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ABSTRACT

This thesis has three aims. The first aim of the thesis is to study
the well-posedness and to develop numerical methods for scalar con-
servation laws with nonlocal flux function modeling the phenomenon
of aggregation in mathematical biology. The existence of weak solu-
tions to a nonlocal strongly degenerate parabolic aggregation equation
is proved using a finite difference method and compactness arguments.
For uniqueness, we employ an entropy concept and prove the equiva-
lence between weak and entropy solutions. The finite difference method
is utilized to generate numerical examples that illustrate the aggregation
process.

The second goal of the thesis is to study the well-posedness of a non-
local conservation but now modeling sedimentation in process industry.
We prove existence and uniqueness of entropy solutions for a nonlo-
cal sedimentation equation, again using a finite difference method and
standard compactness results. Depending on parameter values, a Lip-
schitz regularity result or a maximum principle independent by the time
variable is found. By the finite difference scheme we obtain numerical
examples and compare it with local model results. The layered sedimen-
tation phenomenon is observed.

Finally, the Generalized Lagrange Multiplier Finite Volume Method,
which was originally developed for the Maxwell equations, is extended
to any hyperbolic Friedrichs system of conservation laws with involu-
tions. We prove the convergence of the method. Moreover, the fulfill-
ment of the involution in the weak sense when the mesh parameter goes
to zero is shown. Numerical examples illustrate the properties of the
method in the Maxwell equations and in the induction equation in the
MHD system.

ix






RESUMEN

La presente tesis tiene tres objetivos. El primero de ellos es el estu-
dio de buen planteamiento y el desarrollo de métodos numéricos para
una ley de conservacién escalar con flujos no-locales, que modela el
fendmeno de agregacion en biologia matematica. Se demuestra la exis-
tencia de solucion débil de la ecuacién no-local de agregacion usando
el método de las aproximaciones sucesivas y argumentos de compaci-
dad. Para la unicidad se utiliza el concepcto de entropia y se prueba un
resultado de equivalencia entre soluciones débiles y de entropia. Con el
método de aproximacion se desarrollan ejemplos numéricos que ilustran
el fendmeno de agregacion.

El segundo objetivo de la tesis es el estudio de buen planteamiento
de una ley de consevacién no-local, esta vez modelando el proceso de
sedimentacion. Para esta ecuacion, se prueba la existencia de soluciones
débiles de entropia por un método de diferencias finitas y argumentos
de compacidad. La unicidad se obtiene por la técnica de doblamiento
de variables. Dependiendo de ciertos valores de pardmetros, se ob-
tiene una regularidad Lipschitz o un Principio del Maximo indepen-
diente del tiempo. Con el método de aproximacion se generan resultados
numéricos que se comparan con los modelos clasicos locales. Se aprecia
el fendmeno de sedimentacion por capas.

Finalmente, se extiende el método de volimenes finitos con multi-
plicadores de Lagrange generalizados, que originalmente fue desarro-
llado para las ecuaciones de Maxwell, a cualquier sistema hiperbdlico
de Friedrichs con restricciones de tipo involuciones. Se demuestra la
convergencia del método a la solucién deseada. Ademas se prueba el
cumplimiento de la involucién en el sentido débil. Ejemplos numéricos
ilustran las propiedades del método en las ecuaciones de Maxwell y en
la ecuacion de induccidn en magneto-hidrodinamica.
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Introduction

The well-posedness study and the development of numerical methods for conser-
vation laws with nonlocal flux functions have gained importance over the last years in
mathematical modeling. Several authors have contributed in developing these equations
in mathematical biology [28, 86, 105]. In particular, the aggregation phenomenon has
been studied since 1980’s by Nagai [90] and Nagai and Mimura [91, 92, 93]. More re-
cent contributions on this topic have been made by Bertozzi et al. [15, 16, 17, 18, 19].
The study of numerical methods to deal with these equations has not received the same
attention. In practice, one utilizes classical methods for conservation laws [77]. In the
first chapter of this thesis, we show the well-posedness of a strongly degenerate parabolic
equation modeling aggregation using a finite difference method. This tool, also provides
a reliable numerical method that converges to the exact solution. Numerical examples
illustrate the aggregation phenomenon.

The solid-liquid suspensions is a classical area of application of nonlinear conserva-
tion laws. The main single contribution was the kinematic sedimentation theory by Kynch
[70], which describes the sedimentation of an ideal suspension of small rigid spheres dis-
persed in a viscous fluid. It is based on the postulate that the settling velocity of a particle
is a function of the local solids concentration (or volume fraction). In the second chap-
ter of the thesis, we develop a complementary theory to Kynch’s, by assuming that the
settling velocity of a particle does not depend only on the local concentration but on the
concentration in a contiguous region of finite width. To incorporate this nonlocal beha-
vior, we introduce a convolution with a kernel in the flux function. Again, using a finite
difference method, we prove the well-posedness of the nonlocal equation. The main mo-
tivation for this nonlocal model is the layered sedimentation phenomenon, reported by
Siano [109]. Several numerical examples compare the local and nonlocal model and illus-
trate the layered sedimentation.

In a wider context, conservation laws are related in several cases to hyperbolic partial
differential equations. In the hyperbolic equations, the symmetric linear systems, also
called Friedrichs systems, appear in several physical models like the Maxwell equations
in electrodynamics. In the Maxwell equations, in addition to the system of PDEs, the
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solution must satisfy a differential constraint in the magnetic and electrical fields, called
an involution (cf. [39]). Involutions also appear in other physical problems like magneto-
hydrodynamic (MHD) and in thermo-elastic problems [39]. The well-posedness of this
problem is established in [39]. On the other hand, the development of stable and reliable
numerical methods to deal with the involution is still a work in progress. Munz et al.
[88, 89, 41] introduced the so-called Generalized Lagrangian Multiplier Finite Volume
Method (GLMFVM) to compute approximate solutions for the Maxwell’s system [88]
and for the MHD equations [41]. This method works well and preserves the involution
at the discrete level. In the third chapter of this thesis, we propose a general method that
considers the ideas of Munz [88, 89] to deal with involutions and the finite volume method
for Friedrichs systems developed by Vila and Villedieu [112], to face the problem of
Friedrichs systems with involutions. The convergence of the method and the satisfaction
of the involution in the weak sense in the limit when the mesh parameter goes to zero is
proved. Numerical examples show the characteristics of the proposed method.

A nonlocal aggregation equation

In the first chapter we study the strongly degenerate parabolic equation

us + (CD’ (/_xmu(y,t)dy) u(x,t)> =A(U)x, x€R, 0<t<T,

X

u(x,0) =up(x) >0, xcR, upe (L'NL”)(R)
for the density u = u(x,t) > 0, where A(u) is a diffusion function given by

Au) := /Oua(s) ds,

where a(u) > 0 for u € R. This equation has been studied as a model of aggregation by a
series of authors including Alt [3], Diaz, Nagai, and Shmarev [42], Nagai [90] and Nagai
and Mimura [91, 92, 93], all of which assumed that a(u) = 0 at most at isolated values
of u. We assume that a(u) = 0 on u-intervals of positive measure. For instance, if we
consider

0 siu<ug,
Au) = T
ap(u—ue) siu> u,

the nonlocal equation model an aggregation-dispersion “threshold” process, i.e, the dis-
persion stars when u exceeds the critical value u. > 0. We note that for u < u, the equation
degenerates into a hyperbolic scalar conservation law. As an structural assumption, it is
supposed that A(s) — +oo as s — +oo.
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The aggregation phenomenon is given by the nonlocal flux. For example, if we take

s + (—k [/ u(y,t)dy—/xwu(y,t)dy] u) =AW, k>0,

— o0 x

here the convective term provides a mechanism that moves u(x,#) to the right (respec-
tively, to the left) if

X oo
/ u(y,t)dy < / u(y,t)dy (respectively, ... > ...).
X

In other words, an individual will move to the right (respectively, left) if the total popula-
tion to its right is larger (respectively, smaller) than to its left. Now assume that the initial
population is finite and define

Co ::/Ruo(x)dx,

then we have
®(v) = —kv(v—Cp) + const. (1)

We need that ® € C?(R), and that ® has exactly one maximum. This assumption is intro-
duced to facilitate some of the steps of the analysis; it is, however, not essential. Employ-
ing a function ® with several separate extrema, the results remain valid.

The key observation made in previous work [3, 90, 91, 92, 93] is that if all coefficients
are sufficiently smooth, and u(x,#) is an L' solution of the problem, then its primitive is a
solution of the local initial value problem

vi+ D)y =A(vy)y, x€R, 1€(0,7T],
X
v(x,0) =vp(x), x€R, wv(x):= /muo(é)dﬁ.

In Chapter 1, we use this idea to define a finite difference scheme for u based on a
monotonic scheme for the primitive v. This scheme is an explicit version of the scheme
developed by Evje and Karlsen [47]. The scheme for u# can be obtained taking the discrete
derivative of the values of the scheme for v. Using Lax-Wendroff arguments, we prove
that the numerical solution generated by the scheme converges to a weak solution of
the problem. For uniqueness, following the ideas of Carrillo [30] and Kobayasi [66], it
is proved that any weak solution is also an entropy solution. Slight modifications of a
result in [62], gives us the uniqueness of entropy solutions. To end the chapter, numerical
experiments show the properties of the scheme and the aggregation phenomenon. This
study has given rise the following paper:

e F. Betancourt, R. Biirger and K.H. Karlsen. “A strongly degenerate parabolic aggre-
gation equation”, accepted for publication in Communications in Mathematical
Sciences.



v Introduction

A nonlocal sedimentation equation

In Chapter 2 we study a family of nonlocal conservation laws

ur+ (u(1—u)*V (K, xu)) =0, xeR, 1€(0,T],
u(0,x) =up(x), 0<up(x) <1, xeR.

Here the solid fraction u(x,t), depends only on the deep x and the time 7. The parameter
o satisfies either @ = 0 or @ > 1. The function V is a hindered settling factor that can be
chosen, for example, as

Viw)=(1-w)", n>1,

according to Richardson and Zaki [100], and which is herein supposed to depend on

2a

(Kq*u)(x,t) = . Ka(y)u(x—y,t)dy,

where K, is a symmetric, non-negative piecewise smooth kernel function with support on
[—2a,2a] with a > 0 and

A&MMZL
Usually, one defines K = K(x) with support on [—2,2] and sets K,(x) := a~ 'K (a"'x).
This model can be motivated as follows. When diffusion is negligible, the kinematic
Kynch theory [70] models the sedimentation process through

ur (x,1) + (u(x,)vs(x,1)) =0,

where vg(x,1) is the solids phase velocity, or settling velocity, at position x at time 7.
Considering the Richarson and Zaki formula for the settling velocity we have

vs(x,2) = vse (1 —u(x,1))",
where vg; is the Stokes velocity. Under the assumption that V depends on K, * u instead
of u (a justified explanation is detailed in 2.2.1 ), the Kynch equation turns now

quJ)+v$(uQ;0(l—(Kb*uXxJ»n> ~0.

X
A different approach consists in considering also the fluid mass conservation —u; +
((1—u)ve), =0, where v¢ is the fluid phase velocity. For batch settling we have the relation
vs = (1 —u)vy, where v, := vg — v¢ is the solid-fluid relative velocity or slip velocity. This
leads to the governing equation

ur+ (u(1—u)ve) =0,
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Assuming now that v, (instead of vg) has a nonlocal behavior and requiring that the
local versions based on constitutive assumptions for either v or v; should coincide, we
state the constitutive assumption for vy as v, = V(K, *u)/(1 — u). For instance, if we
employ the Richardson-Zaki equation, then the exponent n should be reduced by one, so
using the properly adapted Richardson-Zaki equation leads us to

vs(x0,7)/vse = (1 —u(xo,1)) (1= (Ka*u)(x0,2))" ",
from which the following conservation law is obtained
ur + v (u(1—u)(1 — K u)"fl)x =0.

We study the more general form of the last equation replacing (1 —u) by (1 —u)*. On
the other hand, the qualitative properties of these nonlocal equations are also interesting.
The “effective” equations are dispersive. Dispersive equations usually present oscillations.
These oscillations are interpreted as layers of different concentration.

Similarly to the work developed in Chapter 1, we get uniqueness for entropy so-
lutions using a slight modification of a result in Karlsen and Risebro [62]. Existence
is obtained using a difference-quadrature method, which is based on the classical Lax-
Friedrichs scheme. We remark that for & = O the solution is Lipschitz if the initial data
do so. The Lipschitz regularity make possible to get uniqueness without the entropy con-
cept. However, even though the solution is bounded for T < 4o, it does not remain in the
interval [0, 1] although g € [0, 1]. On the other side for & > 1, the solution is in general
discontinuous but it remains in the interval [0, 1] provided the initial data do so. Nume-
rical examples illustrate the behavior of the solution and the layered sedimentation. This
chapter gave rise to the article:

e F. Betancourt, R. Biirger, K. H. Karlsen and E. M. Tory. “On nonlocal conservation
laws modeling sedimentation”, accepted for publication in Nonlinearity.

Finite Volume Schemes for Friedrichs systems with involutions

In Chapter 3, we study linear systems of conservation laws of Friedrichs type. In addi-
tion, we impose differential side conditions in the form of involutions [39]. We consider
the spatially d-dimensional case with d > 2, x = (x1,...,x4)" and time ¢ > 0. Fort < T,
we define the functions G',...,G%, D : R? x [0,T] — R™" with m € N, and f : R x
[0,T] — R™. Since the system is of Friedrichs type, we have that G! (x,1),...,G%(x,t) are
symmetric matrices for all (x,7) € RY x [0, T].
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The initial value problem is given by:

a d
Z G’ (x,0)u(x,1)) + D(x,t)u(x,t) = f(x,1),

u(x,0) = up(x).

Moreover, we require the solution u to satisfy the linear differential side condition

d
ZM,-% (u(x0)) =0, ((x0) R x[0,7)),

i=1 Xi

where M;,i=1,...,d, are constant matrices. According to Dafermos [39], the differential
constraint is called an involution for the system if and only if any solution of the system
satisfies the involution, whenever the initial data do so.

Involutions appear frequently in applications. We mention the classical Maxwell system to
describe electrodynamical processes (cf.[75]). The divergence of the electrical and mag-
netical field is constrained in this case. The induction equations in the (in)compressible
electro- and magnetohydrodynamical equations provide similar examples but with (x,)-
dependence in the flux. Solutions of the equations of linear elasticity have to satisfy com-
patibility conditions on the deformation gradient, which result in an involutionary con-
dition (cf. Chapter 5 of [39]). Yet, another example is the linear piezoelectrical system
(see [84]). Let us mention that involutions of course appear also in the more challenging
case of nonlinear conservation laws. Again, magnetohydrodynamics [38], electrohydro-
dynamics, nonlinear elasticity systems, but also Einstein’s equations of general relativity
are prominent examples.

On the analytical level an involutionary side condition is not problematic. The well-
posedness is well known from [39]. By definition the involution is satisfied. Also stan-
dard numerical schemes are known to converge. However, without consideration of the
involution in the numerical scheme the residuum in the side condition usually grows with
increasing time [88]. In coupled processes this is a typical source of instabilities (cf.[88]
and cites therein). Therefore, a wide range of stabilization methods has been suggested
(e.g. [4, 20, 35, 58, 89]).

The motivation for this contribution is the work of Munz et al. [89]. They introduced
in particular the so-called hyperbolic Generalized Lagrangian Multiplier Finite Volume
Method (GLMFVM) to compute approximate solutions for Maxwell’s system of linear
electrodynamics. We formulate this approach for a general Friedrichs systems with in-
volutions. The method is based on solving an extended system of relaxation-type. Let
a, € >0 and ug, Y : R? — R™ be given. Consider the following initial value problem
for the unknown function: w® : RY x [0, T] — R>", with w® := (uf, ... uf, w¥, ..., wE)T,

m»
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given by

iug—kii (G'(x,t)u®) +M] I V& +D(x,t)u’ = f(x,1)
ot o axi ’ ) sb )y

FIod
4 M;
Z{? u +al//
(x 0) =up(x),  ¥(x,0)=y5x) =

Since the last formulation is not symmetric we introduce the variable ¢¢ := y*./e
and the system turns

d e L 9 g,irre £ _ ._ ”8<x>
U +,~218_x,~(A US)+BUS=F,  Uf(x,0)= Uo(x).—( )

€ . i M
US::(MS>; A% = AG,I Ve | B::(D 0); F::<f).
¢ \/—é 0 0 al 0

We prove that the symmetric system is well posed. It is also proved, under mild assump-
tions, that the solution of the extended systems equals the solution of the original system
a.e. The main result is the convergence of the GLMFVM. This is done in Section 3.4.
Following the theory developed by Vila and Villedieu [112] and Jovanovic and Rohde
[59] we get

H”i - uSHLZ(RdX[O,T];R’") =0 (8_1/4111/2)

where /1 is the mesh parameter, uf : R x [0,T] — R™ is the solution generated by the
GLMFVM and uf is the solution of the extended system. A crucial fact is that coupling
€ and & the estimate does not depend critically on €. As a Corollary, it is found that the
involution is satisfied in the weak sense when the mesh parameter goes to zero . Numerical
examples realize the characteristics of the GLMFVM. As a result of this research we have:

e F. Betancourt and C. Rohde. “Finite-Volume Schemes for Friedrichs Systems with
Involutions” (in preparation).






Introduccion

El estudio de buen planteamiento y el desarrollo de métodos numéricos para leyes
de conservacion escalares con flujos no-locales ha tomado gran importancia en el ultimo
tiempo dentro del drea de la modelacion matemadtica. Diversos autores han hecho nu-
merosos avances en el desarrollo de estas ecuaciones dentro de la modelacién de proce-
sos bioldgicos [28, 86, 105]. En particular, el fendmeno de agregacion ha sido estudiado
desde la década de los 80’s por Nagai [90] y, Nagai y Mimura [91, 92, 93]. Contribu-
ciones mas recientes han sido hechas por Bertozzi y colaboradores [15, 16, 17, 18, 19].
El estudio de métodos numéricos sencillos para estos problemas no ha sido objeto de un
mayor estudio. En la prictica se recurre a los métodos cldsicos conocidos en leyes de
conservacion [77]. En el primer capitulo de esta tesis, usando el método de las aproxima-
ciones sucesivas, se presenta el analisis de buen planteamiento de una ley de conservacion
escalar parabdlica fuertemente degenerada que modela el fenémeno de agregacion tipo
“enjambre”. Con dicha técnica, ademads de probarse el buen planteamiento del problema,
se obtiene un método numérico confiable que aproxima y converge a la solucién exacta
deseada. Ejemplos numéricos ilustran el fenémeno de agregacion.

Las suspensiones solido-liquido son un érea clésica de aplicacién en leyes de conser-
vacion no-lineales. La més importante contribucién en el estudio de este proceso fue hecha
por Kynch [70], quien desarroll6 una teoria de tipo cinematica. El supuesto clave de la
teoria de Kynch es que la velocidad de sedimentacion de una particula depende sélo de la
concentracion en el mismo punto donde se encuentra la particula. En el segundo capitulo
de la tesis se desarrolla una teoria complementaria a la desarrollada por Kynch donde se
supone que la velocidad de sedimentacion de una particula depende no sélo de la concen-
tracion en el lugar donde esta la particula, sino que de la concentracion en una vecindad de
ésta. Dicha dependencia se produce a través de la incorporaciéon de una convolucion con
un kernel en la funcién flujo. Nuevamente, a través del método de aproximaciones sucesi-
vas, se demuestra el buen planteamiento de la ecuacidn no-local. La motivacién principal
del modelo no-local es tratar de interpretar y reproducir el fendmeno de sedimentacion
por capas reportado por Siano [109]. Variados ejemplos numéricos muestran los efectos
en el proceso de sedimentacion de la incorporacién del término no-local.

1X
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En un contexo mas amplio, las leyes de conservacion estan relacionadas en muchos ca-
sos con las ecuaciones en derivadas parciales de tipo hiperbdlico. Dentro de las ecuaciones
hiperbdlicas, los sistemas hiperbdlicos de leyes de conservacion lineales simétricos, lla-
mados también de Friedrichs, aparecen en algunos modelos fisicos como por ejemplo
las ecuaciones del electromagnetismo. Adicionalmente, en este ejemplo, se requiere que
la solucion del sistema satisfaga una restriccion de tipo diferencial llamada involucién
[39], que corresponde a las restricciones sobre el campo eléctrico y magnético. Involu-
ciones aparecen en otros problemas fisicos como lo son la magnetohidrodindmica y los
procesos termoeldsticos. El buen planteamiento de este problema ya ha sido abordado
[39]. Sin embargo, el desarrollo de métodos numéricos estables que consideren la in-
volucion es aun un problema en estudio. Munz y colaboradores [88, 89, 41] desarrollaron
el llamado GLMFVM (Generalized Lagrange Multiplier Finite Volume Method) por sus
siglas en inglés, para incluir las involuciones en el caso del electromagnetismo (lineal) y
magnetohidrodindmica (no-lineal). Dicho método funciona de buena manera y preserva
la involucién a nivel discreto. En el tercer capitulo de la tesis se propone un método de
volumenes finitos, el cual mezcla las ideas de Munz para incorporar las involuciones en
el sistema hiperbdlico, con el método de volimenes finitos disefiado por Vila y Villedieu
[112] para sistemas de Friedrichs. Se demuestra la convergencia a la solucién deseada y
la satisfaccion de la involucidn en el sentido débil. Ejemplos numéricos dan cuenta de las
caracteristicas de la solucién numérica generada asi como de las propiedades del método.

Una ecuacion de agregacion no-local

En el capitulo 1 se estudia el problema de valores iniciales para la ecuacién parabdlica
fuertemente degenerada

s+ (cp’ (/ u(y,t)dy> u(x,t)) — AWy, x€R, 0<1<T,

— o0 X

u(x,0) =ug(x) >0, xeR, upe (L'NL?)(R)

donde u = u(x,t) > 0 es un tipo de densidad o concentracién, A(u) es el coeficiente de
difusion dado por

donde 0 < a(u) < +-oo. Esta ecuacion ha sido estudiada por varios autores, entre ellos Alt
[3], Diaz, Nagai, y Shmarev [42], Nagai [90] y Nagai y Mimura [91, 92, 93]. Todos los
autores nombrados han asumido que a(u) = 0 s6lo en valores aislados de u. En el caso
tratado se supone que a(u) = 0 en u-intervalos de medida finita pero positiva. Por ejemplo
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si se define

Alu) = 0 siu<ug,
ap(u—uc) siu> u,
la ecuacion representa un fendmeno de agregacion-dispersion con umbral, es decir, la
dispersion dada por el término parabdlico, se activa cuando u excede el valor critico u, >
0. Este hecho le da sentido a la denominacién de ecuacidn parabdlica fuertemente degene-
rada dado que si u < u, la ecuacion es hiperbdlica, en cambio, si u > u, la ecuacion es
del tipo parabdlico. Como supuesto estructural en el término parabdlico se asume que
A(s) — oo cuando s — oo.
El fenémeno de agregacion estd dado por la parte no-local en la funcién de flujo
convectiva. Si se considera la ecuacion

e+ (—k [ /_ xwu(y,t)dy— / wu(y,t)dy} u) —AW)e, k>0,

X

El término convectivo entrega un mecanismo que mueve u(x,?) a la derecha (respectiva-
mente a la izquierda) si

X oo
/ u(y,t)dy < / u(y,t)dy (respectivamente, ... > ...),
X

—o0

dicho de otro modo, un individuo se mueve a la derecha (respectivamente a la izquierda)
si la cantidad de individuos es mayor a su derecha (respectivamente a su izquierda). Si se
define

Co ::/]Ruo(x)dx7

entonces
®(v) = —kv(v —Cp) + const.

Sobre la parte convectiva, se asume que la funcién @ tiene un s6lo maximo. Esta hipdtesis
es introducida sélo para facilitar algunas pasos dentro del anélisis, sin embargo, no es
esencial. Si se considera una funcién ® con extremos separados, los resultados siguen
siendo validos.

La observacion clave hecha en trabajos previos [3, 90, 91, 92, 93], es que si todos los
coeficientes son suaves y u(x,7) es una solucién en L' del problema, su primitiva v es una
solucion de

vi+ D)y =A(v)y, x€R, 1re€(0,7T],
X

v(x,0) =vo(x), x€R, vo(x)::/ up(&)dé§.

— 00
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En el capitulo 1, se utiliza esta idea, presentada aqui formalmente, para definir un es-
quema de diferencias finitas para la ecuacion de agregacion basdndose en un esquema
(mon6tono) para su primitiva v. El esquema usado es la version explicita del esquema
desarrollado por Evje y Karlsen [47]. El esquema para u se obtiene tomando la derivada
discreta de los valores del esquema para v. A través de modificaciones standard de ar-
gumentos de tipo Lax-Wendroff, se prueba que la solucién numérica generada por el
esquema para u converge a una solucion débil del problema.

Para probar unicidad de la solucidn se utiliza el marco de soluciones de entropia. Si-
guiendo la linea de los trabajos de Carillo [30] y Kobayasi [66] se prueba que toda
solucién débil de la ecuacion de agregacion es también solucion de entropia. Con pequeiias
modificaciones respecto de un resultado de unicidad en [62], se demuestra que las solu-
ciones de entropia son Unicas. Para finalizar, ejemplos numéricos ilustran el fendmeno de
agregacion y las propiedades de convergencia del esquema.

El estudio de esta ecuacion dio origen al articulo:

e F. Betancourt, R. Biirger y K.H. Karlsen. “A strongly degenerate parabolic aggre-
gation equation”, aceptado para publicacion en Communications in Mathematical
Sciences.

Ecuaciones no-locales en sedimentacion

En el capitulo 2 de esta tesis se estudia una familia de leyes de conservacion con flujo
no-local definidas por

ur+ (u(1—u)*V (K, xu)) =0, xeR, 1€(0,T],
u(0,x) =up(x), 0<up(x)<1, xeR.

