomposed by 0 = t¥ < ¢! < ... < "l =
Trnae With At = t"*1 — " being the time-step, afterward any time-integration
methods can be employed for discretizing in time. Note that, in the following, we
only consider the homogeneous Dirichlet boundary condition for the simplicity of
the presentation.

The process of discretization can be done in several ways:

« The time/space discretization, also known as Rothe’s method, in which
after a temporal discretization the obtained equation has the form of a
stationary CDR equation that has to be solved at each time instant. Then,
the fully discrete equation can be derived by employing a proper spatial
discretization method, see [207] for an example of this case. Now, let us
consider #-scheme (0 € [0, 1]) for discretizing in time, this leads at
each discrete time " to

u" 0 At (—5 Ayt byt 4 c"“u”“) = (1.67)
u" — (1 —0) At (—e Au™ + b™ - Vu" + " u™) + 0ALg" ™ + (1 — 0)Atg™.

Practical cases of interest are backward Euler (f# = 1), Crank-Nicolson
(0 = 1), and forward Euler (§ = 0). Now it remains to apply a finite ele-
ment method for discretizing in in space, in this regard the equation
(1.67) can be transformed to a weak formulation by multiplying with a test
function from a space V' = H}(Q) and applying the integration by parts
as usual. Then, after employing a finite-dimensional space V}, instead of V'
(Vi C V for conforming finite element method) and with a suitable approx-
imation of initial data ug(z), the standard Galerkin formulation of
reads as follow: Find u}™ € V}, such that

(™ vp) + 6 At((a Vuptt Vo) + (b™ - Vauptt 4 eyt Uh)> =
(up, vn) = (1= 0) At((e Vup, Vou) + (b - Vu + ¢t vp))+  (1.68)
9At(g"+1,vh) +(1— H)At(g”,vh>, Yy, € V.

Note that the definition of V}, is based on the underlying triangulation 7y,
of 2 mentioned above.

« The space/time discretization, also known as the method of lines, in which
after the discretization in space one obtains a semi-discrete equation, then
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the fully discrete version can be derived by applying a suitable time in-
tegration method, see [208] for an example of this case. Now, let V' =
H (), then the variational formulation of reads as follow: Find
u € [0, Thnaz] — V such that

(u(t),v) + (eVu(t), Vo) + (b(t) - Vu(t) + c(t) u(t),v) = (g(t),v), (1.69)
u(0) =up inQ,

for Vo € V and t € (0, Truae]- Replacing V by a standard finite-dimensional
space of piecewise polynomial functions Vj, the time-continuous Galerkin
formulation then aims to find a function wuy, : [0, Tynaz] — Vi such that

(uns(), 0n) + (eVun(t), Vo) + (b(t) - Vun() + c(t)un(t), vn) = (g(t), vn),
(1.70)

up(0) = ugp,  in €2,

for Yo, € Vj, and t € (0, Tpnae). After this discretization, temporal dis-
cretization can follow by employing any suitable time-stepping technique.

e There is also space-time discretization technique, where coupled time and
space element are used. As argued in [79], the time derivative and the spatial
derivative terms should be combined into a single "material derivative” in
this case, see also [209, 90].

It is known that the space-time discretization is the most natural setting to de-
velop finite element methods for problems of type , however, the number of
unknowns for coupled space-time formulation is very high in many applications,
which increases the computational cost and that is a rather significant drawback.
Hence, separated fully discrete discretization are in much more use for transient
CDR problems.

Typically, the size of the convection and/or reaction is much larger by order of
magnitude compared to the size of the diffusion, therefore the standard Galerkin
finite element method usually fails to deal with spatial discretization in this case.
As mentioned in the previous section, a characteristic feature of solutions in
convection-dominated regime is the presence of sharp layers, therefore suitable
stabilization techniques are in need to be able to approximate these sharp layers
properly on one hand and to prevent the occurrence of wild oscillations in these
areas on the other hand. Stabilization methods were initially designed for the
steady-state CDR equations and eventually found their way to transient prob-
lems with time-stepping methods and also to space-time formulations. In the
following we shall recall some of these techniques which have been introduced to
deal with evolutionary CDR problems in convection-dominated regime over the
years.

1. SUPG method

To begin with we start with the SUPG stabilization method which adds a
consistent diffusion term in the streamline direction to the original Galerkin for-
mulation of the problem. In case Rothe’s method is used for the discretization,
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the SUPG finite element method applied to (1.67)) consists in finding an approx-
imate solution u}*! € Vj, to u"*! € V such that

(u’,;‘“,'uh) + Y (0 At) (u’,fj“, bt Vvh>T
TETh

+ 00| (70, V) + (b7 Vupt gt — g7,

+ Y (7r 0 At) (( —eAuftt + b Tt 4ttt — g”“),b’”rl : Vvh)T]
TET,

= (uz,vh) + > (rr At) (u27bn ' Vvh)T
TeTh

—(1- 9)At[(sVuZ, Vvh) + (b” -Vup + c"up — g", vh>

Y (TTQAt)(( —eAuy +b" - Vuy + "up — g”), b" - Vvh> , (1.71)

TET, T

for Vo, € Vj,. This is the time discrete stabilized approximation of with
f-scheme used as the temporal discretization and with a suitable approximation
of initial data wug(z), where 7 is the stabilization parameter. Proper choices of
the stabilization parameter 7 has been studied in various ways in the literature,
most popular among them is based on the convergence analysis of the method. In
contrast to the steady-state, where the role of the reaction was usually neglected
in the stabilization parameter, this term plays a crucial role in the transient case
specially whenever the time-step size is very small, thus, a suitable parameter
usually takes this term into account. It was suggested in [I58, 207] to chose the
stabilization parameter 7 as:

h
i (49Ata + 2hp O At|br | + b7 (1 + 9Atc"+1)>’

where hp is an appropriate measure for the size of the mesh cell T which is
usually chosen in the direction of the convection field. Another possible proposal
was proposed in [I59, 210} 207] as

hr 1 h2
20AL[brH|" 1+ At gALe [

T = min{

In [105, 21T, 207], it was suggested to set

B2
= ((1 + QAtc”“)hsz(Peil) + 60At5§(PeT,2)>’
with
Py - 064 eTQ_hTeAt\bn“\

TR (1 + Attty ’ 30 Ate

and
1 if0<s<l,
§s) = {s if s > 1._
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In case method of lines is used for the discretization, the finite element SUPG
approximation of ((1.70)) has the following form (time-continuous case): For all
t € (0, Tnae) find up(t) € Vj, such that

(uh,t(t),vh) + ZT (uht( ), b(t) - VUh)
+ (eVun(t), Vou ) + (b(t) - Vun(t) + c(t)un(t), vi)
+ 3 (= eAun(t) + b(t) - Vun(t) + c(t)un(t), b(t) - Vo)

TeTh

= (g(),vn) + 3 (9(),b(t) - Vn), (1.72)

TeT,

T

for Vv, € V}, and ¢ € (0, Th,ae) and a suitable approximation of initial data. This
formulation is strongly consistent. Some authors has suggested the use of a non-
consistent treatment of the time derivative as: For all t € (0, T4, find up(t) € Vi,
such that

(wne(®),v0) + (eVun(t), Vor) + (b - Vun(t) + cup(t), vn)
+ > ( — eAuy(t) + b - Vuy(t) + cup(t),b - Vvh)T

TET
= ( Uh) + Z (gh b Vvh) (173)
TeT
for Vv, € V}, and t € (0, Tynaz|. However, it turned out that this method loses its
accuracy, regardless of the choice of the time-discretization.

Lastly, in the case of space-time approach, it was suggested in [79] to use the
SUPG method together with the discontinuous Galerkin method in time. The
idea behind this approach was to be able to treat the temporal derivative like first
order spatial derivative. In this case the space-time SUPG stabilization term is
given by

Ssypg(vh) = ’U;l + b - Vvh,

see [212] for more details.

Concerning the numerical analysis, a post-processing technique was used in
the approximation of linear transient CDR equations in [213]. The technique
followed the procedure of approximation with a standard Galerkin method un-
til a certain time instant and then proceeded by using a SUPG stabilization
method in a single steady problem. The error bounds were obtained with regard
to the SUPG norm in convection-dominated regime and a sub-optimal conver-
gence was proven. Moreover, it was shown that the temporal error of the fully
discrete post-processed approximation can be bounded by the temporal error
of the Galerkin approximation. An extension of this technique for stabilizing
evolutionary convection-diffusion problems was studied in [214]. The stability
of the SUPG finite element method was demonstrated analytically in [208] for
convection-diffusion equations. In this study, it was pointed out that the combi-
nation of the SUPG stabilization method and and implicit time-stepping scheme
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can be considered as a safe and effective method regardless of the length of the
time-step. It was also mentioned that for a very fine time-step size spurious
oscillations might occur in the front layers in the numerical simulation. Later,
the first theoretical investigation for the small time-step instability for the SUPG
method was reported in [2I5]. In this work, a pure evolutionary transport equa-
tion was considered, where the stability and quasi-optimal convergence in time
was established for the SUPG finite element discretization in space together with
the backward Euler and Crank—Nicolson finite difference discretization in time.
These results were obtained for sufficiently smooth data. However, it was shown
that if the data are not sufficiently regular, for small time-step a deterioration
might be detected in the stability and convergence analysis which may lead to
some oscillations in the layers. The analysis of [215] was further extended in
[216] to CDR problems. It was argued that the source of instability for small
time-step might be the result of the choice of the stabilization parameter and
their dependence on the length of the time-step, whenever Rothe’s method is
used. It was pointed out that the stabilization vanishes if the time-step length
approaches zero. This idea motivated the authors to search for stabilization pa-
rameters that do not depend on the length of the time-step. Baring in mind
that the necessity of entering the time derivative in the stabilization parameter
secures the consistency, the investigation proceeded by proving error estimates
in the L?-norm, the norm of the material derivative, and also the norm of the
streamline derivative (which where missing in the study of [215]). This allowed
the stabilization parameter to be chosen similarly to the steady-state case. The
proof was carried out under certain regularity conditions on the data while the
backward Euler and Crank—Nicolson scheme were used in the temporal discretiza-
tion. The method of lines was used for the discretization of the CDR equation in
[217], it was shown that the proposed method is adequately stable since due to
the procedure of discretizing in space before time, the stabilization parameters
are free of the length of the time-step. Another possibility that attracted the
attention of some authors was to not only consider adding artificial diffusion to
deal with spatial stability but also to consider more proper time-discretization
to overcome temporal instability. In this regard, [218] suggested to combine the
standard Galerkin method with high-order multi-step explicit method which how-
ever led to severe restrictions on the allowable time-steps in either convection-
or diffusion-dominated regime. Later, it was suggested in [219] 220] to employ a
high-order implicit time-stepping scheme coupled with classical stabilized tech-
niques, and it was shown that the method is spatially stable and highly accurate.

2. GLS method

As for the GLS method, space-time formulation was traditionally the method
of use at the start for discretizing the transient CDR equations which was referred
to as ST-GLS formulation. In this case the element domain was considered as
coupled space and time elements and the formulation was given by

SST—GLS(Uh) = U;l — 5Avh +b-Vu, + CUp,

see [2211, 222] for more details.
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By performing the time discretization prior to the spatial one, similarly to the
SUPG method the GLS formulation of the problem (1.65]) takes the form: Find
up ™t € V, such that

(wi™ o) + D (70 AL (!, —eAvy, + b Vo + oy, )
TeT,

+ 9At[(€VuZ+1, Vvh> + (b”+1 . Vu}f“ i c”“uzﬂ, Uh)
+ Z (TT 0 At)

T€eTh
( — eAuptt 4 b Tt 4 T —e Ay, + BT Vo, + c”+1vh) }
T
= (i on) + X (rr 0 At) (g, —eAvp +b" - Vo, + v
TeTh
—(1—- 6’)At[(5VuZ, Vvh) + (b" -Vup + c"uy, vh>
+ Z (rr 0 At)( —eAup +b" - Vupy + c"up, —eAv, +b" - Vo, + cnvh> }
T

TeTy

+ AL (g”“, vh> + Y (0 At) (g"*l, —eAv, + b Yy, + c"“vh>T
T€Th
+(1— Q)At[(g", vh) + Y (tr 0 At) (g”, —eAuvp, +b" - Vo, + c"vh)T} (1.74)
TeTh

for all v, € V},. The method of lines version of the GLS method can be obtained
similarly as the SUPG method as well. From the practical point of view, there
are no major differences between SUPG and GLS methods, especially when there
is no reaction term present and linear elements are used (the second-order deriva-
tives are zero in the element interior). Several expressions of the stabilization
parameter 7 have been proposed for the GLS scheme for transient problems
which are mainly based on the minimization of the error, see [90]. Finally, an
optimal error bound was derived in [223], where a Galerkin least-squares method
was employed for space discretization along with a #-scheme for time discretiza-
tion.

3. LPS method

Performing with local projection into a large scale space, LPS methods add
an appropriate stabilization to small scale of the Galerkin finite element solu-
tion. Employing two finite element spaces at once, and applying either two-level
method or enrichment method, the LPS schemes add a linear stabilization term
of the form

Seps(umon) = 3 TM(HM(W@,HM(wh)) C Yu eV, (L5
MeMy, M

where k), denotes the fluctuation operator, and M, can be equal to 7}, in case
enrichment method is used, or a coarser triangulation with macro-elements M
(which are a collection of elements T') in case of two-level technique. The nu-
merical simulation of the LPS method for time-dependent CDR equations was
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first studied in [207], where the enriched LPS method was used and compared
with other stabilization methods in convection-dominated regime. In [224], a one-
step f-scheme as time discretization was used along with an LPS finite element
method containing a nonlinear crosswind-diffusion term for an evolutionary CDR
equation. It was shown that both the fully nonlinear and its linearized version
are solvable without any restriction on the time-step. Moreover, the uniqueness
was established for both approaches and an a priori error estimate with respect
to the standard LPS norm was derived. The use of high-order discretization was
tackled in [225], where the discontinuous Galerkin method was applied alongside
the LPS method for a partial differential equation in a time-dependent domain.
The application of the LPS scheme combined with the discontinuous Galerkin
method in time was studied for fixed-domain problems in [226]. A monotone
local projection scheme for a convection-dominated transport problem was intro-
duced in [227], where the stabilization term was proposed in such a way that
it guaranteed the monotonicity and enforced the linearity preservation on each
mesh.

4. SOLD methods

SOLD methods have originally been introduced to reduce or even completely
remove spurious oscillations at layers from the solutions obtained using SUPG
methods for stationary CDR equations. Later, they were utilized with other
stabilization methods such as LPS and further extended and were added to sta-
bilization methods for transient CDR problems. These methods are in general
nonlinear. Even though there is no general SOLD method known that works per-
fectly well on every example, it is shown that these methods still work remarkably
well for many special cases and are able to reduce the oscillations considerably
in the vicinity of sharp layers. An application of various types of SOLD methods
for time-dependent CDR problems can be found in [228] and also in [207], among
other studies. As mentioned, these methods work in different ways:

e SOLD methods which add isotropic diffusion to the SUPG stabilization

method ((1.71)) as:

(EVupt, Von), (1.76)
un+1 2

with & = UM where Ry, (u}") is the residual of (1.67)). The definition
uy 9

of o has been investigated in many studies. It was shown in [149, 207] that
o can be chosen as

Ry, (up ™)Vt )
— 7T )

O"T =max < 0, 7 (HAt ’Vuzﬂ‘z

where 77 is the SUPG stabilization parameter and 7r(s) is this parameter
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evaluated in s. Another idea was suggested in [I50, 207] to chose o

QAt‘b"“’ »

oAt Rp( thrl)Vu"+1

O" =7r<0,
o

We refer the reader to [152), 207, 229] for other examples of this parameters
and their derivation.

SOLD methods which add anisotropic diffusion terms as

(6 Dvum-l Vvh), (1.77)
with
_ (AMTHROA) e p At # 0
D oA br+1|” 7
0 else.

for which the parameter € can have the form
diam(T' ‘Rh "H)‘

2‘Vu”+1 ‘

— 0Ate 5,

5‘T =max< 0,C

as considered in [159, [78, 207], or it can be chosen as

i TTeAt|b"+1\ Ri(up ™)
€‘T oAt b ’v n+1‘+‘R n+1)’

(1.78)

as proposed in [160, [78], 207]. Other choices of the parameter & can be found
n [158, 278, [157].

SOLD methods of edge stabilization type

ounttN 7 v
T| [ Wp(upth) ( h )( h) 1.
Z T / r(up ™) sign - . do, (1.79)

TeTh

n+1)

with the parameter function ¥ (u which can be chosen as in [78] given

by
n+1 n+1
W (u] C‘Rh ))T‘ .

where C'is a constant. For more examples of this function see [164. [135] 207].

5. FCT method

Applying a one-step #-method and using the standard Galerkin finite element

discretization of ((1.65)) leads to an equation of the form (1.68)) at each time instant

which can be rewritten in an algebraic form as follow:

(M + 0AEA™ u*! = (Mo — (1 — 0)AtA™ Ju" + OALG™ + (1 — 0) AtG™,
(1.80)
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where M¢ = (m;)i j=1... n is the consistent mass matrix, A"*! = (a;;)1, v is

i,j=1,
the stiffness matrix conswtmg of the sum of diffusion, convection, and reaction,
Gl = (gptt oo gtHT is the source vector, and u"t! = (u?“, o uthHT
denotes the vector of unknowns. The matrix and vector entries are defined by
mi; = (¢j7 ¢z‘)
0 = (eV;, Vi) + ("L Vg, + gy ),
”“ = (9, 94),

where N is the number of degrees of freedom (the length of the vectors) and ¢;
are defined as in the previous section.

As already mentioned, the solution of exhibits massive spurious os-
cillations in the convection-dominated regime. Although stabilization methods
such as SUPG work quite well in reducing these oscillations, they are not able
to completely suppress the under- and over-shoots in various situations specially
whenever sharp layers are present. It is known however that the numerical meth-
ods that satisfy the DMP such as FE-FCT approaches work remarkably well in
this regard. To fulfill the requirements of DMP and derive a FE-FCT scheme, set

N
ML:diag(mi), mi:Zmi,j7 7/:17 ’N7

1

n+1l __ m+1 n+ n+1 n+1 n+1 . . n+1 __ m+1

D —(dij )ij , A max{ ,0,aj; }, Vi # 3, di ——E dii,
J#i

]LnJrl :AnJrl _|_Dn+1_ (1.81)

The matrix M, is called the lumped mass matrix. Now, (1.80) can be replaced
by

(M + AL ) u™* = (M — (1 — 0)ALL") u" 4 OALG™ 4 (1 — 6) AtG™.
(1.82)

Note that L"*! does not possess positive off-diagonal entries. This method rep-
resents a stable low-order counterpart of , which does not show any under-
or over-shoots, however, it is extremely diffusive and smears the layers to a great
extent. Now, the goal is to modify the right-hand side of in such a way that
the solution becomes less diffusive while at the same time the spurious oscillations
are still precluded. First, is written in the form

(M, + AL ) ut = (M (1 — 0)ALL") u”
+ OALG™T 4 (1 — O)ALG™ + £ (u" T u™),  (1.83)
where "t (u"*!, u") is defined by subtracting the residual of (1.80]) from (1.82).

Since the matrix ID and also the difference of the mass and lumped mass matrices
(i.e., Mic — M) have zero row sums, one can write

2

f;z n+1 un Z n+1 j = 17 Ce ’N, (184)

38



where f"Jrl denote the fluxes which are given as

Fi = ma(u ™ — ) — g (= uf)

— OALE (W — i) — (1 — O) A (uf —u), i j =1,

J

Now, the idea of flux correction in the FE-FCT scheme is to restrict those fluxes
f”+1 that would otherwise produce spurious oscillations. This can be done by
1ntr0ducing

N
Frh ™ u™) = ol i, i=1,--- N, (1.86)

7j=1
where 04”“ € [0,1] is a solution-dependent correction factor, which has to be
symmetrlc in order to maintain conservativity, i.e., a”“ ”“, t,7=1,--- N.

Then, the next step is to replace f"™ (u"*, u") in (1.83) by F”H( L ”) The
Galerkin method is recovered in the smooth regions for a"+1 =1 Whlle oz"+1 =0
leads to the low-order scheme in the layers.

The FE-FCT scheme is a nonlinear scheme and can be treated in two different
ways:

e The nonlinear version: which utilizes an explicit solution u with forward
Euler scheme at the time ¢"™* — & as was suggested in [I70] which reads

i=u"—(1-0AM* (L"a" — G"), (1.87)

n+1

where u is used to define the correction factors a;’; for the nonlinear FE-

FCT scheme.

e The linearized version: which utilizes an approximation obtained using an
explicit scheme 1nstead of u™™ in the fluxes f/;*'. Using the idea in [174],

and applying u in the definition leads to

n+2 _ utl4un
_ 2

n+l _ ”+2 ”"'% n+1 n n ”+% "'*%

where
v, 2 =M (G" - L"u"),.

For computing the correction factor a;’ ! different algorithms has been introduced
over the years, among them is Zalesak’s limiter suggested in [I68] and Monolitic
Convex limiting proposed in [I87], which are as follows:

1. Zalesak’s limiter
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1. Compute
PFi= %" max{0, [}, BT i= 3 min{0, £}

JES; JES;
where S; = {j € {1,--- NI\ {i} : 3T € Ty, : s, 2; € T}.
2. Compute

;r = max {ﬂ’?+1 - a;Hrl}, Q; = Il’liIl‘ {ﬁ;ﬁrl - H?+1}7
jeS;U{i} jes;U{i}

where "™ is the solution of ([1.87]), which is used to guarantee the positivity
of the solution.

3. Compute

min (1, 790) it P >0, min (1, 7990) if P <0,

1 if P =0. 1 if P =0.

R+ =

min{R, R; } if fiT >0,
Qi =
! min{R; , R}  otherwise.

This choice of correction factors guarantees that the aforementioned FE-
FCT method satisfies the DMP.

1. Monolitic Convex limiter

The effect of time-stepping methods on FE-FCT scheme for transient CDR
equations appears to be problematic in some situations. In this regard, an alterna-
tive was introduced in [I87], known as Monolitic Convex (MC) limiting strategy,

where suggested that the limited fluxes a/5™ fi! = f?jﬂ could be defined by

i i
—-n+1
fij =
min {177, min {257 (@ — o). 205 ).} F >0
0 if it =0,
e {57 e {257y — ) 257 s —,0, )} <o
(1.88)
where

m+1- n+1 m—+1 n+1 n+1

max

: n+1 Umin

= max_ u;' -, U

n+1
jes;ufi} 7

= min u’

u J
JjES;U{i}

The linear and nonlinear FE-FCT schemes were considered in [230], in which
the accuracy and efficiency of the schemes was investigated. It was shown that
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the nonlinear FE-FCT schemes usually provide the most accurate results, how-
ever, the explicit schemes seem to be faster and more efficient in practice. A
numerical study of FE-FCT methods for solving scalar transient CDR equations
was presented in [207]. The method was then compared with other traditional
stabilization techniques in convection-dominated regime. The numerical exam-
ples were carried out in 2D with homogeneous Dirichlet boundary conditions.
Later, the results were extended to 3D problems with inhomogeneous Dirichlet
and homogeneous Neumann boundary conditions in [231]. In [232], the FE-FCT
scheme was generalized to implicit finite element scheme and nonlinear systems
of hyperbolic conservation laws. The Zalesak’s limiter was revisited due to its de-
pendence on the time-step length which effects the stability and positivity of the
solutions, therefore the use of an iterative limiting strategy was suggested. More-
over, an extension of the FE-FCT scheme to compressible Euler equations was
investigated in this study. Three FE-FCT techniques based on the Runge-Kutta,
Crank—Nicolson, and backward Euler time-integration were presented in [174], it
was shown that the resulted methods are robust and efficient. Additionally, an
alternative to FE-FCT schemes was introduced using an intermediate solution of
a positivity-preserving low-order scheme. As noted before, the FE-FCT methods
are nonlinear, hence the application of different types of solvers were studied in
[189] and the question of high accuracy and efficiency was addressed.

Due to the construction of FE-FCT methods which mainly targets the alge-
braic form of the discretized finite element method compared to other traditional
stabilized schemes that usually work by modifying the bilinear form, the nu-
merical analysis of these methods are quite scarce, specially in time-dependent
case. First attempt in this regard was reported in [233], where the FCT method
was applied to a time-dependent convection-diffusion equation and also to a pure
transport equation. Making use of the implicit function theorem for Lipschitz
functions, the existence and uniqueness of a solution was proved provided that
the time-steps are sufficiently small. In [234], the existence of a solution was
established for a nonlinear FE-FCT scheme with arbitrary time-steps. The proof
used a consequence of Brouwer’s fixed-point theorem. Applying the backward
Euler for temporal discretization, the error analysis and stability of the linear
and nonlinear FE-FCT schemes for evolutionary CDR, equation was reported in
[235]. The optimal rate of convergence in L? and H' norm and sub-optimal con-
vergence rate in FCT norm was proved. The DMP and positivity-preservation
for stationary and evolutionary CDR equations was extensively studied in [195].

There are other stabilization techniques for time-dependent convection dominated
CDR equations which are not included in this section. Among them are the US-
FEM [236], the Bubble stabilization method [237], the subgrid scale method [238],
the characteristic Galerkin method [239, 240], and the Taylor-Galerkin method
[199]. We refer the reader to [207, 219, 220, 241] for a comparison regarding
some of these stabilization approaches. However, we would like to note that to
our best knowledge, there seem to be no results on Mizukami-Hughes methods
in this regard.
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1.3 Application of stabilized methods to cross-
diffusion systems

As mentioned in the introduction, the very important aspect of a cross-diffusion
system is the presence of cross-diffusion term(s), which makes the theoretical
and numerical analysis of such a problems much more challenging. It is known
that for comparably large magnitude of this term(s) in the system, standard
numerical schemes such as Galerkin finite element method usually become unsta-
ble and simply fail to produce desirable results, therefore a proper stabilization
technique need to be applied. In this regard, we considered several types of cross-
diffusion systems (which will be thoroughly studied in the following chapters).
To enhance the stability of the standard Galerkin method in use, we tried differ-
ent stabilization methods as mentioned in the previous section, we noticed that
traditional stabilized techniques such as SUPG, GLS and USFEM fail to over-
come the instability resulting from the Galerkin formulation and huge amount of
under- and over-shoots was observed that led to blow-up in the numerical sim-
ulations. However, approaches which were based on the algebraic stabilization
worked remarkably well by reducing the spurious oscillations and also preserving
the positivity of solutions through the time. Therefore, due to the obtained de-
sirable results using algebraic stabilization techniques only these type of methods
will be considered in the following chapters.
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2. Paper 1

This chapter is based on the paper entitled "Global existence of classical solutions
and numerical simulations of a cancer invasion model”, published in Mathematical

Modeling and Numerical Analysis (ESAIM: M2AN).

2.1 Global existence of classical solutions and
numerical simulations of a cancer invasion
model

In this paper we considered a model of cancer invasion which is descried by a
system of nonlinear PDEs consisting of a cross-diffusion-reaction equation and
two additional nonlinear ordinary differential equations as:

U =LAu—xV - (uVe) + pu(l —u) in Q x (0,00),

¢t = —pc in  x (0, 00),

pe = L(uc —p) in  x (0, 00), (2.1)
é@l,u = Y,0,C on 0§ x (0, 00),
(u,c,p)(+,0) = (ug, co, Po) in €,

where u, x, «, € are positive constants, ug, ¢y, po are initial conditions, and u, c,p
denote the concentrations of the invasive cancer cells, extracellular matrix and
protease, respectively. Let us summarize the idea behind the definition of the
system:

o The cancer cells spread isotropically inside the domain €2: term iAu,
« The cancer cells grow with a proliferation rate p: term pu (1 — u),

e The cancer cells move spatially toward the higher concentration of the ex-
tracellular matrix : term —xV - (uVe),

e The degradation of the extracellular matrix: term —pc

o The protease production, which is a result of interaction between invading

tumor and the connecting tissue: term %uc,

e The natural decay of the extracellular matrix: term —% p.

This system is a variant of a cancer invasion model developed in [242] for the
malignant invasion of tumor, where we added the extra chemotaxis movement
iAu which allowed us to study the properties of the model analytically.

In the first part of the paper, we proved under several transformations of the
system, which allowed us to control the problematic taxis term —xV - (uVc¢), that
the system possesses global classical solutions for widely arbitrary initial
data in two- and three-dimensional space. This led to our main analytical result:
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Theorem. Suppose that a, x, u, € are positive constants, that
Qs a smooth bounded domain inR%,d € {1, 2,3},
and that ug, co, po € Uye(0,1) C?7(Q) are non-negative functions satisfying
iﬁyuo = XoUoO,Co 0moS2.

Then, there exists a unique global classical solution (u, c,p) of (2.1)) with reqularity
(u,c,p) € (C*H(Q x (0,T]) NCHQ x [0,T]))3, which, moreover, is non-negative.

In the next part of the paper, we analyzed the behavior of these solutions nu-
merically. For this purpose, we utilized Galerkin method for spatial discretization,
f-method for time discretization, and fixed-point iteration to treat the nonlinear
terms. We carried out several numerical experiments in two and three spatial
dimensions which support our analytical results. Moreover, we addressed the
numerical stability of the system and showed that it heavily relies on the choices
of the haptotactic coefficient y. Fixing the proliferation rate p and varying the
taxis coefficient y one can easily make the diffusion or the transport of the cancer
cells dominant. The latter usually gives rise to spurious oscillations or numerical
blow up in the system, in which case a stabilization method is required to prevent
these difficulties. This observation led to our results to be presented in the next
chapter.
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Abstract. In this paper, we study a cancer invasion model both theoretically and numerically. The
model is a nonstationary, nonlinear system of three coupled partial differential equations modeling the
motion of cancer cells, degradation of the extracellular matrix, and certain enzymes. We first establish
existence of global classical solutions in both two- and three-dimensional bounded domains, despite
the lack of diffusion of the matrix-degrading enzymes and corresponding regularizing effects in the
analytical treatment. Next, we give a weak formulation and apply finite differences in time and a
Galerkin finite element scheme for spatial discretization. The overall algorithm is based on a fixed-
point iteration scheme. Our theory and numerical developments are accompanied by some simulations
in two and three spatial dimensions.
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1. INTRODUCTION

The model

One of the defining characteristics of a malignant tumour is its capability to invade adjacent tissues [21];
accordingly the mathematical literature directed at understanding underlying mechanisms is vast (see e.g. the
surveys [29, 36]).

In this paper we focus on the following variant of a cancer invasion model developed by Perumpanani et al. [34]
for the malignant invasion of tumours and investigate

Up = iAu—XV~ (uVe) + pu(l — u) in Q x (0, 00),

¢ = —pc in Q x (0, 00),

pe = %(uc —p) in Q x (0, 00), (1.1)
é@uu = xud,c on 99 x (0, 00),

(u,c,p)(-,O) = (u07007p0) in Q.
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We aim for a rigorous existence proof for global solutions and the development of a reliable numerical scheme
with an implementation in a modern open-source finite element library.

In (1.1), the motion of cancer cells (density denoted by w) mainly takes place by means of haptotaxis, i.e.
directed motion toward higher concentrations of extracellular matrix (density ¢), of strength y > 0. Motivated by
experiments of Aznavoorian et al. [7], who reported only “a minor chemokinetic component” of the cell motion,
the original model of [34] does not include a term for random (chemokinetic) cell motility at all. Acknowledging
that “minor” does not mean “none at all”, we deviate from [34] in this aspect and incorporate this motility term
in (1.1) (a € (0, 00), with the formal limit o — oo corresponding to the model of [34]). Additional growth of the
population of tumour cells is described by a logistic term (with u being a positive parameter). The extracellular
matrix is degraded upon contact with certain enzymes (proteases, concentration p), which, in turn, are produced
where cancer cells and matrix meet and decay over time. The reaction speed of these protein dynamics can be
adjusted via the parameter ¢ > 0. As many proteases remain bound to the cellular membrane — or are only
activated when on the cell surface (¢f. the model derivation in [34]), no diffusion for p is incorporated in the
model. This last point is in contrast to the otherwise similar popular models in the tradition of [4,33] or [9], the
latter of which additionally included a chemotactic component of the motion of cancer cells.

Global solvability

In order to construct global classical solutions of (1.1), it is necessary to control the haptotaxis term —xV -
(uVe) in the first equation and thus in particular to gain information on the spatial derivative of the second
solution component. For relatives of (1.1) including a diffusion term Ap in the third equation, this has already
been achieved in [40] and [28] by applying parabolic regularity theory to the equation for p, first yielding
estimates for the spatial derivative of p and then also on ¢; the results of [28] even cover the long-term asymptotics
of solutions. Moreover, the presence of diffusion for the produced quantities has also been made use of to obtain
global existence results for different cancer invasion models, see for instance [42].

However, the absence of any spatial regularization in both the second and third equation makes the corre-
sponding analysis much more challenging. Up to now, global classical solutions have only been constructed for
a rather limited set of initial data: already in [34], where (1.1) has been proposed for & = oo, it has been shown
that the model formally obtained by taking the limit € N\, 0 admits a family of travelling wave solutions. Corre-
sponding results for positive € have then been achieved in [31]. Moreover, if £ = 0, travelling wave solutions may
contain shocks [30] and solutions of related systems without a logistic source may even blow up in finite time
[35]. In general, the destabilizing effect of taxis terms such as —xV - (uV¢) may not only make it challenging but
even impossible to obtain global existence results for certain problems. We refer to the survey [25] for further
discussion regarding the consequences of low regularity in chemotaxis systems.

Despite these challenges, in the first part of the present paper we are able to give an affirmative answer to
the question whether (1.1) also possesses global classical solutions for widely arbitrary initial data in the two
and three-dimensional setting. Our analytical main result is the following

Theorem 1.1. Suppose that «, X, u, € are positive constants, that
Q is a smooth bounded domain in R™, n € {1,2,3},

and that g, co,pg € U’yE(O,l) C?t7(Q) are nonnegative and such that é&,uo = yugd,co on 0. Then there
exists a unique global classical solution (u,c,p) of (1.1) with regularity

(u,¢,p) € (C*'(@ x (0,00)) N C* (@ x [0,00)))°,

which, moreover, is nonnegative.
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CANCER INVASION: CLASSICAL SOLUTIONS AND NUMERICAL SIMULATIONS 1895

Numerical modeling

In the second part of our paper we then analyze the behavior of these solutions numerically with an imple-
mentation in the modern open-source finite element library deal.Il [5,6]. Related numerical studies in various
software libraries using different numerical schemes are briefly described in the following. The traditional method
of lines has been widely used for simulations of the cancer invasion process [15,19]. In addition, finite difference
methods [23] have been considered and in [10,22], the authors proposed a nonstandard finite difference method
which satisfies the positivity-preservation of the solution, that is an important property in the stability of the
model. Moreover, the finite volume method [11], spectral element methods [41], algebraically stabilized finite
element method [37], the discontinuous Galerkin method [16], combinations of level-set/adaptive finite elements
[1,44], and a hybrid finite volume/finite element method [2,8] have also been proposed in the literature for some
cancer invasion models and chemotaxis. Finally, we mention that in [38] the authors illustrate their theoretical
results for a related cancer model employing discontinuous Galerkin finite elements implemented as well in
deal.II.

The main objective in the numerical part is the design of reliable algorithms for (1.1) and their corresponding
implementation in deal.Il. First, we discretize in time using a #-method, which allows for implicit A-stable time
discretizations. Then, a Galerkin finite element scheme is employed for spatial discretization. The nonlinear
discrete system of equations is decoupled by designing a fixed-point algorithm. This algorithm is newly designed
and then implemented and debugged in deal.Il.

These developments then allow to link our theoretical part and the numerical sections in order to carry
out various numerical simulations to complement Theorem 1.1. Specifically, several parameter variations of the
proliferation coefficient 1 and the haptotactic coefficient y will be studied in two- and three spatial dimensions.
These studies are non-trivial due to the nonlinearities and the high sensitivity of (1.1) with respect to such
parameter variations.

Plan of the paper

The outline of this paper is as follows. In Section 2, we study the global existence of classical solutions. Next,
in Section 3, we introduce the discretization in time and space using finite differences in time and a Galerkin
finite element scheme in space. We also describe the solution algorithm. In Section 4, we carry out several
numerical simulations demonstrating the properties of our model and the corresponding theoretical results.
Therein, we specifically study parameter variations. Finally, our work is summarized in Section 5.

Notation

Let @ € R", n € N be a bounded domain. By LP(Q2) and W1P(Q), we denote the usual Lebesgue and
Sobolev spaces, respectively, and we abbreviate H'(Q) := W%(Q). Furthermore, (-,-) denotes the duality
product between (H')* and H'.

For m € Ny and v € (0, 1), we denote by C™%7(Q) the space of functions ¢ € C™(Q) with finite norm

le(@) — o(y)|
|z —y[?

om+Y(Q) T H‘PHcm(ﬁ) + sup
z,y€Q,xF#Y

el

Moreover, for my,mz € Ng, 71,72 € [0,1) and T' > 0, we denote by C™1+7:m2+72(Q) x [0,T]) the space of all
functions ¢ whose derivatives Dg‘Dtﬁ ©, la] <mq, 0 <8 < mg, (exist and) are continuous, and which have finite
norm

[eloms e mara@comy = > [D2DI

la|<ma,
0<B8<m2

Co(Qx[0,T])
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|2 Dl e(w,t) = D2D] p(y. )|
+ Z sup |$ — y|'Yl

laj=m,, TYEQT#Y,
0<B<ms t€[0,T

|D2Dlo(w,t) ~ D2D] (. 5)|
+ sup It — s '

laj<my,  TED
B=mo s,t€[0,T],s#t

Notationally, we do not distinguish between spaces of scalar- and vector-valued functions.

2. GLOBAL EXISTENCE OF CLASSICAL SOLUTIONS

As a first step in the proof of Theorem 1.1, we apply two transformations in Subsection 2.1; the first one
allows us to get rid of some parameters in (1.1), the second one changes the first equation to a more convenient
form. We then employ a fixed point argument to obtain a local existence result for the transformed system in
Lemma 2.5.

The proof that these solutions are global in time consists of two key parts, both relying on the fact that
the second and third equation in (1.1) at least regularize in time (which allows us to prove Lemma 2.7 and
Lemma 2.10). First, in order to prove boundedness in L, the comparison principle allows us to conclude
boundedness in small time intervals (¢f. Lemma 2.8). We then iteratively apply this bound to obtain the result
also for larger times (¢f. Lemma 2.9). As to bounds for the spatial derivatives, we secondly apply a testing
procedure to derive estimates valid on small time intervals (¢f. Lemma 2.11), which then is again complemented
by an iteration procedure (¢f. Lemma 2.12). Finally, we are able to make use of parabolic regularity theory (inter
alia in the form of maximal Sobolev regularity) to conclude in Lemma 2.14 that the solutions exist globally.

2.1. Two transformations

We first note that with regards to Theorem 1.1 we may without loss of generality assume y = 1 and € = 1.
Indeed, suppose that Theorem 1.1 holds for this special case. Then, assuming the conditions of Theorem 1.1 to

hold, we set
. ay
o= —=
€

) )Z::17 ,[L::&\,U, =1
and further
Uo(Z) = uo(v/XZ), Co(Z) =eco(\/XT), DPo(Z) = epo(v/XT)
for & € Q = %Q By Theorem 1.1, there then exists a global classical solution of (1.1) (with all parameters
and initial data replaced by their pendants with tildes) (@, é, p). Then

(we,p)a ) = (@51, Lo( %), (50 1)), (@) e (x[0,00)), (2.1)
fulfills
up = éQAu — XV - (uVe) + %u(l —u) in Q x (0, 00),
¢t = —5cp in Q x (0, 00),
Py = E%k(euc— ep) in Q x (0, 00),
o,u = af&xu&,c on 99 x (0, 00),
(. ¢,p)(x,0) = (0, o, 150) (%) fora €0

and thus (1.1). Moreover, following precedents from, e.g. [13, p.19], we set

w(z,t) = u(z,t)e” @0 2ecQ, t>0. (2.2)
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Then Vw = e~ **Vu — ae”*“uVe, so that
1 _ ,—acyy , (1 ac _ —ac[l o .
LAw+ Ve - Vw =e V- (2e*Vuw) = e *[LAu— V- (uVc)] (2.3)

and (1.1) (with x = e = 1) is equivalent to

wy = 2Aw + Ve Vw + apew + pw — pe®w? in Q x (0, 00),

¢t = —pc in Q x (0, 00),

pr = we*c —p in 2 x (0, 00), (2.4)
d,w =10 on 9 x (0, 00),

(w, ¢, p)(+,0) = (wo, co, Po) in

for wy = upe™*. Expanding V - (uVc) to Vu - Ve + ulce shows that this transformation allows us to get rid
of a term involving Ac in the first equation at the price of adding several zeroth order terms. In particular as
the second equation does not regularize in space, (2.4) turns out to be a more convenient form for the following
analysis.

2.2. Local existence

In this subsection, we construct maximal classical solutions of (2.4) in Q x [0, Tipax) for some Tyayx € [0, 00)
by means of a fixed point argument. Moreover, we provide a criterion for when these solutions are global in
time (that is, when Ty,ax = 00 holds), which then will finally be seen to hold true in Lemma 2.14.

As a preparation, we first collect results on (Holder) continuous dependency of solutions to ODEs on the
data.

Lemma 2.1. Let Q CR", n € N, be a bounded domain, T >0, d € N, 71,72 € [0,1), vg € C™ () and assume
that f: Q x [0,T] x RT — R? is (y1,72)-Hélder continuous with respect to its first two arguments and locally
Lipschitz continuous w.r.t. the third variable, in the sense that for every compact K C R? there is L > 0 such
that

sup  [If( 8 0)lom Q) <L,

te[0,T],veK
sup || f(z, "U)”cw([o,T]) <L,
zeQueK
sup |f(z,t,v) — f(z,t,w)] < Llv —w| for allv,w € K.
(z,t)€NX[0,T]

Then for any compact K C RY there is C > 0 such that whenever v: Q x [0,T] — R? is such that v(x,-) €
C°([0, 7)) N CL((0,T)) for all x € Q, v solves

vi(w,t) = f(z, t,v(x,t))  for all z € Q,t € (0,7); v(z,0) = vo(z) forallz €Q (2.5)

and satisfies v(ﬁ X [O,T]) C K, then v,v, € C772 (ﬁ X [O,T]) and
HU||C“/111+72 (ﬁx[O,T]) <C.

Proof. First, we let K be a compact superset of v(ﬁ x [0, T]) and let L be as in the assumptions on f. We
introduce wy; € CY([0,00)) such that |f(z,t,w) — f(y,t,w)| < wi(|lz —y|) for all x € Q, y € Q, t € [0,7] and
w € K, |vo(z) —vo(y)| < wi(|z —y|) for all x € Q, y € Q and such that w1(0) = 0 and sup,.. o7 "wi(r) < oco.
We then fix x € Q, y € Q\ {x} and let 5(¢) = (v (z t) —o(y,t)) - m Then

1 1

{)t(t) = f(f(x’tav(xat)) - f(y,t,v(:r,t)) + (f(y,t,’l)(ﬂf,t)) - f(y,t,v(y,t)))
wi(lz —yl) )

wi(|z =y
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L
<14+ ————v(z,t) —v(y,t for all t € (0,7,
g — vt (0.7)

so that o, < 14 L|9| and, analogously, o, > —1 — L|9|, so that boundedness of |7| results from Grénwall’s
inequality and hence v € C"9(Q x [0,7]), and sup;efo,711v(+ 1)l o () is bounded due to the choice of ws.
For 7 > 0, we treat v(x,t) = (v(z,t) — v(z,t + 7))/w2(7) with some wq such that |f(x,t,v) — f(z,t +
7,0)| < wo(7) in the same way. This ensures the claimed regularity of v, whereupon that of v; follows from
vi(z,t) = f(z,t,v(z,t)), (x,t) € Q x (0,T), and continuity of the right-hand side up to ¢t =0 and t = T.. O

Lemma 2.2. In addition to the assumptions of Lemma 2.1, let m € N and vo € C™(Q). If all derivatives
of f w.r.t. z and v up to order m satisfy the conditions Lemma 2.1 poses on f, then any solution v as in
Lemma 2.1 belongs to C™ 711472 (Q % [0,T7).

Proof. For i € {1,...,n}, 0 = 0,,v satisfies
O = fo, (z,t,0(x, 1)) + folz, t,v(z, t)0 in Q x (0,T), 0(+,0) = (vg)y; 1n
and Lemma 2.1 can be applied to ©. An inductive argument takes care of higher derivatives. O

By applying these results to the ODEs appearing in (2.4), we obtain

Lemma 2.3. Let Q C R", n € N, be a bounded domain, o« > 0 and T € (0,00). Let 0 < w € C’O(ﬁ X [O,T])
and cgy,py € C° (ﬁ; [0, oo))

(a) Then

{Ct = 20

pt = we‘c —p

has a unique solution (c,p) € (C%*(Q x |0, T]))z.
(b) For any M > 0 there is C = C(M) > 0 such that whenever T € (0,T], w € C’l’o(ﬁ X [O,T}), co,po € C1(Q)
with

sup [[w( )iy <M, leollerg <M, pollerg) < M,
t€[0,7]

then
el (axpo.ty) < C

(c) If, for some k € Ny and y1,72 € [0,1), w € C*™M72(Q x [0,T]) and co,po € C*71(Q), then ¢,p €
Ck+r1,1+72 (ﬁ X [O7TD'

Proof. (a) Given w € C°(Qx[0,T]), for every x € € the existence and uniqueness of a solution
(e,p)(x,") € C°I0, Tmax(x)]) N CH(0, Trmax(7))) of (2.6), with some Tpax(z) € (0,7] such that
imsup; »q, . () (lc(z, )] + [p(2,t)]) = 00 or Tyax(x) = T, follows from Picard-Lindel6f’s theorem. By
an ODE comparison argument, nonnegativity of ¢ follows from that of ¢y, and nonnegativity of p from that
of po, w and ¢. Therefore, 0 < ¢(x,t) < co(x) for all x € Q and ¢ € (0, Tiuax()) due to the sign of ¢; = —pc.
Consequently,

¢
p(x,t) = e py(x) +/ e~ (a, 5)e* @) e(z, ) ds
0
< rrlaoc{p()(;zc)7 co(z)e¥0 @ rr%g)%] w(z, s)} for all z € Q,t € [0, Tiax()),
s€l0,

which also shows that Tiax(z) = T for all x € . The remainder of part (a) follows from an application of
Lemma 2.1 with v; =72 = 0.
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(b) We apply Lemma 2.1 to v = (Ve, Vp), the solution of

_ _pIan _CIan 0 _ VCO 2n
vt = ((awe“cc—i— we*) Inxn —Inxn )U + (eacch)’ v(0) = (Vpo € R™,
noting that sufficient regularity is given by the assumption on w and part (a).
(c¢) Follows from Lemma 2.2.

O

Both as an ingredient to the proof of Lemma 2.5 below and also for its own interest, we note that classical
solutions of (2.4) are unique.

Lemma 2.4. Let Q CR", n € N, a bounded domain and let o, pu > 0 as well as x =€ = 1. Suppose (ulfl,pl)
and (uz, ca,p2) are two solutions of (1.1) with the same initial data (ug,co,po) € C°(Q) x C1(Q) x C1(Q) and
assume that they belong to

(C*1 (2 % (0,T)) N C* (2 x [0,T]))°

for some T > 0. Then (uy,c1,p1) = (us,ca,p2) in Q x [0,T].
Proof. We let C' > 0 be such that
maX{Hui('vt)”L"O(Q)’ Vi (-5 )] oo @y 13 Co D oo @y 126 (5 | oo ) 1V D) ] oo () vai('7t)||L°°(Q)} <C

for all t € [0,T] and ¢ € {1,2}. Then computing

;i(/ﬂ(ul—uz)Q-F/ﬂ(Q —02)2+/§2(P1—p2)2+/Q|V(61 —02)\2+/§2|V(P1 —p2)|2>

1 2 2
== /Q\V(ul — ) —|—/QV(u1 — ) [(ur — u2)Ver + usV(er — )] + M/Q(ul )
- M/Q(Ul — ug)*(uy + ug) — /Q(Cl —c2)(p1 — p2)er — /Q(Cl — ¢3)°p2 — /Q(Zh —p2)?
+ /Q(Ih —p2)ui(cr —c2) + /Q(p1 — p2)(uy — ug)cy — /Q V(cr —c2)V(p1 — p2)ar
- /Q V(er —c2)(p1r — p2)Ver — /Qp2|V(C1 - 02)|2 - /Q V(er — e2)(e1 — ¢2)Vpa
- / IV(p1 — p2)|? +/ V(p1 — p2)(c1 — e2)Vuy +/ V(p1 — p2)uiVier — c2)
Q Q Q

+ /Q V(p1 — p2)V(ur — uz)ca + /Q V(p1 — p2)(u1 —u2)Veo

< ((2+a0)0+u+20u)/
Q

(w1 — uz)? + 50/ (c1 — )’ + (4C — 1) / (b1 — p2)’
Q Q
L5+ aC)C/ V(e1 - eo)? + (4 + aC)C - 1) / V- o)l i (0,T),
Q Q
we obtain (ug,c1,p1) = (ug, c2,p2) from Grénwall’s inequality. |

Making use of Schauder’s fixed point theorem and applying Lemmas 2.1-2.4, we now obtain a local existence
result for the system (2.4).
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Lemma 2.5. Assume that
Q is a smooth bounded domain in R™, n € {1,2,3}, a,pu >0 (2.7)
and that
wo, o, po € C*TV(Q)  for some v € (0,1) are nonnegative and fulfill d,wo =0 on O9. (2.8)

Then (2.4) has a nonnegative unique solution

I _ 3
(w,e,p) € (CHF (@ x (0, Tonax)) N CH (R [0, Trnar))
or some Tmax > 0, which can be chosen such that
[ ;

Tmax =00 or  limsupllw(-,t)| 1@ = o (2.9)
t,Tmax

Proof. For T > 0 and M > 0 we introduce the set

Sur = {w € CO(0, 71 CH @) [0 < w, sup [[w(-,t)ea@) < M}
t€[0,T]

and given w € Sy 1 we let (¢, p) be the solution of (2.6) (¢f. Lemma 2.3(a)). We then let v be the unique (weak)
solution (see [24, Thm. I11.5.1], [27, Thm. 6.39]) of

1
vy = EAU +f-Vo+gv inQx(0,T), d,v =0 on dQx (0,T), v(+,0) =wp in Q, (2.10)

where f = Ve and g = ape + p — pe*“w belong to L>(Q x (0,7)) according to Lemma 2.3(a) and (b), and
define ®(w) = v in Q x [0,T]. We choose M > 0 such that

M > |coller@y, M > llpollcrgy, M > llwollgren @), M > [wollcr gy +1 (2.11)

and introduce the constants ¢; = ¢;(M) from Lemma 2.3(b) (for T'= 1), ¢o > 0 from [27, Thm. 6.40] such that
all solutions v of (2.10) with |[f| 1w x(0.1)) < €15 19/l @x(0,m)) < act + pu+ pe®r M and woll poe () < M
satisty [|v]|pqx(0,r)) < €2, and ¢z > 0 such that by [26, Thms. 1.1 and 1.2], all solutions v of (2.10) with
dywo = 0 on 9, [wollcrery < M, [fllpe@xory < €ts 19llpe@xor) < act + pe® + pe?* M and
HCH'*'HT’Y(QX[O,T]) < c3. Finally, we fix T € (0,1] such that c3v/T < 1.

Successive applications of Lemma 2.3 [27, Thm. 6.40] and [26, Thms. 1.1 and 1.2] then ensure that

0[] Lo (2 (0.7y) < €2 also fulfil o

[[®(w) (2.12)

Hcl-f—"h% (ﬁX[O,T]) S C3.

In particular,
1
[@(w) (-, D)l @y < NPW)( 0l + I12(w)(, 8) — P(w) (-, 0)l| gy < lwolle(g) +est? <M

for every t € [0,7]. As v is moreover nonnegative by the maximum principle, ® maps Sy to itself and,
according to (2.12) has a compact image. Schauder’s fixed point theorem provides a fixed point w of ®, that is,
(together with ¢ and p) a solution of (2.4) in Q x [0, 7.

As w e OO (ﬁ X [O,Tmax)), p, ¢, Ve belong to C%%(ﬁ X [O,Tmax)) by Lemma 2.3(c) with 5 = 0. Since
moreover w € C%%(ﬁ % [0, Tiax)), also f and g in (2.10) belong to this space. Then [24, Thm. IV.5.3] (if
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combined with the uniqueness statement of [24, Thm. II1.5.1] and C?T7 regularity of wg) makes w a clas-
sical solution with wy, D?w € CV’%(Q % [0, Tinax)). An invocation of Lemma 2.3(c) yields D2c, D2p,Vp €

x

C71%3 (Q [0, Tinax)). In order to prove Vw, € C7% (2 x (0, Tinax)), we fix to € (0, Tinax) and a cutoff func-
tion ¢ € C°°(R) with ¢ =0 on (—oc, 2] and ¢ = 1 on [tg,00). As (w then fulfills

’ 2

(Cw)y = LACw) + Ve - V(¢w) + ape(Cw) + p(Cw) — pe®w((w) + (w  in Q x (0, Tiax),
81,( w) =10 on 0} x (07Tmax)7
(C’U})(,O) =0 n Q’

an application of [24, Thm. IV.5.3] to (w ensures that V(Cw), € C73 (Q % [0, Tinax)), which entails Vw, €
Cz (ﬁ X [to, Tmax)). Moreover, nonnegativity of w as well as of ¢ and p follows from the inclusion w € Sy, r
and the comparison principle for ordinary differential equations, respectively.

Since M and T only depend on the quantities in (2.11) and as solutions are unique by Lemma 2.4; the above
reasoning can therefore be applied to extend the solution until some maximal existence time characterized by

Thnax = 00 or 1timsup(||c<-,t>||m@+||p<-7t>||01@+||w<-,t>||cl+w@) = co. (2.13)

max

According to Lemma 2.3(b), boundedness of the norm of w in this expression already implies that of the norms
of ¢ and p, therefore (2.13) can be reduced to (2.9).
Finally, uniqueness of this solution has already been asserted in Lemma 2.4. (]

By fixing initial data as in (2.8), we henceforth implicitly also fix the unique classical solution (w,c,p) of
(2.4) given by Lemma 2.5 and denote its maximal existence time by Tinax-

2.3. L*° bounds

The results in the previous subsection show that Theorem 1.1 follows once we have shown that for the
solutions constructed in Lemma 2.5 the second alternative in (2.9) cannot hold. That is, we need to derive
sufficiently strong a priori estimates. In this subsection, we begin with bounds in L*°.

For the second solution component, such a bound directly follows from the comparison principle.

Lemma 2.6. Suppose (2.7) and that (wg,co,po) satisfies (2.8). Then the solution (w,c,p) constructed in
Lemma 2.5 fulfills

e )l L) < llcollzoe () for all t € (0, Trax)-

Proof. The function ¢ = |colL=(q) is a supersolution of the second equation in (2.4) and ¢ > 0 by
Lemma 2.5. 0

As a preparation for obtaining L>° estimates also for the other two solution components, we note that the
time regularization in the third equation in (2.4) implies that we can bound p by a quantity including an
arbitrarily small contribution of the L*> norm of w — at least if we are willing to shrink the time interval on
which this estimates holds accordingly.

Lemma 2.7. Suppose (2.7) and let M > 0. Then there exists T* > 0 such that for all (wo,co,po) satisfying
(2.8) and

l[coll Lo () < M,
the solution (w,c,p) of (2.4) fulfills

. 12
||P||Loo(Qx(0,T)) < HpollLoo(Q) + mm{m, 1}Hw||L°°(Qx(0,T)) for all T € (0, T*] N (0, Tinax)-
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Proof. We choose T* > 0 so small that Me™M (1 — e‘T*) < min{ 5,1} and fix T € (0,7*] N (0, Tnax)- By
the variation-of-constants formula and Lemma 2.6, we have

t
()l o) < e lpoll=(q) +/0 e = |Jwec|| e (o) (-, 5) s

-
< lpoll (@) + llcol| o (@ye®lceliz=@ ||wHL°°(Qx(0,T))/ e *ds

0
< pollz=(a) + MeM (1 - e*T*> lwl| o (2 (0,)) for all t € (0,7,

which implies the statement due to the definition of 7. O

We now turn our attention to L°° estimates of w. The fact that the transformed quantity w fulfills an
equation whose first- and second-order terms reduce to e~V - (1e**Vw) (cf. (2.3)), an expression without
any explicit V¢, opens the door for certain testing procedures. In related works, these have been used to first
derive boundedness in LP and then, after an iteration argument, also in L™ (see for instance [42, Prop. 5.1],
[40, Lemma 3.5] and [39, Lemma 3.10]). However, here we are able to employ a slightly faster method: another
advantage of the transformation w = e~*“u is that sufficiently large constant functions are supersolutions of
the equation for w in (2.4), at least as long both ¢ and p are bounded. Therefore, the previous two lemmata
allow us to prove boundedness for w on small timescales.

We also emphasize that the following proof crucially relies on the presence of a logistic source in the first
equation, that is, on positivity of u. (The same would be true for testing procedures similar to those performed
in the works referenced above.) In fact, this is essentially the only place where we directly make use of the
assumption p > 0.

Lemma 2.8. Suppose (2.7) and let M > 0. Let T* > 0 be as given by Lemma 2.7. Then there is K > 0 with
the following property: for all L > 0 and all (wo, co,po) satisfying (2.8) and

lwollLe(ay < L, |collpe(a) <M as well as ||pollp=) < L,
the solution (w,c,p) of (2.4) fulfills
||w(7t)||L°°(Q) + ||p(7t)||L°°(Q) < K(L + ]-) fO?” allt € (OuT*] N (Ovaax)~

Proof. We fix T € (0,7*] N (0, Trnax). By Lemmas 2.6 and 2.7, we may estimate
1 .
we = —Aw = Ve Vw = w(ape + p — pe®w) < w(Mal|pl| o (@ (0.1y) + 1 — pw)
< w<LM0< + gHwHLOO(QX(O,T)) +p— uw)

in Q x (0,7). Therefore, the comparison principle, applied with the constant supersolution

LMo

1
W= maX{L, +1+QIIWLM<Qx(0,T))}v

asserts 1
wllpe @x(0,ry) < W < max{L, LMap™' +1} + §||wHL°°(Q><(O,T))

and thus
lwl| £ @x(0,7)) < 2max{L, LMap™" +1}.

Since [|pllze@x@r) < L + ||lwl|pe@xo,r)y by Lemma 2.7, this implies the statement for K :=
5max{1,Mau’1}. ]
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Next, iteratively applying Lemma 2.8 allows us to derive boundedness for all solution components on all bounded
time intervals. We note that a prerequisite for such an iteration procedure is that the time T* given by Lemma 2.7
(and to a lesser extent also the constant K given by Lemma 2.8) only depends on the data in a manageable
way. This justifies why we have kept track of the dependencies of the constants in the previous lemmata.

Lemma 2.9. Suppose (2.7) and let M > 0. Then there are Cy,Cy > 0 with the following property: for all L > 0
and all (wo, co, po) satisfying (2.8) and

wollze() < L, lcollLe) < M as well as  ||pollL=() < L,
the solution (w,c,p) of (2.4) fulfills
(s 8| Loo @) + [[w ()| L (o) < € Co(L+1)  for all t € (0, Thax)- (2.14)

Proof. We set w(-,t) = wg and p(-,t) = pp for t < 0, and let 7* > 0 and K > 1 be as given by Lemmas 2.7
and 2.8, respectively. Moreover, setting

L= (j—1)T*,jT*] N (=00, Tmax) for j € Ng

and applying Lemma 2.7 (which is applicable for the same M by Lemma 2.6) and Lemma 2.8 to initial data
(w,c,p)(+, (j — 1)T*), we can estimate

1Pl oo (x1;) < NIPllzoe (@, 1) + Wl Lo (@xr;)
and
[wl[ Lo x1;) < K(||w|\Lw(Qx1j_1) + IpllLoaxr;_y) + 1)

for all j € N with (j — 1)T™* < Tinax. However, the same estimates hold trivially also in the case of (j — 1)T* >
ﬂnax; as then Ij = @ ThuS’

Aj = [Ipllze@xry) + lwllLe@xry + 1, JEN,
fulfills
Aj < lpllaxi;_1) + 2K (lwll g @xr,_y) + ol e @xr, ) +1) +1 < 2K +1)A;4 for all j € N.

A straightforward induction then yields A; < (2K +1)7 Ay < &/ mCE+D (21, 4 1) for all j € N. If ¢ € I; for some
j € Ng and thus (j — 1)T* < t, that is j < 75 + 1, then

. o —1
[w(-, t)| (@) + [P(o )| L) < Ay < € PEEFD(L 4 1) < T K0k + 1) (L +1).

Since (0, Timax) C Ujen, 15 this implies (2.14) for C1 = hl(gT#l) and Cy = 2(2K +1). O

2.4. Gradient bounds in L*

While the L*° estimates proven in the previous subsection surely form an important step towards proving
global existence, the extensibility criterion (2.9) also requires boundedness of the gradients — which will be the
topic of the present and the following subsection.

As a first step, we again make use of the time regularization in the second and third equation in (2.4) to
obtain
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Lemma 2.10. Suppose (2.7) and let Ty € (0,00) as well as q € (1,00). For all M > 0, there exists C' > 0 such
that if (wo, co, po) satisfying (2.8) are such that the corresponding solution (w,c,p) of (2.4) fulfills

w<M, c¢c<M and p<M in Q2 x [0,7), (2.15)

where T = min{Ty, Timax }, then

(/Q|Vc(~7t)|q—|—/Q|Vp(~,t)|q) <C’(/Q|VCOq+/Q|Vpo|q+/0t/Q|Vw|q) for all t €[0,7). (2.16)

Proof. According to (2.4),
(Vo) = —pVe—cVp and (Vp)y = —Vp + w(ac+ 1)e*“Ve + e*“cVw

hold in © x (0,7). By testing these equations with ¢|Vc|?~2Ve and ¢|Vp|9=2Vp, respectively, and applying
Young’s inequality, we obtain

d
S [rwelr=—q [ piver—q c|Vc|q-2w~Vp<Mq( [ [ |Vp|q)
dt Jq Q Q Q Q

and

d
&/ [Vpl? = —q/ |Vp|q+q/ w(ac + 1)ea°|Vp|q*2Vp~Vc+q/ e*“c|Vp|T2Vp - Vw
Q Q Q Q

§M(aM+1)e°‘Mq(/ |Vc|q+/ qu) +Meo‘Mq(/ |Vp|q+/ qu)
Q Q Q Q

in (0, 7). Thus, setting ¢; == Mq+ M(aM + 1)e®Mq + Me*M g, we can conclude

d
< [Ve|?+ Vp|q> <c (/ |Vel? + |Vp|q> +cl/ |[Vw|? in (0,7),
dt \Jo Q Q Q Q

which after an application of Gronwall’s inequality turns into

t
( [1wecom+ [ |Vp<-,t>|q) s( [rvett+ | |Vp0|q)+01 [ [19utsas
Q Q Q Q 0 Q
t
Seﬂ(/ Veol' + | Vpo|Q)+c1e61T [ [wur teom),
Q Q 0 Q

and thus asserts (2.16) for C' := max{c, 1}e17. O
Next, we follow [39, Lemma 3.14] and test the first equation in (2.4) with —Aw, which when combined with

Lemma 2.10 allows us to obtain certain gradient bounds first on small time scales and then by means of an
iteration argument also on each finite time interval.

Lemma 2.11. Suppose (2.7) and let M > 0. There exists Ty € (0,00) such that if (wo, co,po) satisfying (2.8)
are such that the corresponding solution (w,c,p) of (2.4) fulfills (2.15), we can find C > 0 such that

/ Ve, <C  forallt €[0,T1] N[0, Toax)- (2.17)
Q
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Proof. By ¢, we denote the constant appearing in (2.16) given by Lemma 2.10 applied to Ty = 1 and ¢ = 4.
Moreover, the Gagliardo-Nirenberg inequality (cf. [32] or [18, (A.2)] for this form) asserts that there is c3 > 0
such that

/ V|t < e / IA@|* + ¢y forall p € C?(Q) with d,p =0 indQ and el Lo ) < M. (2.18)
Q Q

We then choose Ty € (0, 1) so small that

1
T; S 2.19
1eaeas = 8cox ( )

holds and fix a solution (w, ¢, p) of (2.4) with maximal existence time Tax fulfilling (2.15).
These choices now allow us to infer from Lemma 2.10 that

/OT/QIVCﬁScl (/T/QvCo|4+/T/Q|VpO|4+/T/t/Q|vw(.,7)|4drdt>
(/ Lrveds [ ot [ [0 [ 9u.r 4det>
<Ticy </Q|VCO4+/Q|VPO|4+/OT/Q|V’LU|4>

holds for all T' € (0,71] N (0, Tynax)- Next, we test the first equation in (2.4) with —Aw to obtain

/|V /\Aw\Q /(Vc~Vw)Aw—/(apcw+uw pe*“w?) Aw
2dt Q Q

s—i/lAwl”O‘/IVc-Vw|2+a|9|(aM3+uM+ue“MM2>2
a Ja Q

=:c3

and thus

5 [ vut. =5 [ |2+1/T Awf?
_ w(-, — = wWo — w
2 Jo 2 Jo 2a Jy Ja
T
§a/ /|Vc.Vw|2+T03
/ /|Vw|4+cza/ /|Vc| + Tics

402a
< <4ca+Tlclcga )/ /|vw|4+T1610205 (/ |VC0|4 /vp0|4)+T163 (2 20)

2

for all T € (0,71] N (0, Tynax)- Since (2.19) and (2.18) imply

1
T 4 4
<402a+ 10162@)/ /|Vw| (202a 802a)/ /|Vw|
T
2, 4
< 2O[/ /|Aw| o Sm/o /Q|Vw| (2.21)

for all T € (0,T1] N (0, Tinax), we conclude from (2.20) and (2.21) that

T
/ /|V’LU|4 /|V’LU0|2—|-T16162063 /|VC0|4—|—/ |Vp0|4 +Tie3 + —
8020{ [¢) Q [¢) 2c
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for all T € (0,71] N (0, Tiax). Again applying Lemma 2.10, we finally see that (2.17) holds for some C > 0
(depending on wy, ¢o and py). O

Lemma 2.12. Suppose (2.7) and that (wo, co,po) satisfies (2.8). For all T € (0, Tmax] N (0,00), there exists
C > 0 such that the solution of (2.4) fulfills

/ |Ve(,t)[* <C  forallt €[0,T). (2.22)
Q

Proof. Lemma 2.6 and Lemma 2.9 assert that (2.15) holds for some M > 0. We fix T} € (0,00) be as given
by Lemma 2.11 for this M. If j € Ny is such that T1j < T, an application of Lemma 2.11 to the solution
with initial data (w, ¢, p)(-,T17) shows that there is ¢; > 0 such that (2.22) holds with C replaced by ¢; for all

t € [Thj,T1(j + 1)]. Thus, the statement follows for C := max{ cj 7 €Ny, < Tll} a

2.5. Holder estimates for the gradients

Lemmas 2.6, 2.9 and 2.12 provide several bounds for the right-hand side of the first equation in (2.4), which
allow us to make use of parabolic regularity theory to iteratively improve our bounds. In particular, we adapt the
techniques developed in [39, pp. 791-792], where only planar domains are considered, to the three-dimensional
setting.

As it is used multiple times in the proof of Lemma 2.14 below, we first state the following consequence of
maximal Sobolev regularity results.

Lemma 2.13. Suppose that @ C R™, n € N, is a smooth, bounded domain. Let T >0, a > 0, s € (0,00) and
q € (n,00). For any M > 0, there is C > 0 such that if wy € C*(Q) with d,we =0 on 0Q, f € L>((0,T); L1(Q))
and g € L*((0,T); L1(R2)) are such that

lwollce@y < M, | fll=(om)yra) <M and ||gllzs(0,1);r92)) < M, (2.23)
then every solution w € C*1(Q x (0,T)) N C*(Q x [0,T)) of

wy=1Aw+f-Vw+g  inQx(0,T),

d,w =0 on 90 x (0,T),
w(-,0) = wo in Q

with (w| < M in Q x (0,T) fulfills

lwell L= (0,119 ) + 1AW Ls 0,1y 2a(02)) + VW L2 (0,1 () < C- (2.24)

Proof. We fix the data wg, f and g and a solution w but emphasize that the constants ¢; and co below only
depend on M (and Q, T, «, s and q). Since f- Vw + g € L ([0,T); L2(2)) by assumption, [20, Thm. 2.3]

asserts that w is also the unique solution of [20, (2.6)] and thus that the estimate [20, (2.7)] holds. From [20,
(2.7)] in conjunction with (2.23), we hence obtain ¢; > 0 such that

1
Lo((0,T):La(Q)) + EHAM Le(0,):0a() < cillf - Vwllpso,1);09)) + €1 (2.25)

[[w:]

Since ¢ > n, the embedding W29(Q) <~ W1°(Q) is compact, so that an application of Ehrling’s lemma
combined with elliptic regularity (¢f. [17, Thm. 19.1]) shows that there is ¢2 > 0 such that

[A@| page) + c2ll@ll L) for all ¢ € C*(Q) with d,¢ = 0 on 9. (2.26)

1
\% o <
Vel Q) = Meror

Additionally relying on Minkowski’s inequality, we thus obtain
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1f - Vwl

Lo((0,1):2(2)) < 1l Loe(0,1); L0 VW Lo 0,1y ()

[Awl]

<M ! [ w)
s -La + col|w]| s oo
- 2Mc o L=((0,7);L9(2) 2 L=((0,T);L°°(2))

1 ,
< — AWl T M3?T5 ¢y,
< cha\l w||Ls((0,1);L9(02)) + C2

In combination with (2.25), this yields

1 1
lwilleo.myspa + gl AwllieoryLaw) < e+ M* T eies,
upon which another application of (2.26) implies (2.24) for some C > 0. O

Lemma 2.14. Suppose (2.7) and that (wg, co,po) satisfies (2.8). Then the mazimal classical solution (w,c,p)
of (2.4) given by Lemma 2.5 is global in time.