Donde la fraccion de sélidos u(x,t), se considera una funcién sélo de la profundidad x y
del tiempo z. El pardmetro o satisface ¢ =0 o bien o > 1. La funcion V, conocida como
factor de obstaculizacidn, estd dada por

Viw)=(1-w)", n>1,

de acuerdo a lo propuesto por Richardson y Zaki [100], y que se supone depende de

2a

(Kexw)r) = [ Kuly)ulr=1)dy.

donde K, es un kernel simétrico, no negativo y suave a trozos con soporte en el intervalo
[—2a,2a] cona >0y

/RKa(x)dx: L.
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Es comtn definir K = K (x) con soporte en [—2,2] y considerar K,(x) := a~'K(a™'x).
El modelo puede ser motivado como sigue. Si la difusion es despreciable, la teoria cineméa-
tica de Kynch [70] modela el proceso de sedimentacion a través de la ecuacion

u(x,1) + (u(x,t)vs(x,t))x =0,

donde vg(x,7) es la velocidad de fase sdlida, también llamada velocidad de sedimentacion,
en la posicion x en el instante ¢. Considerando la férmula de Richardson y Zaki para la
velocidad de sedimentacion, se tiene que

vs(x,1) = vse (1 — u(x,1))",

donde vg; es la velocidad de Stokes. Bajo el supuesto que V depende de K, xu en vez de u
(una justificacion detallada se encuentra en la subseccion 2.2.1 ), la ecuacién del modelo
de Kynch toma la forma

u (x,1) 4 vst (u(x,t) (1—(Kg* u)(x,t))n> =0

X

Una ecuacién diferente se obtiene considerando también la ecuacién de conservacion
del fluido —u; + (vf(l — u))x = 0, donde v¢ es la velocidad de la fase liquida. Para sedi-
mentacion batch se tiene que v = (1 — u)vy, donde v; := vs — v es la velocidad relativa
entre fases. Esto lleva a la ecuacion para la concentracion de sélidos

ur+ (u(1—u)v;) =0,

Si se supone ahora que v; (en vez de vg) tiene un comportamiento no-local y que las
ecuaciones constitutivas para v; y vs coinciden, se obtiene que vy =V (K, xu)/(1 —u). Por
ejemplo, si se emplea la ecuacion de Richardson y Zaki esto lleva a

-1
Vs<x7f)/VSt: (1—u(x,t))(1—(Ka*u)(x,t))n ’
con la cual se llega a la ley de conservacion
ur +vse(u(1—u)(1 - K, *u)”_])x =0.

Se estudia la forma mas general de la dltima ecuacién reemplazando el término (1 — u)
por (1 —u)®. Dentro de las propiedades cualitativas de la ecuacién no-local, se destaca
que su ecuacion “efectiva” [114], es de caracter dispersivo. Las ecuaciones dispersivas se
caracterizan por presentar oscilaciones. Se interpretan dichas oscilaciones como “capas”
de sedimento de distinta concentracion.

De forma andloga a lo desarrollado en el capitulo 1, se establece la unicidad de soluciones
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utilizando el concepto de entropia de Kruzkov y usando una variacién respecto de un re-
sultado en [62]. La existencia de solucién de entropia para la ecuacion de sedimentacion
no-local se logra a través de un esquema de diferencias finitas y cuadratura basado en el
clasico esquema de Lax-Friedrichs. Se destaca el hecho de que para o¢ = 0 la solucién es
Lipschitz continua si el dato inicial lo es. Esta regularidad hace posible prescindir del con-
cepto de entropia para obtener la unicidad. Sin embargo, aunque la solucién permanece
acotada para todo tiempo 7' < +-eo, ésta escapa del intervalo [0, 1] ain cuando ug € [0, 1].
Por otro lado, para o > 1, la solucidn es en general discontinua aunque el dato inicial sea
suave, pero ésta se mantiene en el intervalo [0, 1]. Ejemplos numéricos ilustran el com-
portamiento de la solucién de entropia de la ecuacion no-local. Los resultados anteriores
constituyen el articulo:

e F. Betancourt, R. Biirger, K. H. Karlsen y E. M. Tory. “On nonlocal conservation
laws modeling sedimentation”, aceptado para publicacion en Nonlinearity.

Esquemas de Volumenes Finitos para Sistemas de Friedrichs con In-
voluciones

En el capitulo 3 de esta tesis se estudian sistemas lineales de leyes de conservacion
del tipo Friedrichs, que ademds deben satisfacer restricciones de tipo diferencial deno-
minadas involuciones [39]. Se considera el caso con d dimensiones espaciales, d > 2,
x = (x1,...,x4)7, y tiempo t > 0. Para t < T, se definen las funciones G',...,G¢, D :
RY % [0,T] — R™™conm € N,y f:RY x [0,T] — R™. Puesto que el sistema es de tipo
Friedrichs, se tiene que las funciones matriciales G'(x,1),...,G%(x,t) son simétricas para
todo (x,#) € R? x [0, T]. El problema de valores iniciales a resolver esta dado por:

2u()c )+ i i(G’.()c t)u(x,t)) +D(x,t)u(x,t) = f(x,1)
Jr 7 & 0x; ’ ’ 7 7 n

u(x,0) = up(x).
La solucidn del sistema anterior debe ademas satisfacer la restriccion diferencial

d

ZM,-% (u(x,t)) =0, ((x,t) e R4 x [0,T)> ,
i=1 i
donde M;,i=1,...,d, son matrices constantes. De acuerdo a la definicién dada por Dafer-
mos [39], la restriccion diferencial es una involucion si y sélo si toda solucion del sistema
satisface la restriccion siempre que el dato inicial lo haga.
Las restricciones de tipo involucién aparecen con frecuencia en modelos fisicos. Dentro
de ellos, destaca el sistema de Maxwell que describe los procesos electrodinamicos. La
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divergencia del campo eléctrico y magnético son restricciones en ese caso. La ecuacion
de induccion en electro y magneto hidrodindmica son ejemplos similares pero con una
dependencia de (x,t) en la funcion de flujo. Las soluciones de las ecuaciones de la elasti-
cidad lineal tienen que satisfacer condiciones de compatibilidad en el gradiente de la de-
formacion, lo que se traduce en una condicién de involucion (ver [39] Cap. 5). Otro ejem-
plo son los sistemas piezo-eléctricos. Obviamente, las involuciones aparecen en leyes de
conservacion no-lineales, nuevamente, electro y magneto hidrodindmica, elasticidad no-
lineal asi como también las ecuaciones de Einstein de relatividad general son ejemplos
importantes.

Desde el punto de vista analitico las involuciones no son problematicas. El buen plantea-
miento es conocido [39]. Por definicidn, la involucién se satisface. Para métodos numéricos
standard se conoce la convergencia. Sin embargo, sino se considera la involucién en
el esquema numérico, el residuo en la involucién puede crecer con el tiempo [88]. En
métodos numéricos acoplados, ésta es una tipica fuente de inestabilidades (ver [88] y
las referencias ahi citadas). Varios métodos de estabilizacién han sido reportados [4,
20, 35, 58, 89]. La motivacion de este estudio es el trabajo de Munz y colaboradores
[88, 89]. Ellos introducen el llamado Método de Volumenes Finitos con Multiplicador de
Lagrange Generalizado, GLMFVM por sus siglas en inglés, para el calculo del sistema
de Maxwell en electrodindmica. En el dltimo capitulo de esta tesis, se reformula este
método para cualquier sistema de Friedrichs con involuciones. Este método se basa en la
resolucion de un sistema extendido de tipo relajacion. Sean a, € > 0y ug, Y : RY — R™

dados. Se considera el problema de Cauchy para la incognita w® : RY x [0,T] — R>™, con
€

. € 4 £ eNT
wo = (ui,...,up, Yi,..., ¥,,)" , dado por

d o , . r 0

54 +Z8xl G (x,)u®) +M; e — &+ D(x,1)u’ = f(x,1),
0 . M9 e
aV T o V=0,
u(x,0) =ug(x),  yo(x,0)=y5x) =

Como la formulacién anterior no es simétrica se introduce la variable @€ := y€./€ con lo
que el sistema a resolver se reduce a

&
_U8+Zax, (ASU®) +BUS =F,  U®(x,0)=U§(x):= ( ”Oéx) )

con
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Se prueba que el problema simétrico extendido estd bien planteado. También se de-
muestra, bajo supuestos no restrictivos, que la solucion del sistema extendido es igual
a la solucidn del sistema original en casi todo punto. Luego se introduce el método
de volimenes finitos GLMFVM. El resultado principal es la convergencia del método
GLMFVM. Esta se realiza en la seccion 3.4. Siguiendo la teoria desarrollada por Vila y
Villedieu [112] y Jovanovic y Rohde [59] se obtiene que

|t — MEHL2(Rdx[O,T};]Rm) -0 (871/4 h1/2>

donde h es el pardmetro de malla, uf : RY x [0,T] — R™ es la solucién generada por
el método GLMFVM vy u® la solucion del sistema extendido. Un hecho importante es
que acoplando € con A la estimacién no depende criticamente del pardmetro €. Como
Corolario se demuestra que la involucién se satisface en el limite cuando 2y € van a 0.
Ejemplos numéricos ilustran la importancia de considerar la involucién en el método de
aproximacion. Como resultado de esta investigacion se tiene en preparacion el articulo:

e F. Betancourt y C. Rohde. “Finite-Volume Schemes for Friedrichs Systems with
Involutions”.



Chapter 1

Strongly degenerate parabolic
aggregation equation

This chapter is concerned with a strongly degenerate convection-diffusion equation in
one space dimension whose convective flux involves a nonlinear function of the total mass
to one side of the given position. This equation can be understood as a model of aggrega-
tion of the individuals of a population with the solution representing their local density.
The aggregation mechanism is balanced by a degenerate diffusion term describing the
effect of dispersal. In the strongly degenerate case, solutions of the nonlocal problem are
usually discontinuous and need to be defined as weak solutions. A finite difference scheme
for the nonlocal problem is formulated and its convergence to the unique weak solution
is proved. This scheme emerges from taking divided differences of a monotone scheme
for the local PDE for the primitive. Some numerical examples illustrate the behaviour of
solutions of the nonlocal problem, in particular the aggregation phenomenon.

1.1 Introduction

1.1.1 Scope

This chapter is related to the initial value problem for a strongly degenerate convection-
diffusion equation of the form

us + ((I)’ (/x u(y,t)dy) u(x,t)) =A(u)y, x€R, 0<t<T, (1.1)

—oo X

u(x,0) =up(x) >0, x€R, wupc (L'NL”)(R) (1.2)

for the density u = u(x,t) > 0, where A(u) is a diffusion function given by A(u) := [y a(s)ds,
where a(u) > 0 for u € R. The model (1.1), (1.2) was studied as a model of aggregation

1
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by a series of authors including Alt [3], Diaz, Nagai, and Shmarev [42], Nagai [90] and
Nagai and Mimura [91, 92, 93], all of which assumed that a(u) = 0 at most at isolated
values of u. It is the purpose of this work to study (1.1), (1.2) under the more general
assumption that a(u) = 0 on bounded u-intervals on which (1.1) reduces to a first-order
conservation law with nonlocal flux. We assume that A(s) — o as s — oo.

The key observation made in previous work [3, 90, 91, 92, 93] is that if all coefficients
are sufficiently smooth, and u(x,7) is an L! solution of the problem (1.1), (1.2), then the
primitive defined by

V(1) = / W(E,NdE, 1e(0,T], (1.3)

—o0

is a solution of the local initial value problem

vi+ Oy =A(v)y, x€R, re(0,7T], (1.4)

v(x,0) =vp(x), x€R, wvo(x) ;:/ up(&)dé. (1.5)

—o0

As a nonlinear but local PDE, (1.4) is more amenable to well-posedness and numerical
analysis. In this work we use that the transformation to the local equation (1.4) is also
possible in the strongly degenerate case, in which solutions of (1.1) are usually disconti-
nuous and need to be defined as weak solutions. We prove that any weak solution is also
an entropy solution. This property allows us to use available L! stability and uniqueness
results in the framework of entropy solutions.

The core, and essential novelty, of this contribution is the formulation and convergence
proof of a finite difference scheme for (1.1), (1.2) (in short, “u-scheme”). The scheme is
based on a monotone difference scheme for the initial value problem (1.4), (1.5) (in short,
“v-scheme”) in the strongly degenerate case, which in turn is a special case of the schemes
formulated and analyzed by Evje and Karlsen [47] for the more general doubly degenerate
equation v, +®(v), = B(A(vx))x. The u-scheme is obtained by taking finite differences of
the numerical solution values generated by the v-scheme. The v-scheme is, in particular,
monotonicity preserving, so the discrete approximations for v are always monotonically
increasing when the initial datum vy is, and therefore the u-scheme produces nonnegative
solutions. Moreover, by modifications of standard compactness and Lax-Wendroff-type
arguments it is proved that the numerical approximations generated by the u-scheme con-
verge to the unique weak solution of (1.1), (1.2). An appealing feature is that the primitive
(1.3) never needs to be calculated explicitly (except for the computation of vy). Numerical
examples illustrate the behaviour of solutions of (1.1), (1.2), and recorded error histories
demonstrate the convergence of the v- and u-schemes.
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1.1.2 Assumptions
We assume that uy has compact support, and that there exists a constant .# such that
TV (uy) < A . (1.6)
We also need that ® € C?(R), and that ® has exactly one maximum:
F*>0: dOW)=0, ¥()>0forv<v’, P(v)<O0forv>v". (1.7)

This assumption is introduced to facilitate some of the steps of our analysis; it is, however,
not essential. In fact, in our convergence analysis of Section 1.4 we need to discuss the
local behaviour of the numerical solution for v close to where it includes the value v* since
that value is critical in the definition of the numerical flux. If we employ a function ® that
has several separate extrema, then the locations of solution values including extrema are
spatially well separated since the discrete analogue of v, is bounded, and the techniques
of Section 1.4 can be extended to that case in a straightforward manner. We recall that the
function A is defined via

u
Au) = / a(s)ds, wherea(u) >0 forucR.
0
The assumptions on A are the following:
A(s) o0 ass—oo; M, >0: a(s)<M, forallseR. (1.8)

Our analysis is restricted to a finite final time 7', since some of the constants appearing
in the convergence analysis, which serves here as an existence proof, actually depend
on T. The L” bound on u is, however, independent of 7.

1.1.3 Motivation

Equation (1.1), or some specific cases of it, were studied in a series of papers [3, 42,
90, 91, 92, 93], in all of which it is assumed that a(u#) = 0 at most at isolated values of u,
so that it is always ensured that A’ («) > 0 for u > 0. The interpretation of (1.1) as a model
of the aggregation of populations (e.g., of animals) can be illustrated as follows. Assume
that u(x,7) is the density of the population under study, and consider the equation

s+ (—k [ / xwu(y,t)dy— / mu(y,t)dy] u) — A()w, k>0, (1.9)

X

Here, the convective term provides a mechanism that moves u(x,¢) to the right (respec-
tively, to the left) if

X oo
/ u(y,t)dy < / u(y,t)dy (respectively, ... > ...).
e x
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In other words, an animal will move to the right (respectively, left) if the total population
to its right is larger (respectively, smaller) than to its left. Now assume that the initial
population is finite and define

C() ::/uo(x)d.x. (1.1())
R
It is then clear that (1.9) is an example of (1.1) if ®'(v) = —k(2v—(p), i.e.,
®(v) = —kv(v —Cp) + const. (1.11)

The aggregation mechanism is balanced by nonlinear diffusion described by the term
A(u)yy, termed density-dependent dispersal in mathematical ecology. A novel feature
addressed by the present analysis is a “threshold effect”, i.e. dispersal only sets on when
the density u exceeds a critical value u. > 0. The underlying idea is that the individuals,
animals or humans, would react to variations of the local density only if that density ex-
ceeds a critical value. A similar “behavioristic” motivation of degenerate diffusion was
advanced in the context of a traffic model, see [27, 101]. This effect is considered in the
present model since A may degenerate on intervals. For example, for a constant ay > 0 we
may consider

0 foru<ue, 0 for u < u,

a(u) = { ie, A(u)= { (1.12)

ao foru > uc, ao(u—ue) foru > u.

To illustrate some of the consequences of the presence of a strongly degenerating
diffusion term, and to compare our findings with the most recent results obtained for
multi-dimensional aggregation equations, let us consider a strongly degenerating inte-
grated diffusion coefficient A(u) and the local degenerate parabolic PDE

u+ fx,tu)y =AW, (x,1) €r;  u(x,0) =up(x), xeR, (1.13)

where f should depend smoothly on x and u. It is well known that even in the absence of
a convective term (f = 0), i.e., for the problem

u =A()xx, (x,1) €r; u(x,0)=up(x), xeR, (1.14)

solutions of (1.13) may form discontinuities from smooth initial data in finite time due
to the strong degeneracy of A(u). The appearance of discontinuities motivates why so-
lutions of strongly degenerate parabolic PDEs are studied as weak solutions. However,
the appearance of discontinuities solely due to degenerate diffusion does not necessarily
require the introduction of an entropy solution concept to ensure uniqueness. In fact, the
uniqueness in L' of weak solutions of (1.14) is a classical result [23]. This result carries
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over to such cases of (1.13) that can be transformed to (1.14), for example the linear case
f(x,u) = ou, where a € R is a constant, or may possibly depend on x and ¢ (in the latter
case, restrictions on the choice of ¢t (x) may apply).

This discussion motivates why we expect solutions of the present problem (1.1), (1.2)
to form discontinuities even from smooth initial data, so this problem should be studied
in a suitably defined space of weak solutions. We may write (1.1) as

w4 (O (v(x,1))u) = A1) (1.15)

In this work we demonstrate that for the present equation (1.15) weak solutions are
entropy solutions. The main importance of identifying weak solutions as entropy solu-
tions lies in the easy access to stability and uniqueness results for entropy solutions (see
[32, 62]) which can be applied to (1.1), (1.2), as will be done in Section 1.3.2.

1.1.4 Related work

More recently, aggregation equations of the form
u+ V- (uVK xu) = A(u) (1.16)

have seen an enormous amount of interest, where the typical case is A = 0. Here, K
denotes an interaction potential, and K * u denotes spatial convolution. The nonlocal
and diffusive terms account for long-range and short-range interactions, respectively,
as is emphasized in [28]. The derivation of (1.16) from microscopic interacting parti-
cle systems and related models, and for particular choices of K and A, is presented in
[16,22, 28, 85, 86]. Related models also include equations with fractional dissipation that
cannot be cast in the form (1.16), see e.g. [78, 79].

The essential research problem associated with (1.16) (or variants of this equation) is
the well-posedness of this equation together with bounded initial data u(x,0) = ug(x) for
x € R?, where d denotes the number of space dimensions. While the short-time existence
of a unique smooth solution for smooth initial data is known in most situations, one wishes
to determine criteria in terms of the functions K and A (or related diffusion terms), and
possibly of ug, that either ensure that smooth solutions exist globally in time, or that
compel that solutions of (1.16) will blow up in finite time. This problem is analyzed in
[8, 15,16, 17, 18, 19, 22, 28, 31, 76, 78, 79, 82] (this list is far from being complete).

Here and it what follows, “blow-up” of a solution refers to L™ norm blow-up (as
opposed to the finite time loss of classical regularity generic to problems with degenerate
diffusion). The occurrence of blow-up was analyzed in terms of the properties of K for A =
0in [16, 17]; if K is radial, i.e., K = K(|x|), then blow-up occurs if the Osgood condition
for the characteristic ODEs is violated, as occurs e.g. for K(x) = exp(—|x|), while for a
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C? kernel this does not occur [16]. Li and Rodrigo [78, 79] consider this particular kernel
and describe the circumstances under which blow-up occurs if the aggregation equation
is equipped with fractional diffusion. Special cases of (1.16) have also been studied in the
context of Patlak-Keller-Segel models, where K is the fundamental solution to an elliptic
PDE (see e.g. [8, 21]).

We can write (1.1) as a one-dimensional version of (1.16) only in very special cases.
However, and as was already pointed out in [91], (1.9) can be written as

u+ (uk 1)y = A(u) (1.17)

with the odd kernel K (x) = —ksgn(x). Equation (1.17), or equivalently, (1.1) with & given
by (1.11), becomes a one-dimensional example of (1.16) if we observe that Kxu=K"xu,
where K’ denotes the derivative of K, if we choose the even kernel

K(x) = —k|x|+C, (1.18)

where C is a constant. We can write this as K (x) = —k(|x|) for x(r) = r— C. Suppose that
one uses this kernel in the multi-dimensional equation (1.16). It is then straightforward to
verify that in absence of dispersal (A = 0), the kernel (1.18) satisfies the integral condition
for blow-up in finite time, see [16]. One result of our analysis is then that the condition
(1.8) is sufficient to ensure that L™ blow-up of solutions of (1.1) does not occur.

In fact, in the context of aggregation models that are based either on (1.1) or on the
more recently studied equation (1.16), the present work is the first that incorporates a
strongly degenerate diffusion term, i.e., involves a function A(u) that is flat on a u-interval
of positive length. So far, diffusion terms that have been considered in (1.1) degenerate
at most at isolated u-values. Nagai and Mimura [91] studied the Cauchy problem for
equation (1.1) under the assumptions A(0) = 0, A’(u) > 0 being an odd function. The
initial function for the Cauchy problem in [91] is assumed to be bounded, nonnegative
and integrable. Nagai and Mimura [91] prove existence and uniqueness of a bounded
and continuous solution to the initial value problem. In [92] the asymptotic behaviour of
solutions to the same problem was studied for the specific choice

Alw)=u", m>1. (1.19)

It seems that the analysis of (1.16) with degenerate diffusion has just started. Li and Zhang
[82] study this equation in one space dimension for the diffusion function A(u) = u?/3,
which degenerates at u = 0 only. On the other hand, the numerical simulations presented
herein show that under strongly degenerate diffusion, typical features of the aggregation
phenomenon such as “clumped” solutions with very sharp edges [105] appear.

Let us briefly mention some of the recent results concerning (1.16). If diffusion is ab-
sent (A = 0), (1.16) becomes an inviscid nonlocal transport law, which are well known to
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be have better regularity properties than general quasi-linear conservation laws. In particu-
lar, Laurent [76] and Bertozzi and Laurent [17] show that if the initial condition is smooth,
then solutions of (1.16) remain smooth for as long as the L” norms remains bounded. In
particular, discontinuities can only occur if they were present in the initial data. More-
over, according to [82], the addition of nonlinear diffusion will cause higher regularity
of weak solutions to be lost in finite time, i.e., the spatial gradient of the solution will
experience L™ blow-up in finite time. This contrasts with the expected solution behaviour
of (1.1), (1.2) described in Section 1.1.3, namely that strong discontinuities form from
smooth data.

Regarding uniqueness of weak solutions, it has been shown that in dimensions two
and higher, entropy conditions are not required to ensure that weak solutions to (1.16) are
unique. For the inviscid case, see Bertozzi and Brandman [15] or Bertozzi et al. [18]. For
the case with diffusion, uniqueness is shown by Bertozzi and Slepcev in [19] and in more
generality by Bedrossian et al. [8]. These results are consistent with ours.

1.1.5 Outline of the chapter

The remainder of this chapter is organized as follows. In Section 1.2 we state the defi-
nition of weak and entropy solutions of (1.1), (1.2). While it is standard to verify that
any entropy solution is a weak solution, we able to prove that for the present equation,
any weak solution is an entropy solution. In Section 1.3.1 we state jump conditions that
can be derived from the definition of weak solutions, and in Section 1.3.2 we prove the
uniqueness of a weak solution, using that any weak solution is, in fact, an entropy so-
lution. Section 1.4 presents a convergence analysis for the u-scheme. In Section 1.4.1,
the schemes are described. Section 1.4.2 contains a series of lemmas stating uniform es-
timates on the numerical approximations generated by the v- and the u-schemes, which
allow to employ standard compactness arguments to deduce that both schemes converge
to the unique weak solution. The final convergence result (Theorem 1.4.1) and its proof
are presented in Section 1.4.3. This proof follows a standard Lax-Wendroff argument.
A finite speed of propagation property is proven in 1.4.4. Some numerical examples are
presented in Section 1.5.

1.2 Definition of a weak solution

Definition 1.2.1 A measurable function u is said to be a weak solution of the initial value
problem (1.1), (1.2) if it satisfies the following conditions:

1. We have u € L=(Il)NL*(0,T; BV (R)), and A(u) € L*(0,T; H'(R)), where Ty :=
R x (0,T).
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2. The initial condition (1.2) is satisfied in the following sense:

ltilr(l)l/R‘u(x,t) —up(x)|dx = 0. (1.20)

3. Ifv(x,t) is defined by (1.3), then the following equality is satisfied for all test func-
tions ¢ € Cy(Ily):

// u(g+P' (v )(Z>x)+A(u)(pxx}dxdt:0. (1.21)

Definition 1.2.2 A measurable, nonnegative function u is an entropy solution of (1.1),
(1.2) if it satisfies items (1) and (2) of Definition 1.2.1 and if for all nonnegative test
functions ¢ € Cy (Ily), the following entropy inequality is satisfied:

VkeR: u—kl (@ +® (v)o,) —sen(u— k)ukd” (v
eR: [[ {lu—k(o+@/0)p) - senlu— ke’ (v)p .
+[A(w) — A(K) | @  dar > 0.

It is straightforward to check that an entropy solution of the initial value problem (1.1),
(1.2) is a weak solution.

Lemma 1.2.1 Assume that u is an entropy solution of the initial value problem (1.1), (1.2)
(cf. Definition 2.4.1). Then u is a weak solution (cf. Definition 1.2.1).

Proof. Choosing k > ||ul| =17, in (1.22) we obtain

//rIT{—(u—k)(¢t+<I>'(v)¢x) —A(u)q)xx}dxdt > —k//HT ud” (v) dxdr

or equivalently,

// u(gr+2'(v)9s) +A(”)¢xx}dxdt

gk//HT o+ CID'(v)d))x}dxdtzo.

On the other hand, since we look for nonnegative solutions, it suffices to set k = 0 in

(1.23)

(1.22) to deduce that we always have

J[, {0+ 90000 + Awoufdxar =0
Combining this with (1.23) we see that u satisfies (1.21). O

The following lemma states that conversely, any weak solution of the initial value
problem (1.1), (1.2) is an entropy solution. Lemma 1.2.2 is inspired by Carrillo [30] and
Kobayasi [66, Lemmas 3.1 and 3.3].
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Lemma 1.2.2 Let u be a weak solution of problem (1.1), (1.2), then u is also an entropy
solution.