Proof. We may without loss of generality assume that v in (2.8) satisfies v < 15, let (w, ¢, p) the solution of

(2.4) provided by Lemma 2.5 and suppose that on the contrary the maximal existence time Tj,.x is finite. By
Lemmas 2.6 and 2.9,

wtzéAw—FVC-Vw—Fg in Q x [0, Trnax)
holds for g = apcw + pw — pe*w? € L=(Q x (0, Tax)). Moreover, the initial data fulfill (2.8), V¢ belongs to
L%((0, Tiax); L*(Q)) by Lemma 2.12 (applied to T = Tjax < o0) and w is bounded by Lemma 2.9, hence an
application of Lemma 2.13 with s = 12 and ¢ = 4 shows that (2.24) holds, which entails that

IVl 122 (0, Trmar)) < €1

for some ¢; > 0. Therefore, Lemma 2.10 (applied to Ty = Tinax) asserts that Ve € L°((0, Tinax); L12(2)), so
that we may again apply Lemma 2.13, this time with s = 12 and ¢ = 12, to obtain ¢y > 0 such that

lwe || 12 (@ (0, Tmax)) T 1AW L12(Qx (0, Timax)) < C2-

This in turn renders [24, Lemma I1.3.3] applicable, which asserts finiteness of Hw||C _ , contradicting

1338 (@0, Tinan))
the extensibility criterion in Lemma 2.5. Thus our assumption that Ty, is finite must be false. O

2.6. Proof of Theorem 1.1

The proof of Theorem 1.1 has now been reduced to referencing some of the lemmata above.

Proof of Theorem 1.1. Lemma 2.5 asserts the local existence of a unique maximal classical solution of (2.4),
which is global in time by Lemma 2.14. Therefore, the statement follows by transforming back to the origi-
nal variables; that is, first setting u(zx,t) = w(x,t)e*® for z € Q and t € [0,00) and then applying the
transformation in (2.1). O

3. WEAK FORMULATION, DISCRETIZATION AND NUMERICAL SOLUTION

In this section, we address the numerical realization of (1.1). To this end, we first derive a weak formulation
and then apply the Rothe method, namely, first temporal discretization using finite differences, and afterward
spatial discretization based on a Galerkin finite element scheme. Due to the highly nonlinear behavior, we then
propose and implement a fixed-point algorithm to solve all three equations sequentially. Similar algorithms and
implementations are available in the deal.Il library [5, 6], and we have former experiences in solving highly
nonlinear coupled PDE systems, e.g., [43], but the algorithmic design, implementation and code verification of
(1.1) in deal.IT is novel to the best of our knowledge.
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3.1. Weak formulation

Using integration by parts and the homogeneous boundary conditions, the variational formulation for the
system (1.1) reads: find u,c,p € L? (O, T, Hl(Q)) with g, ¢, py € L? (0, T, (HI(Q))*> and the initial conditions
u® = u(0) € HY(Q),c® = ¢(0) € L2(Q2), p = p(0) € L?(Q2) such that for almost all times ¢ € (0,7, we have

1 _
(ug, ") + o /Q Vu-Vo'dr — X/Qch -Vo'dx — ,u/Qu(l —w)p¥der =0 Vo* e C(Q),
(et ) + / peg©dz =0 Yo© € O (Q), (3.1)
Q
) = [ fuc=p)7da =0 Vo € 0= (@),
Q

3.2. Temporal discretization and fixed point scheme

Let us now proceed and subdivide the time interval [0,7] into N subintervals [0, 7] = UL [¢", t"+1] with the
uniform time steps At = ¢"* — " n =0,1,2,...,N — 1. We use ¢"**(2) = c(z,t" ), p" T (z) = p(z, ")
and u"tl(r) = u(x,t"“) to denote the approximation of the solutions at time t"*!. Specifically, for time
discretization we employ the well-known 6 method allowing us to work with implicit A-stable time-stepping
schemes for choice 6 € [0.5,1] in each equation. Further, a fixed-point scheme is used to decouple the previous
system and to treat the nonlinear and coupled terms.

Then, a semi-discrete and linearized form of the system (3.1) in the interval [t”,t”“} reads: for given
ugt™ =un, it = and pitt = p find uPt! € HY(Q), T € HY(Q) and ppT! € HY(Q) such that

/Q ”+1¢“dx+0At< /Vu2+1~v¢“dx—x/ﬂ PVt vetde — /Qu;;“@— "+1)¢"dx>
:/unqbudx—(l—H)At(l/ Vu" - Vo'dr
Q @ Jo
—X/QU"VC" -Vo'dr — u/gu"(l — u")¢“dx> Vot € C=(Q)
and
/Q citlotda + 0 AL / Pl letde = /Q "¢°dw — (1 — 0)At /Q pic¢tdr Vot e CF(Q)
and
(1+s—19At)/ng“¢de
= (1_5_1(1_9)At)/9 p Pz + e~ 10At/ et gPdr + 71 (1 —Q)At/ﬂu”c"qﬁpdx VoP € C(Q)

fork=1,2,...,k", where k* is the iteration index where some stopping criterion is met, and forn = 0,1,..., N—
1. For details on the specific steps and stopping tolerances we refer the reader to Section 3.4.

3.3. Spatial Galerkin discretization with finite elements

Our spatial discretization is based on a Galerkin finite element scheme using conforming finite elements
(bilinear in two dimensions and trilinear in three dimensions). To this end, € is decomposed into quadrilaterals
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or hexahedra making up a mesh 7;,. Then, a conforming subspace V;, C H*(2) for approximating uj*!, c}*!
and p"+1 is designed, which is composed of QY functions. In detail, we define

Vi={veC’Q); vlx € Qi(K) for K € Tp,}.

Denoting by Ql(f( ) the space of polynomials on the reference cell K (square in two dimensions and cube in
three dimensions) which are linear in each variable, the shape functions from Q1 (K) are obtained using Q1 (K)
transformations of functions in Q;(K) onto K, so-called isoparametric finite elements. We refer the reader to
the classical textbook [12] for more details.

Moreover, we denote by (-,-) the scalar product in L?().

The discrete solutions uZH, CZH and p”Jrl are written as linear combinations of standard basis functions of
Vh:
M
1 1 1 1 1 1
ut Zu“+ ¢i(x), @) =) i), ppti(a Z pite (3.2)
i=1

where M denotes the number of spatial degrees of freedom, i.e., dimV}, = M. The fully discrete system then
reads as follows:

f:[ (i, b;) +0At(;(v¢i,V¢j) — X<¢Z’VCZ:21_1,V¢]') - M(¢i< u;jﬂ]:l 1) ¢])>} n+1

i=1

1
—Z[@,@ (1= 0000 £(V6,V6) - x0T, Vo) - on( =iy ) [ur, - 33)
and
M M
> [(@ndp) +0nt(piil 006 ) e = D (60,65) — (1= O)AUD 1, 6))lel (3.4)
=1 1=1
and
M
Dol +et0Al) (00 05) P
i=1
M
=y [(1-¢e" (1fﬁ)At)(qSi,qﬁj)]p?Jrs*lQAt( arlat, J)+a*1(1fé))m(ugcz,¢j), (3.5)
=1
here j = 1,..., M and the unk luti flicient ne1 )M RM ne1 )M RMd"“M
where 3 = 1, an € unkKnowin solution coe mens{ ik }1_16 ’{Cz',k }i:1€ an {pzk }izl c

RM at each fixed-point iteration k£ and each time step n + 1 define the corresponding finite element functions

uzzl € W, c”+1 €V, and p"Jrl € V},, respectively, analogously as in (3.2). Each linear system is solved with a

sparse direct solver
3.4. Algorithm
Collecting all pieces from the previous subsections, we arrive at the following final algorithm.

Algorithm 3.1 (Fixed-point iterative scheme).
Let the fully discrete form (3.3)—(3.5) be given.

Step 1: initialize at time ¢t = 0 for n = 0 with u% = ip Ug, c% = 45 co and p% = ip po, where i is the standard
Lagrange interpolation operator,
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Step 2: for n > 0 (time step number index)
set uzzl = uh,czgl = ¢} and ij(L)l =pp
fork>1 (ﬁxed—pomt iteration index)
(a) Given uy, ¢ and uptl,, il . Determine uj ! with (3.3).
(b) Given pj and pzzl 1- Determine cZJ,;l with (3. 4)
(c) Given u},cy,pp and u;ﬁkl, Z}:l Determine pzzl with (3.4).
(

n+1 n+1 n+1 n+1
d) i {’uhk —Up k-1 Chk — Chk—1

e 1H 2} < Tol = 1078 stop and set
12

n+1 n+1 n+1l n+1 n+1 n+1
Up  =Upp €y =Chk s Pn = Phk>
increment n — n + 1 and go back to step 2 (proceed to next time point)

(e) else set

1 1y 1
up =By + (1= Bupily,

i = B+ (L AL
P = Brngt + (1= Bty
for some 3 € [0,1] and go to (a) and increment k — k+1 (next fixed-point iteration); here we set 5 = 0.5.

Remark 3.2. The system of algebraic equations of each equation at each step is solved using the sparse direct
solver UMFPACK [14].

Remark 3.3. We notice that the relaxation parameter § can also be obtained via a backtracking procedure
starting with § = 1 and constructing a sequence with § — 0 for £ — oo until convergence is achieved.

Remark 3.4. A rigorous numerical convergence analysis in weak function spaces of the discretized equations
for At — 0 and h — 0 towards their continuous limits exceed the purpose of this paper and is left for future
studies. However, there is hope for convergence in light of the classical solutions obtained in Section 2.

4. NUMERICAL SIMULATIONS

In order to illuminate the evolution of solutions and show their qualitative behavior, beyond the mere existence
assertion of Theorem 1.1, in this section, we perform several numerical simulations in two and three spatial
dimensions. The main objective are investigations of the influence of variations in the proliferation coefficient
1 and the haptotactic coefficient x, whose size did not matter for Theorem 1.1. The specific values are chosen
for illustrative purposes, not due to their biological relevance. For a discussion of realistic diffusion and taxis
coefficients of tumor cells see, for instance, [3].

4.1. Geometry, final time, parameters, and initial conditions

For all the experiments except those in Subsection 4.5, the computations are performed on the square domain
Q = (0,20)?, discretized uniformly using quadrilateral elements. This mesh is uniformly refined 5 times at the
beginning of the computation resulting into 1089 degrees of freedom. The final time is 7' = 50, we set § = 0.5
and use as time step size At = 1. As initial conditions, we use

uo(w) = exp(—a?), co(w) =1 —0.5exp(—a?), polx) = 0.5exp(—a?),

in all computations, unless otherwise mentioned. As parameters, we use the fixed values & = 10 and ¢ = 0.2,
while 1 and x are varied and specified in each respective subsection below. We notice that the smoothness
conditions on the domain and satisfaction of the boundary conditions at the initial time ¢ = 0 are violated in
this section in comparison to our theory established in Section 2.

Upfront, concerning the computational cost of the fixed-point scheme, in a computational analysis for all
numerical examples, we observed the iteration numbers displayed in Table 1.
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TABLE 1. Fixed-point iteration numbers in the numerical simulation in Section 4.

Section 4.2 p=10"10 uw=0.5 uw=1.0
# of iteration at t = 1 31 31 31

# of iteration at t =50 24 22 22
Section 4.3 x = 0.25 x = 0.75 x =125
# of iteration at t = 1 30 30 31

# of iteration at t =50 26 26 -
Sections 4.4 and 4.5 Section 4.4: 4 = x =1 Section 4.5(3d): p=x = 1.0

# of iteration at t = 1 32 31

# of iteration at t =50 22 24

4.2. Simulations for different proliferation coefficients u

First, we study the influence of the cancer cell proliferation coefficient on the cancer invasion for p = 10710,
0.5, 1.0 with small haptotactic rate x = 0.01. We notice that our theory in Section 2 requires p > 0 and for this
reason we made the previous choice 1 = 107!°. Numerically we are interested in a value being close to zero in
order to study the behavior of the cancer invasion model. Proliferation shows the ability of a cancer cell to copy
its DNA and divide into 2 cells, therefore an increase in the proliferation rate of tumours causes an accelerated
invasion of cancer cells into connective tissues domain. In all the computations we use a~! = 0.1, ¢ = 0.2.

The results obtained with the standard Galerkin discretization of the system (1.1) are displayed in Figures 1-6,
at time instances 5, 15, 25 and 35. The snapshots of cancer cell invasion, connective tissue and protease are
plotted in Figures 1, 3 and 5. We start with g = 10710, that is, almost no growth in the cancer cell density.
As we can see from Figure 1, there is no growth in the cancer during the initial stage, and despite a small
amount of concentration at the initial period, the cancer cell density and also protease (which is produced by
cancer cells upon contact with connective tissues) are decreased and spread slowly due to diffusion effect and
the invasion does not continue after time ¢t = 15. Now, let us consider p = 0.5. As we can see from Figure 3, in
this case, an increase of the concentration of cancer cells becomes visible, and it continues during the time. The
cancer invasion gradually increases and degrades nearly half of the connective tissue by the time ¢ = 25. For
u = 1.0, Figure 5 shows the growth effect. Due to high proliferation rate, cancer cells produce more protease,
which helps them to invade the connective tissues area rapidly. In particular, cancer cells complete invasion in
three-quarters of the connective tissue domain at ¢ = 25 when p = 1.0 is used. The snapshots of cancer cell
invasion for different values of proliferation rate are given in Figures 2, 4 and 6. As explained, by increasing the
value of pu, cancer cells increase and the invasion happens more rapidly for all the considered time intervals.

4.3. Effects of the haptotactic coefficient x

In this subsection, we consider the effect of the haptotactic coefficient on the connective cells degeneration by
varying . We choose Y = 0.25,0.75,1.25 with small proliferation rate p = 0.01, diffusion coefficient a~! = 0.1
and € = 0.2. The effects of haptotactic coefficient at different time instances are depicted in Figures 7-12.
Starting with x = 0.25, the snapshot at ¢ = 5 shows that the cancer cells reduce at the origin and start
migrating towards the direction of the gradient of connective tissue. The migration of the cancer cells becomes
more clear and the effect of haptotaxis can be clearly seen at t = 5 in Figures 9 and 10, where the small cluster
of cancer cells is created and spreads further by time. Increasing the amount of x accelerates the cancer cells
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FIGURE 1. The effect of the proliferation rate on cancer cell invasion u, connective tissue ¢ and
protease p at different time instants, ¢t = 5,15,25,35 for ;1 = 107!°. The functions are plotted
along the line y = x. (a) t =5, (b) t =15, (¢) t =25 and (d) t = 35.

FIGURE 2. The snapshots of cancer cell invasion u for g = 107!°, the maximum amount of
cancer cells decreasing from left to right is 0.3106, 0.1348, 0.08619, and 0.06333. The color scale
in the legend is not fixed in order to display better the current shape. (a) t =5, (b) t = 15, (c)
t =25 and (d) t = 35.
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F1cURE 3. The effect of proliferation rate on cancer cell invasion u, connective tissue ¢ and
protease p at different time instants, ¢ = 5,15,25,35 for © = 0.5. The functions are plotted
along the line y = . (a) t =5, (b) t =15, (¢) t = 25 and (d) ¢t = 35.
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FIGURE 4. The snapshots of cancer cell invasion u for g = 0.5. The color scale in the legend is
not fixed. (a) t =5, (b) t =15, (¢) t =25 and (d) ¢t = 35.
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F1GURE 5. The effect of proliferation rate on cancer cell invasion, connective tissue and protease
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y=uw.(a)t=05,(b) t =15, (c) t =25 and (d) ¢t = 35.
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F1GURE 6. The snapshots of cancer cell invasion u for ;1 = 1.0. The color scale in the legend is
not fixed. (a) t =5, (b) t =15, (¢) t =25 and (d) ¢t = 35.
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migration and the cancer cells should move toward the boundary of the domain quickly, but as we can see from
Figures 11 to 12, oscillations start at ¢ = 5 and the numerical simulation breaks down for y = 1.25.

4.4. Identical proliferation and haptotactic coefficients

In this subsection, we consider the case when the proliferation rate is equal to haptotactic coefficient, i.e.,
i = x = 1, and all other parameters are the same as in the previous subsections. As it can be seen from
Figures 13 and 14, due to the proliferation rate, the concentration of cancer growths quickly even from the
beginning resulting from a high amount of haptotaxis, therefore the tumour migrates rapidly inside the domain
and degrades the connective tissue in a much shorter amount of time.
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FI1GURE 8. The snapshots of cancer cell invasion u for x = 0.25, the maximum amount of cancer
cells decreasing from left to right is 0.1788, 0.07284, 0.04968, and 0.03984. The color scale in
the legend is not fixed in order to display better the current shape. (a) t = 5, (b) ¢ = 15, (c¢)
t =25 and (d) t = 35.
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F1GURE 10. The snapshots of cancer cell invasion u for x = 0.75, the maximum amount of
cancer cells decreasing from left to right is 0.1018, 0.03925, 0.02622, and 0.02060. The color
scale in the legend is not fixed in order to display better the current shape. (a) t = 5, (b) t = 15,
(¢) t =25 and (d) ¢t = 35.
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FIGURE 11. Haptotactic effect on cancer cell invasion, connective tissue and protease at different
time instants, t = 0,5 for y = 1.25. (a) t =0 and (b) t = 5.

F1GURE 12. The snapshots of cancer cell invasion w for x = 1.25, with maximal values 1.0 and
0.1067, respectively. The color scale in the legend is not fixed in order to display better the
current shape. (a) t =0 and (b) ¢t = 5.
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FIGURE 13. Degradation of connective tissue ¢ for x = 1.0, 4 = 1.0 at different time instants
t =0, 10,20 and 30. The color scale in the legend is not fixed. (a) t =0, (b) t = 10, (c) t = 20
and (d) ¢ = 30.

(a) (b) (c) (d)

FIGURE 14. Invasion of cancer cells u for x = 1.0, 4 = 1.0 at different time instants ¢ = 0, 10, 20
and 30. The color scale in the legend is not fixed in order to display better the current shape.
(a) t=0, (b) t =10, (c) t = 20 and (d) ¢ = 30.

4.5. Three dimensional simulations

In this final subsection, we perform numerical simulations in three spatial dimensions to consider some more
realistic movement. Here, the experiments are performed on a mesh with 32768 hexahedral elements covering
the domain Q. Figures 15 and 16 show the snapshots of cancer cells and connective tissues for growth rate p = 1
and haptotactic coefficient xy = 1. Further, we use the parameters o' = 0.1 and € = 0.2. As it can be seen,
at ¢ = 5 the connective tissue covers the entire domain and only a small amount of cancer cells exists at the
corner, by the time cancer cells growth and invade the domain of connective tissue quickly and by ¢ = 35 almost
all the domain is occupied by cancer cells.

5. CONCLUSIONS

In this paper, we established theoretical proofs, numerical algorithms, implementations and numerical simu-
lations for a cancer invasion model. In our theoretical part, existence of global classical solutions in both two-
and three-dimensional bounded domains was established. In the proofs, we employed the fact that the second
and third equation in (1.1) at least regularize in time. For showing boundedness in L°°, the comparison principle
allowed us to conclude boundedness in small time intervals, which then was iteratively applied to obtain the
result also for larger times. For the spatial derivatives, we secondly applied a testing procedure for deriving
estimates valid on small time intervals, again followed by an iteration procedure. Parabolic regularity theory
yielded global existence of the solutions.

The numerical stability of the system heavily depends on the haptotactic coefficient y. By fixing proliferation
rate p and varying the y one can make either the diffusion or transport of the cells dominant. The later usually
gives rise to spurious oscillations or numerical blow up in the system. In order to study such properties, (1.1)
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(a) (b) () (d)

F1GURE 15. Degradation of connective tissue ¢ for x = 1.0, x = 1.0 at different time instants
t = 5,15,25 and 35. The color scale in the legend is not fixed in order to display better the
current shape. (a) t =5, (b) t =15, (¢) t =25 and (d) ¢ = 35.

(a) (b) (c) (d)

FIGURE 16. Invasion of cancer cells u for x = 1.0, u = 1.0 at different time instants ¢ = 5, 15,25
and 35. The color scale in the legend is not fixed in order to display better the current shape.
(a) t=5, (b) t =15, (c) t =25 and (d) ¢t = 35.

was discretized using finite differences in time and Galerkin finite elements in space. A fixed-point scheme was
designed to decouple the three equations, yielding a robust nonlinear procedure. These developments and their
implementation allowed us to study numerically variations in g and x in two and three spatial dimensions and
to illustrate our theoretical results.

Compared to other models, the system in this article did not feature any spatial regularizing effects in the
third (or second) equation. This was based on the modelling in [34], where it was argued that there should
be no diffusion term for the protease equation. Key challenges both in the analytical and numerical part are
precisely caused by this biologically motivated choice. Related works treating systems including a diffusion term
also for the third equation crucially make use of the corresponding smoothing effects — a direct adaptation of
their methods would evidently have been insufficient for the system at hand.

As to future work, we notice that higher parameter variations resulting into convection-dominated regimes,
require the design and implementation of stabilization methods such as streamline upwind Petrov—Galerkin
stabilizing formulations or algebraic flux corrected transport. This would introduce additional terms in the
equation (3.3) of our nonlinear fixed-point scheme. In case of an algebraic stabilization, an additional nonlin-
earity would be possibly created since it involves limiters that often depend on the unknown discrete solution.
Nevertheless, this nonlinearity can be treated in the framework of the considered fixed-point iterations so that
it does not increase the computational cost significantly.
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3. Papers II and III

This chapter is based on the paper entitled "Flux-corrected transport stabilization
of an evolutionary cross-diffusion cancer invasion model”, published in Journal
of Computational Physics and the paper entitled ”Solvability and numerical so-
lution of a cross-diffusion cancer invasion model, accepted for publication in the
proceeding of the ENUMATH 2023 conference.

3.1 Flux-corrected transport stabilization of an
evolutionary cross-diffusion cancer invasion
model

In this paper we considered a haptotactic counterpart of the problem given in the
previous chapter as follows:

u = —xV - (uVe) + pu(l —w) in Qx (0,7,

= —pc in 2 x (0,77,

pe = +(uc—p) in © x (0,77, (3.1)
ude =0 on 082 x (0,71,

(u,¢,p)(+,0) = (ug, co, Po)- in €,

As it can be seen, there is no diffusion term in the system and therefore the
technique used in the previous section is not applicable anymore. This leaves the
question of proving the solvability of this particular problem unanswered from
the analytical point of view. Though, we addressed this point from the numerical
perspective. Then we showed that, when the convective (or haptotactic) part
of the system is dominant, the standard methods for the studied system may
become unstable. Next, we employed a high-resolution nonlinear flux-corrected
transport method along with an implicit #-method for spatial and temporal dis-
cretization, respectively. Using a consequence of Brouwer’s fixed point theorem,
we then proved that both the nonlinear scheme and its linearized version obtained
using the fixed point-iteration are solvable and positivity-preserving. Finally, the
numerical analysis were supported by carrying out several numerical simulations
in 2D.

Our main results are summarized as follows: After the aforementioned double
discretization process, the fully discrete implicit version of (3.1]) has the form

_ n+41 n
Al = Tt (7 AP/2 (3.2)
n+l _  —Tpt1/€,.n 1 n+1 n n+1 n
p; =€ p; + 7z ul ™ (€ = Top1) —ui € ) (T (€ = Tup1) — i€
n+1

+1 +1 —In
_ (u? e —u (e+ Tn+1)> (c;1 e—c(e+ Tn+1)> o Tnt1/e

o ) (= ) e (1 el } (3.3)
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For this discretization the following result holds:

Theorem. Consider any n € {0,...,N — 1} and let u®,c*,p" € RM satisfy
u">0,1>c" >0, p" > 0. Let the time step 7,41 satisfy the conditions

(1_9)Tn+llzgmia 9Tn+1 (Mmi+XanZZhCII(_2)<miv izla"'7M7

K>z,

where (IM)M, is the diagonal of L™, n, is the number of vertices of a cell in
T, and r is a constant satisfying |V @il 2y < Hh;l(/zfl for any K € T;, and
i =1,...,M. Then there exist vectors u"*', c"! p"*t € RM satisfying (3.4)),
(13-2), (3.3) where the limiters a?jﬂ are computed using the Zalesak algorithm

from the fluxes {;H. Moreover, these vectors satisfy u"™t >0, 1 > "1 > 0,
and p™t > 0.
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ARTICLE INFO ABSTRACT
Keywords: In the present work, we investigate a model of the invasion of healthy tissue by cancer cells which
Cancer invasion is described by a system of nonlinear PDEs consisting of a cross-diffusion-reaction equation and

Cross-diffusion equation
FEM-FCT stabilization
Positivity preservation
Existence of solutions

two additional nonlinear ordinary differential equations. We show that when the convective part
of the system, the haptotaxis term, is dominant, then straightforward numerical methods for the
studied system may be unstable. We present an implicit finite element method using conforming
P, or Q, finite elements to discretize the model in space and the §-method for discretization in
time. The discrete problem is stabilized using a nonlinear flux-corrected transport approach. It is
proved that both the nonlinear scheme and the linearized problems used in fixed-point iterations
are solvable and positivity preserving. Several numerical experiments are presented in 2D to
demonstrate the performance of the proposed method.

1. Introduction

Keller and Segel [1,2] proposed the first mathematical model for description of chemotactical processes. Chemotaxis refers to the
motion in the direction to (or away from) the position of higher concentration based on the gradient of chemical substances and its
chemotacitivity character which controls the speed of this motion. Their model has been widely extended and followed to develop
more sophisticated and complex chemotaxis models and played a vitally important role in many areas of science, in particular
in medical and biological applications, for example, bacteria and cell aggregation [3-5], tumor angiogenesis and invasion [6-9],
biological pattern formation [10,5], and immune cell migration [11]. From the analytical point of view, mathematical analysis for
chemotaxis systems of equations is a challenge and causes many questions especially in the context of the existence and uniqueness
of solutions. In the last three decades, many researchers have been actively involved and answered some of these questions [12-17].
From the numerical point of view, so far a great deal of research on chemotaxis models has been done in various areas, including
the finite difference method [7,8,18], discontinuous Galerkin method [19,20], finite element method [21-24], finite volume method
[25], operator-splitting methods [26], or fractional step algorithms [27]. However, many analytical and numerical aspects are still
untouched and call for further investigation.

The chemotaxis problems are usually strongly coupled nonlinear systems of equations whose solutions represent concentrations
or densities and need to be non-negative in order to satisfy the physics behind the system. Hence, it is difficult to construct an
efficient and accurate numerical method that does not produce solutions with negative values. Another interesting aspect is the
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singular, spiky and oscillatory behavior of the solutions. In particular, when the chemotaxis term dominates the diffusion and reaction
terms, standard discretization methods typically provide nonphysical oscillatory numerical solutions. To overcome this problem,
stabilization methods can be applied. Up to now, many scientists used flux-corrected transport (FCT) algorithms, i.e., nonlinear
high-resolution schemes introduced by Boris and Book [28-30], later developed based on linear finite element discretizations by
Kuzmin, Lohner et al. [31-34], and further extended to linear and nonlinear space-time FEM-FCT in [35]. In [36], an implicit
flux-corrected transport scheme was developed and applied to three benchmark examples of the general Keller-Segal model in two
spatial dimensions. It was shown that the proposed method is positivity preserving and sufficiently accurate, even in the cases where
solutions blow up in the center or at the boundary of the domain. The investigations of the blow-up behavior of the solutions were
further extended to three spatial dimensions in [37]. In [38,39], an FEM-FCT scheme was coupled with a level-set method to obtain
positivity preserving solutions on a stationary surface and evolving-in-time surfaces. It was shown that the proposed method is able
to produce accurate numerical solutions, which makes it possible to couple the partial differential equations defined on a specific
domain with the PDEs that are defined on the surface of this domain. This scheme was further used with operator-splitting techniques
to solve chemotaxis models in 3D. The operator-splitting method splitted a 3D problem into a sequence of 1D subproblems and the
FEM-FCT algorithm was used to solve each 1D subproblem separately [40]. In [41], the authors used an efficient adaptive moving
mesh finite element approach based on the parabolic Monge-Ampeére method for determining the coordinate transformation for the
adaptive mesh combined with an FCT scheme which guarantees the non-negativity of the solutions. As a result, the computational
cost was significantly reduced. All aforementioned techniques were also applied to the same benchmark examples. A different case
was studied in [42,43], where the authors used the pressure-correction scheme and flux-corrected transport algorithm to propose an
efficient linear positivity-preserving method and analyzed the error estimate for the solution of chemotaxis-Stokes equations.

In this work, we focus on a cancer-invasion model developed in [44], modeling the motion of cancer cells, degradation of extra-
cellular matrix, and certain enzymes (e.g., protease). These enzymes play an important role in the degradation of the extracellular
matrix and they are usually activated whenever cancer cells come in contact with the extracellular matrix. In [45], we extended the
proposed model by a diffusion term, gave a rigorous proof for the existence of the global classical solution and presented numerical
results for a Galerkin finite element discretization. In the present paper, a diffusion term is not considered, which makes the problem
more challenging. In [46], one of the authors of the present paper applied a positivity preserving non-standard finite difference
method to solve the nonlinear system in 1D, see also [47] for related approaches. Here, we consider the finite element method and
apply the FCT technique to guarantee positivity preservation. First, however, we consider the more diffusive nonlinear low-order
method. An additional nonlinearity is then introduced by the flux correction. We prove that both nonlinear problems are solvable
and positivity preserving. To the best of our knowledge, the current work is a first attempt to gain an insight into the applicability
of the FCT technique to the numerical solution of a haptotaxis system without self-diffusion and to provide a rigorous analysis of the
solvability and positivity preservation. Note that the existence and uniqueness for the FEM-FCT method applied to linear evolutionary
convection-diffusion equations has been addressed only recently in [48,49]. We also present a fixed-point algorithm for the iterative
solution of the FCT discretization and prove that it is well posed and provides a non-negative solution at each step. Consequently, the
non-negativity of the approximate solution is guaranteed independently of the choice of a stopping criterion. The properties of the
proposed FCT scheme are illustrated by various numerical simulations carried out using our newly designed algorithm in the deal.Il
library [50,51].

The outline of this paper is as follows. In Section 2, we formulate the mathematical model which is discretized by the Galerkin
method in Section 3. Then, the FCT stabilization is introduced in Section 4, where also the solvability and positivity preservation is
proved. The fixed-point algorithm is proposed and investigated in Section 5. In Section 6, we report several numerical simulations in
two spatial dimensions carried out for various regimes. Finally, our results are summarized in Section 7.

2. Mathematical model

In this section, we discuss the following nondimensionalized continuous model of a malignant cancer invasion proposed by
Perumpanani et al. in [44,52]. The model contains three unknown variables, namely the cancer cell density u = u(x,?), connective
tissue ¢ = ¢(x, 1), and protease p = p(x,1), and it consists of the equations

%=,uu(l—u)—)(V'(ch) in Qx(0,T], 2.1
% = _pe in Qx(0,T], (2.2)
% = Yuc - p) in Qx (0,77, (2.3)

where Q is a bounded polyhedral domain in R?,d € {1,2,3}, [0,T] is a time interval, and yu, y, € are positive constants. Here, u
and y denote the proliferation and haptotaxis rate of cancer cells, respectively, and the parameter € is supposed to be small since
the units of connective tissues and invasive cells are much larger than the protease. In the process of invasion, the connective tissue
is affected by the invasive flux of uVe¢ into its compartment. Since the connective tissue does not contain any empty space large
enough for passing of passive cancer cells, it degrades by protease which is produced by invasive cancer cells upon contact with
connective tissue. It can be shown that if the initial conditions of the above model are non-negative, then the computed solutions
stay non-negative at all times, for more details see [52,53,47] and the references therein.
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The system (2.1)—(2.3) is subjected to the homogeneous Neumann boundary condition

dc
Uu— =
on

where n is the unit outward normal vector on 0Q. The above equations are endowed with the initial conditions

0 on 0Q x[0,T7], 2.4)

u(x,0)= uo(x) , ¢(x,0)= co(x), p(x,0)= pO(x) s x€eEQ, (2.5)

where 10, 9, p : Q@ - [0,1] are given functions.

In [45], we considered a modified version of (2.1)-(2.3) containing an extra diffusion term in (2.1). Precisely, instead of the
equation (2.1), we considered

du

E=yu(l—u)—;{V-(ch)+a_lAu in Qx(0,7T] (2.6)
with a positive constant a. This required to replace the boundary condition (2.4) by
o =;(ua—c on 0Qx[0,7T].
on on

Thus, the problem considered in this paper corresponds to the limit case @ — oo of the problem from [45]. In that paper, we proved
the existence of global classical solutions for two- and three-dimensional bounded domains 2 with smooth boundaries and we proved
that these solutions are non-negative. However, if (2.6) is replaced by (2.1), i.e., if no diffusion term is present, the technique used in
[45] cannot be applied and the solvability of the model is an open problem. Our numerical results in [45] demonstrate that by fixing
the proliferation rate y and varying the haptotaxis y one can make either the diffusion or the transport of the cancer cells dominant.
The domination of the convection term can produce spurious oscillations and a blow-up in the solution of the system as it is the case
to be considered in here.

3. A Galerkin discretization

The solution of the problem (2.1)-(2.5) satisfies

(2,0) = (w1 ~,0) + 1 (uVe, Vo) in (0.7} and for v H'(@). G-V
c(x,1) = (xye o px s V(.)€ Qx[0.T], ©2
t
poety=ele| P+ 1 / u(x,s)c(x,s)e’“ds| V (x,1) €Qx[0,T], ©3)
€
0

where (-,-) denotes the inner product in L?(Q) or L>(Q)?. To define an approximate solution of (2.1)~(2.5), we first introduce a
triangulation 7, of Q consisting of simplicial (for d = 1,2, 3), quadrilateral (for d =2) or hexahedral (for d = 3) shape-regular cells
possessing the usual compatibility properties (see, e.g., [54]). For any cell K € 7, we denote by Ay the diameter of K and assume
that hy < h. We denote by ¥, ¢ H!'(Q) the usual conforming P, or Q, finite element space constructed using the triangulation
T, Let ¢, ..., ¢, be the standard basis functions of V), associated with the vertices x,...,x,, of T,. Thus, the basis functions are
non-negative and satisfy ¢;(x;) =¢,; for i,j =1,..., M, where §;; is the Kronecker symbol. Any function v;, € V}, can be identified
with a coefficient vector v = (v; )in | with respect to these basis functions. Precisely, introducing the bijective operator 7, : RM - v,
by
M

ﬂ'hV:Z Ujd)j’

j=1

one has v, = z;,v. The assumed shape regularity of 7, implies that

d/2—1
2) < KhK

IVl

where « is a fixed constant independent of i, K, and h. Next, the time interval [0,7] is decomposed by 0 =, <?; < --- <tn =T and
wesett, =1, —1, |, n=1,...,N. At each time level 7,, the solution of (2.1)(2.5) will be approximated by functions u},c;, p; € V},.

VKEeT,,i=1,....M, B4

These functions can be identified with coefficient vectors u” = (u;’)j"i ¥ ¢ = (c;?)j"i iy p' = (p;?)j"i ¥ respectively, satisfying ”Z =",

c;’l =m,c", p;’l = 7,p". Note that u’}’l(x,») =uy, c;’l(x,») =c¢/, and p;'I(x,«) =p;fori=1,...,M. We set
W= uo(xi), c? = co(x,-), p? =p0(xl-), i=1,....,.M. (3.5)

P =

Using linear interpolation with respect to time between the time levels gives functions u, ., ¢, ., p, defined on Q x [0,T]. For
example, u,, , satisfies

up (x,1) = TL [ @ —1,) + Ul ()t —D]  VXEQ, 1€, 1,1, n=0,... . N1,
n+l
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or, equivalently,

up(x;,1) = 1—11 [t —t)+ul(t,y -1 Vi=1l..,M,t€[t,t,], n=0,...,.N—1.
n+

Replacing the space H'(Q) in (3.1) by V}, and applying the #-method for discretization in time (with 6 € [0, 1]), one obtains

wit i
<—,uh> =0u (' A=), 0,) +0 x (uf' Ve Vo)

n+1
+ A =0 p (W1 —up)v,) + (A1 =0) y (U} Ve, Vo,)  Yv,€V), n=0,...,N—1. (3.6)

Defining the matrices M = (m; j) and A" = (a;’j)f‘f=1 with

i,j=1
m;; = (@), 01, a?j =—H (d’j(l - u;’l),d)i) -X ((ﬁjVCZ,V(}')I-) >

the discrete variational problem (3.6) can be written in the matrix form
M+07,,, A Hu* ! =M~ (1-0)7,,, A", n=0,..,N-1. (3.7)

The relations (3.2) and (3.3) suggest to define the coefficients of ¢; and p} by

n
o = Oxpye o Praliinds i=1,..,M,n=0,. N, (3.8)
t'l
pl'.' =e /e po(x,-) + é / uhyr(xi,s)ch’f(xi,s)es/e ds |, i=1,....M,n=0,...,N. (3.9)
0
Then, fori=1,...,M and n=0,..., N — 1, one has
_ rln+l X
el = e Pl (3.10)
Thyl
p;”'l =e /€ P+ 1 e ins1/e / up (x;,8) cp (X1, 8) e’/eds. (3.11)
e } .
tn
A direct computation gives
n+l_ n
cl(l+1 = e @t +p] )2 (3.12)

n+l _ -7, € n 1 n+1 n n+1 n
prl=e w1/ pi+TT{<ui (€= Typ)) — U €><c[ (€ = Tpyp) — e)

n+1

<u"+1 €—u (€+Tn+1)>< e —cn (€+1n+1)>e_1"+1/€

+ @ —u (et — ey e? (1 —emm/e) } (3.13)

fori=1,...,M and n=0,..., N — 1. Note that the effects described by the model (2.1)-(2.5), such as haptotaxis, strongly rely on
the nonlinear coupling terms. Therefore, all nonlinearities are treated implicitly in the discrete problem (3.7)-(3.9).

To compute a solution of the nonlinear problem (3.7)-(3.9) at time ¢, ; (assuming that the solution vectors u”, ¢”, and p” at the
previous time instant ¢, are known), we apply simple fixed-point iterations leading to sequences u "+1 (u”“)l C ”“ =(c ”+1)j »

and p”Jrl = (p”“)M We set u =u", cg“ =c", p8+1 =p" and then, for k>0andi=1,..., M, we define

n+1 n
-7 o2
clnll—— C,-ne w1 Pyt s (3.14)

n+l __— /e n 1 n+l1 n n+1 n
Py =¢ n+1 p.+2—{<lk 1(e: n+1)—uie>(ci’k (e=Tp1)— ¢ e)
1

Tn +

+1 +1 7
_<”:k—1€_”?(6+7"+1)>(02k —c'(e+7 +1)> +1/€

The iterate u”Jrl is computed by solving the linear system
M+607,. A =(M—(1-60)7,,, AHu", (3.16)
4
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where the matrix Aztll is defined by

M
1 1 1
A = ( — (b, (L=t ).dby) = x (¢, Ve ,qui))ij:1 (3.17)
and uj*! = xu'"l and ¢! = m,¢f*" are the finite element functions corresponding to the coefficient vectors u}*! and ¢;*',
respectively.
The linear system (3.16) has the form
Bu™! Ky (3.18)

and it is desirable that this system is positivity preserving, i.e., that u"*! > 0 if u” > 0. A necessary and sufficient condition for this
property is B~! K > 0 but this condition is difficult to verify. Sufficient conditions are formulated in the following lemma. Note that,
throughout the paper, an inequality of the type u” > 0 means that the inequality holds for each component of the vector u”. Similarly,
the fact that all entries of a matrix K are non-negative is expressed by K > 0.

Lemma 3.1. Let the matrices B = (bij)%=1 and K = (kij)%=l satisfy

b,‘,‘ZO, k,‘,‘ZO, b[j<03 kij>07 Vivjzls"'vM?i#ja

and let B be a strictly diagonally dominant or an irreducibly diagonally dominant matrix. Then B is an M-matrix and the scheme (3.18) is
positivity preserving.

Proof. According to [55, Theorem 3.27], B is an M-matrix. Thus, B~! > 0 and hence also B~ K > 0, which implies the result. []

In general, the linear system (3.16) originating from a standard Galerkin discretization does not satisfy the above constraints
because the mass matrix is non-negative and the stiffness matrix may contain positive off-diagonal entries. Our numerical results in
Section 6 show that indeed the concentration u may become negative in some parts of the computational domain €.

4. FCT stabilization

As we will see in Section 6, the magnitude of the solutions gradients can be extremely large in some regions. The solution of the
Galerkin discretization from the previous section may become negative especially in these regions. As a remedy, in the following we
will modify the Galerkin discretization to guarantee a positivity preservation property. As shown by Kuzmin [32-34], this property
can be readily enforced at the discrete level using a conservative manipulation of the mass and stiffness matrices. The former will
be approximated by its diagonal counterpart M; constructed using row-sum mass lumping, whereas the latter will be modified by
adding an artificial diffusion matrix. To limit the amount of the artificial diffusion, the FEM-FCT approach will be applied following
[33].

Since the methods considered in this section guarantee that the approximate solutions are non-negative, it is possible to replace

the matrix A” from the previous section by A" = (5;"/')%:1 with

al = —p (d;(1 =) ) — x (;Vep, V) -
The matrix A” is more suitable for theoretical considerations than the matrix A”. However, a non-negative approximate solution up,
¢, P satisfying a discrete problem based on the matrix A" will satisfy also the corresponding discrete problem with the original

matrix A",

Using the matrix A”, we introduce a symmetric artificial diffusion matrix D" = (d I’; )%= | defined by

M
n __ ~Nn ~Nn . . n _ n
dij——max{aij,O,aj,.} fori#j, di=- Z dij,
Jj=Lj#i
and we set " = A” + D". Note that L" = (l;'j)%=1 is a Z-matrix (i.e., it has non-positive off-diagonal entries). Furthermore, we
introduce the lumped mass matrix M} = diag(m,, ..., m,,) with

M
m=Y my, i=1...M.
=

Now, the simplest way to enforce the positivity preservation is to consider the so-called low-order method corresponding to the
so-called high-order method (3.7) which is defined by

My + 67, " Hu =M, - (1 -6)7,,,L"u", n=0,...,N-1. (4.1)

Note that the matrix L"*! depends on u"*! and ¢"*! so that the low-order problem is again nonlinear. In contrast to the Galerkin
discretization (3.7), it is now possible to assure the positivity preservation for sufficiently small time steps.
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Lemma 4.1. Let the time step 7, | satisfy the conditions
ii

A=0)1, I"<m, 07,y (,um,-+)((Vc;'l+1,V¢i)><m,~, i=1,....M. (4.2)

Then the matrix M; — (1 — 0) 7, L" has non-negative entries and M + 0, L"*! is an M-matrix.

Proof. The first condition in (4.2) implies that M; — (1 — 8) 7, " has non-negative diagonal entries. The off-diagonal entries of
this matrix are non-negative as well, since My is diagonal and L" is a Z-matrix.
Denoting B =M, +67,,, L"*!, one has forany i € {1,..., M}

M M
Z bij=m;+07,,, Z 5,’-’,—“ =m; =07, (ll (1- |MZ+1|,¢,') +x (VCZH,V‘I"I')),
j=1 j=1

where we used the fact that Zj‘i | ¢; = 1. Since (1, ¢;) = m,, it follows from the second condition in (4.2) that Zj‘i | bi; > 0. Thus,
bi; > j#i |bijl, i.e., B is strictly diagonally dominant and hence non-singular. Moreover, B is a matrix of non-negative type and
hence it is an M-matrix (see, e.g., [56, Corollary 3.13]). []

Corollary 4.2. Let the time step 7, satisfy the conditions (4.2). Then the low-order scheme (4.1) is positivity preserving, i.e.,

w0 => utlxo0. (4.3)

Proof. According to Lemma 4.1, the matrix My + 07, L"*! is non-singular, (M, + 6 7,,, L"*1)~! >0, and M; — (1 —6)7,,, L" >0,
which immediately implies (4.3). []

Remark 4.3. The second condition in (4.2) involves cZ“ which implicitly depends on 7, ; through p"*! and hence also through
u"*!. Therefore, it is desirable to replace this condition by a condition independent of cZ“. This is possible since we will show that

the values of CZH are in the interval [0, 1]. Then, employing (3.4), one gets
M M
(Vert' V) = 3 e (Vo V) < D0 D IVl e IVl o, <™ D B
Jj=1 K>x; j=1 K>x;

where n, is the number of vertices of a cell in 7}, (n, =d + 1 for simplices, n, =4 for quadrilaterals, and n, = 8 for hexahedra). Thus,
if the time step 7, satisfies

07,1 (/4m,~+)(nv1(2 Z h‘lj(_2><mi, i=1,....,.M, (4.4)
K>x;
and cZ“ € [0, 1], then the second condition in (4.2) holds. Note that (4.4) may be significantly more restrictive than (4.2).

To prove that the low-order discretization consisting of the equations (4.1), (3.12), and (3.13) has a solution, we shall use the
following consequence of Brouwer’s fixed-point theorem.

Lemma 4.4. Let X be a finite-dimensional Hilbert space with inner product (-,-) , and norm || - || . Let P : X — X be a continuous mapping
and K > 0 a real number such that (Px,x), > 0 for any x € X with ||x||, = K. Then there exists x € X such that ||x||, < K and Px=0.

Proof. See [57, p. 164, Lemma 1.4]. []

Theorem 4.5. Consider any n € {0,..., N — 1} and let u”,¢",p" € RM satisfy u” >0, 1 >¢”" >0, p” > 0. Let the time step T,,1 satisfy the
conditions

(1=0) 7, I <m;, 91n+1<;4mi+;(nvl(2Zh‘;(_2><ml—, i=1,...,M. (4.5)

K>x;

Then there exist vectors u"*!, ¢"*! p"t! € RM satisfying (4.1), (3.12), (3.13) and u"*! >0, 1 > "' >0, p"*! > 0.

Proof. To get rid of the exponential dependence on p”*! when estimating the nonlinear terms in (4.1), we replace (3.12) by
C;H—l =cle (lp?+l|+p;’)/2, i=1,....,.M. (4.6)

At the end of the proof, we will show that p"*! > 0 so that the original relation (3.12) will be recovered.
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Foru,peR and i=1,..., M, we introduce the notation

Ci(p) = cin e~ Tn+1 (PI+P))/2 4.7)

and

P(u,p)= %uC[(p) {(e—r,,ﬂ)2 + €2 (l - 2e‘fn+1/€) }

Tn+1

+2L uclf’ {7n+1 (1 +e~ n+1/€) —26(] e ,H_l/e) }

Tn+ 1

+2Lu?Ci(P) {Tn+l (1 +e” ”‘H/e) —25(1 —e” n+l/€) }

n+1

+2L uf cf {6‘2 (2 - e_T"+1/€) —(€+ 7,4 Y2 e et /€ } +e /e J 4.8)
Tn+l

Then, the validity of (4.6) and (3.13) is equivalent to

gt =Ceth, T =Rt = M.

1

Note that

n\ n 2€+Tn+l : n .
| P;(u, p)| < (lu] +u)) ¢ — + 7! VupeR,i=1,....M. (4.9)

n+l1

Furthermore, for u,p € RM andi,j=1,..., M, we denote

Ay up) = —u (¢,(1 = lmyul), d;) — 7 (#,V(x,CP). V) . (4.10)
M
D;;(u,p) = —max{A4;;(w,p),0,A4;;(u,p)} fori#j, D;i(u,p)=— 2 D;;(u,p), (4.11)
J=Lj#i
M
Siu,p)=m;u; +07,.; ) (A;(w,p)+D;;(u,p)u; — [(M, —(1-0)7,,, L)Hu"];, (4.12)

j=1

where C(p) = (C,-(p,-));‘;’l. Then (4.1) with cZ“ defined by (4.6) is equivalent to

S, ph=0, i=1,...,M.

Therefore, defining the operator P : R2M — R2M by

PU=(S,(u,p),..., Sy (w,p),p; — Py(uy,p1)s .- »Ppr — Por(UpgsDar)) VU:(“»P)ERZM, (4.13)

the vectors u"*!, ¢"+1 p"+! are a solution of (4.1), (4.6), (3.13) if and only if U = (u"+!, p"*1) satisfies PU =0 and ¢"*! = C(p"*!).
To show that the equation P U = 0 has a solution, we will verify the assumptions of Lemma 4.4. Since it is obvious that the
operator P is continuous, it suffices to investigate the product (P U, U), where (-,-) is the Euclidean inner product in R, We will

denote the corresponding norm by || - ||. The Euclidean norm in R™ will be denoted by || - Since the matrix (D;;(u, pHM s

||M i,j=1

symmetric and has zero row sums and non-positive off-diagonal entries, one obtains

M M

1
2w Dy ==2 ¥ Dyp)-u?>0 VupeRM.
ij=1 i.j=1

Furthermore, since 0 < C(p) < 1, the expressions (¢ jV(zrhC(p)), Vd),«) can be bounded independently of p. Therefore, using the
equivalence of norms on finite-dimensional spaces, one obtains

M

0 i1 'Zl t; (A;;(u.p) + Dy p)u; > 07,4y ullmyully; o = Cr llull, > Gy llully, = Cy llulff, .
I,j=

where C; and C, are positive constants independent of u and p. Thus,
M
> w.S,00,p) 2 G llully, — €y llull3, = Cs lull,, (4.14)

i=1

where C3 = ||[((My —(1-0)7,,;L")u Finally, using (4.9), it follows that

g
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M

Z pi (P = Py, p) 2 D13, = Ca llplly llully, = Cs Iy,
i=1

with positive constants C, and Cs independent of u and p. Applying the Young inequality, the previous two inequalities imply that
there exist positive constants Cg and C; such that
1 1 G
6
(PU.U) 2 ZIUI* + Cy llully, = Collullyy =G 2 ZIUIP = 5 =C; VU=@peR™M.
2
Thus, for any K > /2 Cg / C22 +2C5, one has (PU,U) >0 forany U € RZM with ||U|| = K. Therefore, according to Lemma 4.4, there

exists a solution U of the equation P U =0 and hence also a solution utl entl p"+1 of (4.1), (4.6), and (3.13).
It immediately follows from (4.6) that 0 < ¢"*! < 1. Thus, according to Corollary 4.2 and Remark 4.3, the solution satisfies
u"t! > 0. Since (3.13) is equivalent to (3.11), one also has p"*! > 0 and hence (3.12) is satisfied as well. []

Although the solution of (4.1), (3.12), (3.13) does not possess negative values under the time step restrictions (4.2), it is usu-
ally very inaccurate since too much artificial diffusion is introduced by the modifications leading to the low-order method (4.1),

—n+1
cf. Section 6.3. Therefore, in the FEM-FCT methodology, a correction term f """ is added in such a way that the method becomes less
diffusive while negative values are still excluded. This leads to an extension of (4.1) in the form

—n+1
My + 07, L"Hu™ =M, —(1-60)7,,, L") u" + f

The high-order method (3.7) (with A” replaced by A") is recovered if

—n+1
£ =M, - W™ —u") + 87, D 4+ (1-0)7,,, D u". (4.15)

Since D" has zero row sums, one can write
(D" u"), = Zd W — ! i=1,....M.

For the terms with the matrices D"t! and M; — M (which also have zero row sums), one can proceed analogously and hence (4.15)
holds if an only if

-(Em),

n+1

where the algebraic fluxes fj; are given by

SI =m0 =D oy W =)+ 07, dI W a1 = 0) 7, d] - ). (4.16)

Because M, D"*!, and D" are symmetric matrices, one has f mHl -

the approximate solution at time level 7, ;.

Now, the idea of the FCT approach is to limit the fluxes fl.’J'.Jrl by solution dependent correction factors a;’j“ € [0, 1] called limiters
so that the non-negativity of the approximate solution can be guaranteed but less artificial diffusion is introduced than in case of the
low-order method. This leads to the discrete problem

—f ;’i“. Note also that the fluxes depend on (unknown) values of

M

My + 07, " Hu = (M, — (1 - 0) 7, L")u" + < Z ayt! "+1) . (4.17)
i=1

The original Galerkin discretization is recovered for a;; = 1 while the largest amount of artificial diffusion is introduced for a;; = 0.

The latter setting is appropriate in the neighborhood of steep fronts and large gradients. The artificial diffusion can be removed in

regions where the solution is smooth and where non-positive off-diagonal entries of the stiffness matrix do not pose any threat to

non-negativity. The corrected fluxes depend on the approximate solution in a nonlinear way but since the problem in here is already

nonlinear, we can treat both nonlinearities simultaneously.

It is convenient to write the nonlinear problem (4.17) in the form

My u =My —(1-0)7,,, L"u", (4.18)
M M
My @ =My, u+ ( >t "+1) , (4.19)
Jj= i=1
My + 67, L Hu! =M, @. (4.20)
8
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According to Lemma 4.1, the steps (4.18) and (4.20) are positivity preserving under the conditions (4.2). To guarantee the positivity
preservation of the second step, the limiters al,”jf' have to be defined appropriately. We will apply the Zalesak algorithm [58] which
will be described next.

The solution of the nonlinear problem (4.18)-(4.20) is computed by fixed-point iterations where the algebraic fluxes are calculated
using the previous iterate. Since the properties of the Zalesak algorithm do not depend on the form of these fluxes, we will denote
them simply by f;;. Then, the aim is to find limiters a;; € [0, 1] such that the solution @ of

M M
MLﬁ=MLﬁ+(Z aijffj>

j=1

satisfies
<@ <u™,  i=1,..,M, (4.21)
where
E;“i“—'min_ﬂj, ™= max u;, i=1,....M,
JEN Ui} JEN; Ui}

and W is the index set of neighbor vertices to the vertex x; (note that two vertices of the triangulation 7}, are called neighboring if
they are contained in the same mesh cell). To preserve conservativity, it is important that the limiters «;; form a symmetric matrix.
The limiting process begins with canceling all fluxes that are diffusive in nature and tend to flatten the solution profiles, cf. [33]. The
required modification is

fii =0 if fi;@;—u)>0. (4.22)

The remaining fluxes are truly antidiffusive and the computation of ¢;; involves the following steps:

1. Compute the sum of positive/negative antidiffusive fluxes into node i
Pr= 3 max{0.f;}, P” =) min{0,f;}. (4.23)
JEN; JEN;

2. Compute the distance to a local extremum of the auxiliary solution u

OF =m, @™ -%), O =m@"™" -1u). (4.24)

1 1

3. Compute the nodal correction factors for the net increment to node i

. o7 B or
Ri =min< 1, —< > Ri =min{ 1,— . (4.25)
P P,

If a denominator is zero, set the respective value of R;r or R; equal to 1.
4. Check the sign of the antidiffusive flux and define the correction factor by
min{R;’,R;} if f;>0,
;=<1 if f;=0, (4.26)
min{Ri_,R;r} if f; <0.

It can be easily verified (see, e.g., [56]) that this algorithm leads to the property (4.21).
Now we are in a position to prove the solvability and positivity preservation for the above FCT discretization.

Theorem 4.6. Consider any n € {0,..., N — 1} and let u",c",p" € RM satisfy u” >0, 1 > ¢" >0, p" > 0. Let the time step 7,41 Satisfy the
conditions (4.5). Then there exist vectors u"*!, ¢™*! p"+! € RM satisfying (4.17), (3.12), (3.13) where the fluxes f,.’;.“ are given by (4.16)

and (4.22) and the limiters ai’;*l are computed using the Zalesak algorithm (4.23)—(4.26) from the fluxes fl.’J’.“. Moreover, these vectors
satisfy w1 >0, 1 > "' >0, and p™*! > 0.

Proof. The proof follows the lines of that of Theorem 4.5. Thus, we again start with replacing (3.12) by (4.6). We again define C;,

P, Ay, and D, ] by (4.7), (4.8), (4.10) and (4.11), respectively, whereas S; are now defined by
M M
Si(w,p)=myu; +07,,, ) (A;W,p)+ Dy(u,p)u; — Y a;(u,p)f,;(up)
j=1 j=1

=My = (1 =0) 7, L)u"];,
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where q; ! (u, p) are defined by the Zalesak algorithm (4.23)—(4.26) for the algebraic fluxes f, ; (u,p) defined by

x _ f[j(u9p) if fij(uap)(ﬂj -u;) <0,
Jiip)= { 0 if  f(p)@; —i;) >0,

with u from (4.18) and

fi(u,p)= ( —m;; + 07, Dij(u,p))(uj —u;)+ (mij +(1-0)7,,, dl’;)(u;’ —ul).

Then, defining the operator P : R2M _, R2M by (4.13), the vectors utl entl) p"+' are a solution of (4.17), (4.6), (3.13) if and only
if U= (u"*!,p"t!) satisfies PU =0 and c¢"*! = C(p"*)).

The solvability of the equation P U =0 will be again proved using Lemma 4.4. To show the continuity of the operator P at any
point U= (1, p) € R*M _ it suffices to consider the terms a;;(u, p) f~l ;(u, p) since the remaining terms in the definition of P are clearly

continuous. Moreover, f;; and hence also 7 ; are continuous. Thus, if 7 j(ﬁ) # 0, then the denominators in the formulas defining
a;;(U) with U = (u, p) do not vanish in a neighborhood of U and hence a;; is continuous at U. Consequently, also a;; f; ; is continuous
at U. If f,»j(INJ) =0, then

|(a;; Fi)(U) = (a;; Fi)O)| = |(ai; Fi)U)| < 10| =1 £, (0) = £;,(0)]

which shows that «;; £ ; 1s again continuous at U.
To estimate (P U, U) from below, let us denote

- a;;(u,p) if fyup)@ —u)<0,
;;(u,p) = 0 ¢ @
P —u)>0.

Then @;; again form a symmetric matrix and o;; fi ; = @; fi;- Therefore, S;(u, p) can be written in the form
M

M
Swp)=Y mu;+07,., Y A;up)u
j=1 j=1

M=

+) (1-a,p)(—m;+607,, D;up)u—u)

~.
Il

+

VR

(1=a;,p) (m; + (1 =0) 7,0y df}) ] —ul))

-~
Il
—_

-[M=(1=06)7,,; A)u"];.

Denoting B;; = (1 —5l-j(u,p))( —my;+ 07,4 D,»j(u,p)), one has

M M

~ 1
D w (1= p)) (= my; +07,, Dij(u,p))(uj—u,-)=—z D B —u)*>0,
ij=1 ij=1

since the matrix (B, j)%=1 is symmetric and has non-positive off-diagonal entries. Therefore, one again obtains (4.14) where the
constants C;, C, are the same as in the proof of Theorem 4.5 and

Cy=llglly +IIM =1 =0) 7, ) A"l

where

M
&= Imy+(1=0)7,, dillu -], =1, M.
j=1

Thus, in the same way as in the proof of Theorem 4.5, one concludes that there exists a solution U of the equation P U =0 and hence
also a solution u"*!, ¢"*!, p™*! of (4.17), (4.6), and (3.13).

To prove the positivity preservation, we write (4.17) in the form (4.18)-(4.20). Since M; — (1 — 6) 7, L" > 0 according to
Lemma 4.1, one has u > 0. Applying (4.21), one gets i1 > 0. Since 0 < ¢"*! < 1 due to (4.6), it follows from Lemma 4.1 and Remark 4.3
that the matrix M; + 017, L"*! is an M-matrix. Consequently, u"t! >0 in view of (4.20). Since (3.13) is equivalent to (3.11), one
also has p'“r1 > 0 and hence (3.12) is satisfied as well. []

10
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5. Iterative solution of the FCT discretization

To compute a solution of the nonlinear problem (4.17), (3.12), (3.13) at time ¢, ;, we will proceed similarly as for the Galerkin

discretization in Section 3. Thus, given approximations uZill, czt}, pzt{ (with some k > 0) of u™!, ¢"*!, p"!, respectively, we
n+1 n+1

compute ¢, p;" using (3.14), (3.15). The iterate uZ“ is computed by solving the linear system

M M
My +07,,, [LZJ:})“ZH =M, -(1-60)7,,LDHu" + ( Z aiankl—l fl'j”;cl_1> , (5.1)
= :

i=1

where Lf*! = A?*! 4+ D" with the matrix A7*] defined in (3.17) and the artificial diffusion matrix D}*} defined by

M
n+l1 _ n+1 n+1 . . n+l n+l
dify =—max{a;’ _,0.a57° } fori#j, A1 = Z 41 (5.2)
J=Lj#i
The algebraic fluxes fl.'ﬁl_ | are given by
+1 +1 +1 +1

= (=my+ 07, dI @D —u L)+ (myy + (L= 0) 7, d ) @] —uf) (5.3)
and we again consider the prelimiting step

n+1 . . n+1 - =

kel =0 if fij’k_1 (u; —u;) >0, 5.4

with u from (4.18). The limiters af’flcl_l are computed from the fluxes fi’;tcl_l using the Zalesak algorithm (4.23)-(4.26). The fol-
lowing result shows that, under suitable time step restrictions, the above-defined iterates are uniquely determined and preserve
non-negativity. This is important since, in practice, the fixed-point iterations are usually terminated when a stopping criterion is met,

i.e., typically before reaching the solution of the nonlinear problem (4.17), (3.12), (3.13).

Theorem 5.1. Consider any n € {0,..., N — 1} and k €N and let u",c",p" € RM and uZt},pZill € RM be arbitrary vectors satisfying

u>0,1>¢">0, p" >0, and uzti >0, pﬁtll >0. Let c’;“, pZ“ be given by (3.14), (3.15). Let the time step 7, satisfy the conditions

A =0z, I <m,, 6"rn+l<;4(1—ﬂhuztll,qﬁ,-)+)((V(7rhcz+]),V¢i))<ml-, i=1,...M. (5.5)

Then the linear system (5.1) has a unique solution uZ“ and one has uZ“ >0,1> CZH >0, and pZ“ >0.

Proof. The formula (3.14) immediately implies that 1 > CZ+1 > 0. Since (3.15) can be written in the form (3.11) with u, , and ¢, ,

defined using uztll and cZH , respectively, at time 7, |, one has pZH > 0. Since My — (1 = 0)7,,; L" >0 according to Lemma 4.1, the

solution of (4.18) satisfies u > 0. Then (4.21) implies @ > 0 for the solution of

M M
~ = n+l n+l
MLH_ML‘H'(Z @ k=1 ij,k—1> .
Jj=1 i=1

+

Finally, we use the fact that uj/ I satisfies

My, + 07, L Hui =My . (5.6)

n+1

) is an M-matrix and

It follows from the proof of Lemma 4.1 that, under the second condition in (5.5), the matrix (M + 67, L

1

hence uZ+ is uniquely determined and satisfies uZ“ >0. I

Remark 5.2. From the physical point of view, the quantities u, ¢, and p should be not only non-negative but also bounded by 1 from
above. We have proved that this is the case for the approximations of c. Moreover, if this would be true also for the approximations
of u, the integral form (3.9) would provide this property also for the approximations of p. Unfortunately, a proof of the upper bound
for the approximations of u is not available and numerical results suggest that this bound can be violated. Note that a standard
proof of upper bounds for FCT discretizations relies on the decomposition (4.18)—(4.20). Then, in particular, one would need that
the solution of (4.18) satisfies u < 1 if u” < 1. Choosing u” =1 (a vector with all components equal to 1), this requirement implies
that (1 -0)A"1=(1-0)L"1>0, i.e., the row sums of the matrix (1 — #) A" have to be non-negative. Similarly, to derive an upper

bound from (5.6), one would need that 0 AZJ:II 1> 0. It is clear that the validity of these row sum conditions cannot be expected.

Remark 5.3. The second condition on 7, in (5.5) depends on CZ+1 which itself depends on 7, . Consequently, in general, one has
to proceed iteratively to find 7,,; which satisfies (5.5). To avoid this and also the dependence of 7,,; on the fixed-point iteration
index k, it is possible to replace (5.5) by (4.5), cf. Remark 4.3.

11
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We summarize the procedure for obtaining a high-resolution positivity preserving scheme for solving (2.1)—(2.5) in Algorithm 5.1.

Algorithm 5.1 Iterative scheme for computing an approximation of the solution to the nonlinear FCT discretization.

1: Choose a tolerance Tol > 0 and a damping factor g € (0, 1].

2: Compute the initial values ¢, p°, and u® by (3.5).

3: Compute the mass matrix M and the lumped mass matrix M .
4: forn=0,1,..., N —1do

5:  Compute the stiffness matrix A" and the artificial diffusion matrix D" and set L" = A" + D".

6:  Choose 7, satisfying (4.5).

7: Compute the intermediate solution u from (4.18).

8:  Set¢it'=¢", pit' =p", and ult! =u".

9: fork=1,2,... do
10: Compute CZH from (3.14) using ¢",p" and pill

. 1 : " 1 1
11: Compute p;*' from (3.15) using p”,¢",u", ¢;*', and u}*|.
12: Compute the stiffness matrix A7*} from (3.17) using ¢;*' and u}*}.
13: Compute the artificial diffusion matrix D/*} from (5.2) and set L7} = A"} + DI*].
14: Compute the algebraic fluxes fyqu from (5.3) and (5.4).
15: Compute the limiters “ZT£-1 by the Zalesak algorithm (4.23)-(4.26) using the fluxes f‘.'}fkl_l and the intermediate solution u.
16: Compute uZ“ by solving the linear system (5.1).
17: if max { HCZH - chll s ||pZJrl - pzt]] s ||uz+l - u:fll ||M} < Tol then
18: Go to line 23.
19: else
20: Setept =gt +(1-pety, prt i=ppit AP, wt i=purt (1 - Byt
21: end if
22:  end for
. 1 _ ontl 1 _ it 1 _ gyl

23:  Setet!=ct, pt'=pit', uwt'=ult.
24: end for

6. Numerical results

In the following, we present several numerical experiments to verify the positivity preserving properties of the proposed scheme
for the model (2.1)—(2.5).

The computations are performed on a square domain Q = (0,20)? which is decomposed into quadrilateral mesh cells obtained
by uniform refinements. Precisely, after r refinements, the triangulation 7}, consists of 22" equal squares. If not otherwise stated, we
consider five refinements, i.e., 7, consists of 32 X 32 mesh cells. As explained above, conforming bilinear finite elements are used
for approximating all unknown variables. The final time is 7' = 50 and the parameter ¢ = 0.2 is used. The values of the remaining
parameters of the model will be specified for the particular computations. The initial conditions are defined by

le""'z, P(x)= %e""'z.

W= Oey=1-
If not otherwise stated, we apply the A-stable Crank-Nicolson method corresponding to 6 = 0.5 for the time discretization. In one
case, we will also discuss the application of the unconditionally stable backward Euler method corresponding to 6 = 1. Algorithm 5.1
is used with the tolerance Tol = 10~® and the damping factor § = 0.5. The linear system (5.1) is solved using the sparse direct solver
UMFPACK [59]. Our newly developed algorithms are implemented in the open-source finite element library deal.Il [50,51]. The code
enables to perform computations also in the 3D case, which we demonstrated in [45] for a Galerkin discretization. Since the results
for 2D and 3D were qualitatively similar, we omit the 3D case in the present paper. Of course, 3D is interesting from the application
viewpoint, which is further ongoing work with FCT, but conceptionally 3D does not add new insight to our proposed FCT scheme.

6.1. Comparison between the standard Galerkin FEM and the FEM-FCT scheme in presence of diffusion

To begin with, in the first example we consider the modified model subjected to an extra diffusion term in the equation (2.1) with
diffusion coefficient a~!, as considered in [45], i.e., the equation (2.1) is replaced by (2.6). We consider a = 10, y =1, and u = 1.
As can be seen from Figs. 1 and 3, the FEM-FCT scheme introduces slightly more artificial diffusion than the standard Galerkin FEM.
One can observe that the cancer cells invade the extracellular matrix and occupy the whole domain completely at the final time.
Next, we decrease the amount of the diffusion by setting @ = 1000 and keep the proliferation and haptotaxis rate as before. As can be
seen from Figs. 5 and 6, the standard Galerkin FEM shows some oscillations in the front layer and the numerical simulation breaks
down when the solution reaches the boundary of the computational domain, whereas applying the FEM-FCT removes the oscillations
and keeps the solution positive at all times (Fig. 7). The corresponding snapshots of the cancer cell density, extracellular matrix, and
protease are plotted along the line y = x in Figs. 2, 4, 6, and 8.

6.2. The FEM-FCT scheme in absence of diffusion for y =1, u=1

In this section, we consider the case without the diffusion term, i.e., utilizing (2.1) now, and again set y = u = 1. This case
was studied in [47,46], where the authors applied nonstandard finite difference (NSFD) schemes using Mickens rules. The proposed

12

85



S. Heydari, P. Knobloch and T. Wick Journal of Computational Physics 499 (2024) 112711

(b) t = 10 (c) t = 20

(d) t = 30

Fig. 1. Cancer cell invasion u at different time instants ¢ = 0, 10, 20, 30, obtained with the standard Galerkin FEM for « = 10, y =1 and y = 1. (For interpretation of
the colors in the figure(s), the reader is referred to the web version of this article.)
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(a)t=0 (b) t = 10 (c) t =20 (d) t = 30

Fig. 2. Cancer cell invasion u, connective tissue ¢, and protease p at different time instants # = 0, 10, 20, 30, obtained with the standard Galerkin FEM for a = 10, y =1

and y =1.
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Fig. 3. Cancer cell invasion u at different time instants =0, 10,20, 30, obtained with the FEM-FCT scheme for ¢ =10, y=1and y = 1.
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Fig. 4. Cancer cell invasion u, connective tissue c, and protease p at different time instants # = 0, 10, 20, 30, obtained with the FEM-FCT scheme for a = 10, 4 =1 and

xy=1
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(a)t=0 (b) t =10 (c) t =20 (d) t =30
Fig. 5. Cancer cell invasion u at different time instants r = 0, 10,20, 30, obtained with the standard Galerkin FEM for « = 1000, p =1 and y = 1.
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Fig. 6. Cancer cell invasion u, connective tissue ¢, and protease p at different time instants ¢ = 0, 10, 20, 30, obtained with the standard Galerkin FEM for a = 1000,
p=1land y=1.
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Fig. 7. Cancer cell invasion u at different time instants 7 = 0, 10, 20, 30, obtained with the FEM-FCT scheme for « = 1000, y =1 and y = 1.
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Fig. 8. Cancer cell invasion u, connective tissue c, and protease p at different time instants ¢ = 0, 10,20, 30, obtained with the FEM-FCT scheme for a = 1000, u =1
and y =1.
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=20
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Fig. 9. Cancer cell invasion u at different time instants 7 =0, 10, 20, 30, obtained with the FEM-FCT scheme for y=1and y =1.
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Fig. 10. Decay of the extracellular matrix c at different time instants # = 0, 10, 20, 30, computed using the FEM-FCT scheme for y=1and y =1.