Proof. Let us define o (x,) := ®'(v(x,7)). Then we recall that u is a weak solution of (1.1)
if for all test functions ¢ € Cy (Ilr),

//nr{”("’f  a(5,1),) +A(u) g drdr =0

or equivalently,

// u(9+ a(x,1)y) —A(u)x(l)x}dxdt:O. (1.24)
In what follows we will utilize the functions defined by
1 ifx>0, 1 ifx>0, : fo>8
Hp(x) := {O fx<0. H(x) := {0 fx< 0. He(x):= (¢ x/e ifxe|0,¢],

0 if x <O0.

and the multi-valued function (see [30, 66])

1 ifx >0,
H(x):=<¢10,1] ifx=0,
0 if x <O0.

To simplify the argument, let us concentrate on the case of a single u-interval [m, M|
of degeneracy, assuming that A’(s) = 0 for s € [m,M] and A’(s) > 0 for s ¢ [m,M], where
0 <m,M < . Now let us use as a test function ¢ (x,7) = He(A(u) —A(k))@(x,t) with
k ¢ [m,M], where ¢ is an admissible test function. Following the proof of Lemma 2.4 in
[62] we find

I, {0 o= (s~ 400, )
N (1.25)
~ Ho(u— k)t (x,1)ke | drdr >0 for k ¢ [m,M],

where |z|" := Hy(z)z. Since M < oo we can construct a sequence {s, } ,en such that s, > M,
sp — M and Hy(u—s,) — Ho(u—M) as n — oo. Setting k = s, in (1.25) and sending
n — oo, we get

//HT{|M _M|+(Pt + a(x,1)|u —M|+(px — Ho(u— M)A (1) cx

(1.26)
~ Ho(u —M)ax(x,t)M(p} dxds > 0.
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Similarly, we may construct a sequence {s, },cn such that s, < m, s, — m and

Ho(u—s,) — Hi(u—m) as n — oo. Setting k = s, in (1.25) and sending n — oo yields
J[ =i o+ atwn)lu—ml* o~ Hyu—ma (),
Hr (1.27)

—Hi(u —m)ax(x,t)mq)} dxdr > 0.

Now, we take in the entropy inequality (1.27) a test function ¢(x,7) = & (x,1)(x,1),
where { is a smooth function such that 0 < { < 1 and & is an admissible test function,
and in (1.26) we use @(x,t) = & (x,7)(1 — {(x,1)). Adding both resulting expressions we
obtain the inequality Iy + 1, + 13 + 13 > 0 with the following terms, where we drop the
argument (x,7) wherever convenient:

= [ { (e MY EE) MG faxar,

b= [ {alumml" e M) EQ) + oM E f axar

L= //HT{OCX(HO(M—M)M—Hl(u—m)m)§§—ocxHo(u—M)M?j}dxdt,
L= [ (= m) — Hiofu— M)A ) (E0 v

- / [ Hou—M)A(w)&.dxdr. (1.28)

Assume now that p, = p,(x) is a standard sequence of mollifier functions in R, and let us
define |u—m|; :=|u—m|* xp, and |u — M| :=|u—M|" * p, for n € N. Now we select
the function § = {(x,7) defined by

C="0re ::Hg(\u—m]:[+m—s—|u—M\,f), s € [m,M].

Let us denote the versions of I, obtained by replacing |-|* by |- |} and { = {, ¢ by
I,(n,€), p=1,...,4. Since m and s are constant and £ {, ¢ has compact support, we get
after an integration by parts

zl(n,s>://HT{(\u—my;+m—s—|u—M\;)(ggn,g>t+\u—M\;:.g,}dxdt
://HT{—Hg(\u—m];{%—m—s—|u—M\,f)
x (lu—ml} +m—s—|u—M]|}) & +\u—M|,T’g’,}dxdt.
Taking € | 0 and again integrating by parts yields
Il(n,O)://HT{—(Hu—mH—km—s—|u—M\ﬂ+)t§+|u—M|;f§,}dxdt

://n {“”_mu_"‘m—s—|M—M|:}+§z+|M—M|:§t}dxdt,
T
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and letting n — oo we find that |u —m|;” +m —s—|u — M|, converges to |u —m|*" +m—
s—|u—M|" in LY(R) and &, o = Ho(|u —m|,f +m —s—|u—M][}), or at least a subse-
quence, converges weak-* to some Hin L” (IT7). Since H is maximal monotone, it fol-
lows that A € H(ju—m|" +m—s—|u—M|T). Noting that H(w)w = Hy(w)w for any
function w, we arrive at

I :// {||u—m|++m—s—|u—M|+‘++|u—M|+}§,dxdt
Iy

_ //HT u—s|*E dxdr. (1.29)

Next, we deal with Iy. Since A’(u) = 0 for u € [m, M|, we have
Ho(u—M)A(u), = Ho(u—$)A(u)x = Hy (u —m)A(u),
for all s € [m,M], which gives

Iy = lim limy(n,€) = —/ Ho(u — 5)A(u) &y dxdr. (1.30)
Iy

n—oo glo

To deal with I, we proceed in a similar way as for 1;. We get

nne) = [ {o(u=mlemes— oM7) ECe).
(5= m)@(EGue)+ olu— M1 & | drdr
=[] wHe(ju=ml; m—s—Ju—m;)
X (lu—m|f +m—s—|u—M|})Edxdr

—// o(lu—m|y +m—s—|u—M|;)
7
X He (lu—ml|;f +m—s—|u—M|})Edxdr

+//HTOC|M—M|;[§xdxdt+//HT a(s—m) (&, e) dxdr.
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Taking € | 0 we get, after integration by parts,

bL(n,0)= // O|lu—m|f +m—s—|u— M|,ﬂ Edxdr

—// o ‘|u—m|n +m—s—|u—M|]| ) Edxdr
Iy X

+// a|u—M|,j§xdxdt+nm// (s — m)(E Cye ) drdr
Iy €l0.JJ11r

_// chHu—mm—{—m—s—|u—M|,ﬂ+§dxdt
7

—|—// Oﬂx‘\u—m],f—i—m—s—\u—M|;|+§dxdt
Iy

+// OC||u—m|;f+m—s—|u—M|ﬂ+§xdxdt
Iy

+//HTa|u—M|;f§xdxdr+1£g//HTcx(s—m)(éCn,e)xdxdt,

where the two first terms obviously cancel. Sending n — oo and proceeding like in the
term /; we arrive at

L= // lu—M|"+|ju—m[t +m—s—|u—M|"| )@dxdt

—Him//HTs— 0(E Gy e )xdxdr

€l0

_// a|u—s|+§xdxdt+hm// s—m)au(E Gy e ) dudr. (1.31)

The last term of the last expression will be incorporated into the analysis of /5. In fact,
taking into account that

I(ne) ://HT ate{ (Hou — M)M — Hy (u—m)m)

X He(lu—m|f +m—s—|u—M|)) —Ho(u—M)M}édxdt

and that

lim// (s —m)o(E G e)rdxdt = —hm// s —m)oé G, ¢ dxdr,
€l0 Iy 117

n—oo
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we obtain

13+11m// s—m)a(E 8 ¢) dxdt

= lim // ot (Ho(u—M)M — s+m— Hy(u—m)m) &, ¢ — aHo(u— M)ME } dxdr.
Iy
Proceeding as in the cases /; and I, we find

13+11m// s—m)o(& 8, e)dxde
_/~/Hrax (u—M)M+m—s—H(u—m)m)

xH(ju—m|"+m—s—|u—M[") —Ho(u—M)M}’g'dxdt.
If u > M, then the expression in curled brackets in the last integrand equals
{.}=M-s)HM—s)—M=—s=—H(u—s)s.

Likewise, for each of the cases M >u>s>m, M >s>u>m,and M > s > u > m we
verify that {...} = —H(u — s)s, and also for m > u we obtain

{...}=(m—s)Hm—s)=0=—H(u—>s)s,

and finally, the result is also valid if s = m or s = M. We therefore conclude that

I3+11m// s m)(E Gy e)xduds = /Hocxl:l(u—s)s‘g'dxdt. (1.32)

T

Now, combining (1.29)—(1.32), we obtain the inequality
J| {lu=sl* &+ aten)&) - ot A u—s)se
T
~ Ho(u— s)A(u)xgx} dxdr >0 foralls € [m,M].

Now, for any s € [m, M) there exists a sequence {s, },cn such that s, < s <M and s, — s.
Then H(u—s,) — Ho(u—s) and Hy(u — s,) — Ho(u — s) almost everywhere. Hence we
get

//HT{|M —S’Jf(gt + Ot(x,t)gx) — ot (x,1)Ho (1 — 5)s&

(1.33)
~ Ho(u— s)A(u)xgx} dxdr >0 foralls € [m,M].
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This proof uses only that o, is bounded, which is indeed the case for our choice a(x,7) =
@' (v(x,t)), since @ is assumed to be smooth and v, (x,7) = u(x,t) is bounded. On the other
hand, considering in the weak formulation a test function ¢ (x,7) = He (A(k) —A(u))@(x,t)
with k ¢ [m, M| and following essentially the same steps as before we find

//HT{|S— u| " (& + a(x,1)&Ex) + ote(x,1)Ho(s — u)sé

(1.34)
+ Ho(s — u)A(u)xéx} dxdt >0 forall s € [m,M].
Adding (1.33) and (1.34) we get
J[ {lu=s1(&+ ateng) - auten sentu—s)sg
Iy (1.35)

- sgn(u—s)A(u)xéx} dxdt >0 forall s € [m,M].

Moreover (1.35) is valid for all s & [m, M] (cf. [62]). This implies that any weak solution
is an entropy solution. O

1.3 Jump conditions and uniqueness

1.3.1 Rankine-Hugoniot condition

Assume that u is a weak solution having a discontinuity at a point (xg,#y) € Iy be-
tween the approximate limits #™ and u~ of u taken with respect to x > xo and x < X,
respectively. Standard results from the theory of strongly degenerate parabolic equations
imply that such a discontinuity is possible only if A(u) is flat for u € & (u=,u™") :=
[min{u~,u"}, max{u",u"}]. In that case, the propagation velocity of the jump is given
by the Rankine-Hugoniot condition, which is derived by standard arguments from the
weak formulation (1.21):

1
S =
ut —u-

(cp/(v+)u+ — @ (v — (AQu)) T+ (Au),) ‘). (1.36)

Here, (A(u)x)™ and (A(u),)~ denote the approximate limits of A(u), taken with respect
to x > xo and x < xo, respectively, and v and v~ denote the corresponding limits of v.
Since v is continuous, we actually have vt =v~, and (2.29) reduces to

(A()x)" = (Au)e)

S:cI)’(v(X(),t()))— pr——
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1.3.2 Uniqueness of weak solutions

The uniqueness of weak solutions is an immediate consequence of Lemma 1.2.2 and a
result proved in [62] (cf. also [32]) regarding continuous dependence of entropy solutions
with respect to the flux function. More precisely, we have the following theorem.

Theorem 1.3.1 Let u and it be two weak solutions of (1.1), (1.2) (in the sense of Defi-
nition 1.2.1) with initial data uy and i, respectively. Then there exists a constant C =
C (max |®'|) such that

(1) =@ 0) | 1 gy < Clluo = ollprmys Ve € (0,T].
In particular, weak solutions of (1.1), (1.2) are unique.

Proof. According to Lemma 1.2.2, u and # are entropy solutions (in the sense of Defini-
tion 2.4.1) with initial data uo and i, respectively. To be able to apply the L' stability and
uniqueness results from [32, 62], we rewrite the equations satisfied by u and i as

w+ (Vin0u), =A@, V(nt) =0 ( / xoou(y,t)dy) ,

with initial data u(0,x) = up(x) and

X

i+ (V(x,0)id), = A(it) xx, V(x,t):=@ (/ ﬂ(y,t)dy) :

—o00

with initial data (0, x) = itp(x), respectively. Keeping in mind that u and i are of bounded
variation, i.e., u, i1 € L*(0,T; BV (R)), we now may apply Theorem 1.3 in [62] to conclude
that there exists a constant C such that

o) =01 gy < o =l gy + [ [Vrs) = B} s
—I—/()z!V(x,s)—V(x,s)!TV(u(-,s))ds
< lto = oy +C [ [Velo) — i) s
Observe that
/0l|Vx(x,s) — Vy(x,5)| ds < max|@| /Ot‘u(x,s) —i(x,s)|ds,

so that by the Gronwall inequality we arrive at

Hu(.,t) — a(-,t)HLI(R) < exp (max |®'|1) [lug — o || 1 (w)-
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1.4 Convergence analysis of numerical schemes

1.4.1 Preliminaries

We define the vectors U" := {“?H/z}jEZ and V" := {V}} ez, and discretize R by
xj:= jAx, j € Z, and the time interval [0,7] by t, = nAt, n =0,...,N, At :=T/N,

N € N. We denote by u;fﬂ/z the cell average over [ := [x;,x;11] at time #, and j € Z.

We also define A := At/Ax and p := At/Ax* = A /Ax and wherever convenient use the
spatial difference operators Ay @ :=@; 1 —@;, A_¢;:=¢; —¢;_1, and

N =ArA_§;= i1 — 20+ 1.

‘We assume that the initial datum ug is discretized via
0 1 .
Ujr1)2 = 5 Iiuo(ﬁ)dé, JEZ.

Moreover, we define the operator .5, and its inverse .7, A_xl via
Jj—1 v”._H —

SV )= A Y g, S (Vi) = (1.37)

lzfoo

Clearly, .75, and .¥, A_x] are the discrete analogues of the integral and differential operators
that convert u(-,#,) into v(-,#,) and vice versa, respectively. Since we assume that ug is
compactly supported, the sum in (1.37) is actually finite.

The numerical scheme for the initial value problem (1.1), (1.2) can be compactly
written as follows:

Ut = [ ot o I U, n=0,....N—1, (1.38)
where the basic idea is to utilize a standard scheme of the form
vl =2 (v, n=0,...,N—1 (1.39)

for approximate solutions of the local PDE (1.4), starting from the initial data

jfl X j
v(J)- =Ax ) M?H/Z:/ up(§)dé, jez.

[|=—o0

Clearly, if Cj is the total mass defined in (1.10), then we have that

0<v)<C, V<), forall jeZ. (1.40)
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Let us emphasize here that (1.38) implies that
U' =[S 00 I " U0 = [} 0 " 0 | U°

This means that for the actual computation of U” from U?, the operators .#,, and YA_XI
need to be applied only once, and not for every time step.

To derive properties of the scheme (1.38), we first analyze the scheme (1.39), which
is here given by the marching formula

VL=V AL (VI V) —A(AVI/AY)], JEZ, n=0,1,2,...,  (141)

where A is subject to the CFL condition stated below, and
h(w,z) := ®(0) + P, (w) +P_(2) (1.42)

is the Engquist-Osher flux [44], where we define the functions

v v
D (v) ::/ max{0,®(s)} ds, P_(v) ::/ min{0,®'(s)} ds. (1.43)
0 0
We assume that Ar and Ax satisfy the CFL stability condition

21 max [@'()] + 26 max|a(u)| < 1. (1.44)

The scheme for u can be written as
1 .
Wil = = AMLG) + UNA(, ), JEZ, n=0,12,..., (1.45)

where we define

|
G = A h(V) 7)) (/ @, (s ds+/ "o (s > (1.46)

For the ease of reference, we will refer to (1.41)—(1.43) and (1.42), (1.43), (1.45),
(1.46) as “v-scheme” and “u-scheme”, respectively. Both schemes are, in particular, con-
servative, so the total mass Cy is preserved.

The v-scheme (1.41)—(1.43) is a special case of the scheme studied by Evje and
Karlsen [47] for the more general doubly degenerate parabolic equation v, + ®(v), =
B(A(vy))x. While Evje and Karlsen prove that their scheme converges to an entropy so-
lution of that equation, we are here only interested in the property that the scheme is
monotone, therefore TVD and monotonicity preserving, and produces solutions for which
the discrete analogue of vy is uniformly bounded. This makes it possible here to take fi-
nite differences of that scheme to generate the u-scheme for the nonlocal equation (1.1)
satisfied by u = v,. The convergence of the u-scheme will be analyzed separately.
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1.4.2  Uniform estimates on {V} and {u /2}

We establish the compactness and regularity estimates on the discrete solutions {v;’}
and {u;l i /2} in a series of lemmas. In Lemma 1.4.1 we prove that the v-scheme is mono-
tone, and derive from this that the numerical solution {V/}} satisfies an L' Lipschitz conti-
nuity in time property (Lemma 1.4.2). This result, in combination with the unboundedness
of A(u) for u — oo, allows us to prove (in Lemma 1.4.3) a uniform L* bound for {u;’ " /2}.
Then, in Lemma 1.4.4, we prove that the spatial total variation of A(U") is uniformly
bounded. With the help of Lemma 1.4.5, which states that the cell that includes v* can
move at most one position to the left or the right in one time step, we are then able to
show (Lemma 1.4.6) that the spatial total variation of U” is bounded uniformly with res-
pect to the discretization parameters; the bound depends, however, on the final time 7.
Then, in Lemma 1.4.7, we prove that the solution {u’; 4 5} s L' Holder continuous in
time. Finally, we establish in Lemmas 1.4.8 and 1.4.9 L“ inequalities related to spatial
and temporal translates of {A(u], | /2)}. The series of lemmas then permits us to prove
the main convergence result, Theorem 1.4.1, which states that the numerical solutions
{u;’ 4 /2} produced by the u-scheme indeed converge to the unique weak solution (under
conditions, and in a sense made precise in the theorem).

While Lemmas 1.4.1 to 1.4.7 are based on the original CFL condition (1.44), we
need to employ a strengthened condition ((1.58), stated in Lemma 1.4.8) to prove Lem-
mas 1.4.8 and 1.4.9, and eventually Theorem 1.4.1. Finally, we mention that the proofs of
Lemmas 1.4.1 to 1.4.3 follow the treatment in [47].

Lemma 1.4.1 Under the CFL condition (1.44), the v-scheme defined by (1.41)—(1.43) is
monotone.

Proof. We rewrite the scheme (1.41) as

W = A (Vi V) Vi) = AT JEL, n=0,1,.. N-1.

Since a > 0, we then have

av;il =FA mln{(),CI)’(vjil)} + ua(ApV}/Ax) >0,

while the CFL condition (1.44) implies that

9T
8v’{ =1—A(max{0,®'(v})} —min{0,®'(v})}) — uA a(A_v}/Ax)

J
=1-A|¥'(V})| —uAia(Av}/Ax) > 0.




1.4 Convergence analysis of numerical schemes 19

O

As a monotone scheme, the scheme (1.41) is total variation diminishing (TVD) and
monotonicity preserving. Since (1.41) represents an explicit three-point scheme, for a
fixed discretization (Ax,Ar) we will always have

v?zO for j < -, v?:Co for j > % (1.47)
for a sufficiently large constant #" > 0. Thus, we can state the following corollary.

Corollary 1.4.1 If (1.40) and the CFL condition (1.44) hold, then the numerical solution
{v?} produced by the v-scheme (1.41)—(1.43) satisfies

OSV?SC(), v;fgv’}ﬂ forall je Z,n=1,...,N. (1.48)

As a direct consequence, the numerical solution values V" = {v;‘} jez satisfy the (trivial)
uniform total variation bound

=) Vi Vi =G
jez

Lemma 1.4.2 The numerical solution {v;‘} produced by the v-scheme (1.41)—(1.43) sa-
tisfies the L' Lipschitz continuity in time property, i.e., there exists a constant Cy, which is
independent of A := (Ax,At), such that

Z vTrl _ (1.49)
jez
Proof. For j € Z, the quantity wn+l/ 2= VTL] — V] satisfies
A I I RN R IR (1.50)
+AAL[A(AV]T/AY) —A(AV]/AY)].
We define
0(s) := {”s 70
0 otherwise,
and the quantities
B = (v (4 )]0 (T =),
¢ = (v ) (VD 0 (v ), asn
D= [A(A ) — A(A0v A2)] B (v} — A).
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Since h is a monotonically non-decreasing function of its first argument and a mono-
tonically non-increasing function of its second argument, and A is a monotonically non-
decreasing function, we have

n+1/2

C;

n+1/2

>0, Dj n+1/2

>0, B; <0. (1.52)

After some manipulations and using (1.48) we obtain from (1.50)
W;+3/2 _ W;+1/2 [1 . A{Cr.l+l/2 +AB@+1/2 . /l( n+1/2 +Dn+l/2)]

n+1/2 n+1/2 n+1/2 n+1/2 n+1/2 n+1/2

Using the CFL condition we find
n32 n+1/2 n+1/2 n+1/2 n+1/2 n+1/2
PR < W LA (e B D P e D)
_{_} n+1/2‘)b< n+1/2+Dn+1/Z)+‘ 1]11—}/2’/1 71}/2+Dn+1/2)

Summing this over j € Z, using (1.52) and (1.48) we obtain

Z| n+3/2} < ZlWT_I/Za

JEZL JEZ

which implies that

Z| n—|—3/2‘<z‘ 1/2"

JEZ JEZ

From (1.41) with n = 0 we get

Y |wi% = Llvi =l = L AlA (-1 —A(av)/An)].

jez jez =/

Using (1.6) we arrive at (1.49). O

Lemma 1.4.3 The numerical solution {v?} produced by the v-scheme (1.41)—(1.43) satis-
fies the inequality |A+v;? /Ax| < C3 with a constant Cs, which is independent of A. Equiva-
lently, the solution {u7 1 /2} generated by the u-scheme (1.42), (1.43), (1.45), (1.46) sa-
tisfies the uniform L™ bound

‘u’}H/z’gCg forall j€Z,n=0,...,N. (1.53)
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Proof. It is sufficient to show that A(A; v’} /Ax) < C, for a constant C; that is independent
of A. Taking into account (1.47) we get

A (A /A) | = [R(V], Vi)
< ’A(A+V7/4x)— ( ViVia)|

= |®(0) +kzj_: A (A(A V] /Ax) —h(VE, Vi) ‘

Jjooyntl

_ Yk Vk
— Z —),

3 7L Z}V”H—vﬂ—k‘(b(O)‘.

keZ

Due to Lemma 1.4.2, we see that [A(A1V}/Ax)| < C; if we choose C = Cy + [@(0)].
Considering (1.8), it concludes the proof. O

Lemma 1.4.4 The solution {u;’ " /2} generated by the u-scheme (1.42), (1.43), (1.45),
(1.46) satisfies the following inequality, where the constant Cy is independent of A:

TV(A(U")) = Z|A+A 1/2)’ <G
JEZ

Proof. Using the marching formula (1.41) we can write
[AvA( )| < 5 7 L+ A ()|

< ,HV"“ Vil + [0 v70) = ()]0 (Vi = Vi) [|Av]
+[[h(V5, V) =B (Vi) e (v =iy [|av].

Summing over j € Z yields

N EITRIEPS M VR RE LI M A

JEZ JEZ

The right-hand side is uniformly bounded due to Lemma 1.4.2 and Corollary 1.4.1. O

Lemma 1.4.4 does, in general, not permit to establish a uniform bound on the spatial
total variation TV (U") of the solution values {u;’ 1 /2} generated by the u-scheme.

We now prove that TV(U") is nevertheless uniformly bounded, but by a bound that
depends on the final time 7. Our analysis will appeal to assumption (1.7). From (1.47)
and (1.48) we deduce that if v* < Cy, where we recall that Cy) is defined in (1.10), and {v’}}
is the numerical solution produced by the v-scheme (1.41)—(1.43), then at each time level
there exists a unique index k such that vi <v* <vj . The following lemma informs
about the behavior of this index with each time iteration. (In light of the discussion of
Section 1.1.3, the case v* < Cj is the most relevant for the phenomenon of aggregation.)
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Lemma 1.4.5 Assume that v* < Co, and that the data {V';} jez, and {VTFI } jez have been
produced by the v-scheme (1.41)—(1.43) starting from the monotone data {v?} jez, un-
der the CFL condition (1.44). Let k,k € Z be the uniquely defined indices that satisfy
Ve <V <V and v’l-{’+1 <v' < v’l-{li]l respectively. Then k € {k—1,k,k+1}.

Proof. Since v <v* < vZH we analyze two cases: v; < V* < vzﬂ and vy <v* = vZH. In
the first, the monotonicity of the v-scheme and (1.48) imply that

n+1 n * n n+1
Vily SV <V <V Svio,

. n+1 * n+1 n+1 * n+1 n+1 * n+1 .
such that either vi, ") <v* < v orv, ™ <v* < Vi1, 01 v <vi < vk+2,whlch means

that k = {k— 1,k,k+ 1}. In the second, we find that

n-+1 n ¥ __.n n+1
Vit SV <V =V S Vo,

. n—+1 x _ .n+l n+1 * n+1 n+1 * n+1
so either v <Vv* = :kl ,orvy <v' < Vi1 OF Vi <V < Via- We conclude the
n

proof by noting that vi’7, < v* is impossible due to the monotonicity of the v-scheme and
(1.48). O

The next lemma states the announced bound on TV(U").

Lemma 1.4.6 Assume that the CFL condition (1.44) is satisfied. Then there exist con-
stants Cs and Cg, which are independent of A, such that the solution values U™ = {u;’ 4 /2} ez
satisfy the uniform total variation bound

TVU") = Y [}y jp—u) 1| < (Cs+TV(U)) exp(CsT), n=1,...,N. (1.54)
jez

Proof. From (1.45) we obtain

A+u';j} n=Al - UALNR(VI V) + uA L APA () 1)

Let us assume that v* < Cp, so that there exists an index k such that v <v* <V} 4 (cf.
Lemma 1.4.5), and let us split Z into the subsets

o =" ={jel|j<k-2},
B=RB"={jellk—2<j<k+2}, (1.55)
C:=¢"={jeZ|k+2<j}.