Table 1
Convergence of the mean values with respect to global mesh refinement at the last time instant # = 50.
# of refinements 3 4 5 6 7
# DOF 81 289 1089 4225 16641
Jo cn(x)dx 0.02362193  0.02670467  0.03284535  0.03042843  0.03680451
Jo Pr(x)dx 0.02373726  0.02685417  0.03308441 0.03062835  0.03712137
Jo up(x) dx 0.99999999  0.99999998  0.99999976  0.99999943  0.99999889
Table 2
Convergence of the solutions at the point (20, 20) with respect to the time step 7 at the last time instant
t =50.
1 1 1 1 1 1 1 1 1
4 et ey =il Pyt o™ —ptill ™' — w3l
1.0 0.03331 4.64077e-09 0.03356  5.03212e-09 1.00046  6.91815e-11
0.1 0.03884  5.57720e-09 0.03918  5.77532e-09 1.00079  4.47103e-11
0.01 0.03875  9.08222e-09 0.03909  9.21976e-09 1.00070  1.44008e-10
0.001 0.03875  7.27756e-09 0.03909  7.37382e-09 1.00079  1.21648e-10
0.0001 0.03875  5.82277e-09 0.03909  5.89891e-09 1.00079  9.77287e-11

methods were successful in comparison to standard finite difference methods at obtaining positive solutions, however, some wiggles
still remained in the vicinity of the front layer. On the other hand, deriving an efficient NSFD scheme heavily depends on the type
of the system and the discretization of different terms. Therefore, in this work, we applied the FEM-FCT methodology to remove
the oscillations in the front layer while keeping the solutions positive at all times, see Figs. 9 and 10. Next, we check numerically
whether the approximate solutions converge. To this end, we computed the integrals of the solutions at the final time 7 = 50 for
different numbers of global refinements, see Table 1. The results correspond to the situation where the tumor is completely malignant
and invades the whole extracellular matrix. In Table 2, we study the values of the solutions at the point (20, 20) and the differences
between two consecutive iterative solutions. Moreover, the numbers of fixed-point iterations for various time steps and time instants
are shown in Table 3. In particular, we observe that the proposed scheme is convergent with respect to the time step size. The
convergence of the cancer cell invasion u with respect to the time step and the mesh width at two different time instants is also

studied in Fig. 11 by means of solution graphs along the line y = x.
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Table 3
Numbers of fixed-point iterations for various time steps at time instants ¢ =
1,5,10, 15,20, 25,30, 35,40, 45, 50.

T

# of iterations at time instants

1 5 10 15 20 25 30 35 40 45 50
1.0 30 31 31 32 30 23 23 22 21 21 21
0.1 25 25 26 26 26 25 21 20 19 18 18
0.01 19 20 21 21 21 20 18 16 16 15 14
0.001 15 16 18 18 18 17 14 13 12 12 11
0.0001 13 14 14 15 15 14 12 11 10 9 8
1 1 1 11
=taU. timestep = 1.0 — U, 3 refinement
09 1% U, timestep = 0.1 00 i U, 4 roTROMEN! .
= =U, timestep = 0.01 s==U;b tomiotian
08 U, timestep = 02 o i o
— U, fimestep = 0.0001
807 807 o0 2 08
E 06 E 06 E = S 5t
% 05 %05 '% M 2 o
o
g9 g4 S o S04
Sos Sos 8.. 8 0
== U, fimestep = 1.0 ~ [—=U.3refinement
02 x: U, fimestep =0.1 02 0.2{mmU. 4 refinement
= -U, timeslep = 001 —U.5 refinement
ol 1.0 U, timestep = 0.001 o 0.14—u, 6 refinement
o o - U, timestep = 0.0001 o™ U. 7 refinement
5 10 15 20 25 30 5 10 15 20 25 30 o 15 2 2% B 5 10 15 20 E3
Distance Distance Distance Distance
(a) t = 10 (b) t = 20 (c) t =10 (d) t = 20

Fig. 11. Cancer cell invasion u computed using the FEM-FCT scheme at time instants # = 10 and 7 = 20 for different time steps (first two pictures) and for different
numbers of global refinements (last two pictures).

by t=5

(c) t =15

Fig. 12. The effect of the haptotactic rate on the cancer cell invasion u at different time instants ¢ = 0,5, 15, computed using the standard Galerkin FEM for x = 0.0001
and y =1.

6.3. Effect of haptotactic domination

In this section, we investigate the effect of directional movement of cancer cells inside the domain. This is a very important
property in cancer modeling which can lead to metastasis. In metastasis, the cancer cells are moving to the other parts of the body
and start proliferate, forming a new tumor in the new part, and invade the surrounding tissues. In this case, it is very difficult to
detect the location of cancerous cells and this is one of the predominant causes of most deaths due to cancer. In the following, we only
study a very simple case of haptotactic dominating mechanism of the cancer cell motion. In addition to the absence of the diffusion
effect in the system, there is only a small amount of the proliferation rate: we set 4 =0.0001 and y =1 in the computations. As a
result of the haptotactic migration domination, a small cluster of cancer cells builds up at the beginning and this initial amount is
expected to move along the direction of the gradient of the extracellular matrix. As Fig. 12 indicates, the numerical simulation by the
standard Galerkin FEM breaks down in a very short amount of time after the time instant # = 15. Next, we apply the FEM-FCT scheme
and the low-order method, see Figs. 13 and 14, respectively. We observe that, in both cases, the stabilization prevents the blow-up
in the system and leads to non-negative solutions. However, some oscillations still remain in the interior layer. These oscillations
could be suppressed by adaptive mesh refinement, which is however out of the scope of this paper. As expected, the low-order
method provides a more diffusive solution than the FEM-FCT scheme. It is interesting that, combining the FEM-FCT scheme with the
backward Euler method (6 = 1), oscillation-free solutions are obtained, see Fig. 15.
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15 15
20

15
20

(a) t = 10 (b) t = 20 (c) t = 30 (d) t = 40

Fig. 13. The effect of the haptotactic rate on the cancer cell invasion u at different time instants 7 = 10, 20, 30,40, computed using the FEM-FCT scheme for y = 0.0001
and y =1.

15 15

(a) t = 10 (b) t = 20 (c) t = 30 (d) t = 40

Fig. 14. The effect of the haptotactic rate on the cancer cell invasion u at different time instants # = 10, 20, 30,40, computed using the low-order method for ; = 0.0001
and y=1.

15 15 15

20
(a) t = 10 (b) t = 20 (c) t = 30 (d) t = 40

Fig. 15. The effect of the haptotactic rate on the cancer cell invasion u at different time instants ¢ = 10, 20, 30,40, computed using the FEM-FCT scheme with 6 =1 for
#=0.0001 and y =1.

7. Conclusions

In this paper, we proposed a fully discrete nonlinear high-resolution positivity preserving FEM-FCT scheme for haptotaxis equa-
tions without self-diffusion term describing a model of cancer invasion. We proved the solvability and positivity preservation of both
the nonlinear discrete problem and the linear problems appearing in fixed-point iterations. A series of numerical experiments are
shown to verify the robustness of the proposed method. Derivation of error estimates is left to future work.
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3.2 Solvability and numerical solution of a
cross-diffusion cancer invasion model

In this paper we mainly focused on the idea behind the modeling of the cancer
invasion system studied so far in the preceding and summarized the main results.
Moreover, we presented new numerical experiments to provide further insight
into the behavior of the model utilizing different variations of the parameters
appearing in the system and also using the different choices of the limiters for the
proposed flux-corrected transport approach.
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Abstract We consider a model of the invasion of healthy tissue by cancer cells which
is described by a system of nonlinear PDEs consisting of a cross-diffusion-reaction
equation and two additional nonlinear ordinary differential equations. We discuss
the existence of global classical solutions and formulate a positivity preserving
finite element discretization stabilized by the flux-corrected transport approach.
Moreover, we present a result on the solvability of this nonlinear discrete problem.
The properties of both the model and its discretization are illustrated by numerical
results computed using the deal Il library.

1 Introduction

Mathematical modelling and numerical simulations of cancer invasion are important
for a better understanding of the mechanisms governing the growth of malignant
tumours and for developing strategies to cure this dangerous disease. In this work, we
focus on a nonlinear cancer-invasion model developed in [7] that models the motion
of cancer cells, degradation of extracellular matrix, and production of protease. The
aim of the paper is to provide a concise description of various aspects of cancer
growth modelling: from ideas behind the model, over its analytical investigations,
application of various discretization techniques and investigations of the discrete
problems, till numerical simulations. We will both review our recent theoretical
achievements published in [2, 3] and present new numerical results providing further
insight into the behaviour of the model and the proposed discretization.

Shahin Heydari
Charles University, Faculty of Mathematics and Physics, Department of Numerical Mathematics,
Sokolovska 83, 186 75 Praha 8, Czech Republic, e-mail: heydari @karlin.mff.cuni.cz

Petr Knobloch
Charles University, Faculty of Mathematics and Physics, Department of Numerical Mathematics,
Sokolovska 83, 186 75 Praha 8, Czech Republic, e-mail: knobloch@karlin.mff.cuni.cz

94



2 Shahin Heydari and Petr Knobloch

The plan of the paper is as follows. In Section 2, we introduce the mathematical
model and thoroughly explain its background. Section 3 discusses the existence of
global classical solutions to the model and presents the main ideas of the proof in the
case when a diffusion term is present. Section 4 is devoted to the discretization of
the model. The time derivatives are approximated using finite differences whereas a
Galerkin finite element scheme is considered for spatial discretization. To guarantee
positivity preservation, an algebraic stabilization is introduced, which finally leads to
a high-resolution flux-corrected transport (FCT) scheme. A result on the solvability
of this nonlinear discrete problem is formulated and main ideas of the proof are
explained. Finally, numerical results are presented in Section 5.

2 Mathematical Model

In [7], Perumpanani et al. proposed a model for malignant cancer invasion consider-
ing proteolysis and haptotaxis as the main mechanisms. The model was formulated
for one spatial coordinate in the direction of the invasion. In more space dimensions,
and with a particular choice of the functions describing the considered effects, the
model can be written in the form

ur =pu(l—u)—xyV-(uVce) inQx (0,7], (€))
¢ =-pc inQx(0,7], 2)
pi =€ Yuc-p) inQx(0,7], 3)

where Q is a bounded domain in R9,d € {1,2,3}, [0,T] is a time interval, and g,
X, € are positive constants. The functions u, ¢, and p dependonx € Qand ¢ € [0,T]
and represent concentrations of the invasive cells, extracellular matrix, and protease,
respectively.

Let us explain the background of the model and the ideas considered in [7] to
derive it. The extracellular matrix is the non-cellular component present within a
connective tissue. It contains collagen in the form of interlacing protein fibers. The
extracellular matrix is invaded by tumour cells which produce proteases. Proteases
are enzymes that hydrolyze proteins, i.e., they help to digest the surrounding extracel-
lular matrix. The production of proteases is tightly confined to the interface between
the invading tumour and the receding connective tissue. Therefore, no protease dif-
fusion is included in the model. This is a difference to many other models which
complicates the theoretical investigations. The protease production is modelled by
the term e~ 'uc, whereas —e~!p describes the natural decay of the protease. The
decrease of the extracellular matrix ¢ is modelled as a simple passive degradation by
the activity of the tissue proteases. It is described by the term —pc since it depends on
the amount of collagen still present as well as the protease p. Finally, in the equation
for the concentration u of the invasive cells, the first term on the right-hand side
describes their proliferation whereas the second one describes the spatial movement
of the cells due to the gradient of the extracellular matrix. Since the flux of the cancer
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cells is proportional to the gradient of the non-diffusible concentration c, the corre-
sponding effect is called haptotaxis. A similar effect is chemotaxis which occurs in
response to a diffusible substrate. Note also that the phenomenon in which a gradient
in the concentration of one quantity induces a flux of another quantity is called
cross-diffusion. Therefore, the haptotaxis term in (1) describes the cross-diffusion
mentioned in the title of this paper.

It is argued in [7] that diffusion of the cancer cell concentration u# can be ne-
glected since the chemokinetic movement was reported to be minimal. Nevertheless,
although this diffusion is negligible in numerical simulations, it is important for
studying analytical properties of the model. Therefore, we will also consider the
case when (1) is replaced by the equation

up = pu(l—u) =y V- (uVe) + o 'Au inQx (0,T] 4)

with a positive constant «. Thus, the equation (1) corresponds to the limit case of
4) for @ — oo.

When using (4) instead of (1) in the above model, an appropriate boundary
condition leading to a solvable problem (see Section 3) reads

aup=yucy on dQ x [0,T], 5)

where the index n indicates the derivative in the direction of the outward normal
vector on 0Q. For @ — oo this boundary condition reduces to

uc, =0 on dQ x [0,T], 6)

which will be used for the model (1)—(3). Finally, let us mention that both models
are endowed with the initial conditions

u(0)=u’, ¢-,00=c", p(,0) =p° in Q, 7

where u?, 9, po : Q — [0, 1] are given functions.

3 Global Existence of Classical Solutions

In this section, we discuss the classical solvability of the models introduced above.
We start with the system consisting of (4), (2), (3), (5), and (7). In order to construct
global classical solutions, it is necessary to control the haptotaxis term —y'V - (uVc)
in (4) and thus, in particular, to gain information on the spatial derivatives of c. For
similar models including a diffusion term Ap in (3), this has already been achieved in
earlier works by applying parabolic regularity theory to (3), first yielding estimates
for the spatial derivatives of p and then also of c¢. However, the absence of any
spatial regularization in both (2) and (3) makes the corresponding analysis much
more difficult.
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In our recent paper [2], the lack of regularity estimates was circumvented by
transforming the problem under consideration into the equivalent form

w; = (ape+ pu— pe®wyw+ Ve - Vo +a ™' Aw inQx(0,7], 8)

¢y =—pc inQx(0,7T], 9)

pr=wec—p inQx(0,T], (10)

Wy =0 ondQ % [0,T], (1)

w00 =w’, (0=, p(,0)=p° inQ, (12)
where

wx, 1) =u(x,)e”®®D  xeQ, t>0. (13)

Moreover, to obtain (8)—(12), we set y = € = 1, which can be done without loss of
generality since the general case follows by a simple rescaling of x, ¢, ¢, and p (see
[2]). To get rid of the nonlinear dependence on w and to decouple the equations for
¢ and p from the first equation, the problem

v = (@pc+pu—pe®wyw+Ve-Vo+a 'Av inQx(0,7T), (14)
¢ = —pc inQx (0,7), (15)
pr=wec—p inQx(0,7), (16)
V=0 on dQ x (0,T),  (17)
v(0)=w’, ¢(-,00=c", p(,0) =p° in Q (18)

is considered for any fixed w € C°([0,T];C"(Q)). Note that, for (14)—(18), the
solvability and regularity are easier to investigate than for (8)—(12).
For T > 0 and M > 0, we introduce the set

Sm,r = {w e CY([0,7T];C1(Q)); 0 <w, sup lw( Dllcr g < M}
te[0,T]

and we introduce a mapping ® such that ®(w) is the unique function v satisfying
the above problem for a given w € Sy 7. If M is sufficiently large and T sufficiently
small, then @ maps Sy 7 to itself and has a compact image. Thus, ® has a fixed point
due to Schauder’s fixed point theorem, which implies the solvability (and regularity)
of the problem (8)—(12). Finally, a priori estimates allow to extend the local solution
onto the interval (0, o0), see [2] for details. This leads to the following result.

Theorem 1 Suppose that «, x, u, € are positive constants, that Q is a smooth
bounded domain in R4, d € {1,2,3}, and that ul, co,po € Uye(O,l) Cz’y(ﬁ) are
nonnegative functions satisfying @' u% = yu®c® on Q. Then, for any T > 0,
there exists a unique global classical solution (u,c, p) of (4), (2), (3), (5), and (7)
with regularity (u, c, p) € (C*1(Q x (0,T]) N CH(Q x [0,T1]))3, which, moreover,
is nonnegative.
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Obviously, when the problem consisting of (1)—(3), (6), and (7) is considered, i.e.,
if no diffusion term is present, then the technique presented above cannot be applied
since the transformation (13) does not make sense in the limit case for @ — oo. In
this case, the solvability of the model is an open problem.

4 A Positivity Preserving Discretization

Denoting by (-, -) the inner product in L?(Q) or L?(Q)?, the solution of our model
(1)—(3), (6), (7) satisfies

(ug,0) = p (u(1 = u),v) + x (uVe,Vo)  in (0,T] and forv € H'(Q)  (19)
and
c(x,1) = O(x) e h P s o0

t/e

p(x,1) =e”

po(x)+é / u(x,s)c(x,s)e’’€ ds (21)
0

for any (x,7) € Q x [0, T]. These relations will be used to define an approximate
solution of our model. First, we introduce a triangulation 7, of Q consisting of
simplicial (for d = 1, 2, 3), quadrilateral (for d = 2) or hexahedral (for d = 3) shape-
regular cells possessing the usual compatibility properties. For any cell K € 7y,
we denote by hg the diameter of K and assume that hx < h. We denote by
Vi, € H'(Q) the usual conforming P; or Q; finite element space constructed using
the triangulation 7. Let ¢1, . . ., ¢as be the standard basis functions of Vj, associated
with the vertices xi, . ..,xp of 7. Next, the time interval [0, T] is decomposed by
O=ty<tj<---<ty=Tandwesett, =t, —th_1,n=1,...,N. At each time
level t,,, the solution of our model will be approximated by functions ”Z CZ’ PZ e Vp.
These functions can be identified with coefficient vectors u” = (ul’.‘ f‘;’l, ¢ = (c? f‘;’l,
p" = (p? ;‘;’l, respectively, satisfying u} = u} (x;), ¢! = ¢} (x;), and p!' = p} (x;) for
i=1,...,M. We set u? =u0(x;), cf.) =cV(xp), andp? = po(x,-) fori=1,...,M.

Replacing the space H'(Q) in (19) by Vj, and applying the §-method for dis-
cretization in time (with 6 € [0, 1]), one obtains a discrete variational problem
which can be equivalently written in the matrix form

M+ 07 A" DHu™ ' =M - (1-0) 1 AMHU", n=0,....N—-1, (22)

where the matrices M = (m; J')le=1 and A" = (a;‘j)f‘/’j:1 are defined by

mij = (. ¢),  aj;=—p(o;(1—up), i) = x (¢;9¢,, Vi) -

The relation (20) suggests to define the coefficients of ¢} by
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n
cf’:co(xi)e_/o P (xis)ds i=1,....M, n=0,...,N, (23)

where pj (-, 1,) = pf foralln = 0,...,N and pp < (x,-) is piecewise linear with
respect to the decomposition of [0, 7] for any x € Q. Similarly, (21) leads to

1 In
pl= e in/e [po(xi) + - / un,z(xi,8) cn(xi, ) e’/€ ds] . (24)
0

A direct computation gives

n+l

+1 -7, ;P /2
C? zc?e Tt (P 4D])/ , (25)

_ 1
prl=e Tnti/€ i+ (uf’“ (€ — Tps1) —ul! 6) (cl’-“rl (€ = Tpe1) — 7 6)
n+l

+1 +1 -
- (u'.’ €—u} (E+Tn+1))(c’-’ e—ct (e+Tn+1))e s/ €

L L

+ @™ —u) (M -y (l - e_T"*‘/E) } (26)

In general, the discretization formulated above does not provide nonnegative solu-
tions. To guarantee the positivity preservation property, we will modify the Galerkin

discretization (22) using the diagonal lumped mass matrix My, = diag(m,...,mps)
and the symmetric artificial diffusion matrix D" = (dfj) le:l defined by

M M
_ . n _ _ n n . . n _ _ n
mi—ZmU, di; = —max{a;;,0,a’;} fori#j, dj= Z i,
= jALj#

and we set L = A" +D". Then the simplest way to enforce the positivity preservation
is to replace (22) by

(Mp 4+ 0 7y L™ Hu™! = (M — (1 = 0) 7y LU, n=0,...,N—1. (27)

n+l n+l

Note that the matrix L™*! depends on w**! and ¢*! so that (27) is again nonlinear. In
contrast to the Galerkin discretization (22), it is now possible to assure the positivity
preservation for sufficiently small time steps (i.e., u” > 0 implies wt! > 0, see [3]).
Then (23) and (24) imply that also ¢}, and pj will be nonnegative.

The solution of (25)—(27) is usually inaccurate since too much artificial diffusion is
introduced by the modifications leading to (27). To limit the amount of the artificial
diffusion, we will apply the FCT approach following [6]. First, we note that the
Galerkin discretization (27) can be written in the form

M M
(M, +6 Tt L™ w0 = (Mg, = (1= 6) 0 L") 0" + (Z ﬁ-’}”)
=1 i=1

~
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with algebraic fluxes fl.’]‘.+1 given by

n+1
ij

r;+] _
J

+6 Thy di’;frl (u;-“rl — U™+ (1-6) 1041 di; (u —uj).

:—mij(u u?+1)+mij(u;?—u?)

Now, the idea of the FCT approach is to limit the fluxes fl.’;“ by solution dependent
correction factors afj” € [0, 1] called limiters so that the nonnegativity of the
approximate solution can be guaranteed but less artificial diffusion is introduced
than in case of (27). This leads to the discrete problem

M M
(ML + 0 T L") 0™ = My = (1-6) 7y L") 0" + ( o f;}-”) - (28)
J=1 i=1

The correction factors have to depend on the fluxes fi’;.“, which introduces an
additional nonlinearity. Since the underlying problem is already nonlinear, both
nonlinearities can be treated simultaneously.

A popular choice is the limiter proposed by Zalesak [9]. Given algebraic fluxes
fijandu € RM | the Zalesak algorithm defines corrections factors @;; in such a way
that the components of @i € RM solving the problem

M M
My @ = ML u+ (Z i) f,-j)
J=1 i=1
are bounded from below (above) by local minima (maxima) of u. Thus, in particular,
one gets @ > 0 if u > 0. We refer to [3] for details. We have the following result.

Theorem 2 Consideranyn € {0, ..., N—1} andletu”,c",p" € RM satisfyu” > 0,
1>¢c">0,p" > 0. Let the time step Tp41 satisfy the conditions

(1=0) Ty I <m;, 0Ty (umi+)(nVK2 Z h;‘i(z) <m;, i=1,....M,

K>x;

where (17} ?;11 is the diagonal of ", ny is the number of vertices of a cell in Ty,, and
) S Kh;l(/z_lforanyK €EThandi=1,..., M.

Then there exist vectors u™! ¢! p™! e RM sarisfying (28), (25), (26) where

the limiters afjf'l are computed using the Zalesak algorithm from the fluxes fl.’J‘.”.

Moreover, these vectors satisfy W' > 0, 1 > ¢! > 0, and p"*! > 0.

K is a constant satisfying ||V ;||

Proof. We mention only the main ideas of the proof and refer to [3] for details. To
guarantee that ¢"*! < 1 and to prove coercivity, we first change the definitions of
c;'” and a:.’;l by introducing absolute values of pl’."r1 and u;'l”:

— n+l n
C?+1 _ c?e st (1P [+P]1) 2 i alr_lj+l =y (¢j(1 _ |”Z+1|)’¢i) —y (¢jVC‘Z+1, V¢[_).
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Substituting ¢! into (26) and (28), one can introduce an operator P : RIM _; RIM

such that U = (u"*!, p"*!) solves the operator equation P U = 0. This operator
is continuous and satisfies (P U, U) > ||U||> = C for any U € R?, where C is a
positive constant and (-, -) and || - || are the Euclidean inner product and norm in R*™ |
respectively. Therefore, due to Brouwer’s fixed-point theorem, the equation P U = 0
possesses a solution (cf. [8], p. 164, Lemma 1.4). The assumed time step restrictions
and the properties of the Zalesak limiter imply that the solution is nonnegative.
Therefore, all results hold also for the original system (28), (25), (26). |

Note that the use of the discretizations (23)—(24) based on the analytical expres-
sions (20)—(21) was essential for proving the above theoretical results. Discretizing
(2)—(3) in a variational form like in [2], we were not able to show the nonnegativity
of the approximation of p.

5 Numerical Results

In this section, we present a few numerical results obtained for the discrete problem
(28), (25), (26) with 8 = 0.5 (Crank-Nicolson method). This nonlinear problem is

. . . . . . . . n+]
solved by fixed-point iterations in the following way. Having an approximation uj’*",

n+l n+l
€ Py

new approximation CZI} from (25), then pZI{ from (26), and finally uZﬂ from (28)
where L™*! and 1! are computed using u}*! instead of u"*'. Moreover, a damping
is used to improve the convergence behaviour. Under the time step restrictions from
Theorem 2, it can be proved that all the iterates are uniquely determined and satisfy
u}i“ >0,1> cZ“ > 0, and pZ” > 0, see [3]. This is important since, in practice,
the fixed-point iterations are usually terminated when a stopping criterion is met,
i.e., typically before reaching the solution of the nonlinear problem (28), (25), (26).
The described algorithm is implemented in the open-source finite element library
deal.Il and the linear systems are solved using the sparse direct solver UMFPACK.

The computations were performed on a uniform quadrilateral mesh of the square
domain Q = (0,20)? and conforming bilinear finite elements were used for approx-
imating all unknown variables. The initial conditions were defined by

of u™!, ¢!, p™! (using u”, ¢”, p" as the initial guess), we compute a

1 1
W0 (x) =e P ) =1- 3 e PP(x) = 3 e

and the parameter € = 0.2 was used. We present the numerical results along the
diagonal of the square Q connecting the origin with the point (20, 20). Note that
more complicated domains Q could be used without any additional difficulties.

Fig. 1 shows the influence of different values of the proliferation rate u on the
densities of cancer cells u and of extracellular matrix (ECM) ¢ for a fixed haptotactic
rate y = 1.0. For a small growthrate u = 0.1, a small cluster of cancer cells is created
and migrates over the domain during the time. However, for higher proliferation rates
the density of the cancer cells increases considerably and invades the ECM domain
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Fig. 2 Approximations of u (top) and ¢ (bottom) for 4 = 0.001 and y = 0.1, 0.5, 1.0, 1.5, 2.0,
2.5,3.0 at time instants # =0, 7 = 5, ¢ = 25, and ¢ = 45 (left to right)

more rapidly. Next, we investigate the influence of the haptotactic rate on the cancer
cells invasion by varying y and set 4 = 0.001 to be fixed, see Fig. 2. We observe that
a small cluster is created at the beginning and migrates through the domain during
the time. It can be seen that the migration accelerates by increasing y and degrades
the ECM more rapidly.

In Fig. 3, we investigate the influence of the choice of the limiters in (28) on the
computed approximations of the solution for parameter choices ¢ = y = 1.0 and
u = 0.1, y = 1.0. Apart from the Zalesak limiter [9] considered in the previous
section, we use the Kuzmin limiter [5], BJK limiter [1], and MUAS limiter [4]. We
observe that, for the Kuzmin limiter, the approximate solutions evolve in time faster
than for the other three choices. The results for the Zalesak and MUAS limiters almost
coincide whereas, for the BJK limiter, we observe a slightly faster time evolution in
the case u = y = 1.0.
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Fig. 3 Approximations of ¢ and u obtained using the Zalesak, Kuzmin, BJK, and MUAS limiters
for u = xy = 1.0 (first two plots) at # = 5 and ¢ = 25 and for 4 = 0.1, y = 1.0 (last two plots) at
t=25andt =45

Itis important to stress that all the presented numerical results clearly demonstrate
that the considered methods are positivity preserving as predicted by our theory.
Moreover, the concentrations are also bounded by 1 from above.
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4. Paper 1V

This chapter is based on the paper entitled "A cross-diffusion system modeling
rivaling gangs: global existence of bounded solutions and FCT stabilization for
numerical simulation”, published in Mathematical Models and Methods in Ap-
plied Sciences, DOI: 10.1142/50218202524500349.

4.1 A cross-diffusion system modeling rivaling
gangs: global existence of bounded
solutions and FCT stabilization for numeri-
cal simulation

In this paper, we considered a system consisting of two parabolic and two ordinary
differential equations describing rivaling gangs interaction [243], as

uy = DyAu+ X,V - (uVw) in  x (0, 00),

vy = DyAv + %,V - (vV2) in  x (0, 00),

wy = —w ~+ f(v) in Q x (0, 00), (4.1)
zp=—z+g(u) in 2 x (0, 00),

Do, u + xuud,w = D,0,v + x,vd,z =0 on 92 x (0, 00),

(u,v,w, 2)(+,0) = (ug, vo, Wo, 20) in €,

where D,, D,, xu, Xv are positive parameters, ug, v, Wy, 2o are smooth initial data,
f, g are given sprays rate, and u,v are the densities of two rivaling gangs which
mark their territory by spraying graffiti with densities z and w, respectively. Let
us summarize which modeling consideration leads to which terms in the system:

o The gangs move around randomly: terms D,Au and D,Av,

o The gangs move away from high hostile graffiti concentrations: terms
+xuV - (uVw), +x,V - (vV2); the signs of +x, and +x, indicate that the
gangs are indeed repelled and not attracted by the graffiti,

o The gangs stay in the domain: no-flux boundary conditions
Do, u + xyud,w = D,0,v + x,v0,z = 0 on 9N x (0, 00),

« Gang members spray their graffiti at their current locations: terms + f(v)
and +(u),

e The total amount of members of each gang remains constant throughout
the time: absence of any zeroth order or external force terms in the first
two equations,

o The graffiti decay over time: terms —w and —z,

o The graffiti do not diffuse, i.e., they are immobile: absence of terms D, Aw
and D,Az for positive D,,, D, in the third and fourth equation.
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From analytical point of view, we show that under the requirement
f,g € CY[0,00)) N L*¥((0,00)) are nonnegative, (4.2)

and for any reasonable smooth initial data, there is a unique, global, non-negative

classical solution of (4.1)).

Theorem. Let

QC R ne{l,2,3}, beasmooth, bounded domain, (4.3)
Dy, Dy, Xus Xo > 0, f,g be as in (&2), a € (0,1) and wy, 2y € C*t(Q; [0, 00)).
Then there exists C' > 0 such that for all M > 0 and all nonnegative ugy,vy €

C?+e(Q) with
D, 0,ug + xuuoO,wy = D,0,vg + Xuv90,20 = 0 on OS2 and (4.4)
[[tolloo + [lvollee < M,

there exists a unique, global, nonnegative classical solution (u,v,w,z) of (4.1]),

which satisfies the estimates

[, ) loe + [[v(+ )]|e < CMand (45)
[w(-, )]l + [[2(, )]0 < C,

forallt > 0.

After having established global existence of a solution to , a natural next
question was whether the first two components of these solutions separate. An-
swering this question analytically appeared to be a very difficult task, we showed
that for small initial data the solutions converge towards homogeneous equilib-
ria, however, for large data it seemed to be very challenging to show any results.
Hence, in the next step, we used a numerical scheme to obtain the solution of
, this allowed us to address the asymptotic behavior of large-time solutions
and also to illustrate the evolution of gang densities throughout the time for var-
ious parameters (mainly diffusion- and convection-dominated regime). To this
end, we employed a high-resolution nonlinear finite element flux-corrected trans-
port method altogether with #-method for time discretization and fixed-point
iteration to treat the nonlinearities in the proposed scheme. We next proved that
under CFL-like conditions, the resulting method is positivity-preserving, we also
showed that if certain assumptions on the matrices from the algebraic system
hold, the resulting scheme satisfies the DMP. For the last part, we performed
several numerical experiments and showed that for small values of y (diffusion-
dominated regime), gang populations stay completely mixed and the approxi-
mated solutions converge toward constant steady states, however, both partial
and complete separation is observed for large values of y (convection-dominated
regime).
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1. Introduction

Graffiti, the artful wall writing usually on public property and in open view, is
sprayed by urban gang members not only to express themselves, convey their atti-
tudes and communicate with fellow gang members but also to mark their area of
control, i.e. the gang’s territory.'* 46 In order to describe the interaction of two
rivaling gangs attempting to establish or defend territories by spraying intimidating
graffiti, Alsenafi and Barbaro? introduce the model

(u = DyAu+ X,V - (uVw) in Q x (0, 00),

vy = DyAv + x, V- (vV2) in Q x (0, 00),

wy = —w + f(v) in Q x (0, 00), .1)
2zt = —z+ g(u) in Q x (0, 00),

D, 0,u + xuud,w = Dyd,v + x,v0d,z =0 on 0 x (0,00),

L (w, v, w, 2)(+,0) = (up, vo, wo, 20) in €,

where positive parameters D,,, D,,, Xu, Xv, Suitably smooth initial data ug, vg, wo, 2o
and spray rates f,g (the choice f = g = id is proposed in Ref. 2) are given.
Here, u and v denote the densities of two rivaling gangs which mark their territory
by spraying graffiti with densities z and w, respectively. Let us summarize which
modeling considerations lead to which terms in the system.

e The gangs move around randomly: terms D, Au and D,Av.

e The gangs move away from high hostile graffiti concentrations: terms +y,V -
(uVw), +x,V - (vVz); the signs of +x, and +x, indicate that the gangs are
indeed repelled and not attracted by the graffiti.

e The gangs stay in the domain: no-flux boundary conditions D, 0,u + x,u0,w =
D,0,v + xyvd,z =0 on 99 x (0, 00).

e Gang members spray their graffiti at their current locations: terms + f(v) and
+9g(u).

e The total amount of members of each gang remains constant throughout time:
absence of any zeroth order or external force terms in the first two equations.

e The graffiti decay over time: terms —w and —z.

e The graffiti do not diffuse, i.e. they are immobile: absence of terms D,,Aw and
D, Az for positive D,,, D, in the third and fourth equation.

In fact, Alsenafi and Barbaro? first design a discrete agent-based model based
on similar considerations (see Sec. 2 in Ref. 2) and then obtain (1.1) as the formal
limit when both the time step and the grid spacing converge to zero (see Subsec. 3.2
in Ref. 2). For related modeling considerations, we refer to Ref. 8 for an overview
of biological phenomena modeled by active particles, to Ref. 10 for a discussion
of complex models incorporating a taxis term and to Ref. 9 for the mathematical
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modeling of human crowds. Especially, the last two of these surveys examine how
such models can be derived by a multiscale approach.

Mathematically related systems. In this paper, we study (1.1) both analytically
and numerically. Before presenting our results, we compare (1.1) to related prob-
lems, namely double cross-diffusion and haptotaxis systems. Under the assumption
that the graffiti densities equilibrate instantly (and that f = g = id), Ref. 6 reduces
(1.1) to the two-component system

(1.2)

ug = DyAu+ x, V- (uVo),
ve = DyAv + X,V - (vVu),

(with positive parameters), which can also be interpreted as a model for gangs
directly repelling each other, and proves a weak-stability result as well as conver-
gence of weak solutions (if they exist) to constant steady states under a smallness
condition. A key difficulty in establishing even a local solution theory for (1.2) for

large data consists of the nonpositive definiteness of the diffusion matrix (D“ ’B“Uu)

XvV
DD,

whenever uv > . Nonetheless, global existence results have recently been

u v
obtained which, however, either need to require a certain regularization®?® or can

only guarantee solution properties within the parabolic regime.%

The problem that a diffusion matrix is not positive definite can be overcome in
multiple ways, for instance by replacing linear diffusion with porous medium-type
diffusion, e.g. Au and Av by V- (uVu) and V- (vVwv), respectively. Indeed, for such
a system, global, locally bounded weak solutions exist as long as D, D, > XuXo,
see Ref. 44 and also its precedent Ref. 45. Moreover, one can also consider (1.2)
with YuX» < 0, which then models pursuit-evasion dynamics.%? Again the diffu-
sion matrix is positive definite as long as both components are non-negative but in
contrast to the repulsion-repulsion problem with degenerate diffusion above, appar-
ently there only exists a single quasi-energy functional and the a priori estimates
thereby gained only suffice to construct global weak solutions in the one-dimensional
setting®® 1: in the higher-dimensional case, global weak solutions are only known
to exist if the diffusion is sufficiently enhanced or the taxis is saturated.?® Further-
more, homogeneous steady states of (1.2) with x,x, < 0 are asymptotically stable
in the sense that global classical solutions emanating from nearby initial data (exist
and) converge to these equilibria.?”

Another way of regularizing (1.2) consists in replacing the cross-diffusive con-
tributions with smoother functions; that is, in considering

(1.3)

ug = Dy Au+ x, V- (uV (K *v)),
vy = DyAv + X,V - (VV(K * u)),

where K denotes a spatial averaging kernel, for instance. (If K is the Dirac
delta distribution, one again obtains (1.2).) The system (1.3) can inter alia be
used to describe territorial formations of various animals which remember direct

108



Math. Models Methods Appl. Sci. Downloaded from www.worldscientific.com

by CHARLES UNIVERSITY IN PRAGUE on 07/01/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

4 M. Fuest & Sh. Heydari

encounters®?; for existence results we refer to Refs. 31, 38 and references therein.
Moreover, for the case when K is Green’s function for —A + 1 with Neumann
boundary conditions, i.e. when K x ¢ is the solution 9 of the elliptic equation
—AY + Y = ¢ in Q with 9,1 = 0 on 9€), and when y,x, < 0, global classical
solutions of (1.3) are constructed in Ref. 47. For related systems where the signal
equations are parabolic, see for instance Refs. 51 or 64.

In contrast, while the indirect mechanism in (1.1) entails for instance that space—
time bounds for f(v) and g(u) imply uniform-in-time a priori estimates for w and
z, the third and fourth equations in (1.1) do not regularize in space at all. Thus,
mathematically, (1.1) is related to haptotaxis problem such as

ur = DyAu — V- (ux, (v) Vo),
v = —uw,
studied for instance in Refs. 17 and 18. These systems share the challenge of con-

trolling cross-diffusion terms involving spatial derivatives of the signal(s) without
relying on spatial regularity gained due to diffusion terms in the signal equation(s).

Main analytical results. For our global existence result regarding (1.1), we need
to require that

f,g € C*]0,00)) N L>®((0,00)) are non-negative. (1.4)

(However, Corollary 1.1 and Theorem 1.2 below also apply to unbounded f, g such

as f = g =id.) A prototypical choice is given by f(s) = g(s) = 13 for s > 0, which

not only satisfies (1.4) but also guarantees that no graffiti come into existence out

of nowhere by fulfilling f(0) = g(0) = 0. For this example, the amount of sprayed
graffiti increases roughly proportionally to the corresponding gang density at that
point as long as the latter is rather small but is then limited by some positive
constant. Such a saturation effect appears to be reasonable: For large gang densities,
the amount of additional wall writings in an area may be limited by available space
rather than by the amount of gang members willing to spray graffiti.

For any such choice of graffiti production terms and any reasonably smooth
initial data, we can construct globally bounded classical solutions of (1.1).

Theorem 1.1. Let
QCR™ ne{l,23}, beasmooth, bounded domain, (1.5)

Dy, Dy, Xu, Xo > 0, f,g be as in (1.4), a € (0,1) and wg,zg € C?*T(2;[0,00)).
Then there exists C' > 0 such that for all M > 0 and all non-negative ug, vy €
C?(Q) with

{Duayuo + XuloO,wy = Dy0,vg + X002 =0 on 022, and (1.6)

ol Loe (@) + [voll e () < M,
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there exists a unique, global, non-negative classical solution (u,v,w,z) of (1.1),
which satisfies the estimates

{Hu('7t)||L°°(Q) + (- t)|[Le @) < CM, and (L.7)

[w(-; )llzee @) + 205 D)l (@) < C,
for allt > 0.

A direct consequence of this theorem, especially of the bound (1.7), is the exis-
tence of global small data solutions of the original system proposed in Ref. 2.

Corollary 1.1. Assume (1.5), let Dy, Dy, Xu, Xv > 0, let f(s) = g(s) = s for
s >0, a € (0,1) and let wo, 2o € C*T(Q;[0,00)). Then there exists M > 0 such
that for all non-negative ug,vg € C*+*(Q) fulfilling (1.6), there exists a unique,
global, bounded, non-negative classical solution (u,v,w,z) of (1.1).

Having established global existence of solutions to (1.1), a natural next question
is whether the first two components of these solutions separate. We first give a
negative answer for small initial data and show that the solutions converge toward
homogeneous equilibria. A corresponding result for the two-component system (1.2)
(with x1,x2 > 0) has already been observed for global weak solutions (whose exis-
tence, however, is not known yet) in Theorem 5.1 in Ref. 6 and also numerically in

Sec. 6 in Ref. 6.

Theorem 1.2. Assume (1.5), let Dy, Dy, Xu, X0 > 0, suppose that f,g €
C'([0,00)) are non-negative and let wy,zo € C*t*(Q) for some a € (0,1)
also be non-negative. Then there exists M > 0 such that for all non-negative
ug,vg € C?T(Q) fulfilling (1.6), there is a global classical solution (u,v,w,z) of
(1.1) fulfilling

u(-,t) =y and v(-,t) =09 in LP(N), (1.8)

w(-,t) = f(To) and z(-,t) = g(@) in WH2(Q) and in LP(Q), (1.9)
ast — oo for all p € [1,00). (Here, we have set @ := ﬁ Jo @ for o € LY(2).)

While Theorem 1.2 settles the asymptotic behavior of small data solutions,
it does not address the situation for large data; in particular, nontrivial large-
time stabilization leading to some kind of segregation may still be possible. Usu-
ally, such questions are linked to the stability of heterogeneous steady states:
For instance, related systems modeling other types of segregation such as the
Shigesada—Kawasaki-Teramoto model®® or the Cahn-Hilliard equation'¢ feature a
rich structure of heterogeneous steady states which may attract various solutions,
see for instance Refs. 39 and 48 for the former and Refs. 53 and 63 for the latter
model as well as references therein. For (1.1), however, the situation is entirely
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different: Convergence toward nonconstant smooth steady states is impossible sim-
ply because there are no such equilibria; that is, all smooth solutions of

(0 = DyAu—+ x,V - (uVw) in §,
0=D,Av+ x,V - (vV2) in €,
0=—-w+ f(v) in Q, (1.10)
0=—2+g(u) in Q,

( D0y u + xyud,w = Dy,0,v + x,v0,2 =0 on 0L,

are constant. In Proposition 4.2 in Ref. 6, this has already been shown in the two-
dimensional setting for f(s) = g(s) = s, s > 0. (In fact, there even the existence of
heterogeneous weak solutions to (1.10) fulfilling an entropy estimate is ruled out.)
We show that for many natural choices of f and g, no nontrivial smooth steady
states exist.

Proposition 1.1. Let Q C R™, n € N, be a smooth, bounded domain, let f,g be
non-negative, real analytic functions on (—e,00) for some € > 0 and suppose that
(u,v,w,z) € (C*(Q))* is a non-negative classical solution of (1.10). Then u,v,w
and z are constant.

This leaves open the question whether separation may occur at all. However,
Proposition 1.1 does not rule out the most drastic way of separation, namely
convergence toward multiples of characteristic functions of disjoint sets. Likewise,
other forms of large-time behavior involving infinite time gradient blow up are not
excluded either.

Numerical simulations. As answering the question whether the gangs may sep-
arate analytically appears to be very difficult, we instead perform numerical exper-
iments which not only address the asymptotic behavior of large-time solutions but
also generally illustrate the evolution of gang densities throughout time for various
parameter regimes.

Cross-diffusion systems such as (1.1) can be considered as representatives of
diffusion—convection-reaction equations (DCR) in computational fluid dynamics
and often standard discretization methods for approximating the numerical solu-
tions of DCR equations produce spuriously oscillating solutions whenever the
convection is much larger than diffusion or reaction. Consequently, a vast vari-
ety of stabilization techniques has been introduced over the years to overcome
these problems. The most popular among them is the streamline upwind/Petrov—
Galerkin (SUPG) method introduced in Ref. 13, for which another stabilization
acting in crosswind direction has been added by nonlinear so-called spurious oscil-
lations at layers diminishing (SOLD) methods.?® Local-projection stabilization
(LPS) schemes,® unusual stabilized finite element methods,?® Mizukami—Hughes
method,*® Galerkin-Least-Square methods®* are among the other methods which
have also been developed for stabilizing DCR problems in the convection-dominated
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regime. While all the aforementioned approaches attempt to stabilize the finite
element method by adding additional terms to the Galerkin finite element dis-
cretization, flux-corrected transport (FCT) schemes have been developed!!s 40742 a5
a different technique which is a nonlinear scheme working on the algebraic level by
modifying the algebraic equation obtained from the Galerkin finite element method.
Stabilization methods were further investigated and developed for time-dependent
DCR models, see for instance Refs. 15, 24, 36 and 37, to just mention a few. How-
ever, most of these finite element stabilization techniques deal with the cases where
the convection terms are linear and their implementation to nonlinear convection
terms still calls for further investigation. To this end, applications of finite element
flux-corrected transport method (FEM-FCT) have been studied in Refs. 55-57 for
Keller—Segel models; Ref. 33 considered a different model containing chemotaxis—
Stokes equations and analyzed the error in Ref. 21, and the analysis of the solvability
and positivity preservation of the FEM-FCT for a model of cancer invasion has
been studied recently.3?

Accordingly, it is not surprising that also for the double cross-diffusion sys-
tem (1.1) studied in this paper, standard discretization schemes such as Galerkin
finite element method give rise to nonphysical oscillations leading to negative val-
ues in the approximate solutions when the sensitivity magnitudes x, and y, of
the strongly nonlinear convection terms are large. Thus as a remedy, we employ
a high-resolution nonlinear FEM-FCT to reduce the oscillations and preserve the
positivity of the solution. Moreover, we deal with strong nonlinear coupling in the
system and nonlinearity of the proposed scheme simultaneously using a fixed-point
iteration.

To answer the question whether the gangs’ populations separate from each other
or not, we perform a series of numerical experiments using our newly designed algo-
rithm which is implemented in finite element library deal.IL.* ® We show that for
small values of y, gang populations stay completely mixed and that the approx-
imate solutions converge toward constant steady states, see Sec. 6.1.1. However,
both partial and complete separation is observed for large values of y, see Secs. 6.1.2
and 6.1.3. Moreover, we compare our outcome with the reported results for the
two-component version of (1.1) (see Ref. 6) and a related agent-based model.? 3

Plan of the paper. This paper is organized as follows. Following a brief local exis-
tence result in Sec. 2, Sec. 3 establishes various a priori bounds which eventually
allow us to prove global existence of solutions, i.e. Theorem 1.1 and Corollary 1.1.
Next, Theorem 1.2 and Proposition 1.1, that is, statements on the asymptotical
stability and existence of steady states, are derived in Sec. 4. In Sec. 5, we first dis-
cretize the system using the -method in time and a Galerkin finite element scheme
in space and then enforce the positivity using the FEM-FCT scheme whenever the
Galerkin method fails. We demonstrate the numerical results for different choices
of parameters and study the convergence of our proposed method with respect to
time step and mesh in Sec. 6.
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2. Local Existence of Classical Solutions to a Transformed System

As the third and fourth equations in (1.1) do not regularize in space, the graffito-
taxis terms in the first two equations are particularly challenging to deal with. To
overcome this issue, we introduce the transformations

—— Suw —— Evz .— Xu —— Xv
a = ue and b = ve Where = and =
9 5“ Du gU D,U 9

variations of which have been already used for the analysis of several haptotaxis
systems (cf. Refs. 22 and 25 for early examples). Indeed, as

ar = ues 4 £ wpuetV
= etV - (D, V(ae ") + y,ae” " Vw) + £, wia
= Dye* "V - (e Va) — Luaw + Euaf(v),
and likewise
by = D,e5*V - (e 5*Vb) — &bz + E,bg(u),

in Q2 x (0, 00) whenever (u, v, w, z) is a global (classical) solution of (1.1), the system
(1.1) is equivalent to

(a; = D,ef+V - (e 5" Va) — Euaw + Euaf(be™%)  in Q x (0,00),
by = D,e*v*V - (e752Vb) — £,bz + £,bg(ae™5+v) in Q x (0, 00),
wy = —w + f(be~5v%) in Q x (0,00), (2.1)
2z = —2 + g(ae~8W) in Q x (0, 00),
o,a=0,b=0 on 99 x (0, 00),
L (a,b,w, 2)(+,0) = (ao, by, wo, 20) in €,
where ag = upe*™° and by := vpet*?. For this transformed system we have the

following local existence result.

Lemma 2.1. Let Q C R", n € {1,2,3}, be a smooth, bounded domain, let f,g be
as in (1.4), « € (0,1) and

ag, by, wo, zo € C*T*(Q)  with O,a0 = d,by = 0 on ON. (2.2)
Then there exists Timax € (0,00] and a unique quadruple of non-negative functions
(a,b,w,z) € (C*T1F2(Q x (0, Timax)) N CHQ X [0, Timax)))%,
with

(Va, Vb, Vw, Vz) € (CH(Q x [0, Tinax)))*,
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solving (2.1) classically with the property that if Tmax < 00, then

timsup(fa(-, 1) v @ + I Oll s ) = 0. (23)

max

for all & € (0,1).

Proof. This can be shown by means of a fixed-point argument and parabolic reg-
ularity theory, see for instance Lemma 2.5 in Ref. 29 or Lemmata 2.1 and 2.2 in
Ref. 59 for details. O

3. Global Existence and Boundedness

In this section, we always assume that

2 is a smooth bounded domain in R", n € {1,2,3} and f, g are as in (1.4).
(3.1)

In order to prove that the solution constructed in Lemma 2.1 is global in time,
we need to show that (2.3) does not hold for some & € (0, 1); that is, that all solution
components remain bounded in C?T%(Q). This is achieved by a series of a priori
estimates, which in part rely on previously established bounds. In particular, in
Lemma 3.5 we apply Lemma 3.4 (and hence indirectly also Lemmata 3.1-3.3) to the
solution of (2.1) with initial data (a, b, z, w)(-, to) for some ty € (0, Tiyax). Therefore,
we need to carefully track the dependency of the constants in the estimates below
on the initial data and thus introduce the condition

laol| o) < M,

boll () < M,
20, bos w0, 70 Fulfill (2.2) for some a € (0,1) and | °1FTD S

(3.2)

lwol| o= () < L,
lzollLoe () < L,

for M, L > 0. That is, for fixed M, L > 0, the constants given by Lemmas 3.1-3.4
do not depend on the precise form of the initial data, provided those fulfill (3.2).
Also, the constants in the former three lemmata may not depend on M.

3.1. L°° estimates

We start with two rather basic estimates, namely L*° bounds for the last two and
L! bounds for the first two equations in (1.1). Already at this point we make use
of the fact that (1.4) contains boundedness of f and g.

Lemma 3.1. Assume (3.1) and let L > 0. Then there exists Cy > 0 such that for
all M > 0 and all initial data satisfying (3.2), the corresponding solution (a, b, w, z)
of (2.1) given by Lemma 2.1 fulfills

|lw(,t)||zee) < C1 and  ||z2(,t)||pee) < C1 for allt € (0, Tnax).  (3.3)
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Proof. The functions w := max{||wollr=), [|fllz=(0,00)} and z :=
max{ |20 o= () [|9]| Lo ((0,00)) } are bounded supersolutions of the third and fourth
subproblems in (2.1), respectively. Moreover, both w and z are non-negative by
Lemma 2.1. O

Lemma 3.2. Assume (3.1) and let L > 0. Then there exists Cy > 0 such that for
all M > 0 and all initial data satisfying (3.2), the corresponding solution (a, b, w, z)
of (2.1) given by Lemma 2.1 fulfills

||a(-,t)||L1(Q) S CQM and ||b(,t)||L1(Q) S CQM for all t € (O,Tmax).

Proof. Integrating the first equation in (1.1) shows that [,u(-,t) = [,uo for
t € (0, Tinax). With Cy as given by Lemma 3.1, the definition of a thus implies

/ a(-,t) = / (uetsv) (-, 1) < efuC / ug < M|Q|es«C1 for all t € (0, Tmax).
Q Q Q
The bound for b can be derived analogously. O

As to L* bounds of a and b, we note that
a(x,t) == [lag|| e (et W e=woen and Bz, ) i= [[bo|| poe (yeSrilole=coon,

(x,t) € Q x [0, Tinax), are supersolutions of the first two subproblems in (2.1) and
that accordingly a and b are bounded locally in time. However, by employing testing
procedures and a Moser-type iteration (following Refs. 1 and 58), we are also able
to obtain L°° bounds which are not only time-independent but which additionally
depend favorably on M as well.

Lemma 3.3. Assume (3.1) and let L > 0. Then there exists C's > 0 such that for
all M > 0 and all initial data satisfying (3.2), the corresponding solution (a, b, w, z)
of (2.1) given by Lemma 2.1 fulfills

la(-,t)||Lee () £ CsM  and  ||b(-, )| oo () < C3M, (3.4)

for all t € (0, Tinax)-

Proof. We fix initial data satisfying (3.2) and the corresponding solution (a, b, w, 2)
of (2.1) given by Lemma 2.1.

Moreover, by a quantitative version of Ehrling’s lemma proved in Lemma 2.5 in
Ref. 26, there exist ¢; > 0 and g > 0 such that

2D e_fucl 2
0219/ P> < “—/ Vel + crp (/ Isol) :
Q p Q Q
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for all ¢ € W2(Q2) and all p > 2, where ¢ := &, || f| Lo ((0,00)) + 1 and where C is
given by Lemma 3.1. For p > 2 and T' € (0, Tynax), we can thus calculate

d
dt /o,

:p/e_guwap_lat_é‘u/‘e_éuwapwt
Q Q

= —Dup/ e_fuwva . Vap—l _|_£u(p_ 1)/ e—éuwap(_w+ f(be—ng))
{2 Q

4D, (p — 1)e &1 p
_ (p 2)6 / Vaz|? + ca(p — 1)/ e SugP
b Q Q

2D efé-ucl
< —cz/ e SutqgP — u—/ |Va§|2+62p/(a
Q b Q Q
2
Q Q

2
< —02/ e~ WaP 4 e pt sup (/ ag(-,s)> in (0,7),
Q s€(0,T) Q

which in combination with an ordinary differential equation (ODE) comparison

e_guwap

IN

[N

)2

argument implies

2
c1pt D
/(e_guwap)(-,t)gmax /e_&‘woag, 1P sup (/ a?(-,s)) ,
Q Q €2 se(0,T) Q

for all T € (0, Tmax), all t € (0,T) and all p > 2. Setting c3 := % max{1, £}, we

thus obtain
2
/ap(-,t)§03max /ag, p" sup (/a (-,s)) , (3.5)
Q Q s€(0,7) \JQ

for all T' € (0, Timax), all t € (0,7) and all p > 2. We next set

(NS

pj =21 and A;(T):= S(l(l)pT) la(-, )| Lri(q) for j € Nog and T' € (0, Tinax),
se (0,

so that with ¢; := c3max{1, ||} and as the condition |lag|lp~) < M in (3.2)
1
implies ||agl|ri () < |77 M < max{1, |Q|}M, we further infer from (3.5) that
1
Aj(T) < max{esM, (c3pf)? Aj—1(T)} for all j € N and T € (0, Tinax)-

We now fix T € (0, Tinax)- If there are infinitely many j € No with A;(T) < ¢4 M,
then

||a||Loo(QX(O7T)) = hm inf Aj (T) S C4M. (36)
j—

o0
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Else there exists jg € Ng such that
AJ(T> < (C3p7)?jAj_1(T) for aﬂ] > Jo. (37)

(We note that while jo may depend on the initial data, the constant C3 defined
below will not.) Choosing jo minimal, we can moreover assume that

A (T) < max{Cs, ca} M, (3.8)

where C5 is as in Lemma 3.2. (That lemma guarantees Ay(7") < CyM.) By induction
and as p; = 27 for j € N, (3.7) implies
AT < [T (eapl)oe | Ajy = eg®rmsonn® 2 2o B0 4

for all j > jg. In combination with (3.8), we arrive at

||a||L°°(Q><(O,T)) — j]ggo Aj (T) < ngzo=j0+l o~k . 9K Z?:jo-s-l Lo~k ' Ajo

oo —k e =] —k
< 032"3:02 . QK Do k2 . maX{C’g, 04}M =: C5M.

Together with (3.6) this implies ||al| o x (0,7)) < C3M for all T € (0, Truax), where
C3 := max{cy, c5}. Letting T' 7 Tinax, we obtain the first statement in (3.4), while
the second one follows upon an analogous computation for the second solution
component of (2.1), possibly after enlarging Cs. O

3.2. Gradient estimates

Our next step toward showing that (2.3) cannot hold consists in deriving uniform-
in-time L* estimates for Vw and Vz. To that end, we follow a technique introduced
in Lemmata 3.13-3.15 in Ref. 59 for a haptotaxis system. As a preparation, we first
note that the time regularization in the third and fourth equation in (2.1) implies
that space—time gradient estimates for a and b imply uniform-in-time gradient esti-
mates for w and z.

Lemma 3.4. Assume (3.1) and let L,M > 0. Moreover, let Ty > 0 and p €
(1,00). Then there exists Cy > 0 such that for all initial data satisfying (3.2), the
corresponding solution (a,b,w, z) of (2.1) given by Lemma 2.1 fulfills

[ vutor+ [ =60

§C4(/ngJr/ng+/0t/Q|Va|p+/Ot/Q|Vb|p), (3.9)

for allt € (0,T), where T := min{Ty, Tiax }-
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Proof. We again fix initial data satisfying (3.2) and the solution (a, b, w, z) of (2.1)
given by Lemma 2.1. By Lemma 3.3, we can find C3 > 0 such that a,b < C3M

in Q x (0,7). Since according to the variation-of-constants formula we may write
w(z,t) = e two(z —i—fO ~(t=9) f((be=¢%)(, 5))ds for (x,t) € Qx (0, Tiax), we have

[vutop <2t [ evup sz [ e T (f((be ) (- )P d

t
< 2p1/ [Vwol? + 2p1||fl”co([0’CSM])/ / |V(be*§vz)|p’
Q 0 JQ
for t € (0,7). As
[V (bem82)P < 27 tem P2 |VbJP + 207 HepbPem 7 VP
< 27N VbP 4+ 2P IECEMP V)P in @ % (0,T),

and together with an analogous argumentation for [, |Vz(-,t)[?, we can conclude

[ vut.or+ [ [w=cop
([ 1w+ [waes [ [ rvars [ [ o)
+CQ/Ot (/wau/(zwzw),

for t € (0,7T), where

¢ := max{2""", 2% 72|| f'|| co 0.0 m1)» 27 2119 | oo, 1) )

and

ey 1= 22 CEMP max{€8 || f'l| coqpo,cnmy €LY llco 0,00 }-

Thus, Gronwall’s inequality asserts the statement for Cy := cye270. O

In order to show that the right-hand side in (3.9) is bounded for p = 4, we con-
sider the evolution of the function 3 ([, [Va|*>+ [, |Vb[?). As it turns out, however,
we can only control its time derlvatlve on small timescales and thus aim to derive
estimates in (fg, Tmax) for to close to Tinax (Which may be assumed to be finite for
the sake of contradiction) only. To that end, it is crucial that Lemma 3.3 provides
L estimates for a and b in terms of the L>°(2) norm of ag and by, as we then may
apply Lemma 3.4 to the solution with initial data (a, b, w, 2)(+, tp) without worrying
about the dependency of the constant C4 thereby obtained on .

Lemma 3.5. Assume (3.1) as well as (3.2) for some L,M > 0 and denote the
solution of (2.1) given by Lemma 2.1 by (a,b,w, z). Moreover, let T € (0, Tiyax| N
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(0,00). Then there exists C5 > 0 such that

/|Vw(-,t)|4+/ Ve < Cs forte (0,T). (3.10)
Q Q

Proof. It follows from the Gagliardo—Nirenberg inequality (that is, from Ref. 50;
or, more directly, from Lemma A.3 in Ref. 27) that there is ¢; > 0 such that

max{D,, Dy} 4 ) , \
mln{Du,D}/|V¢| < a (/QIAsOI el Ze ) + Crll@lfo (),  (3.11)

for all p € C%(Q) with 9, = 0 on 9. Moreover, we let C; and C3 be as given by
Lemmas 3.1 and 3.3, respectively. Then (3.11) and Lemma 3.3 imply

/|Va|4+/ IVb|* < C2M?c, (/ |Aa|2+/ |Ab|2) +205M*c;.  (3.12)
Q Q Q Q

Next, we apply Lemma 3.4 (with M = CsM, L = Cy, Ty = 1 and p = 4) to obtain
(/Jz > 0 with the property that whenever a quadruple of functions (ay, l;), wo, Zo) sat-
isfies (3.2) with M replaced by Cs M (and (ag, by, wo, zo) replaced by (ap, IZ), wo, 20)),
then the corresponding solution (a,Z, w,z) of (2.1) with maximal existence time
fmax given by Lemma 2.1 fulfills

| vacor+ [ vacor
é@(/Q@H/Q(z?})u/ot/g|va|4+/0t/g|vz|4),

for all t € (0, max{1, Tiax}). Setting D := min{Dy, Dy}, X := max{xu, Xo}, & := x

1
to ;= max< 0,7 — — T —15, (3.13)
16€4C§C4M4C%

as well as co 1= Ca( (Jow(-st0) + [, 2*(-,t0)) and recalling that classical solutions
of (2.1) are unique by Lemma 2.1, we can conclude

t t
/|Vw DIt + /|Vz ‘<t G (/ /|Va|4+/ /|Vb|4>, (3.14)
to Q tO Q

for all t € (to,T). Since D,e*+¥V - (e~¢«*Va) = D,Aa — x,Va - Vw, testing the
equation for a with —Aa and applying Young’s inequality thrice gives

2
2dt / [Val

= — 2 . — _ —&uz
DU/Q|ACL| —f—Xu/Q(VCL Vw)Aa ﬁu/Q( aw + af(be”>"%))Aa
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IN

D, 2
__/ |Aa|2+xf/ |va|2|vw|2+£_/ a2(w+f(be_€vz))2
2 Ja Q D Jq

D D
<= [ Ad? + —yr— 426 DO M / !
<=5 [ 180P + g [ IVal' 26t DCie [Vl e

CZM

2
n (0,7), where c3 := d (C1 + (| fll Lo ((0,00))) %€ By integrating in time from
to to t and noting that T' — ty < 1, we obtain

[ wato - [ 1¥at )+ . / [ 180

D t
< Va|* +4*DC2M?ci (t — t
X sup /|Vw(-,s)|4+203, (3.15)
Se(to,t) Q

for all t € (to,T). Likewise, there is ¢4 > 0 such that

t
/ V(1) — / Vb, t0) + D, / / Ab[2
Q to JQ

D t
< bl* + 42 DO M?ci(t — t
< sz | [ I9bt et DO )

X sup /|VZ 8)[* + 2¢4, (3.16)
SG(to,t)

for all t € (to,T). By (3.15), (3.16), (3.14), (3.13) and (3.12), we therefore have

/|Va(-,t)|2+/ |Vb(-7t)|2—/ Va(-,to)? /yw o)]?
Q Q Q
t t
+Du/ /|Aa|2+Dv/ / AbJ?
Q
4 ‘ 4 4 2 2
< _
< 402M261 (/ / Val /tO/Q|Vb| >+4g DC2M?c (t — t)

< sup ( [1wutor [ |vZ<',s>|4)+2<c3+c4>
s€(to,t) \JQ Q

D 4 2 A s2
< (—4C§M201 —|—4€ DCBC4M Cl(T—to))

J

<D/(2C3M?3cy)

t t
([ e | o) oo
to Q to Q
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t t
gDu/ /|Aa|2+Dv/ /|Ab|2
to JO to JO
D t t
__b Va4—|—//Vb4)+c,
2C§M201 </to/9| | to Q| | ‘

for t € (to,T), where c5 := 46*DCZM?c1c3 + 2¢3 + 2¢4 and cg = c5 + 2DCEM?.
By Beppo Levi’s theorem, this implies

4 4 202 M?
[ et [ ] o< 2S5 ([ 9ata [ 9P ).
to Q to Q Q Q

Another application of Lemma 3.4 then shows that the desired estimate (3.10) holds
for all t € (tp,T) and some Cs > 0, while the inclusions w,z € C'(Q x [0,t])
trivially entail (3.10) also for t € [0, tg] (possibly after enlarging C'). a

3.3. Solutions are global in time: Proof of Theorem 1.1
and Corollary 1.1

With Lemma 3.5 at hand, globality in time can be shown as in Lemma 2.14 in
Ref. 29 (or Lemma 2.2 in Ref. 59): Parabolic regularity theory rapidly upgrades the
bounds implied by (3.3), (3.4) and (3.10) to Holder estimates.

Lemma 3.6. Assume (3.1) as well as (3.2) for some L, M > 0. Then the solution
(a,b,w, z) given by Lemma 2.1 is global in time; that is, Tmax = 00.

Proof. Suppose Tiax < 00. We rewrite the first two equations in (2.1) as
a; = DyAa — x,Va-Vw+1, and b, = D,Ab— x,Vb-Vz+ 1,
in 2 x (0,00), where
Yo = —Ewaw + Euaf(be %) and ¢y, = —&,bz + Eybg(ae™ "),

As a, b, w, z belong to L (2 X (0, Tinax)) by Lemmas 3.3 and 3.1, so do )1, 1. Also
recalling (2.2) and Lemma 3.5, we may thus apply (a consequence of) maximal

Sobolev regularity (cf. Lemma 2.13 in Ref. 29) to obtain ¢; > 0 such that
IVall L2 (0, an)izoe @) + VO L12((0, 10520 () < €1
According to Lemma 3.4, there then exists co > 0 with

VWl Lo (0, Tmax)iL12(2)) IV 2] Lo (0, Tman)iL12(2)) < C2-

This allows us to again invoke Lemma 2.13 in Ref. 29 to obtain c3 > 0 such that

latll Lz @y + |1Aallpr2(r) + 10t L2 (@ry + |1Ab] 12(gr) < 3,

where Qp := Q X (0, Tnax). Thus, by Lemma I1.3.3 in Ref. 43 there is ¢4 > 0 such
that

el

y 1ol ca,

<
C15 3% (%[0, Tinax 38 (@x[0,Tinax]) —

which contradicts the exten81b1hty criterion in Lemma 2.1. O
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Theorem 1.1 follows now easily from the lemmata above.

Proof of Theorem 1.1. That the solution (a,b,w,z) of (2.1) constructed in
Lemma 2.1 is global in time has been asserted in Lemma 3.6. Upon setting
u = ae"**" and v := be %" we also obtain a global classical solution of (1.1)
which due to Lemma 3.3, the evident estimates v < a, v < b in Q x [0,00) and
Lemma 3.1 moreover fulfills (1.7) for some C > 0. a

Finally, we show that Theorem 1.1 allows for a quick proof of Corollary 1.1;
that is, of the existence of small data solutions for (1.1) with f(s) = g(s) = s for
s> 0.

Proof of Corollary 1.1. We let €2, o and wq, 2y be as in the statement of Corol-
lary 1.1. Moreover, we fix a non-negative cutoff function ¢ € C°°([0,00)) with
((s) =sfor s € [0,1] and ¢ = 2 in [2,00). Then f = § = ¢ fulfill (1.4), so that for
each M > 0, Theorem 1.1 provides us with a unique, global, bounded, non-negative
classical solution (u,v,w, z) of (1.1) (with f and g replaced by f and ) and C > 0
such that (1.7) holds. In particular, if M < %, then u,v < 1 so that in that case
(u,v,w, z) also solves (1.1) with f(s) = g(s) = s for s > 0. a

4. Smooth Steady States

While for all M, My > 0 the tuple ((My, Ma, f(Ms), g(M;)) forms a smooth steady
state of (1.1), the conservation of mass for the first two solution components implies
that these steady states may appear as limits only for the choices M; = uy and
Ms = vp. In Sec. 4.1, we prove Theorem 1.2; that is, that this equilibrium indeed
attracts solutions whenever the initial data are small.

The asymptotic behavior of solutions not covered by Theorem 1.2 will be a main
aspect of our numerical experiments performed in Sec. 6. Analytically, we can at
least rule out stabilization toward nonconstant smooth steady states: We show that
there are no such equilibria in Sec. 4.2.

4.1. Convergence to homogeneous steady states for small
data: Proof of Theorem 1.2

Theorem 1.1 already contains a key step of the convergence proof, namely the fact
that smallness of ug and vy implies smallness of u and v for all times. With these
estimates at hand, we can show that

vime [P +e [ 0=

+ [ = s@p+ [ 1voP+ [ G- g+ [ Va2
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(for suitably chosen ¢ > 0) is a subsolution of a homogeneous ODE of the form
y' = —c'y for some ¢ > 0 and hence converges exponentially fast to 0.

Proof of Theorem 1.2. We fix 2, D,, Dy, Xu, Xv, f» 9, @, wg and zy as in the
statement of Theorem 1.2. By the Poincaré inequality, there is ¢; > 0 such that

/(gp _P)P < cl/ V2 for all € WH2(Q), (4.1)
Q Q
and due to the assumptions on f and g, there is ¢o > 0 such that

| lcooy <2 and g |lcogo,a)) < co (4.2)

As in the proof of Corollary 1.1 we fix ( € C*°([0,00)) with ((s) =1 for s € [0, 1]
and ¢ = 2in [2,00). Since f:=C(fand g := (g fulfill (1.4), Theorem 1.1 asserts that
there exists c3 > 0 such that for all M > 0 the following holds: If ug, vg € C?T(Q)
are non-negative and satisfy (1.6) for some M > 0, there exists a global, non-
negative classical solution (u,v,w, z) of (1.1) (with f, g replaced by f,§) with

H/U/HLOO(QX(O’OO)) < Mcs and H’UHLOO(QX(O’OO)) < Mecs. (4.3)
We choose M > 0 so small that

1 3c3 max{cy, 1}

, 175, where ¢4y := — ,
l)%_i} } min{D,,, D,}

(4.4)

ﬁl\?