(In case that v* > Cj, the following arguments for j € .o/ apply to all j € Z, i.e. we may

choose .« = Z, and formally =% = 2.)
Letwj:=Au}_, , and dj := A+A(u;f_1/2)9(A+u;f_l/2). For j € </, we obtain
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Using a Taylor expansion about v;? we find that there exist numbers Ot}' € [v?, v? +1] and
B € [V}_;,v]] such that

1
A2 (V1) = @ (VHW!IAY+ - cp"( 1) (Av))+ 5@ (B]) (V)"
Substituting this into (1.56) we obtain

W= W= A (@ (V)W) + A (') — A (@ (a) (a00%)%)
- Sa (@ (By) (a))
= W) — A8 (' (V)W) + u? (djw])
= (A (o) (A2)* 4 @ () (V1 — Vg WA
+ A (B]) (M) + (B]y) (V) = V]2 Ax)
=wji[1 =A@ (V) —2udj] +w}_ [ndj |+ AP (Vi )] +uwl, df
+O(A) (Wi + W)+ AV +A VY.

In an analogous way, we find for j € ¥

w?“ =w} [1 + 1P (V?) — 2,uaﬂ +wii [/,La;ﬁrl — A9 (V?_H)] +uwi_di_
+ O(Ar) (W) +wi AN +AV}).

Now we deal with j € Z. For j = k — 1, using that v* is a maximum of & and following
analogous steps as before, we get

Wit =i = (POE) — PO ) +A-AD (v ) + A (afwiy)
=W =1 (D'(E) (Vi — V) +A APV ) + uA (g Wi y)
=Wi_ _‘u((q)’(g) ' (v )) (VZH —V*) +A7A2q’("271))

=wi_y [1 =29 (vi_y) —2uai_y | +wio [nay_o + A" (vi_,)] +uwiay
+O(Ar) (4w _p + Wiy + AV AV ).
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For j = k, using that ®'(v*) = 0 we compute

Wi = = i [ @) —20044) + R07) — {R0F) — 2007 + @) }]

—H[P(Vi_y) = P(R) +2((v) = () + (V) — (viyy)]
+ UA* (dfw])
o — 1 [AA20() + A0 + A ()
—pu[@(vi_;) — @) +2(P(v) — () + P(v¥) — @ (Vi) ]
= wi (1= 2uap) +wi_y [pag_y + A9 (vi_y) | +wipy [mag, — A9 (V)]
+ O (A) (1+ Wi+ Wi+ Wi +AVE+AL).

For j =k+1 and j = k+ 2, the following steps are analogous to the previous cases. Using
that @' (v*) = 0 we obtain

Wikl =iy — B [ALNPR( ) +3(204) - () + () — (v )]
+UA% (@ Wiy )
= Wi [+ A (Vi) = 2ualy, | +winag +wips [ual, — A0 (V)]
+ O (A (14 Wiy + Wi H A0 HA V),
Wi = Wi — 1AL A @(v] o) + @(v)) — @(v*)] + HA® (af 2w 1)
= Wi [+ 2D (Viyo) —20ag o] +whys[pag 5 — A (Vi) |+ uwiyaiy,
+ O (A (1+ Wi+ W3+ HA V).
Finally, summing over j we find that there exist constants C¢ and C7 such that
Y Wi <Y (Wi (14 CsAr) + G,
JEZ JEZ
which implies that

)y nﬂ‘ <y ‘WO|CXP (CeT) + %exp(&,T)
JEZL JEZ

which proves (1.54). O

The next lemma states L! Holder continuity with respect to the variable ¢ of the solu-
tion generated by (1.45).

Lemma 1.4.7 The solution {u" [y ,} generated by the u-scheme (1.42), (1.43), (1.45),
(1.46) satisfies the following mequalzty where the constant Cg is independent of A:

é‘”%l/z_”%l/z‘m <Cg+/At(m—n) form >n, mn € Ny. (1.57)
J
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Proof. We first establish weak Lipschitz continuity in the time variable. To this end, let
¢(x) be a test function and ¢; := ¢ (jAx). Multiplying equation (1.45) by ¢;Ax, summing
over n and j and applying a summation by parts, we get

|Ax ) 9 (”ﬁi/z _”’}H/z ArY GY (90— 0-1)
JEL JEZ
+]4 Z —9j- 1 ( ’}+1/2) _A(L‘?A/z)) :
JEZ

Using Lemma 1.4.4 and the fact that ¢ is smooth we obtain

Ax) ¢ (“7111/2 —uj, )| <Cll¢" A,

JEZ

where C is independent of A and ¢. Consequently, for m > n the following weak continuity
result holds:

Ax Z ‘Pj(”?lﬂ/z - ”%1/2) <C||¢’||At(m —n).

JEL

Since £ :=u"" 12~ ]. +1/2 has bounded variation on R, we arrive at the inequality (1.57)

by proceedlng as in [46, Lemma 3.6]. O
Now, following the treatment in [61] we prove an L? estimate for the discrete version

of A(u)sy.

Lemma 1.4.8 Assume that the following strengthened CFL condition is satisfied for a
constant € > 0:

CFL¢ :=2A max|®' (u)| +4pmaxa(u) < 1—e. (1.58)
ueR ueR

Then the solution {u;‘ 4 /2} generated by the u-scheme (1.45), (1.46) satisfies the following
inequality, where the constant Cy depends on €, but is independent of A:

v AW )Y
ZZ( ”/>NM§® (1.59)

n=1jeZ

Proof. Multiplying (1.45), by u"} , summing the result overn =0,...,N—1and j €

j+1/2
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Z, and using summations by parts we get

AT Y (A AW ) ()

n= OjEZ
. A)CN 1 n+1 2
_Atz ZG A ”J+1/2 Z Z ]H/z - j+1/2) )
n=0 jeZ n=0 jeZ
Ax N 2
+_ Z Z ]+1/2 J+1/2) )
n=0 jeZ

where we used that

1 2 2 2
+1 _ +1 +1
(u ’,1+1/z J+1/2)”?+1/2 ~ 5 [(“?H/z) - (”}}H/z) - (u?+1/2 - ”7+1/2) } :
In light of Lemma 1.4.3, we can also write

(A AW 1)) (At 1) > (A AW ), @ = maxa(u),

since a(u) > 0. Using this observation, we find that

Ax

ANt 2
P Z Z +1/2 = Z ZG (A- ”;+1/2) Z(”?‘H/z)
n=0 jeZ n=0 jeZ jGZ (1.60)
Ax n+1 2
+7 Z Z( Witip— /+1/2> .
n=0 jeZ

On the other hand, from (1.45) and the inequality (a +b)? < 2a* + 2b* we obtain

L, , 2 2 2
L ) < 22806 4 22 (A )+ (A-A (L 2)))

Multiplying the last inequality by Ax and summing the result over n and j yields

AXN 1 2 AlzN 1
B3 Z Z +1/2 J+1/2 = N Z Z A+Gn
n= OJGZ
2 2
+4p~Ax Z Z(A*A(”?H/z)) :
n=0 jeZ
The new CFL condition (1.58) now implies that
At At(l1—¢)

4uAx =4
H P =S ava
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and therefore

Ax ! 2
B Zb Z j+1/2 ]+1/2)
ntzziiel At(] g) N (1.61)
2 — 2
LY Y @) +E LY Y (a A )
n=0 jeZ n=0 jeZ
Summing (1.60) and (1.61) yields
A,N 1
Py Z Z A A j+1/2
n= OJEZ
i Ax 2 At2N 1
<A’Z ) Gj(A- ”J+1/2) Z( J+1/2 Z Y (A Giiy) ‘<c,
n=0 jeZ ]EZ n=0 jeZ

where we used Lemma 1.4.6, the bound on G’} and the fact that Ar = & (Ax?). O
With the help of Lemma 1.4.8 we can prove

Lemma 1.4.9 Under the assumptions of Lemma 1.4.8 there exists a constant Cy which
is independent of A such that

Y [A(u, ) — Al ) [PAx < Cro(m—n)Ar - form > n. (1.62)
JEZ

Proof. Using Lemma 1.4.3, the fact that A’(«) > 0 and (1.45) we get

Z (A (u?+1/2) —A (“7+1/2))2Ax

I/

(1.63)
<d Z J+1/2 A(”7+1/2))(“}}1+1/2_u?+1/2)Ax::sz—l—%’,

where we define

m—1
o = —Ata" Z (A(”?H/z) _A(”?H/z)) IZ, A+G§'7

jez
m—1

B :=Aa"* %(A<”T+1/z> —A(W]11))) ZZ A2‘4(”3+1/2)'
je -

Summing by parts we get

m—1
o = Ata* %ZZ Gé(A—A(”?H/z) A-A(u J+1/2))
JEL I=n
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We can write

o =MAxa* Y Y G . .

JEZ I=n

m_l (AA(”;‘nH/z) AA(”?+1/2)>

Using that ab < a’ + bz, we find

2 2
At N | | AA ) A-AWly )
o <5aYy Y |6 (T A )N

JEZ i=n

m—1
+Aa* Y Y ‘Gi Ax = O0((m—n)Ar),
J€Z I=n

where we have used Lemma 1.4.8 and the bound on G;!.
Proceeding in the same way for 4 yields

B=—\d" ) { [A(M?H/z) —A(”?H/z) - (A<”T—1/2> _A(”?—l/z))]

JEZ

m—1
<Y A A

l

——ta £ {840 ) -840 ) E 84w,

JEZ n

m—1
=—Ad" % ZZ (A—A(”7+1/z) AA(uly ) —A-A( ) A-A (”5*1/2))
JEL I=n

n 2
<2(m—n)Ata* Z (W) Ax= O ((m—n)Ar).
JEZ

Inserting into (1.63) that <7, % = €((m — n)At) concludes the proof. O
Let us now denote by u* the piecewise constant function
A N—1
u (xvt) = Z Z %J'Vl(xat)u’}Jrl/z»
n=0 jeZ

where y, denotes the characteristic function of /; x [t4,,+1), and let us denote by VA its
primitive. From the L™ bound (Lemma 1.4.3), the uniform bound on the total variation in
space (Lemma 1.4.6) and the L! Holder continuity in time result (Lemma 1.4.7) we infer
that there is a constant C such that

|y + 1 py S €3 |u(51)| gy gy S € forallz € (0,7 (1.64)
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uniformly as Ax,Ar | 0, while Lemmas 1.4.8 and 1.4.9 imply (cf. [48, 55]) that there are
constants C1; and Cy, independent of A such that

[AGAC+3) —AwAC)

HA(”A('» +1)) —AWR(,))

<
Py = Cv I +AY),

< Cppy/7.

L2(TIr_+)

(1.65)

1.4.3 Convergence to the weak solution

Theorem 1.4.1 Assume that Ax and At satisfy the CFL¢ condition (1.58), and that ug
is compactly supported and satisfies (1.6). Then the piecewise constant solutions u® ge-
nerated by the u-scheme (1.42), (1.43), (1.45), (1.46) converge in the strong topology of
L! (I1r) to the unique weak solution of (1.1), (1.2) (in the sense of Definition 1.2.1).

Proof. Since u® € L= (I17) NL=(0,T;BV (R))NC"/?(0,T;L' (R)), we deduce from (1.64)
that there exists a sequence {A;};en with A; | 0 for i — oo and a function u € L*(I1y) N
L'(TI7) N L=(0,T;BV (R)) such that u® — u a.e. on I17. Moreover, in light of (1.65)
we have A(u®) — A(u) strongly on L2 (TIr), and we have that A(u) € L*(0,T;H' (R)).
Lemma 1.4.7 ensures that u satisfies the initial condition (2.26). It remains to prove
that u satisfies the weak formulation (1.2.1). To this end, we apply a standard Lax-
Wendroff-type argument. Now, multiplying (1.46) by f, ¢(x,t,)dx, where I; := [x,x 1]
and ¢ is a suitable smooth test function, and summing the results over j € Z, we obtain
Wi + W, + W5 =0, where we define

N-1
Wii=Y Y (Wil =) /I"P@C»’n)dxv
J

nszEZ
Wy =2 Z ZA+G"/ X, 1) dx,
n= O]GZ
2
n=0j

By standard summation by parts and using that ¢ has compact support, we get

N—1
o +1 o(x tn+l ¢ (x,1,)
W | o

n*OjEZ

¢X+A%%)—¢U%J
::__ZM>§: 2:(;]¥y/p Ax dx,
n= OJEZ i

Q(x+Ax,1,) —20(x,t,) + @(x — Ax, 1)
:—AIZ ZA ]H/z/ e dx.

n=0 jeZ
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A direct application of the convergence of u® gives us the desired result for W; and W5.
It remains to analyze W;. Since for each fixed n € {0,...,N — 1}, the data {V}} ez are
monotone, there exists an index k such that v} <v* <vj 41~ Thus, if o, X and € are
the sets defined in (1.55), we may write W, = W, o, + W, » + W, «, where the subindex
denotes the summation over j from the sets o/, % and %, respectively. For j € &/ we
have

" _ A+q)(\/;l) _ A+¢(V7)
j+1 = -
Ax AJFV;!

Wiy i}, #0and Gjyy =0 otherwise,

since @ > 0 for the values of v} with j € /. For j € € we have

L A NV )

i :Wuj+l/2+T ]+1/2 # 0 and G| = 0 otherwise.
j

‘We can write

AD(vjy) = O (Vi) Ayl pAx
1
+5 <‘I’"( 1) (A )P+ @7 (Ejy 1) (A+V']')) :

where 5}’?“/2 € [v?,v%l]. Using Lemmas 1.4.3 and 1.4.6 we get
AL @(v)) Q(x+Ax,t,) — @(x,1,)
WZ(g__AtZO;DpT j+1/2/ Ax dx—f—ﬁ(Ax)
n JEG

The case j € 9 can be treated in the same way as j € € using that ®'(v*) = 0 and that £
is a finite index set. Taking the limit A | 0 we finally get the result. O

1.4.4 Finite Speed of Propagation

In this subsection we prove that the solution u of (1.1)-(1.2) presents finite speed of
propagation. To get this result we need the additional assumptions

@ <0; a(u)=0 foru<uc,uc>0; a(u)>0 foru>uc. (1.66)

From an intuitive point of view, for an initial “mass distribution”, the left portion (for
which v < v*) of the total “population” (mass) moves to the right and the right portion
moves to the left. One then expects that one “herd” of bounded spatial extension forms
which moves to the left, right, or is stationary depending on whether the initially left-
moving or right-moving individuals outnumber, or are equal to, those moving initially in
opposite direction. This is indeed the case, as will be shown in the following characteri-
zation of the process of aggregation-dispersion by a travelling wave analysis.
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Lemma 1.4.10 Assume that (1.66) holds, and let u(x,t) be a solution of (1.1), (1.2). Then
there exist constants o and B such that for t < T, u(x,t) = 0 outside of o0 < x — st < J3,

where
() - 2(0)

§ = G(O,C()) = Co

Proof. We consider the following regularized equation
a[Vg + ax(D(Vg) — axAg(ang), X 6 R, t E (0, T], (1.67)
ve(—o0) =0 and ve(+oo) =Cp (1.68)

(see (1.10)), where Ag(u) = A(u) + €u. We seek a travelling wave solution vg(x,7) =
we(x —st) of (1.67), (1.68). Hence, we (&) (with & := x — st) is a solution of the following
problem, where ' = d/d§:

—swh+D(we) = (Ae(wh))', (1.69)

we(—e0) =0 and we(+e0) =Cp. (1.70)

Integrating (1.69) we find
—swe + ®(we) — Ae(W),) = W(= const.).
Applying (1.70) we get w = ®(0) and s = 6(0,C ). By using ®” < 0 we observe that
Ae(Wy) = ®(we) — [@(0) + 6(0,Co)we] > 0 for 0 < we < Cp.
Since Ag(+) is strictly increasing we can write
wi =Ag ! (@(we) — [@(0) + 6(0,Co)we]) > 0.

Hence, wg is determined by the relation

we(&2) dw,
52—51:/ ———, for§;, & eR,
we(&) Ag (Y(We))

where
Y(We) := P(We) — [P(0) + 6(0,Co)We].

Thus we have constructed a solution wg for the problem (1.69), (1.70). The above integral
gives a well-defined function we since A7 ! (y(we)) > 0 for we € (0,Cp) and wl, > 0.
Now, we study the limit € | 0. We note that

Ae 2 [0,uc) — [0,€uc) = Ag ' 1 [0,€uc) — [0,uc) for we < ue,

Ag : e, ) — [EUe,00) = At [Euue,0) — [Ue,0)  for ue < we.
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Let &;,& be fixed. We may assume that eu. < we(E1) < we(&;) (otherwise we could
choose a smaller € using that w}, > 0 in (0,Cp)). Thus

/We(éz) dwbe - Co

<. (1.71)
we(&) Ag'(Y(We)) ~ Ue

Moreover, A ! 8—_>(>)Aa ! pointwise, where A ! : [0, +0) — [uc, +o) is the inverse function
of A restricted to [uc,+ec). Using the Lebesgue theorem we obtain passing to the limit
€l0

w(&2) dw
-6 = —F, f R. 1.72
& — & /w(él) ATy (%)) or§;, & € (1.72)

Since the right-hand side of (1.72) is bounded, there exist two constants o y 8 such
that w(&) =0 for & < o and w(&) = Cp for & > B and w/(§) > 0 for a < & < B. Let
W (&) :=w(&), which is the desired function and satisfies W (&) = 0 outside (o, 8) and
W(&)>0on (a,p).

Let u be the solution of (1.1), (1.2), and let v(x,#) and vo(x) be defined by (1.3) and
(1.5), respectively. Since ug is assumed to have compact support, there exist constants
oq and B; such that vy(x) = 0 for x < ¢ and vy(x) = Cp for x > B;. On the other hand,
we have that v is a solution of (1.4), (1.5). From the above discussion we can construct
two travelling wave solutions wy(x — st) and wy(x — st) of (1.4), (1.5) with the same
speed s = 0(0,Cp) which satisfy wy(x) < vp(x) <wa(x), wa(x —st) =0 forx—st < a,
and wy (x — st) = Cp for x — st > 3, where we used that (1.1) and (1.4) are invariant under
translation of x. We also know that the solution v of (1.4), (1.5) is monotone (as a function
of x, for each fixed ¢t), and we find

wi(x—st) <v(x,t) <wy(x—st)onIly.

Therefore v(x,7) =0 if x — st < o and v(x,t) = Cp if x — st > B, which implies u(x,7) =0
outside ¢« <x—st < B fort <T. O

1.5 Numerical examples

The examples presented here illustrate the qualitative behavior of weak solutions of
the initial value problem (1.1), (1.2) and the convergence properties of the numerical
scheme. For the first purpose, we select a relatively fine discretization and present the
corresponding numerical solutions as three-dimensional sequences of profiles at selected
times or contour plots that should almost be free of numerical artefacts, while the conver-
gence properties of the scheme are demonstrated by error histories in some examples. For
all numerical examples we specify Ax and use 4 = At/Ax> = 0.1, i.e., At = 0.1Ax>.
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1.5.1 Example 1

In Example 1 we calculate the numerical solution of (1.1), (1.2) for ®(v) = —(1 —v)?
and the degenerating integrated diffusion coefficient (1.12) with u. = 10 and a9 = 0.1.
The initial datum is given by

5 for0.1<x<0.2, 7 for0.8<x<0.9,
o (x) =

8 for0.6<x<0.7, 0 otherwise.

Note that Cp = 2 in Example 1, where Cj is defined in (1.10), and v* = Cy/2 =1, so
that the function & corresponds to (1.11), where the constant of integration is —1, and
that ug is chosen such that (1.6) is satisfied. Moreover, in our case ®”(v) = —2 < 0, and
®(0) = (Cy) = —1. Lemma 1.4.10 shows that under these conditions, and for the inte-
grated diffusion coefficient given by (1.19), the solution converges in time to a compactly
supported, stationary travelling-wave solution, which represents the aggregated group of
individuals and is defined by the time-independent version of (1.1).

In Figure 1.1 we show the numerical approximations for v and u for 0 <t < 0.5
and for Ax = 0.001. As predicted, for each fixed time the data {v?} are monotonically
increasing, and the numerical solution for u indeed displays the aggregation phenomenon,
and terminates in a stationary profile.

In Table 1.1 we show the error at #; = 0.1 and £, = 0.25 in the L' norm for u (denoted as
e i= 1,2) and in the L™ norm for v (denoted as e i= 1,2), where we take as a reference
the solution calculated with Ax = 0.0002. We find an experimental rate of convergence in
both cases greater than one. For small Ax this behavior is possibly related to the proximity
of the reference solution. One should expect a real order of convergence at most one since
the v-scheme is monotone. Similar convergence rates have been observed for the other
examples.

In Figure 1.2 we compare the numerical approximations for v and a for different mesh
sizes at the simulated time ¢ = 0.25.

1.5.2 Example 2

This example represents a slight modification of Example 1, namely we choose ®
and A as in Example 1, but we consider a smooth initial datum ug given by ug(x) =
2 —2cos(4mx) for x € [0, 1] and up(x) = 0 otherwise. In Figure 1.3 we show the numerical
approximation of u for 0 <¢ < 0.5 and Ax = 0.001. We observe that strong discontinuities
form after finite time from the smooth initial datum. This behavior contrasts with the
regularity of other related problems [17, 76], where discontinuities can occur only if they
are present in the initial data.
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N A
0.020 0.239 - 0.317 - 0915 - 0.695 -

0.010 0.133 0.845 0.146 1.122 0.513 0.834 0.442 0.655
0.005 0.061 1.135 0.069 1.070 0.246 1.062 0.200 1.144
0.004 0.048 1.018 0.054 1.090 0.181 1.369 0.164 0.891
0.002 0.021 1.168 0.024 1.161 0.082 1.150 0.073 1.163
0.001 0.008 1.360 0.009 1.399 0.036 1.167 0.032 1.200

Table 1.1: Example 1: Numerical error at #{ = 0.1 and #, = 0.25.

1.5.3 Example 3

We now choose ® and ug as in Example 1, but define A by

0.05u for0 <u <5,
A(u)=1<0.25 for 5 <u <10,
0.05u4—0.25 foru > 10.

Figure 1.4 shows the results for Ax = 0.001 and 7 € [0,0.5]. Again, a stationary single-
peak solution is forming, including a jump between u = 5 and u = 10, in agreement with
the flatness of A(u) for u € [5,10].

1.5.4 Example 4

We now utilize the function ®(v) = —0.5(cos(vr) + 1) combined with the degenera-
ting integrated diffusion coefficient (1.12) with u. = 10 and ap = 0.1 from Examples 1
and 2 and the initial datum

10 forx € [0.05,0.15], 9 forx€[0.6,0.7],
up(x) = ¢ 14 forx € [0.3,0.5], 8 forxe[0.9,1],

0 otherwise.

The result is shown in Figure 1.5 for Ax = 0.001. We observe the formation of three
groups, but the third moves to the right “looking for more” mass since it is not a full state,
in the sense of Lemma 1.4.10 for the formation of stationary travelling waves. In addition
to Figure 1.5 we show in Figure 1.6 a contour plot of the numerical approximation of v
for this example. The contour lines of v correspond to trajectories of “individuals”. This
example has been included to illustrate the solution behaviour when @ has several extrema
and inflection points.
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1.5.5 Example S

Here we calculate the numerical approximation of u for A as in Examples 1, 2 and 4,
but with ® and uq given by the respective equations

—0.5(cos(v)+1) for0<v<2,
D(v) =
(v—2)2—1 forv > 2,

B 14 forx € 0.15,0.3], 18 forx € [0.8,0.95],
up(x) =
17 forx€[0.6,0.7), 0 otherwise.

In Figure 1.7 we show the result for Ax = 0.001. We see that the spare mass (i.e.
the mass that can not get in the first group) “dilutes” to the right. This dissipation of
the right-moving mass is driven by the choice of ®, and not by that of A. Clearly, as in
the previous example, @ does not satisfy the assumption stated in (1.7). This example
illustrates that solutions of (1.1), (1.2) will not always evolve into a finite number of

stationary or moving, aggregated “herds”.
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20—

154

u 10+

Figure 1.1: Example 1: Numerical approximation of v (top) and corresponding approxi-
mation of u (bottom), obtained via (1.38) with Ax = 0.001.
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Figure 1.2: Example 1: Numerical approximation of v (top) and u (bottom) for several
mesh sizes at t = 0.25.
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Figure 1.3: Example 2: Numerical approximation of u, obtained via (1.38) with Ax =
0.001.

Figure 1.4: Example 3: Numerical approximation of «, obtained via (1.38) for Ax =0.001.
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Figure 1.5: Example 4: Numerical approximation of «, obtained via (1.38) for Ax =0.001.

0,5
0,4 1
0,3 i
| 0,2
0,1
° ‘ . 06 08 1
X

Figure 1.6: Example 4: Contour lines of the numerical approximation of v for Ax = 0.001.
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0.25

Figure 1.7: Example 5: Numerical approximation of «, obtained via (1.38) for Ax =0.001.



Chapter 2

On nonlocal conservation laws
modeling sedimentation

The well-known kinematic sedimentation model by Kynch states that the settling ve-
locity of small equal-sized particles in a viscous fluid is a function of the local solids vo-
lume fraction. This assumption converts the one-dimensional solids continuity equation
into a scalar, nonlinear conservation law with a non-convex and local flux. The present
work deals with a modification of this model, and is based on the assumption that either
the solids phase velocity or the solid-fluid relative velocity at a given position and time
depends on the concentration in a neighborhood via convolution with a symmetric kernel
function with finite support. This assumption is justified by theoretical arguments arising
from stochastic sedimentation models, and leads to a conservation law with a nonlocal
flux. The alternatives of velocities for which the nonlocality assumption can be stated
lead to different algebraic expressions for the factor that multiplies the nonlocal flux term.
In all cases, solutions are in general discontinuous and need to be defined as entropy
solutions. An entropy solution concept is introduced, jump conditions are derived and
uniqueness of entropy solutions in shown. Existence of entropy solutions is established
by proving convergence of a difference-quadrature scheme. It turns out that only for the
assumption of nonlocality for the relative velocity it is ensured that solutions of the nonlo-
cal equation assume physically relevant solution values between zero and one. Numerical
examples illustrate the behaviour of entropy solutions of the nonlocal equation.