M?c3 < min
4cq max{F-

and fix non-negative ug,v9 € C?T%(Q) fulfilling (1.6) as well as the solution
(u,v,w, z) of (1.1) (with f, g replaced by f,§) given by Theorem 1.1. We note that
(4.3) and the second estimate contained in (4.4) imply u,v < 1 in Q x [0, 00). Thus,
(f(w),3(v) = (f(u),g(v)) in Q x [0,00) and (4.2) results in

max{|f'(u)l, |¢'(v)]} < ez in @ x [0, 00). (4.5)

By testing the first equation in (1.1) with u — %y, and making use of Young’s
inequality, (4.3) and (4.1) (we note that integrating the first equation implies
Jou(-t) = Jquo for all t > 0, so that (4.1) is indeed applicable), we obtain

1d

o Q(u—ﬂo)2:—D /|Vu|2 /UVU Vw

3Dy o M CgXi/ 2
< —
< - /Q]Vu| - D, |Vw|

M2
= /|VU|2 401 (u_u0)2+ ngu/Ww!Q
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n (0, 00). Moreover, testing the third equation in (1.1), namely w; = —w + f(v) =
—(w—f(vg))+ f(v) — f(Wo), with w— f(7y) and Young’s inequality, the mean value
theorem and (4.5) yield

1d

2dt Q(w— f(@))? = —/Q(w — f(99))? +/(f(v) — f@o))(w — f(To))

Q

<=5 [w=r@2+ 2 [@-m)7 in.0),

while testing the same equation with —Aw gives

th/ IVl = /|va2 /f Vo Vw<——/ IVl + /|W|2

n (0,00). Analogously

1d M?2c2y
I _ <__ 2 i 2 3 v/ 2
551 0= Jver =22 [ =m0+ VP,

and

s (s + [19s) <= [ gt + 2 [ w-mp
5 [ver+ 2 [ v

hold in (0,00). Recalling (4.4), we conclude that the function y: [0,00) — [0, 00)
defined by

y(t) == %/ﬂ(u—ao)2+%/g(v—ﬁo)2

©3 = 17 g e otm e [ 9uP g [ 19sF

for ¢ > 0 fulfills
2
(mm{Du,D e 5) ( u— )% + / (v —%)2)

mln{Du,D yes _% (/ Vul? + /\Vvl2>
R

1 2 2
— (5 —M%yunax{%,%}) (/ |Vwl|? + / |Vz]2)

< —cs5y in (0,00),
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where c5 := min{ & 11, Thus, y(t) < e~!y(0) — 0 for t — oo. This entails

2c47 2

(1.8) and (1.9) for p = 2, upon which the claims for p € (2,00) follow from
p—2 2

(4.3) and the interpolation inequality |[¢llrr) < lloll % o) ll#ll72(q), valid for

all o € L>(Q). O

4.2. Lack of smooth heterogeneous steady states

We now show that all smooth steady states of (1.1), that is, solutions to (1.10),
are spatially homogeneous, provided f and g belong to |J..,C*((—¢,00);[0,00)).
In a rather straightforward manner, this result can be extended to wider classes of
functions f and g, but as the prototypical choices mentioned in the introduction
are covered by Proposition 1.1, we confine ourselves to analytical functions f and
g, for which the proof is particularly short.

Proof of Proposition 1.1. Inserting the third and fourth equation in (1.10) into
the first two and the last equations therein yields

0=Au+& V- (uVf(v)) inQQ,
0=Av+&, V- (vVg(u)) in Q,

Oyu ~+ &uud, f(v) =0 on 02,
0,v + oy g(u) =0 on 0f,
where we have again set §, := §* and &, := §§*. Due to the supposed regularity of
u and v, Lemma 4.1 in Ref. 12 asserts that there are «a, 5 € R such that
u=oae"fW) and v =ge 9w inQ, (4.6)
so that in particular
w=ae S f(Bem )y (4.7)

Both (—¢,00) 3 s +— ae=Suf(Be™7) anq (—e,00) 3 s — s are analytical functions
on (—e,00) for some £ > 0. As the former only vanishes at 0 (and then every-
where) if o = 0, these functions differ. Therefore, the set S = {s € (—¢,00) | s =
ae_guf(ﬂefgvg@))} is discrete by the identity theorem. According to (4.7), the image
of the continuous function u: Q — R is contained in S, which is only possible if u
is constant. Recalling (4.6), we conclude that v is constant, whenceupon the third
and fourth equations in (1.10) direct imply that also w and z are constant. O

5. Numerical Method
5.1. Galerkin approximation

In this section, we will give the details on the implicit finite element discretiza-
tion for solving the problem (1.1) numerically. A finite element discretization of
the system (1.1) is based on its weak formulation, which reads: Find u,v,w,z €
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L>°(0,T; L*(Q)) N L2(0,T; HY(Q)) with ug, ve, wy, 2, € L*(0,T; (H(Q2))*) for given
u®, 00, w?, 2% € L2(Q) such that a.e. in (0, 00) we have

(ug, ) = —Du/ Vu - Vipdr — Xu/ uVw - Vipdz,
Q Q

(v, ) = —DU/ Vv - Vidr — Xv/ vVz - Vipder,
Q Q

(wy, ) = — /Q wipdx + /Q f(v)de,

(o) = — /Q iz + /Q g(u)pdz,

for all 1p € C°°(€2). Here, (-, -) represents the duality pairing between (H!(£2))* and
HY(Q).

To define a finite element discretization of problem (1.1), we first consider Tp,
a uniformly regular triangulation of €2 with a mesh size h. Then we construct the
finite element space X}, consisting of continuous piecewise multi-linear functions

X,={pc H (Q);¢|x € Qu(K),YK € T}, Zn=X,NH;(Q),

with basis functions v;, j = 1,..., M, such that X}, = span{v;}, where M is the
number of degrees of freedom and (), is a space consisting of piecewise multi-linear
functions. Any function u;, € Xj can be written in a unique way with respect to
these basis functions as

M
up = E u; Yy,
Jj=1

and hence it can be identified with the coefficient vector u = (uy,...,upn); vp, Wh,
and z, can be defined similarly. Next, let 0 = 5 < t; < --- < ty = T be an
equidistant decomposition of the time interval [0,T] with At = t"T1 — " n =
0,...,N — 1. We use up, vy, wy, 21, € X} to denote the approximation of the
solutions at each time level t". Furthermore, an important feature of the considered
system consists in the nonlinear terms and coupling between the equations, so that
a fully implicit discretization leads to a coupled nonlinear algebraic system. We
compute the solution of this nonlinear problem using fixed-point iterations. As a
result, after applying the usual approach for deriving a Galerkin finite element
scheme for space discretization, considering the #-method for time discretization,
and using a fixed-point iteration to treat the nonlinear terms in the system the
linearized algebraic form corresponding to the system (5.1) reads as

(M + 0 At AP Pyt = (M — (1 — 0)At A™")u”, (5.2)

(M + 0 At AT v = (M — (1 — ) At A™Y)v" (5.3)
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(14+0AOMWI T = (1 — (1 - 9)A)MwW" + At (0GTHY + (1 — 0)G™?),

(5.4)
(1+0AH)Mz T = (1 — (1 - 0)A)Mz" + At (G + (1 — 0)G™Y),

(5.5)
for § € [0,1], where wp™ = (uj ")}y, vi*th = ()L, Wit = (Wi )L
and z}"! = (z]";gl)jwzl denote the vectors of unknowns at time level t"*1 and
iteration step k,k = 1,..., and u" = (u?)éw:l, vt = (v?)jM:l, w' = (wj")JM:1 and
z" = (z}')}L, are the known solutions from the previous time level t". Setting
ugtt =un, vt = v witt = w and 20 = 27 with u® = u(x,0), v0 = v(z,0),

w' = w(x,0) and z° = z(z,0), the entries of the mass matrix, stiffness matrices
and vectors above are given by

MijZ/Q?/)j%,

AQ}T;;% =D, /Q Vb - Vb + Xu /Q ¢jvw2j€1_1-v¢i,
A" =D, /Q Vi - Vb + Xu /Q P Vwy - Vb,
AZT;:LQ; =D, /Q Vb - Vi + Xo /Q ijzZ;il -V,
A;zj,v =D, /Q ij ’ sz + XU/ijVz,’f . Vwi,
Gt = / Fp i,
Q
G = [ i,
Q
<ﬁf“=%§mﬂ%w

<#“=%gwﬁm

for i,7 = 1,..., M where v; € Z; and um;l, vzzl, wﬁ*,;l, z,?’,:l denote the fully

discrete solution functions at fixed-point step £k =1,2,....

5.2. Positivity-preserving FCT scheme

Since all components of the system (1.1) represent densities of populations or graf-
fiti, they should be non-negative, and Lemma 2.1 asserts that the analytical solu-
tions considered in the first part of this paper are indeed non-negative. Therefore,
the numerical solutions of the model problem must also be non-negative in order
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to satisfy the physics behind the system. Thus, the numerical methods should be
constructed in such a way that the qualitative properties of the exact solutions are
preserved. The standard Galerkin discretization described in the previous section
usually produces oscillatory nonpositive solutions, which leads to numerical insta-
bilities, especially when the convective part of the system is dominant. Therefore,
a stabilization has to be applied. One appropriate possibility is to modify the alge-
braic system resulting from the Galerkin discretization, which will be discussed in
the following.

The numerical behavior of the gang concentrations u and v heavily depends on
the properties of the matrices on the left- and right-hand sides of (5.2) and (5.3).
In the following, we will introduce a positivity-preserving FCT scheme following

40-42

the work of Kuzmin which can preserve the positivity of the concentrations

u at all times, the positivity of v can be obtained similarly by repeating the same
process.

Definition 5.1. A matrix A is called a Z-matrix if it has only nonpositive off-
diagonal entries, monotone if A~! > 0 and an M-matrix if it is a monotone Z-matrix.

Lemma 5.1. Consider a fully discrete system of the form
Bu"t =Ku”, (5.6)
and suppose that the coefficients of B = (bij)%-zl and K = (kij)%-zl satisfy
bi; >0, ki >0, by <0, ki >0, Vi, j=1,....,M, i #j.

If B is strictly or irreducibly diagonally dominant, then it is an M-matrix and

(1) the scheme (5.6) is globally positivity-preserving, i.e. u™*tt >0 if u™ > 0,
(2) the global discrete maximum principle (DMP) holds if > _;bi; = 32, kijVi =
1,..., M, ie.

(minu")” < u"*! < (maxu™)*,

where (maxu™)" = max{0,u"} and (minu”)~ = min{0,u"}, n=0,...,N—1.
Proof. See Theorem 4 in Ref. 41. O

For the system (5.2), which can be written as (5.6), the above properties do not
hold since the mass matrix M may contain some non-negative off-diagonal entries
and also some positive off-diagonal entries might appear in the stiffness matrices.

40-42

Therefore, as a remedy, following the work of Kuzmin, we not only replace the

mass matrix M by its diagonal counterpart, the lump matrix My,

M
M, = diag(mq,...,mpr), m; :Zmij’ i=1,..., M,
j=1
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but also add symmetric artificial diffusion matrices D} 1" = (d;fkl M_; and

D™ = (di7*)M_, to the stiffness matrices APT™ and A™ to eliminate their

non-negative off diagonal entries as

M

n+lu . n+1,u n+1 u n+l,u __ n+1,u
dij,k—l = maX{aij,k—l’ Qi o b fori#j, dij i1 = E : dij,k—17

j=1,j#i

n=0,.... N—1, k=1,2,... and
M
nau nau U
d;; —max{aw ,0, ﬂ “} ofori#£yg, dyt=-— E d;i",
=L

n=20,...,N—1.
Denoting AZii’“ An+1 “ -I—]D)ZJri " and A™% = A™% 4+ D™ the low-order form
of the (5.2) can be written as

(M + 0 ALAT Tl = (Mg, — (1 - 0)AtA™)u™, n=0,...,N—1. (5.7)

Lemma 5.2. Let the time step At satisfy

m; — (1 —0)Atal™ >0, m; +0AtZaZ+kl“ > 0, (5.8)
=1
n=20,....,N—1,k = 1,2,..., then the low-order scheme (5.7) is positivity-

preserving.

Proof. Denoting K = (M, — (1 — 8)At A™"), since M, is diagonal and A™* is a
Z-matrix the off-diagonal entries of K are non-negative and it also has non-negative
diagonal entries if the first condition in (5.8) is satisfied, thus K > 0. Now, set
B = (Mp + 0 At AZiLll ™), since ]DDZE’“ has zero row sum, if the second condition
in (5.8) holds we can conclude that B is strictly diagonally dominant and hence
nonsingular. Furthermore B is a matrix of non-negative type hence it is an M-
matrix, therefore according to Lemma 5.1, (5.7) is positivity-preserving. O
Remark 5.1. The scheme (5.7) can be simplified as
Bu"" = Ku®
where B, K € RMXM and u"t! u” € RM. Assuming that

B_IZO; KZO; IB3]:[]\/1 ZK]IM7

where I, denotes a vector with all entries equal to 1, one obtains with M =
(maxu™)* and m = (minu")~, n=0,...,N — 1 that

W =B lKu* < MB'KIy < MB !Bl = My,

W =B 'Ku" >mB 'Ky >mB !Bl =mly,
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thus that
(minu")” < u"™! < (maxu™)t, i=1,..., M,

i.e. that the DMP is satisfied. We would like to notice that due to the construc-
tion and following Lemma 5.2 the conditions B~! > 0 (B is an M-matrix and thus
invertible) and K > 0 already hold. However, without further assumptions on the
matrices AZE " and A" proving the last assumption above (which is a replace-
ment of the row-sum property in Lemma 5.1) is very challenging, see Ref. 7 for
more information.

Although the solution of (5.7) suppresses the spurious oscillations and does not
produce negative solutions, it often becomes inaccurate since the amount of the
added artificial diffusion is usually too large. Therefore, the idea of FEM-FCT is
to modify the right-hand side of (5.7) in such a way that the solutions become
less diffusive in the smooth regions while their positivity is still conserved. By
construction, the difference between (5.2) and (5.7) reads

(M, — M) (up™™ —u™) + 0 At DT a4 (1 - ) AtD™  u”, (5.9)

n=20,....,N—1,k=1,2,..., which is nonlinear since it depends on the approx-
imate solution u} ™. To be aligned with treating nonlinearities in Eq. (5.2) using
fixed-point iteration, we replace uZH by uZﬂ, which leads to

fr " = (M, — M) (upt) — a™) + 0 ALDP I w4 (1 — 9) A D™

n=20,...,N — 1, which admits a decomposition into a sum of discrete internodal
fluxes
M
B =t = e =1, M, (5.10)
j=1

. . 1 .
since the matrices DZ:’“,D”’“ and (M — M) are symmetric and have zero row

sums. Moreover, the so-called algebraic fluxes f[f,;l_ql‘ are given by

7,

11, +1,
f?;',kff = (—my; + 0 At dl}kfi)(uﬁil - U?Z;)
+ (mg; + (1 — 0)At d?ju)(u;‘ —uy).

Now, the amount of algebraic fluxes inserted into each node must be limited by
a limiter Oz?jjrkl;ul € [0,1] in such a way that in addition to keeping the numerical
solutions positive, it also controls the amount of added artificial diffusion especially
in the regions where the solutions are smooth and well resolved where a%j}cl_’“i =1

is appropriate, therefore one replaces (5.10) by

M
n+lu n+l,u pn+1l,u n+lu _ n+lu ..

f" = E :O‘ij,k—lfij,k—l» Qi1 = Qipl1y HJ =L M,
j=1
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this leads to
(M + 0 ALAT Tl = (Mg, — (1 — 0)AtA™ )™ + 770" (5.11)
n=0,...,N—1,k=1,2,... and it can be rewritten in the form
My = (Mg — (1 — 60)At A™")u"
Mpa=Mpa+ "
(Mg + 0 At ATl = My @,

which is a high-resolution finite element scheme. Moreover, it is positivity-preserving
under the conditions (5.8) and for appropriate choice of flux limiters.3?

We use the limiting strategy based on Zalesak’s algorithm® to determine an
appropriate value of ozzthl ‘|- The limiting process begins with canceling all fluxes
that are diffusive in nature and tend to flatten the solutions profile.*! The required
modification is
frabti=0 if fO0Y (w — ;) > 0.

(3

To define the limiter, we perform the following steps:

(1) Compute the sum of positive/negative antidiffusive fluxes into node i
Z max{0, f "1}, P = Z min{0, £ 5111, (5.12)

where N; is the set of the nearest neighbors of the node 4.
(2) Compute the distance to a local extremum of the auxiliary solution u at the
neighboring nodes that share an edge with the node ¢

QF =m;(@™ —w), Q; =m(@™ —u), (5.13)
with 7" = Min e n,ufi) Wy, Wy = MaXjen,uiy Uy, ¢ = 1,..., M.
(3) Compute the nodal correction factors for the net increment at the node i
+ —
+ Qi S Q;
R; —mln{l, Pf}’ R; —mln{l, Pi_}, (5.14)

if P;“ or P, vanishes then set R;r =1or R; =1, respectively.
(4) Check the sign of the antidiffusive flux and apply the correction factor by
. — n+1,u
mln{R;ji_ij } if fi; k1
;=11 if f’;*,;lﬁ = (5.15)
min{R;, R} if f”Jr1 i
Another way how to derive (5.11) is to apply the FCT stabilization to the non-
linear problem obtained by applying the Galerkin discretization and the #-method
before introducing the fixed-point iterations. The algebraic fluxes defined in this

way depend on the unknown solution u and hence the FCT stabilization intro-
duces an additional nonlinearity. However, since the problem at hand is already
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Algorithm 1. FEM-FCT.

for time step n < 0,..., N do
for iteration step k =1,2,... do
solve for uZH

Solve My @ = (M, — (1 — 8)At A™")u™
Compute f;' """ using Zalesak’s algorithm (5.12)(5.15)
Solve M, &t = M @ + f; 7"
Solve (M + 6 At AZf%’u)uZ“ =M;a
end solve

solve for VZ_H

Solve M, ¥ = (M, — (1 — 0)At A™?)v"™

Compute ;""" using Zalesak’s algorithm (5.12)—(5.15)

Solve M, v = M, ¥ 4 ;"

Solve (M, + 0 At ATV )wit! = M, v
end solve
solve for wit!

Compute wi™! from (5.4)
end solve
solve for z

Compute z} ™" from (5.5)
end solve

n+1
k

end for
end for

nonlinear, both nonlinearities can be handled simultaneously using a fixed-point
iteration. Moreover, the procedure explained above can also be used to obtain a
high-resolution positivity-preserving approximation of v.

We summarize the procedure above in the following algorithm.

We iterate until the residual/difference between two successive solutions is less
than a prescribed tolerance or until the maximum number of the iterations is
reached, then set u"*! = upt!, vitl = vt wrtl = witl and 27+t = z) 1!
and advance to the next time level. The system of the algebraic equations was
solved using the direct solver UMFPACK!® and for the implementation of our newly
designed algorithm we used the deal Il library.

6. Numerical Simulations

In this section, we present numerical experiments for solving the model problem
(1.1) with f(v) = liv and g(u) = l—FLu’
2,3, 6 pertaining to related systems. The numerical simulations are

and compare our results with results from
the literature
computed on a square domain Q = [—6,6]? that is discretized uniformly using
quadrilateral elements with five levels of refinements which creates 1089 degrees of
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freedom, i.e. 33 grid points in each direction. In addition, conforming bilinear finite
elements are used for all unknown variables. Furthermore, we use the time interval
[0,T], T = 1000, with a time step At = 1.0 in the Crank-Nicolson discretization
method (#-scheme for § = 0.5). The setting above is fixed through all computations,
unless otherwise mentioned.

6.1. Can the gangs separate?

In this section, we investigate the possibility of segregation for the model problem
(1.1). Thus, we consider different values of D,,, D,, x, and X, in our simulations.
The initial conditions used in the following examples are given by
w(z,y) = 0.1+ e @D -W=27 1 0(p gy = 0.1 4 e @+ WD, 6.1)
6.1

see for instance Fig. 1(a) for an illustration of u°, v°. In our figures, we use the color
red when the gang density u presented in the discrete domain is larger than the
gang density v by at least 107% and dark blue color when the opposite inequality
holds true. Locations where the difference between the gang densities is less than
10=% are displayed in dark purple. Similarly and again with a cutoff of 1076, we
use orange if the amount of graffiti density z is larger in a region, light blue for the
opposite situation and light purple if the graffiti densities z and w are roughly the
same.

Unlike as in the analytical part, we do not fix D,,, D,,, Xu, X» but on the contrary
are interested in their effect on the dynamics. However, if (u, v, w, z) is a solution of
(1.1) with f = g = id and initial data (u®,v°,w°, 2%), then (Au, Bv, Bw, Az) solves
(1.1) with initial data (Au®, Bu®, Bw®, Az°) and (xu, Xv) replaced by (%%, X&) for
any A, B > 0. That is, instead of considering larger initial data one may likewise
consider larger x., Xv, and one expects that for functions f and g with linear growth
near 0 these modifications have similar effects as well — at least as long as the solu-
tions remain comparatively small; if they become large this scaling argument may
no longer be applicable. In particular, Theorem 1.2 suggests convergence toward
homogeneous equilibria for small y.,, x» (and is inconclusive for large x., xv)-

6.1.1. Convergence toward constant steady state

To begin with, we first consider a case where D, = D, = x, = X» = 0.25. In the
top row of Fig. 1, we present the plot of the gang population densities v and v and
in the bottom row their corresponding graffiti densities z and w computed using
the standard Galerkin method (5.2)—(5.5) over time. Figure 1(a) corresponds to the
gangs’ initial conditions at ¢ = 0; evolving the time, we observe that the gangs start
to spread inside the domain and mark their territories by spraying graffiti. By the
time t = 5, the whole upper triangle part of the domain is completely dominated
by the gang u and the lower triangle part is dominated by the gang v, this situation
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(a)t=0 - (b)t =400  (c)t=500  (d)t=600  (e)t=700  (f)t= 1000

(g t=0 (h) t = 400 (i) ¢ = 500 (j) t = 600 (k) t=700 (1)t = 1000

Fig. 1. (Color online) Numerical solutions for the model problem (1.1) obtained using the stan-
dard Galerkin method, at different time instant when D,, = D, = x4 = Xxv = 0.25. For the choice
of colors, see the beginning of Sec. 6.1.

seems to continue till nearly ¢ = 400, after that we can see that the dark purple
starts to merge from the middle section and continues to grow wider to the point
that covers the whole domain at ¢ = 700 and remains the same by the end of the
time, which means that the same amount of the gang densities u and v are presented
in each location of the domain. The same happens for their corresponding graffiti
z and w in the bottom row, where there is no amount of graffiti at the beginning
(at = tg), then they gradually increase when the gangs start to mark their own
territories and by the time t = 700 each location is marked by the same amount of
graffiti from each gang. It is evident from Fig. 1 that segregation does not happen
in this case.

Before moving on to the next example, we examine this case more closely in
Figs. 2 and 3, by taking a snapshot along the line y = x over time. Figure 2(a)
shows the initial conditions at ¢ = 0, when the time evolves it seems that the
approximate solutions converge toward constant steady states already at ¢ = 400
in Fig. 2(c), but the close up in Figs. 3(a) and 3(b) shows that the gang density
u and its corresponding graffiti z are slightly larger in the first half of the domain
[—6,0) and slightly smaller in the second half (0,6] than the gang density v and

! -V ) —V ) -V ) -V i -V 1 -V
-7 -7 -7 —Z —Z E —Z
o $os fos $os e 10
3 $ § § b g
Foe % 0s % 0s %0 HE Zos
2 £ g
T Zos Zos 20 3os 30
§ § § § § §
02 2 2 2 02 02
T 5%
X

4 a2

sif
sif
sif

Population d
Population d
Population d

32 a2 T3 a2 I a2 I a2

[]
X

xof

[ [ [
X X X

(a)t =0 (b) t =400  (c)t=500  (d)t=600  (e)t=700  (F)t= 1000

Fig. 2. The size of gang populations u,v and the amount of their corresponding graffiti z and
w over time along the line y = z at different time instant ¢ = 0,400, 500,600, 700, 1000 when
Dy, = Dy = xu = Xo = 0.25.
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nnnnnnn

Population densities.
Population densilies.
Population densities.

el

(a) t =400  (b) ¢ = 400 (c)t=1700  (d)t=700 (e)t=1000 (f)¢= 1000

Fig. 3. Close up of populations densities along the line y = x at different time instant ¢t =
400, 700, 1000 when D, = Dy = xu = Xov = 0.25.

its corresponding graffiti w; however, they tend to stabilize at around 0.121817 and
0.108588, respectively, at time ¢ = 700 and remain the same through the rest of the
time, which corresponds well to the results shown in Fig. 1.

This case has been studied for (1.2) in Ref. 6, where the authors also show that
the approximate solutions converge toward steady states; however they also report
that segregation might not happen for that problem, at least not in the considered
solution framework.

Next, we set D, = D, = 3 and x, = X, = 0.25 and again use the standard
Galerkin method (5.2)—(5.5). Figure 4 shows that, when the time evolves gangs
start to spread inside the domain and no accumulation seems to happen, the dark
purple in the top row and light purple in the bottom row gradually cover the entire
domain by the time ¢ = 200, i.e. the gangs are evenly distributed in each location
and produce the same amount of graffiti. It is clear from Fig. 4 that no separation
happens when the problem is diffusion-dominated.

The snapshots of the results are presented along the line y = x in Figs. 5 and 6,
where we observe that the gang densities and their corresponding graffiti converge
toward constant steady states and seem to stabilize around 0.121818 and 0.10858,
respectively, by the time ¢ = 200.

(a) t =0 (b) t =50 (c)t =175 (d)t =100  (e)t=200  (f)¢=1000

(g)t=0 (h) t =50 (iyt=175 (§) t =100 (k) t = 200 (1) t = 1000
Fig. 4. (Color online) Numerical solutions for the model problem (1.1) obtained using the stan-

dard Galerkin method, at different time instant ¢ = 0, 50, 75, 100, 200, 1000 when D,, = D, = 3.0
and x. = Xv = 0.25. For the choice of colors, see the beginning of Sec. 6.1.
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The amount of gang densities uw,v and their corresponding graffiti z and w over time

along the line y = x at different time instant t = 0, 50, 75, 100, 200, 1000 when D, = D, = 3.0
25.

and x4 = Xov = 0.
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Fig. 6. Close up of population densities along the line y = x at different time instant ¢ =

100, 200, 1000 when Dy, = D, = 3.0 and xu = Xv = 0.25.

A similar behavior has been observed in Ref. 2 for an agent-based model: As
long as a system parameter 3 corresponding to X, X, in (1.1) is sufficiently small,
the gangs completely mix inside the domain and the expected densities converge
toward constant steady states.

6.1.2. Nonhomogeneous limit functions

For our next example, we consider D, = D, = 0.25 and x, = X, = 3. As shown
in Fig. 7, the standard Galerkin method (5.2)—(5.5) produces significant spurious
oscillation in the entire domain which leads to negative nonphysical approximate
solutions, and the simulation blows up at around ¢ = 35. As explained in the previ-
ous section, as a remedy we apply the FEM-FCT scheme to reduce the oscillations
and preserve the positivity of the solutions at all time. The top row of Fig. 8 shows
the evolutionary movement of the gangs inside the domain. We observe that after
a certain amount of time, red and blue clusters start to form, featuring some sym-
metries which track back to the symmetry of the initial data and the fact that
the parameters are the same for both gangs. The same kind of pattern for graffiti
densities emerge in the bottom row as each gang marks their own territory. The
population densities seem to almost stabilize around ¢ = 500 and remain the same
till the end of the time interval 7' = 1000.

Keeping the diffusion coefficient as before and changing the amount of convec-
tion coefficient to x, = x» = 10, a different segregation pattern can be seen in
Fig. 10. Therefore, we conclude that larger amount of convection in the model leads
to directional movement of the gangs and creates partially separated regions. The
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(ayt=0 (b)t=5 (c)t=0 (d)t=5 (f)yt=5 (g) t =35
Fig. 7. (Colour online) Numerical solutions and their snapshots for the model problem (1.1)
obtained using the standard Galerkin method, at different time instant ¢t = 0,5,35 when D, =
Dy = 0.25 and xu = xv = 3.0.

(a) t =0 by t=5 (c) t =50 (d)t=100  (e)t=500  (f)t=1000

(g) t=0 (h)t=5 (i) t = 50 ()t=100 (k)¢ =500 (‘1) t = 1000

Fig. 8. (Color online) Numerical solutions for the model problem (1.1) obtained using the FEM-
FCT method, at different time instant ¢ = 0,5, 50, 100, 500, 1000 when D, = D, = 0.25 and
Xu = Xv = 3.0. For the choice of colors, see the beginning of Sec. 6.1.

(c) t = 50 (d)t =100  (e)t=500 ()t = 1000

Fig. 9. The size of gang populations u,v and the amount of their corresponding graffiti z and
w over time along the line y = z at different time instant ¢ = 0, 5, 50, 100, 500, 1000 when D, =
Dy =0.25 x4 = xo = 3.0.

snapshots of the results obtained with the FEM-FCT for both cases are displayed
in Figs. 9 and 11, respectively.

Comparing our results with the stochastic simulation in the agent-based model
in Ref. 2, we notice some similarities between our experiments’ outcome and their
reported results, namely that large values of 5 (the convection coefficient in their
model) lead to a well-segregated phase. However, in each patch dominated by red
or blue in Figs. 8 and 10, there is still some amount of the opposite group with
much smaller — but still positive — density present (cf. Figs. 9 and 11), illustrating
partial (as opposed to complete) segregation. Moreover, unlike as Ref. 2, we do not
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(a)t=0 (b)t=5 (c) t = 50 (d)t =100  (e)t=500  (f) t = 1000

(g)t=0 h)t=5 (i) t = 50 (j) t = 100 (k) t =500 (1) t = 1000

Fig. 10. (Color online) Numerical solutions for the model problem (1.1) obtained using the FEM-
FCT method, at different time instant ¢ = 0,5, 50, 100, 500, 1000 when D, = D, = 0.25 and
Xu = Xv = 10. For the choice of colors, see the beginning of Sec. 6.1.

R R R )
X

(a)t=0 (b)t=5 (d)t=100  (e)t=500  (f)t= 1000

Fig. 11. The size of gang populations u,v and the amount of their corresponding graffiti z and
w over time along the line y = z at different time instant ¢ = 0, 5, 50, 100, 500, 1000 when D,, =
D, = 0.25 and xu = xv = 10.

observe any coarsening of the regions: Once territories are established, they are
rather stable.

Next, we consider fixed diffusion rates as in the previous examples, i.e. D, =
D, = 0.25, but different convection coefficients y, = 2 and x, = 4, meaning that
the second gang’s movement is more affected by the first gang’s graffiti than vice
versa. As shown in Fig. 12, the gang with density v starts to cluster together very
tightly in small patches and partially separates from the opposite group at around
t = 200 while the other gangs dominates on larger regions. That is, we observe that
the segregation pattern for both groups is quite different here, in contrast to the
previous examples.

The snapshots of concentration densities over time along the line y = x are
displayed in Fig. 13. As it can be seen, the concentration density v and its cor-
responding graffiti w occupy less parts of the domain but with higher amount of
densities (almost around 0.4 and 0.3 in their dominated regions, respectively), how-
ever, the gang population u spreads more freely in the wider range but with less
density (nearly under 0.2). Of course, both gangs have the same total amount of
mass throughout evolution since there are no source or sink terms in the model.
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(a) t =0 (b) t =50 (c)t=100  (d)t=200  (e)t=400  (f) ¢ = 1000

(g)t=0 (h) t = 50 (i) t = 100 (j) t = 200 (k) t =400 (1) t = 1000

Fig. 12. (Color online) Numerical solutions for the model problem (1.1) obtained using the
FEM-FCT method, at different time instant ¢ = 0, 50, 100, 200, 400, 1000 when D, = D, = 0.25,
Xu = 2.0 and X, = 4.0. For the choice of colors, see the beginning of Sec. 6.1.

(c)t=100  (d)t=200  (e)t=400  (f) ¢t = 1000

Fig. 13. The size of gang populations u,v and the amount of their corresponding graffiti z and
w over time along the line y = x at different time instant ¢ = 0,50, 100, 200,400,1000 when
D, = D, =0.25, xy = 2.0 and x, = 4.0.

In Sec. 5.1 in Ref. 3, a similar behavior, namely that the gang with the largest
graffiti avoidance rate concentrates on smaller regions, has been observed for an
agent-based model with three rivaling gangs.

6.1.3. An example of complete segregation

Finally, we turn to answer the question whether complete separation occurs at all or
not; that is, whether the supports of the gang densities can become disjoint in the
large-time limit. We show that this is at least possible in settings where the domain
is divided into two parts in each of which one gang density is extremely small
already at the initial time, and when additionally the diffusion rates are very low,
the former prevents mixed amount of population and their interaction in the same
regions at the beginning and the latter controls their spread inside the domain over
time. For this reason, we consider the case where D, = D, = 0.01 and x, = X, = 3
and the initial conditions are given by

_ o @=9 =37 (@ +3)?=(u+3)*

u®(z,y) v (2,y) =

6.2
w’(z,y) =0, 2z, y) =0, 62)
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(a)t=0 (b) t = 50 (c)t =75 (d)t =200  (e)t=500  (f) ¢t=1000

(g)t=0 (h) t = 50 ()t=15 ()t=200  (k)t=500 (1)t = 1000

Fig. 14. (Color online) Numerical solutions for the model problem (1.1) obtained using the FEM-
FCT method, at different time instant ¢t = 0, 50, 75, 200, 500, 1000 when D, = D, = 0.01 and
Xu = Xv = 3.0. For the choice of colors, see the beginning of Sec. 6.1.

(a)t=0 (b) t = 50 (c)t =15 (d)t =200  (e)t=500  (f)t=1000

Fig. 15. The size of gang populations u,v and the amount of their corresponding graffiti z and
w over time along the line y = x at different time instant ¢t = 0,50, 75,200, 500, 1000 when
D, = D, = 0.01 and x4 = xv = 3.0.

which are displayed in Fig. 14(a). Compared to the initial data in (6.1), the functions
in (6.2) miss the additive constant 0.1 and their maxima are further apart from
each other. Therefore, the dark purple at the initial stage in Fig. 14(a) represents
not only that both concentrations are (roughly) equal but additionally that they
are both roughly zero.

From Fig. 14, we observe that the gangs stay totally separated over the time
and there is no interaction between the two groups from beginning to the end. The
snapshot of the result along the line y = z is displayed in Fig. 15. We also show the
close up of population densities at different time instants along the line y = z in

(a) t =200  (b)t=500 (c)t= 1000

Fig. 16. Close up of populations densities along the line y = x at different time instant ¢t =
200, 500, 1000 when D,, = D, = 0.01 and x+ = x» = 3.0.
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Fig. 16, as can be seen no size of gang densities u appears in the regions occupied
by the gang density v and vice versa.