41
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2.1 Introduction

2.1.1 Scope

We study a family of conservation laws with nonlocal flux defined by
u+ (u(1—u)*V(Kaxu)) =0, xeR, 1€(0,T], (2.1)
together with the initial datum
u(0,x) =up(x), 0<up(x) <1, xeR. (2.2)

Under idealizing assumptions, (2.1) represents a one-dimensional model for the sedimen-
tation of small equal-sized spherical solid particles dispersed in a viscous fluid, where the
local solids volume fraction u = u(x,t) as a function of depth x and time ¢ is sought. The
parameter o satisfies either &« = 0 or @ > 1; for both choices there is justification from
literature, and we study both in parallel. The function V is a hindered settling factor that
can be chosen, for example, as

Viw)=(1—w)", n>1, (2.3)

according to Richardson and Zaki [100], and which is herein supposed to depend on

2a

(Keru)(et) = [ Kuly)utx-+3.0)dy

where K, is a symmetric, non-negative piecewise smooth kernel function with support
on [—2a,2a] for a parameter a > 0 and [p K,(x)dx = 1. Usually, one defines a kernel
K = K(x) with support on [—2,2] and sets K,(x) := a~'K(a"'x). Clearly, (2.1) can be
considered as a nonlocal version of the kinematic sedimentation model due to Kynch
[70], which gives rise to the local scalar conservation law

u+ (uV(u)) =0, xeR, 1€(0,T]. (2.4)

In this chapter we study the well-posedness of (2.1), (2.2). We establish uniqueness
of solutions by an entropy solution concept, and existence by proving convergence of a
difference-quadrature scheme based on the standard Lax-Friedrichs scheme. It turns out
that for ov = 0, solutions are bounded by a constant that depends on the final time 7', and
are Lipschitz continuous if ug is Lipschitz continuous. In contrast, for & > 1 solutions are
in general discontinuous even if ug is smooth, but assume values within the interval [0, 1]
for all times. Some numerical examples illustrate the solution behaviour, in particular the
so-called effect of layering in sedimenting suspensions and the differences between the
cases & =0 and o > 1.
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2.1.2 Motivation of the nonlocal flux

Kynch [70] carried out an analysis of sedimentation in which the suspension was
approximated by a continuum. When diffusion is negligible, the one-dimensional conti-
nuity equation is [29]

ur (x,1) + (u(x,0)vs(x,1)) =0, (2.5)

where vg(x,1) is the solids phase velocity, or settling velocity, at position x at time ¢, and
(2.4) corresponds to the assumption that vy is an explicit function of u, vy = vV (u), where
vs; 1s the Stokes velocity, i.e., the settling velocity of a single sphere in an unbounded fluid.
If V is given by (2.3), that is, we employ

vs(x0,1) :vSt(l —u(xo,t))n, (2.6)

and assume that V depends on K|, * u instead of u (detailed justification of this assumption
will be provided in Section 2.2), then (2.5) takes the form

U + Vst (u(l — K, u)”)x =0. (2.7)

A different approach consists in considering the solid and fluid mass conservation
equations (2.5) and —u; + ((1 — u)vg), = 0, where vy is the fluid phase velocity. For batch
settling we have the relation v = (1 — u)vy, where v := vg — v¢ is the solid-fluid relative
velocity or slip velocity. This leads to the governing equation

e+ (u(1—u)vy) =0. (2.8)

X

Assuming now that v, (instead of vg) has a nonlocal behaviour and requiring that the local
versions based on constitutive assumptions for either vy or v, should coincide, we state the
constitutive assumption for vy as v; = V (K, *u) /(1 —u). For instance, if we employ (2.3),
then the exponent n should be reduced by one, so using the properly adapted Richardson-
Zaki equation leads us to

1
vs(x0,7)/vse = (1 —u(xo,1)) (1= (Ka*u)(x0,2))" ",
from which we obtain the conservation law
w+vse(u(l—u)(1—K*u)"") =0. (2.9)

Equations (2.7) and (2.9) represent the respective cases & = 0 and o = 1. It is relevant
to write the exponent in (2.9) as “n — 17 only if predictions made by the two versions
are to be compared; since n can be chosen arbitrarily, for the mathematical analysis it is
sufficient to consider the generic model (2.1)—(2.3). As we prove in this work, the basic
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difference in solution behaviour between (2.8) and (2.9) is that solutions of (2.8) may
assume values larger than one, while those of (2.9) are strictly limited to [0, 1]. It seems to
us that only (2.9) is suitable for the simulation of the complete sedimentation process from
the dilute limit to the densely packed bed. Moreover, formulating a constitutive assump-
tion for v; rather than for vy is consistent with one consequence of the principle of material
objectivity (see e.g. [81]) stating that a constitutive relation should only be formulated for
an objective quantity: not a single velocity (such as vg), but only the difference between
two velocities (such as vy) is objective. In fact, already Richardson and Zaki [100] recog-
nized that the functional relationship was between vy and 1 —u (V; and € in their notation).
Equation (2.9) is the nonlocal approach that is analogous to theirs.

2.1.3 Approximate dispersive local PDE and invariant region

Insight into qualitative properties of the nonlocal PDE (2.1) can be gained by ana-
lyzing an approximate local PDE (the “effective” local PDE [114]) obtained by Tay-
lor expansion of K, * u. In a formal calculation, since K, is even, we have K, xu =
U+ Mya*uy + O(a*), where 2M, is the second moment of K, i.e.

1 2a

2M, = K (x)x* dx.

a? —2a

Thus, we can write

V(Kaxu)=V(u + Maya*u, + ﬁ(a4)) ~V(u)+a*V' (u) (Mot + ﬁ(az))
~ V(1) +a> MoV (1) ity

Assuming that the length scale of the solution is much larger than a, we replace V (K, * u)
in (2.1) by V(u) + a®>M>V'(u)u,, and obtain the approximate diffusive-dispersive local
PDE

ur+ (u(1— u)aV(u))x = —a’M, (V' (u)u(1 - u)auxx)x. (2.10)

Note that (2.10) depends on the choices of @ and V independently; one cannot simply “ab-
sorb” (1 —u)® into the choice of V. Thus, for example, we expect qualitatively different
solutions in the respective cases o = 0 and oc = 1 with V' given by (2.3) with exponents n
and n — 1, although both assumptions lead to the same PDE if V depends locally on u.
Specifically, (2.10) reveals why we should expect bounded solutions for ¢ > 1. In fact,
dispersive equations do, in general, not have invariant regions, i.e., one cannot guarantee
that the solution takes values in a bounded u-interval for all times. However, for o > 1 the
term sitting inside the derivative on the right-hand side of (2.10) is multiplied by u(1 —u),
regardless of the algebraic form of V, so for u = 0 and u = 1 (2.10) degenerates to the
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first-order conservation law u; 4+ (u(1 — u)*V (u))x = 0. The factor u(1 — u) has a “satu-
rating” effect; it prevents solution values from leaving the interval [0, 1]. Thus, we should
expect that also the nonlocal PDE (2.1) satisfies an invariant region principle for o > 1.
This is indeed the case, as will be proved in Lemma 2.5.2 of Section 2.5.

2.1.4 Related work

Zumbrun [114] studied an equation equivalent to (2.1) in the case ¢ = 0 and V (w) =
vst(1 — Bw). This model for the sedimentation of a dilute particle in a viscous fluid was
advanced by Rubinstein [102], and arises as the limiting case for d — 0 from the more
general equation

s+ et (u(1— BKy*u)) = diye, vsy,B,d >0, (2.11)

derived from a kinetic theory by Rubinstein and Keller [103, 104] (see also our Sec-
tion 2.2). For B = 6.55 [7], this model had been proposed earlier by Caflisch and Papa-
nicolaou [33]. In coordinates X' = x — vs¢ and for B = 1 (equivalent to rescaling u) and
d =0, (2.11) reduces to the equation actually studied in [114], namely

u+ (uKyxu) =0, (2.12)
where K, (x) := a~'K(a~'x) and K is the truncated parabola given by

3 2

K(x) = 3 (1 - %) for x| <2; K(x) =0 otherwise. (2.13)
Zumbrun [114] showed global existence of weak solutions for the initial value problem
(2.2), (2.12) in L™ and uniqueness in the class BV. Furthermore, he derived the effective

local, dispersive, KdV-like PDE
U+ (uz)x = _MZGZ(uuxx)xy (214)

and showed by analyzing (2.14) that (2.12) supports travelling waves, but not viscous
shocks. This result is based on the symmetry of K, which makes (2.12) completely dis-
persive. Moreover, an L? stability argument is invoked to conclude that smooth solutions
of the Burgers-like first-order conservation law u, + (u?), = 0 arise from smooth solu-
tions of (2.12) as a — 0. Zumbrun [114] (see also [65]) also studied the effect of artificial
diffusion added to (2.12), corresponding to d > 0, and showed that for the corresponding
effective local PDE, i.e. (2.14) with du,, added to the right-hand side, solutions of shock
initial data converge to a stable, oscillatory travelling wave. He then discussed whether
the resulting model is possibly sufficient to explain the phenomenon of layering in sedi-
mentation. Much of his analysis is for a more general, but symmetric kernel K. Whatever
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the exact form of K(x), it is clear that the interval over which it applies scales with the
sphere radius a. We will compare our findings with those of Zumbrun in Section 2.5.4,
see also Section 2.7.

Another spatially one-dimensional, nonlocal sedimentation model was studied by Sjo-
green et al. [110]. Starting from a more involved model, they consider a hyperbolic-elliptic
model problem given by (2.5) coupled with —1 (vs) ., + vs = u, where 7 > 0 is a viscosity
parameter. Clearly, at any fixed position xq, vs(xp,7) will depend on u(-,7) as a whole;
the nonlocal dependence is not limited to a neighborhood, as in [114] and herein. They
prove that their model has a smooth solution, and present numerical solutions obtained by
a high-order difference scheme.

The (local) kinematic model of sedimentation (2.4) is similar to the well-known Light-
hill-Whitham-Richards (LWR) model of vehicular traffic. Sopasakis and Katsoulakis [111]
extended the LWR model to a nonlocal version by a “look-ahead” rule, i.e. drivers choose
their velocity taking account the density on a stretch of road ahead of them. Kurganov
and Polizzi [67] showed that an extension of the well-known Nesshayu-Tadmor (NT)
central nonoscillatory scheme [94] is suitable for the nonlocal model of [111], which can
be written as (2.1) for & = 1 and V(w) = exp(—w), and if we replace K, by K(y) =
()7 'o(y/y), where S is the Heaviside function, ¥ > 0 is a constant proportional
to the look-ahead distance, and either ¢ = 1 (according to [111]) or ¢(z) =2 — 2z (as
proposed in [67]) for 0 <z < 1, and ¢ = 0 elsewhere. As pointed out in [67], the basic
methods for conservation laws with local flux that should be adapted for (2.1) are cen-
tral rather than upwind schemes for conservation laws, since the latter usually involve
the (approximate) solution of Riemann problems, and no Riemann solver is available for
(2.1). Though the second-order NT scheme produces better resolution, we herein rely on
the Lax-Friedrichs scheme to be consistent with the entropy analysis.

Related models with a nonlocal convective flux that have been analyzed within an
entropy solution framework include the continuum model for the flow of pedestrians by
Hughes [56], which gives rise to a multi-dimensional conservation law with a nonlocal
flux; see also [36, 37]. However, in contrast to (2.1) the nonlocality in that model is not
introduced by explicit convolution but via the solution of an eikonal equation. An entropy
solution framework is employed in [43] to establish well-posedness for a hyperbolic-
elliptic approximation of the original model of [56].

Another equation that can formally be expressed in the form (2.1), namely for a = 0,
V(w) = w and with K, replaced by the Cauchy kernel so that K, * u becomes the Hilbert
transform Hu, is studied in [34]. This equation arises from several applications, inclu-
ding a one-dimensional model of the two-dimensional vortex sheet problem [5], and is
analyzed in [34] with respect to existence of smooth solutions for smooth initial data.
Equations that can formally be written as a first-order conservation law with nonlocal flux
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also arise from models of opinion formation [2].

2.1.5 Outline of the chapter

The remainder of this chapter is organized as follows. In Section 2.2 we motivate the
assumption of nonlocal dependence of settling velocities and argue that it may descri-
be the layering phenomenon in sedimentation. In Section 2.3 we describe the numerical
scheme, which involves the approximate computation of K, * u by a quadrature formula.
We state some assumptions on the functions up and V and on the mesh for the numerical
scheme, and derive some estimates on differences of the discrete convolution. In Sec-
tion 2.4 we state the definition of entropy solutions of (2.1), (2.2), the jump conditions,
and prove that entropy solutions are L! contractive with respect to initial data, and in
particular unique. Section 2.5 is devoted to the proof of convergence of approximate so-
lutions generated by the numerical scheme to entropy solutions, which is achieved by
standard compactness bounds (Sect. 2.5.1), a cell entropy inequality, and Lax-Wendroff-
type arguments (Sect. 2.5.2). In Section 2.5.3 we prove that for the case o = 0, solutions
are actually Lipschitz continuous provided that ug is Lipschitz continuous. In Section 2.6
we present numerical examples, paying particular attention to the layering phenomenon.
Conclusions, limitations and possible extensions are addressed in Section 2.7.

2.2 Motivation of the nonlocal sedimentation model

2.2.1 Nonlocal dependence of settling velocities

The solution of the one-dimensional continuity equation (2.5) requires an initial con-
dition, possibly boundary conditions, and an equation relating vs to u = u(x, ). Theoretical
studies of this relationship in dilute, uniformly mixed suspensions of identical spheres are
numerous. Those by Kermack et al. [64] and Batchelor [7] are especially notable. When
u(x,t) is not constant, the relationship between vs and u is no longer obvious. The key
assumption of Kynch’s theory [70] is that vy is determined by the “local solids concentra-
tion”, which is the concentration u(x,7) at a specified height and time. This relationship
is expressed as vy = vsV (u). This treatment is analyzed in detail by Bustos et al. [29]. In
the three-dimensional reality approximated by the one-dimensional theory, u(x,t) is the
solids concentration at a horizontal plane [25, 97]. Though this is an excellent approxima-
tion (for the dependence of vg on u), we may still improve it by a nonlocal dependence, as
will be argued in this section.

The locality of the dependence in Kynch’s theory contrasts sharply with the theoretical
result that the velocity of each particle is determined by the size, position and orientation
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of all particles and the nature of the boundaries, if any [52]. (Of course, the orientation
is irrelevant for spheres.) As a compromise between this result and the assumption by
Kynch, Pickard and Tory [96] postulated that the settling velocity, vs(xo,?), of a test par-
ticle at xg is governed by a parameter

c(xo,t) = /Iw(x)u(xo +x,t)dx, ICR, (2.15)

that is the convolution of local solids concentration with a weighting function. This pa-
rameter was introduced in the context of a stochastic model for which the smoothing
effect was important [98] and later generalized to polydisperse suspensions [107]. The
function w(x) was specified to be positive in a neighborhood of zero, unimodal, and uni-
formly bounded with uniformly bounded mean, mode, and variance. When u is constant,
we require that c(xo,#) = u(xo,t). This implies that [, w(x)dx = 1, see [53]. This means
that the velocity of a sphere at xq is governed by the concentration in a contiguous region
of finite width. In the limiting case, w(x) is replaced by d(x) and the sifting property of
the Dirac delta function equates the parametric and local solids concentrations [97].

Beenakker and Mazur [12, 13] calculated the mean velocity of a test sphere in a dilute
suspension of identical spheres settling toward an infinite horizontal flat plate. Assuming
that all the spheres were placed according to a uniform distribution subject only to the con-
dition that they do not overlap the test sphere or the solid boundary [108], they obtained an
explicit expression for the mean velocity of a sphere at a given height. Neglecting terms
of O(a/h), where a is the radius of the test sphere and £ is its distance from the boundary,
this can be written as [102]

2a
vs(x0,1) = vst (1 +/2 Hy(x)u(xo —|—x,t)dx> ) (2.16)

where

15 /1 /x\2
Ha(x):@(z (Z) —1). 2.17)

Note that only spheres in the interval [xo — 2a,xo + 2a] affect the mean velocity of the test
sphere [12, 108]. This results from an exact cancellation, before taking the limit, of large
terms in the regions above and below this interval [108]. Taking the limits first yields a di-
vergent sedimentation velocity upon integration [12]. Equation (2.16) does not contradict
the result that the velocity of the test sphere is affected by all the spheres in a suspen-
sion [11, 52, 83] because the variance of velocity is determined by the positions of all the
spheres [108]. Velocity fluctuations in sedimentation, which account for hydrodynamic
diffusion, are still being studied intensively [87].
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When u is constant, insertion of (2.17) into (2.16) yields
vs(xp,1) = Vst(l — 5u(xo,t)), ie,V(u)=1-5u. (2.18)

This result also holds in a linear concentration gradient because the additional term in the
integrand is an odd function (since H,(x) is even), and the integral is between symmetric
limits. Apart from discontinuities, concentration normally varies smoothly over distances
much greater than 4a. Hence, this equation is a good approximation in nonlinear gradients,
but only in very dilute suspensions. Higher-order two-sphere interactions can be added
[12] to yield Batchelor’s result for identical spheres [7], which is

vs(x0,1) = vsi (1 —6.55u(xo,1)), ie., V(u)=1-6.55u. (2.19)

This equation works well for colloidal dispersions in which Brownian motion maintains
an essentially uniform distribution of sphere centers. However, experiments with non-
Brownian spheres suggest that (2.18) is more accurate. Though the velocity of the spheres
relative to the fluid is independent of the shape of the container [13], equation (2.17)
applies only to dilute suspensions settling towards an infinite flat plate. Nevertheless, it
seems likely, given the success of Kynch’s theory, that a generalization of (2.17) should
be a reasonable approximation at higher concentrations and for suspensions in finite con-
tainers.

Three-sphere and higher interactions are important at higher concentrations [9, 10,
60]. Special treatments involving intensive computation are necessary for concentrated
suspensions [54, 71, 72, 73, 74, 95]. At higher concentrations, the dependence of vy on
u is nonlinear. The Richardson-Zaki [100] equation (2.6), corresponding to V(u) given
by (2.3), is widely used to predict the position of the interface and the propagation of
concentration changes.

In the Pickard-Tory model, the dependence of the settling velocity, vs(xo,?), on ¢(xo, )
rather than u(xp, ) is similar to the dependence in [11], but not as specific. If we combine
their model with the Richardson-Zaki equation, we obtain

0D _ (1 ex,0)"
VSt
) (2.20)

nn—1) [/Iw(x)u(xo+x,t)dx -

= 1—n/lw(x)u(xo +x,t)dx+

We can choose w to be an even function. Then (2.20) implies that c(xp,7) = u(xg,?) in
a linear concentration gradient. When u is small and constant or linear, we obtain the
approximation vg(xo,?) ~ vs¢(1 — nu(xg,?)), which agrees with (2.18) and (2.19).

Again, we choose w to be an even function and require that [, w(x)dx = 1. Then (2.20)
can be written as vg(xg,7) = vs¢(1 — K *u)", which yields (2.7), where K *u is the convo-
lution of K with u and [, K(x)dx = 1.
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2.2.2 Layered sedimentation in suspensions

Initially homogeneous suspensions of hydrophobic colloidal particles do not always
sediment in smooth continuous fashion. Instead, layers of different concentrations are
often observed after settling has proceeded for a time [109]. This phenomenon is accen-
tuated when a very dilute suspension has an initial concentration gradient [109]. The
upward propagation of a concentration gradient from the bottom of the container will
eventually obliterate the layered form if we study this phenomenon in a closed vessel
rather than just focussing on the zone slightly below the suspension-supernate interface.

The weighting functions H,(x),K(x),w(x), and W(x) have an important influence
near discontinuities in concentration. When the interval I overlaps the packed bed, these
weighting functions introduce a concentration gradient [6]. Where Kynch’s theory pre-
dicts a jump in u from ug to umax, which correponds to a so-called mode of sedimentation
MS-1 [26, 29], weighting functions produce the same increase over a finite distance [6].
However, this gradient does not expand.

Our assumption of nonlocal dependence of the settling velocity provides an expla-
nation of the layering phenomenon. In fact, when I overlaps the suspension-supernatant
interface, the spheres near that interface settle faster than those below. For example, accor-
ding to (2.16), a particle at the interface of a uniform suspension has an initial velocity of
v(x0,1) = vst(1 —2.5u(xp,)) compared to that given by (2.18) for a sphere that is 2a or
more below the interface. This causes an increase in concentration from g to ug+ Au in
a small region just below the interface. However, spheres near the bottom of this region
settle faster than those in its middle because / includes a sub-region with u = ug as well as
one with u = up + Au. This concentration disturbance should propagate down the settling
column. If equation (2.5) applies, the result would seem to be a gradual increase in con-
centration and perhaps some instability if the concentration near the top remains higher
than that near the bottom. Since concentrated suspensions settle much more slowly than
dilute ones, it would seem that layering would occur only in very dilute suspensions where
slight increases in concentration cause only slight changes in settling velocity.

2.3 Preliminaries

2.3.1 Assumptions and numerical scheme

We discretize (2.1) on a fixed grid given by x; = jAx for j € Z and 1, = nAt for
n<N:=T/At, where T is the finite final time. As usual, u'; approximates the cell average

1 [Xj+12
u .

/ Ax Xj-1/2 "
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and we define U" := (... ,u.r;fl,u;?,u;! IRTEE )T. The initial datum uy is discretized accor-
dingly. We use the standard spatial difference operators A, u’; := u’} W A= —
u;?_l, and A%y ” =ALA_ u =u" o 2u;? + ”7—1- The obvious difficulty in defining a nu-
merical scheme for (2.1) arlses from the discretization of the integral. We approximate it

by a quadrature formula given by

l

(Kaxu)j =ity ;=) Yl Where%Z/xsza(y)dy and 1= | 22| 41,
J a,] j—i S Ax

i=—

i.e., [ is the smallest integer larger or equal to (2a/Ax) + 1.

Due to the properties of K (Eq. (2.13)), Y-+ ---+ % = 1. The computations and
the numerical analysis are based on the Lax-Friedrichs scheme for a standard non-linear
scalar conservation law. We summarize all assumptions on the initial datum g, the velo-
city function V and the mesh.

Assumption 2.3.1 We assume that uy has compact support, ugp(x) > 0 for x € R and
up € BV(R). The function u— V (u) and its derivatives are locally Lipschitz continuous
for u > 0 (which occurs, for example, if V(-) is a polynomial). When we send Ax,At | 0
then it is understood that A := At /Ax is kept constant.

In addition to Assumption 2.3.1 for the case o¢ > 1 we suppose the following.

Assumption 2.3.2 The inital datum satisfies up(x) < 1 for all x € R.

Remark 2.3.1 The same analysis remains valid for any smooth, positive and not necessa-
rily compactly supported kernel with ||K||; = 1 and ||0K,]|1 < o°.

From now on we let the function # be defined by

WAx,1) = U for (x,1) € [jAx, (j+1)Ax) x [nAt, (n+1)Ar).

We now prove two lemmas that will be used for the convergence analysis.
Although K, (Eq. (2.13)) is just Lipschitz continuous on R, on its support it is a smooth
function. Having this in mind we can prove the following lemma.

Lemma 2.3.1 Suppose that u®(-,t,) € L\ (R). Then
ALl | < [|0cKalloo||ut (-, 1a) || Ax  for j € Z. (2.22)

Proof. We compute

-1

A_ii Z YAt =Y u (e =)+ (g — ). (2.23)
i=—I i=—I
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Since K,(2a) = 0, we have

2a 2a AXZ
Y = K, (x)dx = |Ka(x) — Ka(2a) | dx < [|0:Kq|eo——
2a—Ax/2 2a—Ax/2 4

For -1 <i<[—1 we find
Xit3/2 Xit3/2
v == [ (Kl Kale—A0) dr= [ K (G )avds
Xiy1/2 Xit+1/2

< || OcKal|oAX,

where &;y1 € [x;_2,Xi43/2]- Applying the last two inequalities to the right-hand side of
(2.23) and using that u®(-,1,,) € LI (R), we obtain

loc

-1 u" |+ |ur§ |
i +1+1 ) )
j=— Ax

which implies (2.22). O

In what follows, %, always denotes a constant that is independent of A := (Ax, At),
but depends on a, and that may change from one line to the next.

Lemma 2.3.2 Suppose that u®(-,t,) € Ll .(R)NL®(R). Then
AT | < Cut® for j € Z. (2.24)

Proof. We calculate

I
Azﬂg,j =Y (wpyy =2y} +vadi )
i=——1
-1 5
= Y WA+l Ay - A (A —A ). (2.25)
i=—I+1
Lemma 2.3.1 implies that there exists a constant %, such that 7 < %,Ax%, and there-
fore A, y_; < €,Ax* and A_v, < €,Ax’. Using the Taylor Theorem we get for i € {—I +

1,....1—1}

‘AZ%’ _ /xi+1/2 (Ka(x+Ax) — ZKa(x) +Ka(x—Ax)) dX'

Xi—1/2

< |92 Kq oA,

x; 2 2
= (R ke ) )
Xi—1/2 2 2

where & € [x;_12,%:43/2) and & € [x;_3/5,%;41/2]. Consequently, using that ub(-,1,) €
L. (R)NL*(R), we obtain from (2.25) the desired estimate (2.24). O

loc
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2.4 Definition and uniquenss of entropy solutions

2.4.1 Definition of an entropy solution and jump conditions

It is well known that solutions to a standard nonlinear conservation law like (2.4) are
in general discontinuous even if the initial datum ug is smooth. The same will occur with
the nonlocal equation (2.1), so we need to define solutions as weak solutions. Since weak
solutions of conservation laws are, in general, not unique, a selection criterion must be
imposed in order to single out the physically relevant solution. We select the solution
through an entropy criterion, and the sought solutions are entropy solutions defined as
follows. To facilitate notation we define f(u) := u(1 —u)*.

Definition 2.4.1 A measurable, non-negative function u is an entropy solution of the ini-
tial value problem (2.1), (2.2) if it satisfies the following conditions:

1. We have u € L(II7) N LY (ITr) N BV (T17).

2. The initial condition (2.2) is satisfied in the following sense:

lim / |u(x,1) — uo(x)| dx = 0. (2.26)

t10 JR

3. For all non-negative test functions ¢ € Cy (Ilr), the following entropy inequality is
satisfied:

veeR: [ {lu— kot senlu—R)(70) - £V (Kera) o

(2.27)
—sgn(u— k) fk)V' (Ko % u) (95K, * u)(p} dxdr > 0.

The Kruzkov-type [69] entropy inequality (2.27) follows from a standard vanishing
viscosity argument. It is also standard to deduce that an entropy solution is, in particular,
a weak solution of (2.1), (2.2), which is defined by (1) and (2) of Definition 2.4.1, and the
following equality, which must hold for all ¢ € C7(Ilr):

//HT{M% PV (Ky )@ — )V (Ko u) (0K 5 )@ f dedr =0, (2.28)

Assume that u is an entropy solution having a discontinuity at a point (xo,%) € IIr be-
tween the approximate limits u* and u~ of u taken with respect to x > x¢ and x < xo,
respectively. The propagation velocity s of the jump is given by the Rankine-Hugoniot
condition, which is derived in a standard way from (2.28):

f)—f(v)

s=ow,u WV(K,xu), o(u,v):= — (2.29)
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where we utilize that (K, % u)(-,¢) is a Lipschitz continuous function of x. In addition,
a discontinuity between two solution values needs to satisfy the following jump entropy
condition, which is a consequence of (2.27):

Vk € (min{u",u" },max{u",u"}) : o(u",k)V(Kaxu) <s < o(u,k)V(Kyxu).

2.4.2 Uniqueness of entropy solutions

The uniqueness of entropy solutions is a consequence of a result proved in [62] re-
garding continuous dependence of entropy solutions with respect to the flux function.
Precisely, we have the following theorem.

Theorem 2.4.1 Assume that u and v are entropy solutions of (2.1), (2.2) with initial data
ug and vy, respectively. Then there exists a constant Cy such that

Hu(-,t) _V('7t)HLl(R) < C |lug _VOHLI(R) vt € (0,T].
In particular, an entropy solution of (2.1), (2.2) is unique.
Proof. Let u and v be entropy solutions of the respective initial value problems
w+ (V(x,0)f(u) =0, V(x,t):=V((Kaxu)(x,1)):  u(x,0) =uo(x),
vi+(V(x,0)f(v), =0, V(x,1):=V((Ka*v)(x,2)); v(x,0) =vo(x).

Following the proof of Theorem 1.3 of [62] and keeping in mind that u and v are of
bounded variation, we obtain the following inequality, where J := [0, ||u|o]:

Hu('vt) _V('J)HLI(R) < ||u0 _VOHLI(R)
t ~
Wl [ [ Vi) = Tat)| s 230
t ~
Ffligen [ [ IV 0xs) = V)] o) deds,
where v, must be understood in the sense of measures. Now we observe that
[V (x,5) =V (x,5)| = |V((Kaxu)(x,5)) =V ((Kaxv)(x,5))|
<[Vl [ (K (=) (x,9)]
<Vl IRl ) =) 1
Vi(x,8) = Vi(x,8) | = |V (Ka % u(x, s)) (0xKa * ) (x, s)

— V' (Kaxv(x,5)) (0K % v)(x,5)|
<[V ||oo| (0xKa % (=) (x,5)]
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+ [ 0cKa 5 v |eo [V [|oo] (K (e =) ) (x,5)].

Inserting the last expressions into the integrands in (2.30), using the properties of the
kernel K, and the fact that v has bounded variation we arrive at

t
1) =vC )| 11 gy < Mot = vollpr ) +C2/0 [uCes8) = v(es8) || 1 gy -
Applying the integral form of the Gronwall inequality we finally obtain
||u(.’t) —v(-,t)HLI(R) < ||uo —V()HL1(R) (1 —|—C2texp(C2t)).

The second statement of the theorem follows by taking uy = vg. O

2.5 Convergence analysis and existence of entropy solu-
tions

2.5.1 Compactness estimates
We define V' := V (it ;). Then the marching formula for the approximation of solu-

tions of (2.1), (2.2) reads

u’f_l -|-1,/!+1 A A o
u’?+1 - J—  JT n (1_u7+1)avﬂ+1_|_§u’}_1(1_u;?_1) an—l' (2.31)

J 2 DA J

We assume that A = Ar/Ax satisfies the following CFL condition:

A max V()| < 1for a=0,u" :=||Ka|e|luol|1; (2.32)
A max |V (u)| <1 for o > 1. (2.33)
0<u<i

By the conservativity of the scheme (2.31) and the CFL condition, we immediately
obtain the following lemma.

Lemma 2.5.1 Under Assumption 2.3.1, the numerical approximation generated by (2.31)
in the case o0 = 0 satisfies

|U"ly < |[Toll, for0<n<N.

The next step in the numerical analysis is to prove the L™ stability. Appealing to
Lemma 2.3.1, we are in a position to prove the following lemma.
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Lemma 2.5.2 The numerical approximation generated by (2.31) satisfies

" C; ifa=0, ,
Ogujg forje Zand0<n <N, (2.34)
1 ifa>1,

where the constant C3 is independent of A but depends on T.

Proof. We can rewrite (2.31) as
u’t
nt+1 _ j-1 n Oyn J+1 n Oyn
Wit = L (1021 u) "V )+T(1—;L(1_Mj+l) ). 239
We consider first the case oo = 0. Using Assumption 2.3.1 we have
n ! Xit1/2 n ! "
Zy= Y | [ K ) < Kl Y o A < Kl ol
i—1/2

i=—I i=—I

and thanks to the local Lipschitz continuity of V we can bound |V (i ;)| as a function
(i ;)| and [V" (@ ;)| can be bounded thanks to the
assumptions on V and its derivatives. We can write

1 A 1 A A
u;lJrl u7+1 (2 2 J-H) +u (2 +5 2 J-H) 2 ul;—l (AﬂLVJn —I—A,an) :
With Lemma 2.3.1 and the CFL condition we get

i 1 2 1 A,
|”?+1| < ‘”j+1‘ (5_5 Jn‘*']) T ‘M?_l} (§+§ j+1>

+A‘M;¥_1 ‘ ||V,||°°||axKa||°°“”0H1Ax
<N U™|oo(1 4 CyAt),

of ||Ku||« and ||upl|;. Moreover,

which means that
T n
[ < (U loo(1 4 Cart)" = U)o (1 +c4;) < Jlup|lwexp(C4T).  (2.36)
To handle the case o0 > 1, we assume that 4} <1 for all j € Z (Assumption 2.3.2) and

rewrite (2.31) as

A

I’l
”?H - jT<1+7“‘1+1( ”7+l)a_l i) _5”?+1(1_”?+1)a_1 fi.
l/l

Tk IV" )+%u (1=u

+ (l—lu (1T—=u} D

J= J=

ﬂ+12 1 A 1
o— o—
< jT(1+7L”?+1(1_”?+1) j+1) 3 (”7+1) (1_”%1) jn+1

<
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n

A _
+T(1—lu (1—M7_1)a Ian_l)—i—zuj 1(1_1//}_1)0{ IV;I_I
u'; 1 A, A
+1 _ _
= Jz il (2 S (1 —uj ) 1Vf1)+§”?1(1—”?1)a v,

Because of the CFL condition, the last right-hand side is a convex combination of '} jRE
u}_ and one. We therefore conclude that u”“ < 1. The other inequality, u’ 1> 0 pro-
Vlded that u" >0 for all j € Z, follows in both cases ¢ =0 and o > 1 from the CFL
condition. D

Remark 2.5.1 Lemma 2.5.2 represents the most important estimate of this work. Based
on the discussion of the (local) effective PDE (2.10) we argued in Section 2.1.3 that one
should expect an “invariant region” principle, namely that solutions assume values in
[0,1], to hold for (2.1), (2.2) with o0 > 1. The estimate (2.34) shows that this property
indeed holds. This is an exceptional feature, since an invariant region principle does not
hold for dispersive equations in general, and is not valid for (2.1) with o« = 0. In fact,
from (2.36) we deduce that for o« = 0, one can guarantee that the model (2.1), (2.2)
produces physically relevant results only if ||ug||« and the final time T are sufficiently
small. The requirement of smallness for ||ug||« is consistent with the observation that the
model development in Section 2.2.1 for oo = 0 is rigorously valid for dilute suspensions
only.

Since u; > 0, we readily obtain the following corollary.

Corollary 2.5.1 Under Assumption 2.3.1, the numerical solution generated by (2.31) in
the case o > 1 satisfies

U™ |1 < ||Uoll1 for0<n<N.

With the help of Lemma 2.3.2 we may prove the following uniform bound of total
variation of the numerical approximation generated by (2.31).

Lemma 2.5.3 The numerical approximation generated by (2.31) satisfies the following
total variation bound, where Cs does not depend on A:

Z |u’]~—u?,1‘ <Cs for0<n<N.
JEZ

Proof. Defining w?fl 5= uj — ”7—1 we get from the marching formula (2.31)

n " 1 A "
=i (5 50 Ea Vi ) 9o (3457 GV
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>

-3 AV (F(E 1 )W p+ (&7 32w 5)0)

+ % Ft ) (A = AV ),

n

where & T n€ [}, u”}_,]. Using the Taylor theorem we obtain

1 1
BV} =V (il ) AT SV (0 ) (At )+ SV (@) ) (AT )

where

0Ly € il j Nl i 1510V g jy1]
(where we define, as usual, a Ab = min{a,b} and a Vb = max{a,b}). Thus, Lemmas 2.3.1
and 2.3.2 imply that

2yn 2

Due to the CFL condition and using that f(0) = 0, we obtain that there exists a constant
%, such that

L4 )
il < (5_5f/( ;;1/2)\/]@1) W3l (§+§f’( }1—3/2)"]”1)
+(€QAI(‘W?71/2‘+‘W?73/2‘—{—‘u?72|m>.

Summing over j and using Lemma 2.5.1 we find that there exist constants C¢ and C7,
which depend on a but not on A, such that

TV(U™™) < TV(U")(1 +CsAt) + C7At.

Finally, summing over n we obtain

n
TV(U"!) S TV(UO) (14 CeAr)" ' + CrAr Y (14 CoAr)?
p=0

< TV(up)exp(CeT) (1 + E,—Z) :

We also need that u® satisfies the uniform L'-Lipschitz continuity property with res-
pect to time. This follows directly from the previous results.

Lemma 2.5.4 The numerical approximation generated by (2.31) satisfies the following
inequality, where Cg depends on a, but not on A:

)}

JEL

n+l _

Uj

<CgA for0<n<N.

n
uj
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Proof. Using the marching formula (2.31) we write
1 1 A
it =y = S Ay — S Al = 2 (F () = £ (G1)) Vi

A
) v

1 1 Ao
= S0 = SAuj - E(f (&11/2) (Wiq —ud})
n
J

+f<5, 1/2)(”7 Wi Vi) = f(Eut AV

In the last expression we used that f(0) = 0. We conclude the proof by appealing to
Lemma 2.5.3 and the fact that Ar = O (Ax). O

2.5.2 Satisfaction of the entropy condition and existence result

From Helly’s theorem we have that #® converges to a function u € L™ (IIz)NL! (TI7) N
BV (I1r) as A — 0. It remains to prove that u satisfies the entropy inequality (2.27).

Theorem 2.5.1 Assume that Assumptions 2.3.1 and 2.3.2 hold. Then the numerical solu-
tion generated by (2.31) converges to the unique entropy solution of (2.1), (2.2).

Proof. We define the function

1
G'i(u,v,U") := E(u—?tf(u)V]’@rl +v+7Lf(v)Vj"71).

We can rewrite the scheme (2.31) as u”+1 G”( Lo, U ). Under the CFL condition,
G? is monotone its first two arguments for all j € Z, 0 < n < N. Using this property and
omitting the third argument, which is always U", we obtain

W= Gl(k,k)| = |G (i) — Gk, k)|
<|GH oy Vi VE) — G (il Ak AK)| (2.37)
- (@} -9,

where we define

| >

no.__
gj:l: =

(70 VE) = £ A0) Vi = 78 (=)

On the other hand,

nH —k+= f( YV —=Vy)

A
> |u;f+1 —k‘ +sgn(u’}+l _k>§f(k)( J”H V” 1).

(2.38)



60 Chapter 2. On nonlocal conservation laws modeling sedimentation

Combining (2.37) and (2.38) we arrive at the “cell entropy inequality”

A
[ — k| = [} — k| + ] =]+ sen (it = k) SR (V] = Vi) <00 (239)
We now establish convergence to a solution that satisfies (2.27) by a Lax-Wendroff-type
argument. Multiplying the j-th inequality in (2.39) by f,j ©(x,t,)dx, where ¢ is a non-
negative test function, and summing the results over j € Z and 0 < n < N — 1 we obtain
the inequality E| 4+ E + E3 < 0, where we define

EI—ZZ(

s k‘ ‘u —k’ /(pxtn

n= O]GZ
k) Z Y sen(ut k) ( ,”+1—V,”_1)/ o (x,1,) dx,
n=0 jeZ I;
E=Y Y (@9 /(p(x £) dx.
n=0 jeZ

By a standard summation by parts and using that ¢ has compact support, we get

Ei= At Z Z ntl k’/ o(x tn+1 o (x,1,) dr.

n=0 jeZ

For E,, we write E; = E§ + ES where

A N-1
ES :zzf(k) Z Z (sgn(u?+1 —k) —sgn(u;? —k)) (Vi _V;l_l)/l ¢(x,1,)dx,
n=0 jeZ J
A N-1
Eé’:zzf(k)z ngn(u?—k Vi — /(pxtn
n=0 jeZ

Again summing by parts yields

:—_f Z ngn ”H /I(p(x,tn)dx

n=0 jeZ J
[anjll anH - { ]n-i-l - an—l }]

__f Z ngn n—H (j—H Vn )

n=0 jeZ

< [ (plxtni) = plx1)) d.

1
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Lemmas 2.5.4 and 2.3.1 and the fact that %, | — % = O(Ax?), v, = O(Ax?) yield
=V =IO ) (i — @) + O(A) = O(Ax),
and

~n+1 ~n+1 ~7 ~1
gy — oy — {1 — a1 }
-1

1 1 1
=Y (Gt ) (=W (Wl =l —dit )
i=—I

-1
- { Z (i + “?—i—l) (Yit1 = %)+ (“'}+1+z +uly — Ui — ul}flfl) }
i=—1

= Y (5 T ) (i )

n+1 n+1 n+1 n+1 n n n n
+ (il - - [”j+l+l+uj+l_ujfl_”jflfl])

= 0(Ax%).

Then, we can write

:_—f Z Y sen(u] il /I(p(x,tn)dxx

n=0 jeZ J
[y - v ) st — )

~ ~ 1 1 ~
+V' (”ZJ) (MZ,_;-i-l ”ZJ; | g 1t ”Z,j—l)] + O(Ax).

Noting that 7; = &'(Ax) we have

~n+1 ~n Z '}/1 n+1 n ): ﬁ(AX),
i=—1

and we conclude that E§ = ¢'(Ax). Analogously, we obtain

at . =it
= Atf(k Z Y sgn(uf —k)V (~"7J-)%/p(p(x,tn)dx+ﬁmx).
J

n=0 jeZ

It remains to analyze E3. Another summation by parts gives us
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1 N—1
£3 ¥ L=k [ (00+ ) 20 (50) + 9(r— A 1)) dx
2 n=0 jeZ 1

—-ar Y X senlur 8 (1) - 1)y

n=0 jeZ

> / (P(X‘I—A.X,tn) B (p(X—AX,tn)
I

=850 ) g,

To conclude we must show that

o = Ath_:l Z

ﬁZ.,jAX—/I‘Ka*M(XJn)dx‘ —0 asA—0,
J

n=1 jeZ
N—1
%= At Z Z fig, 41 _ﬁg,j_/(axKa*”anfn)dx‘ —0 asA—0.
n=1 jez 1

First, we proceed for <. Using the definitions of iy, ; and 7, we find that

N—1 1 l
S =a Y Y| Y [ Ko ardy= [ ¥ [ Kaulr—yn) dvds

n=1jez |i=—1"1 Lji=—1/1i
N—1 1 l

—& Y YN Y [ [ Ky sdxay= ¥ [ [ K(ute -yt axdy
n=1 jez |i=—1"1i /1 i=—171i /1
N—1 l

~u Y VAV ] Ka) )= ule=y1) dudy
n=1je7Z |i=—171i /1]

N—1 [
<a Y Y [KOE [l i—ute—ym)|drdy

n=1i=—1"1i jez 1

Using the convergence of u® and the bound of K, we get the result. Now, we continue
with Z. Proceeding as above, we find that

%:AtNilZ

n=1 jeZ

l
Y K0 (o) o

l

—/ Y /9yKa(y)u(x—y)dde|
L=/

-1

Y / (Ka(y+Ax) — Ky(y))ud}_;dy

i=—1+171i

[ X /IayKa@)u(x—y)dydx‘

Ji=—I+17"




2.5 Convergence analysis and existence of entropy solutions 63

+AtZZ

K WU dy — // AWKy (y)u(x — ydydx‘

n= IJGZ
+ At Z ) /K J_ldy—/ /8yKa(y)u(x—y)dydx‘.
n=1 jeZ Y 1;

The last two terms of the last inequality are &(Ax) since dyK, is bounded and K,(2a) = 0.
Finally, we use a Taylor expansion and the convergence of u” to get the result for almost
all k£ € R. Proceeding as in Lemmas 4.3 and 4.4 of [63] we may extend the analysis to all
keR. O

2.5.3 An additional regularity result for oo =0

Lemma 2.5.5 Assume that o = 0. Then the numerical solution generated by (2.31) con-
verges to a Lipschitz continuous function u provided ug is also Lipschitz continuous.

Proof. Defining w”! u';) /Ax we obtain from (2.31)

12 = (u ?H_
1 7L 1 /’L 7L
1
n A’ n n n )“ 2y/n 2yn

Using the CFL condition we have

1 2 1 A A
‘W;Hrll/z‘ < Wil (E a EVJnH) + W3 (E ) JﬂH) - §|W?71/2| AV

A Ao 2
+ Wil Vi = Via| + [ | 55 [A%VE + ATV |
Lemmas 2.3.1, 2.3.2 and 2.5.2 imply that there exist constants Cg and Cjo such that

‘Wnﬂ/z’ < [Wleo (1 + CoAt) + CroAt.

Following the same steps as in the proof of Lemma 2.5.3 we obtain

Cio
}w;ﬂrll/z‘ < ||W0||ooexp(C9T) (1 +C_9)

To conclude we notice that

0 0
U, 1 —U; 1 Xj+3/2 Xjt1/2
S o S A /J
W1 = - wdy= [ o) ay
j+1/ Ax Ax2 < 12 .
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_ é (/xx’“/z (o (y + Ax) —uo(y))dy) < luol|Lip-

i=1/2

The next step is to prove an analogous estimate for the discrete time derivative. Using
(2.31) we can write

1 m_y"
ntl _ 0 _uj+1 Uj _ Uy — Ui _Zyn (un —u" )
J J 2 2 2 JH1LA\®j+1 j—1
A
n n n
— W (Vi = Vi)

u

Multiplying this by Az~! and using that Ar = ¢'(Ax) we find that there exists a constant
C11, which is independent of A, such that

n+l __ n no__ ,n n__ g n n "

u'; s B D B e U S (u” —u" )_h( O )
A 2N 2At 2Ax Vit TR T A Wi T Y
<c ‘ 1Y L1 J-1 _V.1+1 (whyy — )
<Cn Ax A% Ay VLT L

n

S n
_ZJE( T =Vi)

Then, using that u* is Lipschitz continuous respect to the space variable and Lemma
2.3.1, we get that the solution generated by the numerical method converges to a Lipschitz
continuous function. O

Remark 2.5.2 Lemma 2.5.5 is not a surprise since in the simplest case, V constant, the
conservation law becomes a linear advection equation, whose solution has a regularity
that is the same as that of the initial data. Moreover, the limit function u will be a Lipschitz
continuous weak solution of (2.1), (2.2) will automatically be an entropy solution, and
stability and uniqueness are immediate from Theorem 2.4.1.

2.5.4 Comparison with the analysis by Zumbrun [114]

The equation studied by Zumbrun, (2.12), is equivalent (up to a coordinate transforma-
tion) to (2.1) with @ = 0 and V(w) = w. The local existence of a bounded solution u with
bounded spatial derivative u, (provided that uy has corresponding properties) is proved
in [114] by a fixed-point argument applied to the transport equation u; + (uK, *v), = 0
with given v. In general, global solutions inherit their regularity from ug; in particular, if
TV (up) is bounded, then (2.12) will have a BV solution u, which is unique following an L!
argument with a discussion of entropy production terms at isolated discontinuities. In the
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present work, existence of a solution of (2.1), (2.2) is shown by the convergence of a diffe-
rence scheme, covering a wider range of cases of ¢ and V. Moreover, our Lemma 2.5.5
is a rough equivalent of Zumbrun’s result concerning the regularity of u in terms of that
of ug. Both the analysis of [114] and ours rely on estimates on u or u? that blow up when
a — 0. This holds, in particular, for the L™-stability estimates of [114, Sect. 2]. However,
as is shown in [114, Sect. 4], an L>-stability argument can be invoked to prove that smooth
solutions of (2.12) converge in L™ at an & (a?) rate to smooth solutions of u; + (%), = 0.
(Of course, this result holds for smooth uo and a sufficiently small final time 7'.) The
proof of this result in [114] depends on the linearity of V, and does not carry over to more
general functions V orto o = 1.

A detailed discussion is devoted in [114] to the existence of travelling wave so-
lutions to (2.12) and (2.14), that is, of solutions of the form u(x,t) = @(x — st) with
©(&) — @(£o) as & — oo with either @(e0) # @(—o0), as for a “viscous shock”, or
(o) = @(—o0) corresponding to a solitary wave solution. (The “viscous shock”-type
solution is of particular interest in the context of the sedimentation model, since it corres-
ponds to the evolution of the suspension-supernate interface.) Roughly speaking, the re-
sult of [114] is that neither (2.12) nor (2.14) admit viscous shocks, but that both equations
do admit solitary wave solutions. However, as mentioned in Section 2.1.4, solutions of
(2.14) with an additional diffusion term du,,, d > 0 with Riemann-like initial data do
converge to a stable oscillatory travelling wave of “viscous shock” type. The analysis
of travelling waves for (2.1) is outside the scope of this contribution, but the numerical
results presented in Section 2.6 suggest that (2.1) for all values of o with a nonlinear
function V equally supports oscillatory travelling waves of “viscous shock™ type.

2.6 Numerical Examples

The numerical examples illustrate the qualitative behaviour of the solutions of (2.1),
(2.2), with ¢ = 0 and ¢ > 1, and demostrate the convergence properties of the nume-
rical scheme. For the first purpose, we select a relatively fine discretization and present
the corresponding numerical solution as profiles at selected times, while the convergence
properties of the scheme are illustrated by partly including error histories in some exam-
ples.

2.6.1 Example 1

We calculate the numerical solution of (2.1), (2.2) with o« = O for the hindered settling
factor (2.3) with n =5, and the kernel K given by (2.13) with a = 0.2. We are especially
interested in phenomena produced at the suspension-supernate interface of a sedimenting
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t=2.5 t=5

0.8r 0.8f

s 0.67 S 0.6
0.4+ |

0.2} |

Figure 2.1: Example 1: Numerical solution of (2.1), (2.2) with &« = 0 and a = 0.2 for

the hindered settling factor (2.3) with n = 5, for an initially concentrated suspension at
t=2.5,5, 10 and 20.

suspension, and therefore employ the following Riemann initial data corresponding to the
initial state of this interface for a concentrated and a dilute suspension, respectively:

0.0 forx<0.2, 0.0 forx<0.2,
(2.40)

up(x) = and up(x) =
0.6 forx>0.2, 0.01 forx>0.2.

In both cases we use Ax = 0.0005 and A = 0.2. The results are shown in Figures 2.1
and 2.2 for the respective cases of an initially concentrated and dilute suspension. As
predicted in Section 2.2.2, we obtain the formation of layers of mass due to the non-
constancy of the initial data. We also plot the corresponding solution for the local equation
(2.4), which we call the “Kynch solution.”

We can conjecture from these simulations, that even though ug is not smooth, the
presence of the kernel has a regularizating effect since we do not observe the formation
of discontinuities. Moreover, we see that the numerical solution is not in [0, 1] for the
concentrated suspension accordingly with Lemma 2.5.2 even though 1 assumes values
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Figure 2.2: Example 1: Numerical solution of (2.1), (2.2) with & = 0 and a = 0.2 for the
hindered settling factor (2.3) with n = 5, for an initially dilute suspension atr = 1,2, 3
and 7.

from that interval. In Table 2.1 we show the error at ; = 1 and 7, = 3 in the L! norm
for u (denoted by etC" Ja> i = 1,2) where we take as a reference the solution calculated
with Ax = 0.0005. As expected for the Lax-Friedrichs method, we obtain an experimental
order of convergence one. In addition to Table 2.1 we show in Figure 2.3 the “graphical”

approximation.

2.6.2 Example 2

We study now the behaviour of the numerical solution to (2.1), (2.2) with ¢ = 1. We
use V as given by (2.3) with n =4 and K given by (2.13) with a = 0.2. We again utilize the
initial datum (2.40) with Ax = 0.0005 and A = 0.2. The results are plotted in Figures 2.4
and 2.5.