6.2. Time step and mesh convergence study

Now, we examine the effect of time and mesh refinement, which is one of the stan-
dard numerical experiments used to validate approximate solutions. For this reason,
as in the first example in Sec. 6.1.2 (see Figs. 8 and 9) we consider D,, = D,, = 0.25,
Xu = Xv = 3 and, the initial conditions (6.1) over the time interval [0, 500]. To begin

(a) 3 refinements  (b) 4 refinements  (c) 5 refinements  (d) 6 refinements  (e) 7 refinements

Fig. 17. (Color online) Numerical solutions v and v obtained using FEM-FCT scheme in different
refinement levels at final time T = 500 where D,, = D, = 0.25 and x, = xv = 3. For the choice
of colors, see the beginning of Sec. 6.1.

Population densities at =0 Population densities at t=1 Population densities at =50
r — L, refine =3 — I, refine -3 — U, refine -3
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Fig. 18. The amount of gang concentration u, v and graffiti densities w and z along the line y = x
in different level of refinement at different time instants ¢ = 0, 1, 50, 100, 500 where D,, = D, = 0.25
and xu = Xv = 3.
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with, we keep all of the setting fixed as before and only coarsen and refine the mesh.
Comparing the plots depicted in Fig. 17 for different levels of refinement at final
time T" = 500, we observe that the segregation patterns are almost the same with
slight smoothness in the segregated patches boundaries when using the finer mesh.
Therefore, it is clear that the formation of blue and red cluster inside the domain
does not change significantly by changing the mesh size. The snapshots of the mesh
convergence results along the line y = x are also displayed in Fig. 18, which shows
the approximate solutions obtained at different refinement levels almost converge
toward the same segregation states.

Next, preserving the five level of refinements as in all the previous examples
and keep the other parameters fixed as before, we choose different time step sizes
in our computation. Figure 19 shows that the segregation patterns are similar and

(a) At = 1.0 (b) At = 0.5 () At =025  (d) At=0125 (e) At = 0.0625

Fig. 19. (Color online) Numerical solutions u and v obtained using FEM-FCT scheme with
different number of time steps At = 1.0,0.5,0.25,0.125,0.0625 at final time T = 500 where
Dy = D, = 0.25 and xv = xv = 3. For the choice of colors, see the beginning of Sec. 6.1.

ion densities at t=0 densities at t=1 ion densities at t=50
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(d) t =100 (e) t =500

Fig. 20. The amount of gangs concentration u, v and graffiti densities z and w along the liney = «
with different time steps at different time instants ¢ = 0, 1,50, 100,500 where D,, = D, = 0.25
and x4 = Xv = 3.

142



Math. Models Methods Appl. Sci. Downloaded from www.worldscientific.com

by CHARLES UNIVERSITY IN PRAGUE on 07/01/24. Re-use and distribution is strictly not permitted, except for Open Access articles.

38 M. Fuest & Sh. Heydari

the differences between the approximate solutions obtained using FEM-FCT with
different time steps At = 1.0,0.5,0.25,0.125, and 0.0625 are very small. The snap-
shots of the results along the line y = x are depicted in Fig. 20, which shows the
time convergence behavior.

We conclude that these convergence studies provide strong indication that our
numerical experiments are reliable and that hence indeed both partial and complete
separation may occur in (1.1).
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5. Paper V

5.1 Introduction: Nonstandard finite difference
scheme

In this chapter, we consider a nonstandard finite difference (NSFD) scheme, which
was introduced nearly four decades ago by Mickens [244], 245, [246] to deal with nu-
merical instabilities that occur when finite difference methods are used for solving
differential equations. Since then, these methods has been widely used to obtain
numerical solutions of vast variety of ordinary and partial differential equations
which appear in different problems in science and engineering [247, [248]. It was
shown that the NSFD schemes overpower the standard finite difference methods
even when dealing with numerically challenging equations, such as convection-
dominated transport problems with nonlinear reaction terms [249, 250], 251, 245],
or Maxwell’s equations [252, [245].

The basic idea behind these methods is as follows:

1. A nonlocal representation of the nonlinear terms should be used on compu-
tational grid instead of conventional local representation. Let us consider

du
the logistic equation i u(1 — u), then the idea is to evaluate the non-

linear term u? at two (or more) different grid points, e.g.,
2
U" — Up+1Uk,

where
lim wyqup, = lim u? = u?
h—0 k+10%k h—0 k ’
or
2 2
u” — 2(uy) — Upt1 U

2. Replacing the denominator functions in the discrete derivatives by more
complicated functional forms than those used in the standard scheme. Con-
sidering again the logistic equation, the derivative is to be approximated

as
du Ug4+1 — Uk

at e
where
(k) =h+O(h*), h—0,
or more generally as
du . ult + ¢ (h)] — u(t)
— =
dt ~ hso Ya(h) ’

where
Vi(h) =h+0O(h*), h—0, i=1,2,

examples of such functions that satisfy the assumptions above are: 1(h) =
sin(h), ¥(h) =1 — exp(—h).
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Using the preceding steps, it is obvious that there is a lot of freedom in the
construction of NSFD schemes, however, several important rules have been in-
troduced over the years which play an important rule in proper construction of
these methods:

Rule 1: The orders of discrete derivatives have to be equal to the orders of the
corresponding derivatives of the differential equations, violation of this rule
leads to spurious oscillations in the approximate solutions.

Rule 2: The solutions of the NSFD discretization should preserve the properties
of the solutions of the differential equations.

Rule 3: For differential equations with N > 3 terms, it is useful to consider
various sub-equations composed of M < N terms, then construct the finite
difference schemes for each one of these sub-equations, and finally combine
all together in a consistent way.

Rule 4: In the discretization of partial differential equations, there may exist
functional relations between various space and time step-sizes, e.g., At
Ax.

Rule 5: In the discretization of partial differential equations, different types of
discrete derivatives may be required for the time and space variables.

Despite huge amount of practical applications of NSFD for numerical simulation
of ordinary and partial differential equations and their huge success to overcome
numerical instabilities over the years, the amount of theoretical studies to under-
stand why they work so well and when they do is considerably poor and calls for
further investigation.

5.2 A positive and elementary stable nonstan-
dard explicit scheme for a mathematical
model of the influenza disease

This section is based on the paper entitled ”A positive and elementary stable
nonstandard explicit scheme for a mathematical model of the influenza disease”,
published in the Journal of Mathematics and Computers in Simulation.

In this paper, we considered a system of four strongly coupled nonlinear ordi-
nary differential equations describing the spread of Influenza disease. The stud-
ied system is solved numerically using a method of nonstandard finite difference
scheme following the Mickens rules [245] 244 [246], which are briefly described in
Section 2. Given the description and the properties of the model in Section 3,
it was proved that for positive initial conditions the solution of the system stays
positive over time, which satisfies also the physics behind the model. Next, the
strategy and formulation of the nonstandard discretization for solving the stud-
ied system was proposed in Section 4, it was shown that the proposed method is
elementary stable and under certain assumption on the time-step function it is
also positivity preserving. The properties of the proposed scheme were verified
using some numerical results in Section 5.
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Abstract

In this paper, a nonstandard explicit discretization strategy is considered to construct a new nonstandard finite difference
scheme for solving a mathematical model of the influenza disease. The new proposed scheme has some interesting properties
such as high accuracy and ease of implementation, as well as some preserving properties of the exact theoretical solution of the
SIRC system, like positivity and elementary stability. These characteristics make it suitable for solving efficiently the propose
model. We provide some numerical comparisons to illustrate our results.
© 2020 International Association for Mathematics and Computers in Simulation (IMACS). Published by Elsevier B.V. All rights
reserved.

MSC: 65L05; 03H05; 03H10
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1. Introduction

Ordinary differential equations (ODEs) are used extensively in the modeling of many biological and physical
applications. They constitute a central component in applied mathematics and their numerical simulations are of
fundamental importance in gaining the correct qualitative and quantitative information on the systems. Numerical
methods based on the finite difference approximations [3,4,9,28], Taylor series expansion [29], and interpolation,
such as Euler, Runge—Kutta and multistep methods [20-22,31], and some other methods [1,8,12,15,30-41], are
widely used. Traditionally, important requirements in this context are, the investigation of the consistency of the
discrete scheme with the original differential equation and linear stability analysis for problems with smooth
solutions. These requirements are formulated to guarantee the convergence of the discrete solution to the exact
one, but sometimes the essential qualitative properties of the solution are not transferred to the numerical solution.
One way to tackle with this issue is to employ finite difference schemes that are nonstandard in the sense of
Mickens’ definition [18,25,27]. Nonstandard finite difference methods (NSFDs) in addition to the usual properties
of the solutions such as consistency, stability and hence convergence, may also preserve essential properties of
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the solutions, like positivity, boundedness, monotonicity and total variation diminishing [2,6,7,16-19,23-25,27]. In
this paper, we propose a new NSFD scheme for approximating the solution of the influenza disease system. The
proposed scheme enables us to solve the examined problem accurately. An important feature of the new scheme is
the positivity preservation of the produced solutions, which is an essential property in this context. We also prove
that the new scheme is elementary stable.

The rest of the paper is organized as follows. In Section 2, we provide some preliminaries and definitions,
including that of non-standard finite difference methods for ODEs, and a review of the general influenza disease
model. [14]. In Section 3, we propose the new scheme and investigate its positivity and elementary stability. In
Section 4, we compare the results obtained from the new scheme with the ones obtained from the classical fourth
order Runge—Kutta method (we call it RK4), ode45, odelSs, the NSFD scheme in [13] and the NSFD scheme
in [26]. Finally, we end the paper with some conclusions in Section 5.

2. Preliminaries and definitions

In this section, we give a brief summary of the NSFD methods for the numerical solution of initial value problems
for systems of ODEs that can be written in the autonomous form

d
770 =FO@), =0, y(to) = yo, 2.1

where y(f) may be a single function or a vector function of length k mapping [ty, T] — RF and F is a single
function or a vector function of length k mapping R¥ — R¥. By defining #, = o + nAt, where At is a positive
step size, the continuous differential equation (2.1) can be discretized as

DAtyn = Fu(F, Yn)s (2.2)
where y, = y(t,), Da,;y, represents the discretized version of % y(t) and F,(F, y,) approximates F(y(tz)) at time
t,. In the sequel, we will consider the definition of the nonstandard finite-difference methods given in [2].
Definition 2.1 (/2]). The method given in (2.2) is called a nonstandard finite-difference method if at least one of
the following conditions is met:

e In the discrete derivatives D A, y,, the traditional denominator At is replaced by a nonnegative function ¢(At)
such that

0(At) = At + O(Ar?) as 0 < At — 0, (2.3)
for example:
@(At) = 1 — exp(—Atp), @(At) = tanh(Ar).

e F(y(t)) is approximated in a nonlocal way, i.e., by a suitable function of several points of the mesh. For
instance, the terms y, y*> and y? can be modeled as follows:

yAayr+ A =@y y R ale + -+ A =2a)y, aekR;

Yir1 + Yi—1
VR @ by, atb=1 abeR y~p(—_—);
Y ~ay; + (1 —a)yiyer, a€R,
where y;; denotes an approximation of the true solution y (tk+ j).
Definition 2.2. Any constant value ¥, satisfying F(yy) = 0 is called an equilibrium point (a fixed-point or a critical
point) of the differential equation given in (2.1). The constant solutions of the discretized system are also called
equilibrium points.

Definition 2.3. The finite difference method given in (2.2) is called elementary stable, if for any value of the step
size At, the only equilibrium points are those of the differential system (2.1), and the linear stability property of
each one is the same for both, the differential system and its discretized version.
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Table 1

Descriptions and values of the parameters used in the system (3.1).
Description Parameter Value
Cross-immune period y! 2
Infectious period a”! 35—5
Total immune period 51 1
Per capita birth rate I 51—0
Fraction of the exposed cross-immune individuals o 0.05

Definition 2.4. An equilibrium point yy of (2.1) is linearly

(i) stable iff |[ReA;| < 1 for all j,
(i7) unstable iff [ReA ;| > 1 for at least one j,

where the A ;’s are the eigenvalues of the Jacobian matrix of the system (2.1) evaluated at Y.

3. A mathematical model of the influenza disease

In this section, we consider the mathematical model of the influenza disease, completely analyzed in [13,14,26],
given in the form

dS()
o M- usS@) — BS)1(t) + yC(1),
dI(t)
TR BSWI({) +opCH)I(1) — (n+ )I(2),
dR(1)
T (1 =o)BCHI) +al(t) — (u+ SR(), (3.1
dC(t)
TR SR(t) — BC)I(1) — (u + y)C (1),

S0) =S, I1(0)=1lp, R(O)=Ry, C(0)=Co,

where S, I, R and C represent the proportion of susceptible, infective, recovered and cross-immune individuals at
time ¢, respectively and B is the contact rate. The definitions of the other parameters present in the system (3.1)
and the values used for them in this article can be found in Table 1. One of the main assumptions of this model
is that the per capita birth rate is a constant © > 0 and the birth rate is the same as death rate. It implies that
S'@®)+ I'(t) + R'(t) + C'(t) = 0 (conservation law).

Theorem 3.1. The solution (S(t), E(t), 1(t), R(t)) of system (3.1) with positive initial condition is positive on
[0, 00).

Proof. Assume the solution (S(¢), I(¢), R(¢), C(¢)) with a positive initial condition exists and is unique on [0, b),
where 0 < b < oo (see [11]). Since

I'(t) = [BS(t) + o BC(1) — (1 + )] 1 (1),
then

1(t) = I(0)exp U [BS6) + aBC©O) — (1 + )] d@} > 0.
0

So, for all ¢ € [0, b) we have I(¢) > 0. Now, for all ¢ € [0, b), one must have C(¢) > 0. Otherwise, there will exist
at; € (0,b) such that C(¢;) =0 and C(¢) > 0 in (0, #;). Thus, for any ¢ € [0, #1),

S'(6) = p — uS(t) — BSOI(1) + y C(1)
> — uS@) — BS(I()
> —(u+ BIE)S(@).
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Hence, for all ¢ € (0, 1;),

t
S(t) = S(0)exp |:f —(n+ ﬂI(@))d@] > 0.
0
Now since 1 — o > 0, for all ¢ € [0, #;] we have

R'(t) = (1 —o)BCOI(t) + al(t) — (1 + 8)R(1)
> al(t) — (u+8R()
> —(u+8R().

Then, for all ¢ € (0, #;),

t
R(t) = R(0)exp |:/ —(u+ 5)d9:| > 0.
0
Therefore, for ¢ € [0, #;] we can write

C'(t) = 8R(t) — BCOHI(t) — (n + y)C(1) = —(BI(t) + (1 + ¥)C(@).

Hence, by using a comparison argument we obtain that

C(t) = C(0)exp [—/ (BI1O) + (1 + V))dH] > 0,
0

and in particular, for t = 1, we get

C(t) = CO)exp [— / BIO) + (u + y»de] -0
0

which is a contradiction to C(¢;) = 0. So, for all ¢ € [0, b), C(t) > 0. Using similar procedures, one can show that
R(t) > 0 and S(¢) > O for all ¢ € [0, b). On the other hand, we have
dN

I =p—pN@), N@) =S+ 1)+ R+ CQ), (3.2)

whose exact solution is

Nt)=1+(NO)—De ™ =1—e™+ N@0)e ™, 3.3)
where N(0) = S(0) + 1(0) + R(0) + C(0) > 0. We have that for ¢ € [0, b) it is

N() <14+ N©O)e™ < 1+ N(0).
Thus, S(t), I1(t), R(t), C(t) are bounded on [0, b) and we have that b = oco. This completes the proof. [l

Following Definition 2.2, the system (3.1) has the equilibrium points [5]:

e the disease-free equilibrium (DFE), Ey = (1,0, 0, 0),
e the positive endemic equilibrium (EE), E* = (§*, I*, R*, C*).

The stability of the these points is often described in terms of the reproductive number of the system. The
reproductive number represents the number of secondary infections a primary infection generates on average over
the course of its infectious period. The reproductive number for system (3.1) is,

B
a—i—u’

Ry =

and the stability of the equilibrium points is as follows:

e the disease free equilibrium, Ej, is asymptotically stable if Ry < 1 and is unstable if Ry > 1,
e the endemic equilibrium, E*, is asymptotically stable if Ry > 1.
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4. Description and properties of the numerical scheme

By using the strategy of the nonstandard discretizations, we propose a new scheme for (3.1) given by:

Sit1— S

R — 251 — Si - Si Ii Ci,
) w— (281 )= BSivili +y

fivi = & BSiiili + 0BCil — ulipy — 1) — al,

A~ = POl Toplily — i+1 — Li) —aljqq,
o(A1) +1 M2t +1

Riy1 — R

—— =1 -0)BCiI; +aliy; — nt2Riy1 — R)) — 8R4, 4.1)
p(Ar)

Cin =G _ 8Ris1 — BCiI; — w(2Ciyy — Ci) — yCi
gD(Al) - i+1 i 1% i+1 i yLii.

The explicit form of (4.1) can be written as

Sy = (1 + o(ADw)S; + e(At)u + p(At)y C; 42)
1+ 20(AHu + @(ABI; ’
L (1 + o(At)BSiv1 + 9(At)aBCi + (A1 43)
e 1+ 20(Anu + p(At)a ’ '
(1 + o(ADWR; + (A1 — 0)BCi1; + p(Aal;yy
1 4+ 20(At)u + ¢(A1)S '
(1 + oAty — (ADBIL; — p(At)y)Ci + 9(At)SR; 11

Cit1 = . 4.5
* 1+ 20(At)p (4.5)

Ry = 4.4

Proposition 4.1. The new scheme (4.1) preserves the conservation law.

Proof. It can be obtained by using induction. You have that § + I + R 4+ C = 1, and thus for the initial values it
is So + Ip + Ro + Co = 1. Using the above after summing the left hand sides, and the right hand sides in (4.1) for
i=0youget Si+0L+R +Ci—1=2¢pu(l—-S+1;+ R+ Cy), and thus S; + I; + R; + C; = 1. The inductive
procedure results in S;y; + ;11 + Rix1 + Ciy; = 1, therefore the new scheme (4.1) preserves the conservation
law. O

In the following, when ¢(Ar) = At, the new method will be referred as NSFD-Az, and if ¢(At) is different
from At, the method will be referred as NSFD-¢(At).

Theorem 4.2. The new proposed scheme (4.2)—(4.5) is elementary stable and for a chosen ¢(At), the sufficient
condition for positivity is

Aty > ————.
. )_ﬁ+y—u

Proof. Elementary stability: The equilibrium points for the new proposed scheme are exactly the points £ and
E* of the system (3.1). The Jacobian J of the scheme (4.1) has the form J(S;, I;, R;, C;) = [jmn(Si, Ii, Ri, Ci)laxa,
where
1+ p(At)u
1+ 20(A0u + e(ADBI;
—@(ANBI(1 + p(ADW)S; + (AN + p(At)y Ci]
(I +20(ADp + e(ADBIL)? ’

JulSi, Ii, R;, C;) =

J2(Si, I, R, Cp) =

Ji3(Si, I, R, Ci) =0,
p(At)y
14 20(A0u + e(ADBIL;
P(ADBI; ji
1 4+ 20(At)u + p(At)a’

J1a(Si, I, R, Cy) =

J21(Si, I, R, Ci) =
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1+ @(A)BSi11 + @(AD)BI; jio + ¢(At)o BC; + p(At)

] Si5Ii7Rl"Ci =
Jaa( ) 1+ 20(ADu + o(A)a

J3(Si, Ii, R, Ci) =0,
p(At)Bo I; + p(AD)BI; jii
14+ 20(A)u + (At
P(At)a

14+ @(ANS + 20(AH)u’

P(AD)(1 —0)BC; + p(At)ajxn
1+ o(ADS + 20(At)

P(A)(1 — o)Bl; + p(A)ajas
14+ @(A1)s + 2¢(At)u

1+ @(At)u + o(At)ojog

Joa(Si, Ii, R, Cy) =

318 I, R, Cy) =

J32(Si, Ii, R, Ci) =

J33(Si, I, R, Cy) =

. Sia Ii7 Ri, Ci = ,
i ) 1+ @(A1)Ss + 2¢p(Ar)pn
; o(A1)dj31

Sivli7Ri,Ci =
Jar( ) T4 20(AnH
; —@p(ANBC; + ¢(A1)S )3

Sl', Il‘, Riv Cl =
Jao( ) T 20N

1 Anp — p(Any — p(ADBI; At)8j
Jes(Si Iy Ry, Ci) = — p(ADp — Ay — p(ADBI; + p(At) s
14+ 2¢(AH)u

; P(At)dj34

Sl',I,',Rl',Cl' =
Jaa( ) T4 20(ADH

By substituting (So, 1y, Ry, Co) = (1,0, 0, 0) = Ej, we have

a) ar as ay
as de as ag

(B0 = ag ayp ap ap |’
a3 a4 ais  ae
where
4 = 1+ (At 0= —p(An)p 4 =0
14+ 2¢p(ADHp’ 14+ 2¢p(ADp’ ’
p(At)y 1+ e(An(n+ B)
ay = ———————, as = 0, ag = s
14+ 2p(At)u 14+ @(AHQu + o)
a7=0, ag=0, Clg=0,
1o p(Ana(l + p(An)(n + B))

T (14 9(ADC2u + )1 + e(ADCu + @)’
1+ (At)u

ay; = T oA 8) app =0, a3 =0,
s = @(Ar)*8a(l + @(Ar)(u + B))

(1 + (AN + )1 + (AN + 8))(1 4+ 2¢p(An)p)’
15 — P(A1)S(1 + p(At)w)

(1 + @(ADQRu + 8))(1 + 2p(Anw)’
i = 1+ @(At)(n —y)

14+ 2¢(AH)u
The eigenvalues of J(E) are
_ 14+ e(Anp 1+ e(AnNu + e(ADB
YT 20(A00° T 1+ 20(A0)pn + p(Aa’

ha = 1+ o(At)u ha = 1+ @(At)u — p(At)y

1 4+ 20(At) + p(A)S’ 1+ 2¢(At)u
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Table 2
Qualitative behavior with respect to Ep of the schemes considered on the problem (3.1) with 8 =50 and different step sizes
At, T = 60.
At ode45 RK4 Euler NSFD — At NSFD — ¢(At)
0.01 Convergence Convergence Convergence Convergence Convergence
0.1 Convergence Convergence Divergence Convergence Convergence
1 Divergence Divergence Divergence Convergence Convergence
2 Divergence Divergence Divergence Convergence Convergence
3 Divergence Divergence Divergence Convergence Convergence
4 Divergence Divergence Divergence Divergence Convergence
5 Divergence Divergence Divergence Divergence Convergence
10 Divergence Divergence Divergence Divergence Convergence
50 Divergence Divergence Divergence Divergence Convergence
100 Divergence Divergence Divergence Divergence Convergence

It is clear that [ | < 1, |A3] < 1, |Ag] < 1 and if Ry < 1 then |A,| < 1 too, and therefore Ey = (1, 0,0, 0) is
stable.

It is fair to say that for E* we have no formal proof. But, the numerical results obtained by using the Math
Toolbox software of MATLAB show that for any step-size Ar > 0 the equilibrium point ($*, I'*, R*, C*) is stable
(see Figs. 1-3 and Tables 3-4). These results guarantee the dynamical consistency between system (3.1) and the
numerical scheme (4.1) around all the equilibrium points. Therefore, the new proposed scheme (4.1) is elementary
stable.

Positivity: With positivity, we mean that the component-wise non-negativity of the initial vector is preserved in
time for the approximated solution. Assuming (Sp, Iy, Ro, Cp) > 0, since all of the parameters are positive then
Siy1 > 0and I;;; > 0. Also if 0 < 1, then from (4.4) we have R;;; > 0. Now for the positivity of C;.q, it is
sufficient to have

1+ o(Anu — (AL — p(At)y > 0.

Since I; <1 it is sufficient to have

1+ @A — p(A)B — p(At)y > 0,

which is equivalent to

I+ oA)(uw—B—y) =0,

and

1
p(At) > ——, w=p+vy.
B+y—n

Therefore the new proposed scheme is positive and elementary stable and this completes the proof. [

5. Numerical results

In this section, we present some numerical results to verify the properties of the proposed scheme and compare
its performance with other methods available in the literature, namely, the RK4 method, ode45, odelSs, the NSFD
method presented in [13] and the NSFD method presented in [26]. All the parameter values used in these simulations
have been taken from [26] and we have considered ¢(A¢) = tanh(Ar). For each experiment, the final value of the
integration interval [#y, T'] is specified on the graphs or the corresponding table.

It can be seen in Fig. | that the proposed scheme and the RK4 method with Ar = 0.01 preserve the stability of
the equilibrium Ej. Furthermore, our new scheme converges to Eq for large step-sizes, as can be seen in Figs. 2-5.
By increasing the step-size, we can observe that ode45, the RK4 and Euler methods diverge, whereas NSFD-A¢
converges for larger moderate values of At (until Az = 4) and the NSFD-¢(Ar) scheme converges for all step
sizes. Table 2 shows the qualitative behavior of the considered schemes for different values of the step size.
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Fig. 1. Numerical results of the problem (3.1) by odel5s and the new scheme taking Ar = 0.01 and initial values (S(0), 1(0), C(0), R(0)) =

(0.75,0.095, 0.005, 0.15) with 8 =50 (Ry < 1).
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Fig. 2. Numerical results of the problem (3.1) by the new scheme taking Ar = 0.1 and initial values (S(0), 1(0), C(0), R(0)) =

(0.75, 0.095, 0.005, 0.15) with B =50 (Rp < 1).
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Fig. 3. Numerical results of the problem (3.1) by the new scheme taking Ar = 1 and initial values (S(0), I(0), C(0), R(0)) =

(0.75, 0.095, 0.005, 0.15) with B =50 (Rp < 1).
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Table 3
Qualitative behavior with respect to E* of the schemes considered on the problem (3.1) for different step sizes with g = 100,
T =45.
At ode45 RK4 Euler NSFD — At NSFD — ¢(At)
0.01 Divergence Divergence Divergence Convergence Convergence
0.1 Divergence Divergence Divergence Convergence Convergence
1 Divergence Divergence Divergence Convergence Convergence
2 Divergence Divergence Divergence Convergence Convergence
3 Divergence Divergence Divergence Convergence Convergence
4 Divergence Divergence Divergence Divergence Convergence
5 Divergence Divergence Divergence Divergence Convergence
10 Divergence Divergence Divergence Divergence Convergence
50 Divergence Divergence Divergence Divergence Convergence
100 Divergence Divergence Divergence Divergence Convergence
Table 4

Fig. 4. Numerical results of the problem (3.1) by the new scheme taking Ar = 5 and initial values (S(0), 7(0), C(0), R(0)) =

Spectral radius of the Jacobian matrix with respect to E* with 8 = 100 and the parameter values in Table 1.

At p—NSFD — At p—NSFD — ¢(At)
0.001 0.9999-Convergence 0.9999-Convergence
0.01 0.9997-Convergence 0.9997-Convergence
0.05 0.9989-Convergence 0.9989-Convergence
0.1 0.9979-Convergence 0.9980-Convergence
0.5 0.9901-Convergence 0.9921-Convergence
1 0.9806-Convergence 0.9875-Convergence
2 0.9628-Convergence 0.9831-Convergence
4 0.9308-Convergence 0.9831-Convergence
10 0.8567-Divergence 0.9806-Convergence
20 0.7771-Divergence 0.9806-Convergence
100 0.6760-Divergence 0.9806-Convergence
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(0.75, 0.095, 0.005, 0.15) with # = 50 (Ry < 1).

In the previous examples we have only emphasized the qualitative behavior of the solutions. It is obvious that
the smaller the step size, the smaller the errors involved. In what follows we will show this aspect with respect to
the equilibrium point E*.

Fig. 6 shows that the new method preserves the stability of E* for small step sizes. Similar behavior occurs for
the NSFD method presented in [26] with Az = 0.01, but when increasing the step size the scheme (4.1) converges to
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Fig. 5. Numerical results of the problem (3.1) by the new scheme taking Ar = 10 and initial values (S(0), 7(0), C(0), R(0)) =
(0.75, 0.095, 0.005, 0.15) with 8 =50 (Ry < 1).
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Fig. 6. Oscillatory behavior of the solution of problem (3.1) by odel5s (green line) taking Ar = 0.01, which is used as a reference solution.
The proposed method in [13] (blue dashed line) and the new scheme (red line) present also this oscillatory behavior taking Az = 0.1. The
initial values are (S(0), 1(0), C(0), R(0)) = (0.72,0.001, 0.17,0.109) with 8 = 100 (Ry > 1). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

the equilibrium E* more accurately than the other methods. This can be seen in Fig. 7. Furthermore, the qualitative
behavior of the considered schemes for different step sizes with respect to E* is presented in Table 3. It can be
seen that ode45, the RK4 and Euler methods diverge for all step-sizes but NSFD-¢(At) is convergent. In Table 4
we observe that the spectral radius of the Jacobian matrix associated to the new scheme with respect to E* are
less than one showing that the scheme (4.1) is stable. Since we do not have an analytic solution for the nonlinear
problem in (3.1), we use as a reference solution the one calculated with ODE15s method to represent our true
solution. Figs. 8—11 include the absolute errors for different schemes and different values of Ar, showing that the
proposed scheme is more accurate than the other methods.

Numerical simulations were developed for different representative values of RO which can cover most of the
possible realistic values. In Tables 3—4 we present some qualitative results and it can be observed that Scheme
NSFD-¢(At) converges to the equilibrium point for all the numerical simulations.
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the web version of this article.)

As in the work of Gumel et al. [10], convergence of the proposed scheme has not been proved but based on all
the developed numerical simulations, it seems to be unconditionally convergent to the equilibrium E* of the SIRC
model.

Conclusion

In this article, a nonstandard discretization approach is applied to solve numerically the influenza disease model
analyzed in [26]. The new proposed scheme preserves the stability of all equilibrium points and the positivity of
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solutions. Compared with the RK4, odel5s, the NSFD method presented in [26] and the NSFD method presented
in [13], we show that the proposed scheme improves the accuracy and presents a better qualitative behavior for
large step-sizes.
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Conclusion and outlook

Conclusion

In this thesis we mainly presented our results on investigating various cross-
diffusion systems from both theoretical and numerical point of view. A very im-
portant aspect of these type of the systems is the presence of the cross-diffusion
term(s), which often complicates the analytical and numerical investigations. We
started this work with a brief introduction to the definition and some studied
background for the cross-diffusion systems. Next, we mentioned that the strength
of the cross-diffusion term(s) in the system can strongly affect the behavior of their
approximate solutions, which usually leads to spurious oscillations or even blow-
up in the discrete solutions whenever the cross-diffusion term(s) are dominant
and standard non-adaptive discretization techniques are used. Since, this process
resembles the convection-dominated regime in the convection-diffusion-reaction
equations for which a huge amount of the stabilization methods are available,
hence we briefly recalled some of these methods in Chapter 1 Next, we studied a
chemotaxis-type cross-diffusion system modeling a cancer invasion in Chapter [2]
for which we established theoretical proofs, numerical algorithms and numerical
simulations. The main aspect of the considered system was lack of spatial regu-
larity in both second and third equations which made the considered system more
challenging to deal with both from the theoretical and numerical view points. In
the theoretical part, making use of parabolic regularity theory, the existence of
global classical solutions was shown in two- and three- dimensional bounded do-
mains. The proof was established provided that the second and third equations in
the system were at least regularized in time. In the numerical part, the numerical
stability of the system was investigated. It was shown that, spurious oscillation
and numerical blow-up occurs in the cross-diffusion-dominated regime whenever
the standard Galerkin finite element method is used along with #-scheme for dis-
cretization in space and time, respectively. Lastly, the theoretical results were
supported by various numerical experiments in two- and three-dimensions uti-
lizing finite element library Deal.Il. In Chapter [3| we considered the haptotaxis
counterpart of the aforementioned system for which the techniques considered
in the previous chapter were no longer applicable and proving the existence of
the solution from theoretical point of view is still an open question and calls
for further investigation. Hence, we addressed this point by means of numeri-
cal schemes. In this regard, a high-resolution nonlinear stabilized finite element
flux-corrected transport method was employed for spatial discretization combined
with 6-method for temporal discretization. Making use of Brouwer’s fixed point
theorem it was proved that both the nonlinear scheme and the linearized system
used in the fixed-point iterations are solvable and positivity-preserving. Several
numerical simulations were carried out in two dimensions to demonstrate the
performance of the proposed methods, where it was observed that the usage of
high-resolution scheme simply allows high-accuracy for smooth regions and good
oscillation diminishing in non-regular regime. In the next chapter, Chapter 4] we
considered a system consisting of a double cross-diffusion terms modeling two ri-
valing gangs. The main feature of this system was the presence of cross-diffusion
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term in two different equations in the system which made the analytical and nu-
merical investigations even more challenging. From the analytical point of view,
we proved that there exist a global, bounded classical solution. Moreover, we
showed that for sufficiently small initial data these solutions converge toward ho-
mogeneous steady states, however, it was shown that obtaining such a results
for large date seemed to be very difficult theoretically. Once again we addressed
this difficulty by means of numerical methods. In this regard, we employed sta-
bilized finite element flux-corrected transport method along with 6-scheme for
spatial and temporal discretization, respectively. We proved that the proposed
method is positivity preserving and satisfies the discrete maximum principle un-
der certain assumptions. Utilizing finite element library Deal.Il, we presented
various numerical experiments to support our theoretical and numerical results.
Lastly, we finished this thesis in Chapter |5 by investigating a strongly coupled
nonlinear ordinary differential equation modeling influenza disease, where a new
nonstandard finite difference method was employed to solve the system under
consideration. It was proved that the proposed method is positivity-preserving
and also elementary stable. The results were supported by providing some nu-
merical simulations utilizing MATLAB.

Outlook

As mentioned in the introduction numerical analysis and simulation of cross-
diffusion systems are considerably rare compared to the theoretical analysis.
Thus, in the following we present several ideas that are not addressed in this
work and can naturally be considered for possible future developments in this
regard:

e Studying more complicated model problems such as: systems which are
consist of not only one cross-diffusion term in a single equation in the system
but several cross-diffusion terms appearing in the same equation, systems
consisting of cross-diffusion terms along with compressible/incompressible
Navier-Stokes equations, or systems that combine fluid-structure interaction
and cross-diffusion,

o Considering more complicated domains with moving boundaries,

o Exploring and developing numerical analysis and theory in more details for
various model problems,

o Estimate the errors of the approximate solutions to cross-diffusion systems
and derive a refinement process in cross-diffusion-dominated regime. De-
sirably developing robust a posteriori error estimators for the nonlinear
finite element flux-corrected transport method in the FCT norm which are
preferably independent of the choice of the limiter,

o Software development and implementation, for example, parallelization pro-
gramming for the goal of efficient computation in the higher dimensional
domain,

o Examining other iteration methods to treat the nonlinearities in the system,
for example, Newton-like methods or a combination of Newton and fixed-

164



point approaches in order to be able to switch between the two schemes
whenever it is necessary,

Employing high-order stable time integrators such as multi-step or strong
stability preserving Runge-Kutta methods. Utilizing adaptive time stepping
techniques instead of uniform time stepping used in this work.
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