We observe the presence of layers but of smaller amplitude than those observed in
Example 3.5.1. We explain this by the different flux function. We also observe more pro-
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1 conv. 2 conv. 31 conv. 5 conv.
Ax €c rate €c rate ed rate ed rate

1.00E-2 8.62E-3 - 1.33E-2 - 1.29E-4 -  2.25E-4 -

5.00E-3 6.24E-3 047 1.07E-2 0.31 8.34E-5 0.63 1.53E-4 0.56
4.00E-3 545E-3 0.60 9.07E-3 0.46 7.10E-5 0.72 1.33E-4 0.61
2.00E-3 3.26E-3 0.74 6.37E-3 0.61 3.91E-5 0.86 7.89E-5 0.75
1.25E-3 199E4 1.05 4.11E-3 093 227E-5 1.16 4.73E-5 1.09

Table 2.1: Example 1: Numerical error for u att; = 1 and 1, = 3.

t=10 3 t=3
T 10 T T
—A x=0.0005 12j—A x=0.0005
1 ---A x=0.002 10 ---A x=0.002
A x=0.01 A x=0.01
0.8f
8,
S 0.61 > 6F
0.4 4
0.2 ol
0 =~ ‘ ‘ 1 0
0 0.5 1 15 2 15 2 2.5

Figure 2.3: Example 1: Numerical solution of (2.1), (2.2) with &« = 0 and a = 0.2 for the
hindered settling factor (2.3) with n =5 for Ax = 0.01, Ax = 0.002 and Ax = 0.0005.

nounced gradients in the solution, which is in agreement with results proved in Section
2.5. In Table 2.2 we show the error at #; = 1 and 7, = 3 in the L! norm for u where we take
as a reference the solution calculated with Ax = 0.0005 as in Example 3.5.1. We again get
an experimental order of convergence one. Figure 2.6 shows the graphical approximation.

2.6.3 Example 3

We now examine how changes in the parameter a affect qualitatively the numerical
solution of (2.1), (2.2) for ¢ =0 and @ = 1. We use (2.3) with n =5 for & = 0 and
correspondingly, (2.3) with n =4 for o = 1. In both cases, K is given by (2.13) with the
parameter a = 0.4, 0.2, 0.1 and 0.01. The initial datum is (2.40) for the two cases of a
concentrated and a dilute suspension with Ax = 0.0005 and A = 0.2. Figure 2.7 shows the
results at t = 10 and ¢ = 7 in the concentrated and dilute case, respectively.

The case a = 0.01 was calculated with Ax = 0.0002 since if we consider the parameter
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t=2.5 t=5

—o=1 | | " [Fam2
---Kynch

15 2

—a=1 ‘ ‘ —a=1

Figure 2.4: Example 2: Numerical solution of (2.1), (2.2) with & = 1 and a = 0.2 for the
hindered settling factor (2.3) with n = 4 for an initially concentrated suspension at ¢t = 2.5,
5, 10 and 20.

a ‘“close” to Ax we get the Kynch result because the stencil of the convolution includes
just a few points, and the numerical scheme can be viewed as a mollification scheme [1].
We observe a more strongly oscillatory behaviour with a = 0.2 and a = 0.1, and that the
period of the oscillation is proportional to the value of a for both cases. The peak in the
case o¢ = 0 occurs for a = 0.4 and in the case o = 1 there is no difference between the peak
with @ = 0.2 and a = 0.4. We explain this by the dispersive behaviour of the formulation.

2.6.4 Example 4

The idea of the present example is try to reproduce the layered sedimentation observed
by Siano [109] in a batch process. The obvious difficulty appears when we are “close” to
the boundary since in a batch process we have a zero flux condition and for the numerical
computations we have to extrapolate values in order to compute the numerical fluxes. To
solve this problem, we assume that outside the volume control we have initial concentra-
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_ t=1 - =2
1px 107 ‘ 1px 107
10
8,
s 6f
aF
2 —a=1
0 ---Kynch

Figure 2.5: Example 2: Numerical solution of (2.1), (2.2) with & = 1 and a = 0.2 for the
hindered settling factor (2.3) with n = 4 for an initially dilute suspension atz =1, 2, 3 and
7.

tion values, O to the left and 1 to the right. In Figures 2.8 and 2.9 we show the numerical
results for o = 1, with V (u) = (1 — u)4, K asin (2.13), a = 0.025, Ax = 0.00025, A = 0.5
and the respective initial datum for concentrated and dilute suspensions given by

0 for x < 0, 0 for x < 0,
up(x) =<0.5 for0<x<1, and wup(x)=<0.05 forO<x<1, (2.41)
1 forx >1 1 for x > 1.

In each figure we also plot the solution obtained by the local model (Kynch solution). We
observe that the layers smooth after a while.

2.6.5 Example 5

In Figures 2.10-2.12 we plot the solution for u* for a@ = 1, with V (u) = (1 —u)*, K as
in (2.13), a = 0.025 and a = 0.05 and we consider two different initial data. For the first
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N A
1.00E-2 7.06E-3 - 9.66E-3 - 1.28E-4 - 2.22E-4 -

5.00E-3 4.67E-3 0.59 6.93E-3 0.48 8.18E-5 0.64 1.46E-4 0.60
4.00E-3 3.95E-3 0.76 597E-3 0.67 696E-5 0.73 1.27E-4 0.63
2.00E-3 2.08E-3 092 3.30E-3 0.86 3.83E-5 0.86 7.43E-5 0.77
1.25E-3 1.15E-3 1.26 1.84E-4 124 222E-5 1.16 443E-5 1.10

Table 2.2: Example 2: Numerical error for u att; = 1 and 1, = 3.

=10 -3 t=3
' ‘ 19X10 | ‘
—A x=0.0005
"4 10f---A x=0.002
e . Ao
o 8x=0.01
0.6/
il | =
0.4
4t
0.2y —A x=0.0005
--A x=0.002 2t
0 — ‘ A x=0.01 0 |
0 0.5 1 s ) o - -

Figure 2.6: Example 2: Numerical solution of (2.1), (2.2) with &« = 1 and a = 0.2 for
the hindered settling factor (2.3) with n = 4 for an initially concentrated (left) and dilute
(right) suspension for Ax = 0.01, Ax = 0.002 and Ax = 0.0005.

one we take ug as in Example 4 and uq given by

0 for x < 0,
up(x) = ¢ 044+02x for0<x<1, (2.42)
1 forx>1
for the concentrated case and
0 for x < 0,
up(x) =< 0.044+0.02x for0<x<1, (2.43)
1 forx > 1,

for the dilute case. We also use a nonlinear scale in color in order to highlight the layering
phenomenon, which is supposed to appear in the range of concentrations close to the
initial concentration. We observe the presence of layers in the case with ug given by the
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a=0, t=10 a=1, t=10
1.5 ‘ ‘ ‘ — 1 ‘ :
a=0.4
---a=0.2
--a=0.1
a=0.01
—a=0.4
---a=0.2
--a=0.1
‘ ‘ a=0.01
2 25 1.5 2 2.5
X
a=0, t=7 3 a=1, t=7
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Figure 2.7: Example 3: Numerical solution of (2.1), (2.2) for the indicated values of o
with a = 0.4, 0.2, 0.1 and 0.01 (top) for an initially concentrated suspension, at t = 10
and (bottom) for an initially dilute suspension, at t = 7.

Riemann data (2.41) in a more pronounced form than for the linear initial data (2.42) and
(2.43). As we explain in Section 2.2.2, the presence of layers occurs only if the initial
concentration exhibits strong variation, e.g. a jump between zero and a positive constant.
We also see, comparing Figures 2.10 and 2.12, that the “width” of the layer is proportional
to the parameter a.

2.7 Conclusions

We study a greater variety of models than the one proposed in [114], which corres-
ponds to o = 0 and a linear function V. The model corresponding to @ = 1 is consis-
tent with (2.18) and (2.19) in the dilute limit ¢ — 0, but assumes values in [0, 1] only
and therefore can be applied to the whole range of concentrations. The treatment of the
boundary conditions can possibly be improved. Our analysis shows that a reasonably sim-
ple difference-quadrature schemes converges to the entropy solution. However, since it is
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based on the Lax-Friedrichs scheme, high-order versions should be used for practical
computations.

We have conducted numerical experiments aiming at assessing whether (2.1) can pos-
sibly explain the phenomenon of layering in sedimentation. The numerical experiments,
and especially the plots of Figures 2.10-2.12, illustrate that (2.1) indeed produces patterns
that are similar to layering, namely vertical fluctuations of concentration of &'(a) with be-
neath the suspension-supernate interface. These oscillatory travelling waves of “viscous
shock” type disappear when they start to interfere with solution information propagating
upwards (in the direction of decreasing x). One should mention, however, that this phe-
nomenon differs from “layering” as observed by Siano [109] in that the solution exhibits
oscillations rather than staircasing. As mentioned in [114] it would be interesting to ex-
plore further whether (2.1) produces solutions more similar to the staircasing phenomenon
if this equation were equipped with additional standard or nonstandard diffusion terms.

Finally, a systematic travelling wave analysis of (2.1), which would extend the results
of [114], is still lacking. Such an analysis could explain whether new phenomena, e.g.
nonclassical shocks, should be expected when one considers the formal limit a — O of en-
tropy solutions of (2.1), especially in the case &« > 1. Unfortunately, most of the constants
appearing in the compactness estimates of Section 2.5.1 are not uniform with respect to a,
i.e. they blow up when a — 0. It is therefore not clear at the moment whether a sequence
of entropy solutions converges to a meaningful limit as a — O.
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t=2 t=4

t=10 t=20

t=100 t=200

Figure 2.8: Example 4: Numerical solution of (2.1), (2.2) with & = 1 for the hindered
settling factor (2.3) with n =4 and a = 0.025 for an initially concentrated suspension.
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Figure 2.9: Example 4: Numerical solution of (2.1), (2.2) with & = 1 for the hindered
settling factor (2.3) with n =4 and a = 0.025 for an initially dilute suspension.



76 Chapter 2. On nonlocal conservation laws modeling sedimentation

0.68

110.52

110.48

0.32

0.39

110.088

110.048

0.032

Figure 2.10: Example 5: Numerical solution of (2.1), (2.2) with o = 1 for the hindered
settling factor (2.3) with n =4 and a = 0.025 for an initially concentrated (above) and
dilute (below) suspension with uq constant.
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Figure 2.11: Example 5: Numerical solution of (2.1), (2.2) with & = 1 for the hindered
settling factor (2.3) with n =4 and a = 0.05 for an initially concentrated (above) and
dilute (below) suspension with uq constant.
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Figure 2.12: Example 5: Numerical solution of (2.1), (2.2) with o = 1 for the hindered
settling factor (2.3) with n =4 and a = 0.025 for an initially concentrated (above) and
dilute (below) suspension with a linear initial concentration .



Chapter 3

Finite-Volume Schemes for Friedrichs
Systems with Involutions

In applications solutions of systems of hyperbolic balance laws often have to satisfy

additional side conditions. We consider initial value problems for the general class of
Friedrichs systems where the solutions are constrained by differential conditions given
in the form of involutions. These occur in particular in electrodynamics, electro- and
magnetohydrodynamics as well as in elastodynamics. Neglecting the involution on the
discrete level typically leads to instabilities.
To overcome this problem in electrodynamical applications it has been suggested in Munz
et al. (2000) to solve an extended system. Here we suggest an extended formulation to the
general class of constrained Friedrichs systems. It is proven for Finite-Volume schemes
that the discrete solution of the extended system converges to the weak solution of the
original system for vanishing discretization and extension parameter under appropriate
scalings. Moreover we show that the involution is weakly satisfied in the limit. The proofs
rely on a reformulation of the extension as a relaxation-type approximation and careful
use of the convergence theory for Finite-Volume methods for systems of Friedrichs type.
Numerical experiments illustrate our analytical results.

3.1 Introduction

In this chapter, we study linear systems of balance laws, namely (m x m)-systems
of Friedrichs [50] type with m € N. We consider the spatially d-dimensional case with
d > 2, space coordinates x = (x1,...,x4)7, and time t > 0. For T > 0, let G!,...,G%,D:
RY x [0,T] — R™" and f : R? x [0,T] — R™ be given (matrix-valued) functions. We
suppose that the matrices G'(x,1),...,G%(x,t) are symmetric for all (x,7) € RY. Then the
initial value problem for the unknown vector-valued function u : R¢ x [0, T] — R™ takes

79
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the form

d 9, .
Eu(x,t) + Z X(G (x,1)u(x,1)) +D(x,t)u(x,t) = f(x,1), (3.1)

i=1 l

u(x,0) = up(x). (3.2)

Here ug : R¢ — R denotes the initial function. Moreover we require the solution u to
satisfy a linear differential side condition of the form
d d
Y Mi=—— (u(x,1)) =0, ((x,t) e RY x [0,T)> . (3.3)
5 o
Here M;, i = 1,...,d, are constant (m x m)-matrices. Following the notion of Dafermos
[39, 40] for the side condition (3.3), we restrict ourselves to involutions.

Definition 3.1.1 The differential constraint (3.3) is called an involution for the system
(3.1) if and only if any (weak) solution of (3.1)-(3.2) (weakly) satisfies (3.3), whenever
the initial data do so.

Involutions appear frequently in applications. We mention the classical Maxwell system to
describe electrodynamical processes (cf.[75]). The divergence of the electrical and mag-
netical field is constrained in this case. The induction equations in the (in)compressible
electro- and magnetohydrodynamical equations provide similar examples but with (x,z)-
dependence in the flux (Sect. 3.5 below). Solutions of the equations of linear elasticity
have to satisfy compatibility conditions on the deformation gradient, which result in an
involutionary condition (cf. Chapter 5 of [39]) Yet another example is the linear piezoelec-
trical system (see [84]). In Sect. 3.5 we present some of these examples in more detail.
Let us mention that involutions of course appear also in the more challenging case of
nonlinear conservation laws. Again magnetohydrodynamics [38], electrohydrodynamics,
nonlinear elasticity systems, but also Einstein’s equations of general relativity are promi-
nent examples.

On the analytical level an involutionary side condition is not problematic. The well-
posedness for (3.1)-(3.3) is well known from [39]. By definition the involution (3.3) is
satisfied. Also standard numerical schemes are known to converge. However, without
consideration of (3.3) in the numerical scheme the residuum in the side condition usually
grows with increasing time. In coupled processes this is a typical source of instabilities
(cf.[88] and cites therein). Therefore a wide range of stabilization methods has been sug-
gested (e.g. [4, 20, 35, 58, 89]).

The motivation for this contribution is the work of Munz et al. [89]. They introduced
in particular the so-called hyperbolic Generalized Lagrangian Multiplier Finite Volume
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method (GLM-FV) to compute approximate solutions for Maxwell’s system of linear
electrodynamics. We formulate this approach for the general problem (3.1)-(3.2) with
involution (3.3). While the original approach is motivated by a generalization of a Finite-
Element type method [4] for a constrained wave equation we consider the approach as the
approximation of (3.1)-(3.3) by an extended relaxation-type system. Relaxation approxi-
mations of systems of conservation laws have been intensively studied in the last decade
(see [113] for an overview).

To be precise let a, € > 0 and ug, ¥ : R? — R™ be given. Consider the following initial
value problem for the unknown function:

wEREX[0,T] — R¥™, wé = (uf,...,uf, wE, ..., ye)T
satisfying
9 e + Zd: 2 (G'(x,t)u®) +M~Til//£ +D(x,t)uf = f(x,1) (3.4)
ot = é?xi ’ ! axl’ ’ ,7 '
0 ¢ &M I .
and
u®(x,0) = ug(x), v (x,0) =y (x). (3.6)

We will show in Section 3.2 that the initial value problem for the extended system
(3.4)-(3.6) is well-posed. For vanishing parameter € we prove under mild assumptions on
the coefficients (see Proposition 3.2.1) that u® = u, a.e., where u is the solution of (3.1)-
(3.2). In Section 3.3 we present the Generalized Lagrangian Multiplier Finite Volume
Method (GLM-FV) for the general system (3.1)-(3.3). For mesh parameter /4 > 0 this gives
us the mesh function uf : R? x [0,7] — R™. The method will be analyzed in Sect. 3.4.
By careful investigation of the convergence theory from Vila and Villedieu [112] and
Jovanovic and Rohde [59] we obtain (see Theorem 3.4.1)

et = Nl 2 a0 1)y = € (8_'/4”/2) (3.7)

The crucial fact is that the estimate does not depend critically on the parameter €. This
expresses the dissipative character of the approximation (3.4)-(3.6). Moreover we will
show that the weak constraint error goes to zero if 4 and € vanishes (Corollary 3.4.1).
Up to our knowledge convergence statements as Corollary 3.4.1 have not been derived
for any of the existing methods to handle involutionary systems ([4, 20, 35, 58, 89]) .
The assumptions, definitions, general results on Friedrichs systems and some notation
are summarized in Section 3.2, while Section 3.3 is devoted to the numerical scheme.
Section 3.4 contains the analysis of the scheme and in particular the proofs of the main
convergence theorems (Theorem 3.4.1 and Corollary 3.4.1). In the last section we present
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applications and numerical examples.

Finally we comment on related work for nonlinear systems of hyperbolic balance laws.
The approach of Munz et al. [89] has been transferred to the system of compressible mag-
netohydrodynamics in [41]. Discontinuous-Galerkin methods with locally divergent-free
ansatz functions have been introduced in [80] and studied for the MHD equations in [20].
Even much earlier Powell [99] suggested an (non-relaxation) extension of the magnetohy-
drodynamical system, see also [45]. A general approach can be found in Torrilhon [106],
which has been applied to nonlinear systems in [49] and in [57].

3.2 Preliminaries

For d,m € N we denote by L>(R%;R™), H' (R¥;R™) the usual Lebesgue and Sobolev
spaces equipped with the norms |[ - || .2 ra.gm)s || || 1 (masrmy > TESpectively. Cg"l (R4 % [0,T))
is the set of bounded, Lipschitz continuous functions on RY x [0, T]. Furthermore, for
I € N we need the Bochner spaces C!([0,T];X) and L?(0,T;X) where X is an arbitrary
function space. The corresponding norms are denoted by || - [|ci(jo,71.x) and || - [|2(0,7:x)-
For M : R? x [0, T] — R™ ™ we define

|M||= sup  [[M(x,1)]]2,
(x,t)ERIX[0,T]

where || - |2 denotes the spectral norm. By 4’ > 0 we denote a generic constant (that can
change from a line to the next!) independent on / and €.

Definition 3.2.1 We say u € L*>(0,T;H'(RY;R™)) is called a weak solution of (3.1)-(3.3)
if
/ / _p Gi(x Hu- a—p—D(x Hu-p+f-p a’xdt:/ uo(x) - p(x,0)dx
RA a ) axi ) RA )
(3.8)
holds for all p € C3(R? x [0,T);R™).

Recall that, since (3.3) is an involution (see Definition 3.1.1), it is satisfied automatically
in the weak sense for any weak solution. We specify all assumptions on the coefficients
in Assumption 3.2.1 below. We note that in particular the regularity statement (i) can be
relaxed, however, it does not lead to a better result in terms of the order of convergence.

Assumption 3.2.1 Consider the initial value problem (3.1)-(3.3).
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(i) The mappings D,G',...,G% € C*(R? x [0, T],R™™) satisfy

G'(x,)T =Gi(x,1) Y(x,1) eRIx[0,T] (i=1,...,d),
Xd: (H&,jBXO‘GiH + ]lc?,j&x“DH) < Ho0 Yo e N¢, j € Ny.
i=1

(ii) The functions ug, f satisfy ug € H'(RY;R™), f € L*(0,T;H'(RY;R™)) and ug also

satisfies (3.3).
(iii) The (m x m)-matrices M; are constant fori=1,...,d.
We proceed with the presentation of the extended GLM formulation (3.4)-(3.6).

Definition 3.2.2 For a, € > 0 the function (uf, w&)T € L*(0,T;H'(R?;R>™)) is called a
weak solution of the extended problem (3.4)-(3.6) if

/Rd/ ( g (G'(x,1)u + M y*) - g—Z—D(x,t)ug-pH-p)dxdt
_/ o (x
/Rd/ (ll/ =1

M;
8

x,0)dx
i

holds for all p,® € C3 (R x [0,T); R™).

8xl —ay® co) dxdt = / W5 (%) - o(x,0) dx,

This approach generalies the idea of Munz et al. [89] to arbitrary Friedrichs systems. The
small parameter € has to be identified with the ratio ¢,/%), in Dedner et al. [41]. Note
that (at least formally) we recover the original formulation (3.1)-(3.3) by letting € — 0 in
(3.4)-(3.6).

Regarding to the system (3.4)-(3.6) we use additional assumptions for the Lagrange mul-
tiplier W&,

Assumption 3.2.2 For € > 0 consider the initial value problem (3.4)-(3.6).
(i) Assumption 3.2.1 holds.
(i) y§=0.

To analyze (3.1)-(3.3) one can use pseudo-differential calculus. We have the following
well-posedness result ([14], Chapter 2).
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Theorem 3.2.1 Suppose that Assumption 3.2.1 holds. Then there exists a unique weak
solution u of (3.1)-(3.2) and we have u € C([0,T]; H' (RY;R™)). In addition there exists
a constant € > 0 such that we have fort € [0,T| the estimate

t
||”('7t>||H1(Rd;R’”) + Hut('J)HLZ(Rd;Rm) <% (“”OHHl(Rd;Rm) +/0 Hf('vs)HHl(Rd;R’”)ds) .

Moreover; if up € Cy(RGR™) and f € Cy([0,T) x R R™) then u is a classical solution
and belongs to the space C ([0, T] x R R™).

The extended GLM formulation (3.4)-(3.6) is not symmetric. Therefore, we consider the
change of variables @ := w¢,/€. In a blockmatrix structure (3.4)-(3.6) read

J € 49 i€ € _ € CTTElLN . MS(X)
U +,-Z{8_xi(A U®)+BU® =F, U(x,O)—UO(x).—( ) ) (3.9)

with

€ _ i M
Ug::<u8>; A% = g ve |, B::(D 0); F::<f).
Q T 0 0 al 0

In particular it is clear that we are again in the framework of symmetric systems and the
extended formulation leads to a hyperbolic system.

Remark 3.2.1 We note that from Assumption 3.2.2 we have ||A%|| = 0(e~'/?), ||B|| =
0(a) and ||divA|| = (1) with divA := Y| (A®),..

We want a generic estimate (like in Theorem 3.2.1) for the system (3.9), but it is not clear
how the constant will depend on €. However, an analogous estimate holds, i.e, we have
the following result.

Lemma 3.2.1 Let Assumption 3.2.2 be satisfied. There exists a constant € > 0, indepen-
dent of €, such that fort € [0,T] we have

14 (o) o gy + 10 o) o+ 1) o 19 )12
t
<6 (Wl sz + ) 179 B s )

Proof. We compute the following energy estimates

d ju®|? Lo q0ut o M 9¢°
E(/Rd ) dx>+/ﬂgd<Z]uGa_x,+uﬁaxl dx

1
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—1—/ -(D+divG)u® —u® - f) dx =0,

|p® |2 / d € %8”8 € _
dt(/ 2 )7 R l.:ziq) VE dx; dx=0.

We see that thanks to Assumption 3.2.2 (symmetry of G') we have
d dut 70G .
ax; ox; + () ax,

Adding the above energy estimates and using the last expression we obtain

/ |I/t |2 |(p |2 d +/ D+ lleG) +a’(P8|2 dx:/ f.ugdx.
dt 2 2 R4

Using Assumption 3.2.2 (properties of D,G) and applying Gronwall inequality we get

finally
W et %t / 2 /[/ 2
< .
/]Rd( >t dx<e luo|~dx+ Rd|f| dxdt

Reasoning as above we find analogous estimates for ||U, 1? 12(RY:R2 withi=1,...,d.

)

In order to get estimates for ||uf|| and ||¢f| we use (3.9), the bound for ||U®

((Gz 8)T 8) _2( )TGZ

HLZ(Rd;RZm)
and [|UY ”L2(Rd;R2m)’ Remark 3.2.1 and Assumption 3.2.1(ii). O

With Lemma 3.2.1 we can conclude as in Theorem 3.2.1 that the following theorem
holds.

Theorem 3.2.2 Suppose that Assumption 3.2.2 holds. Then there exists a unique weak
solution U€ of (3.9) with U¢ € C([0,T]; H'(R¥;R>*™)). In addition there exists a constant
€ > 0 independent of € such that
1 Co ) | (gt ey + 1905 (o) a1 oy + 10ty 50 2 oy + 1107 (5 )l 22 et
t
<6 (Wl ey + 170z )

Moreover, if UE € Cg(RY;R*™) and F € C3([0,T] x R R>™) then U€ is a classical so-
lution and lies in the space Cg ([0,T] x RY;R>™).

Now we are in a position to estimate the error ||u® — u||. The corresponding result in the
special case of electrodynamics can be found in [88].

Proposition 3.2.1 Let u be the weak solution of (3.1)-(3.3) and U = (uf, @) the weak
solution of (3.9). Suposse that u§ = uo. Under Assumption 3.2.2, we have for allt € [0, T]

u(-1)
ve(1)

(,1), a.e.,

u
0, ae
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Proof. Defining u := u® — u, a direct computation yields

d |u|2 d ou _ M! 9ot

— yed L / (D+divG)u)dx =0,
dt </Rd 2 ) / (Z dx;  E dx; dxt +AvG))

d |<P‘€|2 / L o M; Ju e2) g
EUW 2 L 0" g oy, Tale'l” Jdx=0.

Adding the last two equations and using Assumption 3.2.2 (symmetry of G') we get

d ’u‘z ‘(P |2 1 €2
J— D
t/d( > +— > dx +/ + dlvG)u+a|(p\ dx =0,

which implies after applying Gronwall inequality and using that ||| [2(R4;RM) = 0 the
estimate

= 2 € 2 €12 9, _
L (@R +19°0R)dr < [ |95 Pdx=0

Proposition 3.2.1 shows the equivalence of solutions of the extended formulation (3.9)
and the solution of the original problem (3.1)-(3.3) for € > 0. However it is not clear how
€ can be chosen (asymptotically) in computations and whether the constraint (3.3) is
satisfied in the limit.

3.3 Finite-Volume Discretization

We approximate the solution of (3.9) by a Finite-Volume scheme on unstructured
meshes. This construction follows [59]. We begin with some standard generalities on
Finite-Volume schemes.

Definition 3.3.1 For some index set I C N let a family {K i}l. c; 0f open non-empty sets be
given. This family is called a triangulation if each element is a convex polyhedron and

UietK' =R K'NK/ =0Vi,jel i+ jand h:= sup{dlam(K‘)}

i€l

We denote the family {K i}i o by 7, and introduce the following notations for K € .7,

K| : area of K,
e € dK : an edge of K with length |e|,
1 d \T
Ne K = (ne,Ka <o 7ne.,K)
K, : neighboring cell of K with KNK, = e.

: unit outward normal to the edge e of K,
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For NN, let 0 =¢' <¢>... <N =T be a partition of the interval [0, T]. We denote
At" ="t — " forne A/ U{N}, N ={0,...,N—1}.
For eachn € {0,...,N},K € .}, and e € dK we define for S : R x [0,T] — R?"

1 tn+1 tn+1
Sti=— /S ,t)dxdt, St= /S t)d{dt,
K Atn’K‘ n © (.X ) Xi e Atn’e’ n C C

1
Sk() = —/S(x,t)dx, S, (1) i= —/S(C,t)dC.

|K| K |e| e

For the sake of clarity we summarize all the assumptions on the mesh.

Assumption 3.3.1 Ler .9}, be a triangulation (Def. 3.3.1) of RY. There exist constants
n > 0and v > 0 such that

K| >nh?, |9K|<vhi™! (VK € G, Ve € £(K)).
Moreover we assume that the time step At is constant, i.e., At" = At.

Definition 3.3.2 The GLM-FV approximation Uf = (uf, ¢f)T : R? x [0,T) — R*" of
(3.1)-(3.3) with initial data U§ = (ug, (pg)T is given by

UE(x,t) =VE" for (x,t) € K x [", "),

The vectors VI?" € R?" are given for n =0 and K € .7, by

o_ 1
Vi :W/KU(‘)?(X)dx

and iteratively for n € N by

At

v v o

Y lelg! x (VE™ VE") — ABRVE" + AtF. (3.10)
ecdK

The numerical flux gg K- R2" x R?™ — R?™ is defined for K € 7, and e € dK by

g x(U,V)=—CxV+D U, (3.11)
with
Ajg = Zne,( (A%, Cox:=—0"A"0, Dig:=0"A"0, (3.12)
i=1
and
Ajg=0"ATO0+0"A O, (3.13)

where AT (A7) is a diagonal matrix which entries are the positive (negative) eigenvalues
en
of A K
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As long as a, € are fixed in Definition 3.3.2 the GLM-FV method gives an approximate
for the weak solution of (3.1)-(3.3). However, we will choose € = g(h) with €(h) — 0 as
h — 0, so that the GLM-FV method is supposed to fulfill the constraint (3.3) whenever
the classical FVM do not. This is the problem to solve. The crucial question here is how
to determine €(%) to get (an optimal order of) convergence and to fulfill the side condition
(3.3).

Remark 3.3.1 (i) Note that thanks to the hyperbolicity of the formulation the decom-
position (3.13) makes sense.

(ii) The Definition 3.3.2 leads to a consistent upwind numerical scheme. Note that we
have the symmetric relation Cyy = D7 . This leads to g x(U,V) = —gi  (V,U)
for U,V € R*" and ensures that the scheme is conservative.

(iii) Using (ii) the iteration (3.10) can be written as
At .
venrth —yen K] Y lelCox (Vg™ —Vig") — At (BR V" + divAR V™ — FR).

ecdK
(3.14)

o)

(iv) We note that since ||C, g
and ||By|| = 0/(a).

is a function of A** we have that ||C, %

3.4 Convergence of the GLM-FV scheme

Our main goal in this section is to determine how the incorporation of € = £(h) affects
the rate of convergence of the component u;, of U; given by Definition 3.3.2 to the solution
u of (3.1)-(3.3) as h — 0. To do this we carefully track the parameter € in the constants
that appear in the finite volume error analysis in [112] (see [59]). We assume throughout
this section that Assumptions 3.2.1-3.3.1 hold.

3.4.1 Stability results

We start with a result that can be seen as a local stability lemma.

Lemma 3.4.1 Under the CFL condition

Ar|9K]||Cx
sup ——2-<1-§, §€(0,1) (3.15)
KeJ),ecoK |K|
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the solution U}’ generated by the GLM-FV method satisfies
Vi P = VTP o+ 280 (Vi T IBR V" + divag Vg™ — F)

At
e & lel((VEMTCoRvie” = (VT Corvie)
| |e€8K
“W Y V=V T CR(VE" = Vg™ el. (3.16)
ecdK

Proof. We represent V"t as the convex decomposition V" = (Locox Vi) /|0K].

Thereby we used (3.14) and

At|0K
Vit = vt - ‘|K| ’Cf}(v,?” — V") — Ar((Bg V" + divAg V" — FR).
‘We define also NOK
t
wegt = v - Sl vEn v, a1

Scalar multiplication of W:’,?H with V' and the symmetry of C, g gives

1 o n Al oK n Y EN n n n
Z‘WE +1’2 ’V[? ‘2 _ 2|‘K| |((V8 )TCeSKV£ (VIZ )TC:KVIZ )+Q, (318)

with

At|JK|
>n|2_ 2|K| ((Vgen_vlgrl)TCjIré( Ign V]?n))'

A straightforward calculation shows that

At|dK AlOK
0=-— 2|‘K| | <(V[?;" _V[?n)TCZ“”;é |:I— ||[(’ ‘C:'?}Vé] (Vlén _V[?n)) .

1 1
Q: E‘W:j{ﬁ_ - I?

Here I is the unit matrix in R?”*?"_Using the CFL condition (3.15) we get

Q S At|aK‘ (VS M V&‘ n)TC&‘ n(vlgn . V[?,n>
2IK] ‘
At|0K
(1= 8) G Ve VT CER Ve Vi)
At|0K
9 2|| K] (g Ve R V). (3.19)

e.n+1

From the convex decomposition of Vy and (3.17) we also see

Vi X (W - BV vV i)
ecdkK
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en+l1

Scalar multiplication of the last expression with V"' yields

1
SV = —an (VT (BRvg" + divARVe") + dr (Ve TR

1 | | gn+1)2 gntl en+1 2
+3 (1wt = ey ?)
Zow (5
1
< At(V8n+l) (BKV€n+d1VAKV€n_FK)+ Z ’a|1|{|| 8n+1|2‘
oK

€ n+1 |2

Replacing the expression for |W in (3.18) and using (3.19) we finally obtain

1 1
V" < -|v,§v"|2 — AV (BRVE™ + divARVE™) + At (Ve )T FE

Y el (Ve CERve" — e

2|K‘ ecdK
‘ ‘ En SH)TCEn(VE,n_VE,n).
o X, K

With Lemma 3.4.1 we can now prove a global L?-stability result as discrete counter-
part to Lemma 3.2.1.

Proposition 3.4.1 Assume that the CFL condition (3.15) is satisfied for a given 6 € (0, 1).
Then, for h < u/2y and € < 1, the GLM-FV approximation U} satisfies for all 0 <t <T

1Ty )| 2 mespomy < € <||U§||L2(Rd;ﬂe2m) + ||F||L2(0,T;L2(Rd;R2m))) : (3.20)

Here y:=1+||B| +||divA|| and p := \/€ supgc 7 ocox |IC K” The constant € depend on
the data but not on €. Moreover, the discrete space derivatives of U} satisfy the following
weak estimate:

)y Zy Y (V=g CoR(ViE" = Vi elat
neN KeJ, ecdK

€

2
< g(HU(fHLZ(Rd;RM) +1F 20 72 (Re:R2m)) (3.21)

Again, the constant € > 0 depends only on the data of the problem.

Proof. First, by adding the nil quantity

—Ar Y (Ve ATV el + K| A (VE™) T divAR V"
ecdK
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to the R.H.S of (3.16), we obtain the following form of the local energy estimate:

KI[VE"™ 2 IK|IVe"?

2 = 2
At n
“3 L (Ve DLeve" = (Ve v
ecdK
At|K )
+%(V§’")TdivA§’(V§’"—§At ) |e|(v,§;”—v,§’”)TC§;;§(V,§;”—V,?”).

ecdK
(3.22)

Summing (3.22) over all volumes, we obtain

YKV P sar Y Y lel (Ve = Ve Cor (V" = V™)
Ke 9, K€, ecdK
< Y IKI(IVE" P+ At (Vg™ TdivAR V™)

Ke 9,

—2at Y IK|(Ve" DT ((BRVE™ +divARVE") — FR)

Ke9,
(N 2 €/ n+1 n|2 1/2
< (L4 xA)|[U, (1" )72 ga gamy + 248U, (2 7')”L2(Rd;R2m)< Y IKIIFR] )
Ke9,
+ 200 (i + B)|Uj; (") | 2 ey | Uy (2 ) | 2 ey

Using that 2ab < a* + b*, we get

||U;f(t”+1,-)||i2(Rd;Rzm)(1—Af?’)+5Af Y, Y lel(VE" - VETCER(VE" —VE)
Ke T ecdK

< (142980 U (7)o + A1 Y [KIFEP. (3.23)
Keg,

Using the hypothesis over 4 and € we find yAr < 1/2 (we remark that 7 is independent of
€). Hence we have 1 < (1 —Ary)~! < 1+ 2yAr and we deduce from (3.23) that:

||U;f (ﬂH—l : ) H%}(Rd;Rz’”) + OAt Z Z ‘e| (VI%” _ VI?H)TCZ’;(VIZ" . VI?”)

KeJ, ecoK
2 E(.n 2 n(2
< (1+2yAr)7||U, (¢ a‘)||L2(Rd;R2m)+Af(1+27At) Y. |KIIFg|
Ke 9,
(N 2 n(2
S (1+6'}/AI)||Uh(I ,‘>||L2(Rd;R2m)+2At Z |K||FK| °

Ke9j,

Iterating the last inequality, we get for any 7 € [0,T):

N
||Uf(r, ')”iZ(Rd;Rzm) + ’)/Z Z At(1 —|—(€AI)N—n Z |e|(v]§;n _ Vl?n)TCes’,Ir;(VIZn _ VI?n)
n=0Ke.7, ecdK
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N N
T _
< (1+<€N) |]U§]\i2(Rd;R2m)+2ZAI(1+‘€At)N " Z \K|]FK"|2,
n=0 Ke 9,

with N being the integer part of 7 /At and % := 67. We finally obtain that V¢ € [0,7):
N
|UE(t,-) Hizmd;wm +7Y Y Y Mtfel(VE" - VEMTCER(VE" ~VE™)
n=0K€e.J}, ecdK

<exp(¢T) <HU§HZ2(R‘1;R2"') +2HFleﬂ(O,T;LZ(Rd;RM))) '

3.4.2 A Comparison Result

In the next step we consider the difference between the exact solution U¢ of (3.9) and
some function V € L?>(R? x (0,T);R?™) in terms of residual errors. To achieve the main
result we will put V = US. Following the book of Kroner [68] we introduce two useful
measures.

Definition 3.4.1 Let V € L>(RY x (0,T);R*") be given. The consistency measure Ly :
C!([0,T);L*(R4;R*™) N C([0,T]; H' (RY;R?™)) — R and the dissipation measure Vy :
Cy' (R4 % [0,T)) — R are defined for & € C' ([0, T); L2 (R4 R2™) NC([0, T); H' (R4 R¥™))
and ® € Cg’l(Rd x [0,T]) by

T d
< Uy, T > = —/0 /Rd (VT8,7H— ZVTAS”aﬂr) dxdt
i=1
T
+/ / (VTBT—FT)ﬁdxdt—/ (U 7(x,0) dx,
0 JRA R4
T d .
< W, > = —/0 /]Rd <\V\28,w+ZVTA8”V8,-w> dxdt
i=1

T
+/ /d (VT (divA+B+B")V —2F"V) wdxdt — /d UE|?o(x,0) dx.
0 JR R
We cite Proposition 2.4 of [59]

Proposition 3.4.2 Let U € Cy(REGR*™), F € Co([0,T) x R4GR?™), Ve L2((0,T) x
RY;R*™) be and define o := ||B+ BT +divA||. Then we have

T
/ /dexp(—oct)|U8 CVPdxdt << vy, > -2 <uy,0U >  (3.24)
0 JR

where U¥ is the exact solution of (3.9) and 0 : [0,T] — R is defined by:
0(t) =exp(—out)(T —t) with t € [0,T].
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3.4.3 The Error Estimate

To prove Theorem 3.4.1 we will apply the estimate of Proposition 3.4.2 to the appro-
ximate solution U} generated by the GLM-FV method.

Theorem 3.4.1 Under the CF L-condition (3.15), the GLM-FV approximation U} con-
verges towards the solution U€ of (3.9) in L*([0,T] x RY;R>™). Moreover UE satisfies the
following error estimate

1U® = Ul 20,77 xme-momy < €€ /402, (3.25)
In (3.25) € is a positive constant that depends only on 8,Uy, F and T but not on €.

In order to prove Theorem 3.4.1 we use a proposition of [112] and a lemma of [59]. We
recall that Uf € L*([0,T] x RY;R*™) thanks to Proposition 3.4.1.

Lemma 3.4.2 (Proposition 5.1 in Vila and Villedieu (2003)) If we choose V = U;f in
Definition 3.4.1 we get

7 7

<pye, ®>=Y Z(r), < Vvye,0>< Z — 808 (w),
=1 =1

where @ : RY x [0,T] — [0,00) and 7 : R? x [0,T] — R*" are smooth functions with

compact support in x. Here we used

Zy(m) =Y Y IKIVg"T = ven (g () - mR),
neN KeT,

Zym)=Y, Y, N Mlel(Vg" -V Cor(m — ),

neN KET, ecoK

A (m) = [ (UF (x.0) = U§ ()" m(x.0)dx,

! d p) . T
aim = Y ¥ | L arfelazgmi— [ [ Y T (a%mdd].
neN Ke, e€ok K= 0Xi
1 [n+1 7]
@)=Y Y MK|(VE" | —— / (divA)mdrdx — (divA)L a2 | |
ne NV KeJ, At|K] Jin K ]
1
Zpm)=—Y Y ark|(vg"' /BTndtdx—(B”) nK],
neN Keg, AI|K’ &
tn+l
Z]( K| / FT ndidx— (F2) x|
i L ¥ o g ], o
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Glo)y=Y Y IKI(Ve" P = Ve P ok () — af),

neN Ke,
@)=Y Y Y Mrel(Vg" V") Cop (V" + V") (@l — o),
neN Ke T, ecdK

8(0) = [ (U5 (x0 = U§)P)o(x.0)dx,

Giw)=3 Y vg"'

ne N KeF,

l‘”+]

n n E,n

Y Atle|A} ) V'
ecdK
n+1

Sw=Y Y (v,?")TUt: /K(B+BT+2(diVA))wdxdz

neN KeT,
~ K|AH (B + (BR)T +2(divA ) o | V™,

tl‘l

d 0 e
/K;;a_xi(A ') dxdt

; 1 tn+l
5= ¥ ¥ WK | g ). /Fwdxdz—(F,g)w,'g ,
neN Keg, ! K
Gl@)=—Y ¥ 28KV = Ve (B + (divA)R) V" — FR) o,
ne N KeF,

and

Oh@)=Y Y Y Me|(Vg" V)T Cop (V" = Vg™ ok
ne N Ke T, ecdK 7

Lemma 3.4.3 (Lemma 4.3 in Jovanovic and Rohde (2004)) Let z € H'(K;R>™), then
there exists a constant ¢ > 0 such that for K € J},

/ Iz — zPdx < %hZ/ Dz dx, /yz—zk|2d§ < %h/ De?dx (e € IK).
K K e K
Here € depends only on d and m.

We conclude with the proof of Theorem 3.4.1.

Proof. We suppose first that U§ € C3(RY;R*™), F € C3([0,T] x RY;R>™). Accordingly
to Theorem 3.2.2 we have U¢ € C([0,T] x RY; R>™). Applying Proposition 3.4.2 and
Lemma 3.4.2 with @ = 6 and © = OU¥? we just have to estimate

7
121 [é‘}f(m —2%5,(9U8)] — 505(0).

We first consider two terms that will appear many times in our calculation, namely

Y Y enklve T -verr, Y Y Kt v,
neN Ke7, neN Ke,
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From (3.14) we obtain

AZ
|K[?

+1 Eg.n 8 N
|V8Jl V
K

Y lePICcx (Ve =V

(3.26)
Multiplying (3.26) by |K|6", summing over all the elements, using the CFL condition
(3.15) and the stability result (Proposition 3.4.1) we get that

Y Y eIV vt

ne N KeF,

<6 Y. Y, 0"(A?IK[(IIBRIPIVe™" P + ldivAk 1> [Vie" [P + [F¢ )
ne N KeF,
n(At)z 2 E,n E,n EM\T ~E,n En g.n
+¢), ) 6 K Y lePlCxl (Ve " = Vi) Cor (Vg™ = Vi)
neN KeJj, ecdK
2

<CQ,+ CAt <||U5||L2(Rd;R2m) + HF||L2(O7T;H1(Rd;]R2’"))> : (3.27)

In an analogous way we find that

2
b 1 )
Z Z |K||VI§ n+ — V1§n|2 S ‘5 <||U§”L2(Rd;R2m) + ”F||L2(O,T;H1(Rd;R2’"))> . (328)
neAN Keg,

In both cases % is independent of €.
Term & — 2%, : We define

l,a n+1 R n n n
#,0U) =Y Y |K|(Ve"T = Ve TuR( (e — 6™,
neN Ke,

#,"(0U%) = Y Y [K|(Ve" T = ve™ T (0"UE (") — (8UF)}).
neN Ke,

Since U¥¢ is a C'-function in time (Theorem 3.2.2) and applying the Cauchy-Schwarz

/.
<60 () : (

inequality we obtain

tn+1

0" UR (") — (8U°)k| <

/K (UE(x, 0" Y) — U® (x,1))dx6 (1) dit

) 1/2
dxdt> ,

]K\At

thrl

aU*

"

where % is independent of €.
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Using the Cauchy-Schwarz inequality we get

%," (6U®)]

tn+1

1/2 1/2
dxdt] [Z Y 9"|K||V§’"+1—VI§’"|2] :

< EA'/? [
neN KeT,

ne/VK€7 ”

which gives using Theorem 3.2.2, (3.27) and the CFL condition (3.15)
1,b 1/2
%, (0U®)| < ¢ (arQ5)" (HU(?HHI(RG’;RM) + ”FHLZ(O,T;HI(Rd;Rzm)))
2
+ G (10§ 1 gegom + 1Pl 20 i goszomy) ) (3.29)
On the other hand

G =2y < X KIOET) = 0V Ve IVET Ve - 20k ()
neN KeT,

Since |0 (t"T1) — 8"| < €' At, we get by the Cauchy-Schwarz inequality

1/2
6 =22 <6 | Y, Y, M|V - venp
ne N KeF,
1/2
X [Z )3 At!KllVI?"“+V1?”—2U1§(t”“)|2] :
ne N KeJ,

We consider now the following splitting
V" VR 2UR () = Vg Ve 2(Vg " = (US)R) + 2(UF)k — UR (),

It is easy to check that

1/2
VE" — (U8 < / /Ue—ngd dr |

1/2 2 1/2
UEE™) — (UE)L] < <|K|> ( dxdt) .

With these inequalities, using (3.28), Theorem 3.2.2 and the CFL condition (3.15) we
obtain

thrl

l‘”+1

aU*

"

Y Y MKV VT 20k
neN Ke,
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<ENUE —Uf 32 orpepeszom +6 L, X MIK|VE" ! —vE"?
ne /VKE%,
dUE |?

tn+1

dxdt

+ea)? Y Y

neN KeT,

2
<¢|Uut- U5\|§2([07T]XR51;R2,”) +CN (||U§ 7t ety + 1F \|L2<0,T;H1<Rd;R2m>)> )

again using (3.28) we get

&) =22, <

>
(HUOSHH'(Rd;Rzm) + ||FHL2(0,T;H1(Rd;R2m))) : (3.30)

+ &AM |UE ~ UF 2o ryreszemy (108 i esom) + 1P l2(o s esgony ) -
Term é"hz — 2,@%: First we note that since 6 depends only on # we have

& =0. (3.31)

n

Using the Cauchy-Schwarz inequality and the bound of ||C 87’

1922 | < Y )Y ) 6"

neN KeJ,ecdK

1/2
1 n n n n n n
<o f L E T om0 e i )

neN KeJ, ecoK

(cEpven—vem) (e — Wi

1/2
(Z Y ) 0"Are]|(UF); — (U‘s)’%lz)

neN KeJ, ecdK

QZ 12 n e\n e\n |2 v
§<€<%> (Z Y ZGAt\eH(U)e—(U)K!> -

neN KeJ,ecdK

Thanks to the Cauchy-Schwarz inequality and Lemma 3.4.3 we find

1/2 Bl 1/2
</| (USY"(x) — (UF)% |2dx) <% . ’1/2( DU | dx) .

Moreover, from Lemma 3.4.3 and since U¢(-,#) € H'(R?;R?") (Theorem 3.2.2) we get

Y Y Y onrel|Ut)y - et <en Y Y en/t: /K|DU€(x,t)|2dxdt

neN K€, ecdK neN Keg,

2
2
<Ch (||U§"%11(Rd;R2m) + HF”LZ(O,T;HI(]Rd;Rzm))) ’

(%)= (U")k
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and finally

B\ 12
%) < €(05)"? (ﬁ) <||Ug||H1(Rd;R2m) + ||F||L2(O,T;H1(Rd;Rzm))> - (3.32)

Term <§”h3 — 2@2: From a direct calculation and Lemma 3.4.3, we obtain
6 =28 <T [ UF0.0 - U (0 dx < 61, (3.33)
R

Term é’f — 2,%2: We first note that

J

tn+1

0 .
[ X 2 (4%U%0) i = (T (Bt () + (T + (T + (T, (334)
i=1 !

where
(7)1 = /tt /K 0 (1)divA (x,1) (U (x,1) — US(t)) doxdt,
(1) = /t’ /K 6(1)(divA (x, 1) — divA™ (x) UL (1) dxdr,
(T3) = /[t /K 0 (¢)divA” (x)UE (¢) dxdt,
n i d E,i £, d £
(k= [, [ 60 LA )~ (4 0(0) 70 ),
n o 4 €, &, J
k= [, [ 00 L0~ 4 5 Ut
; tn+1 d €l a
(To)h = /t /K 0 (t );(A Vi UF e ddr
We get
@<y ¥ | [ (Z Ai;sz<r>e<z>|e|> di — (T3 — (Te)
neN KeT, ! ecoK
+ (v (TR + (Ve T (T)k I+ 1 (Ve T (T k[ + 1 (Ve T (Ts)k ) -
ne N KeT,

(3.35)

It is easy to check that

Y, Y (v Tkl (T)kl+ (Ve (Ta)kl+ (V™) (T5)k 1)

neAN Keg,
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2
< Gh (U8l (o + IF 20,700 ooy )

holds where 4" does not depend on &.
For example using the Cauchy-Schwarz inequality, Lemma 3.4.3, the regularity of U*®
(UE(-,t) € H'(RY;R*") by Theorem 3.2.2) and Proposition 3.4.1 we obtain

Y ) IvED (T

ne N KeT,

<Y Y "

tn+1
(/ / 1 U2 (x,1) —U,g(t)\dxdt)
neN KeJ, ” K

1/2
<z Y Y a2 (/ /yue (x,1) — UE(1 )|2a’xdt>

ne N KeF,
2
< @h (10§ 1 geozom) + 1 Fl 20,700 (rtomy )

ln+1

Returning to the first term on the R.H.S of (3.35) we note that thanks to Green’s formula
we find Y cox T4 né7K(A£’i)’]‘(UI§(t)9(t) le| = 0. Therefore using the last expression and
the Green formula we have that

tn+l
=/, (X ZneKA“ JKUE(W)8(0)]el)dr.
) ecodKi=
This leads to
tn+1
Y Y ve (Z Ai;,’;uf<r>e<r>\e|)dr—(n)?{—m)%
ne N KeZ, " ecIK

tn+1 d . )
=Y Y (VE’")T/M Y (Ai,’zré—zn’e,K(As”)”K> (Uf(f)—Uf((f))G(f)M] df|
neN KeJ, ecdK i=1
zn—H 2 1/2
<Y /[ | X X wmpa ZneKA“ g
neN VT K<.J, ecoK

1/2
X ( Y ) IeIIUf(t)—Ui?(f)lz) 6(1)dr.

K€, ecoK
We note that thanks to Lemma 3.4.3 and the regularity of A (Assumption 3.2.2)
d

|€||Uf(l)—U,§(t)|2§<@”h/ DU Pdx,  |AS — Z (ABY! |2|! !’ <%h.
KeZ, =
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Finally with the help of the stability result (Proposition 3.4.1) we obtain
2
|‘%2‘ <%h <||U(§:||H1(Rd;R2m) + “FHLZ(O,T;Hl(Rd;Rz’”))) : (3.36)

é‘}f can be treated in the same way as %flf.
Terms ,%2 ,,%2, ,%,Z, éahs é;?: It is easy to check that

2
|=%ll| <Ch (||U§||H1(Rd;R2m) + HF||L2(O7T;H1(Rd;R2’"))> [=5,6,7.

2
1611 < Ch (10§ i1 gogom + IF | 20,10 agomy ) 1=5,6. (337)

For example, using the Cauchy-Schwarz inequality, Lemma 3.4.3, the regularity of F and
0, Theorem 3.2.2 and the CFL condition we obtain

7] < ¥ / /|Fxt x,0) — T (t) + T () — )| ddr
nE/VK67 d

1/2
tn+l
+Y ¥ </ /dexdr> (/ /|nK n,’}yzdxdr>
neV Keg, \’1" K
tn+l tn+l 1/2
<¢ny Y (/ /dexdt> (/ /\Dﬂ]zdxdt)
neAN Keg, " "
tn+1 /2
YD) ( | |F dxdt) ( dxdt)
neV Keg, \’!" K

<€ (h+Ar) <||U5”H1(Rd;R2m) + ||F||L2(0,T;H1(Rd;R2m))> :

t”+1

tn+1

t"

Term é"h7: Using Cauchy-Schwarz inequality and (3.27) we obtain

61 < Y Y 2ark||(ve" ! = ve T (B + divAR Ve — 6"
neN KeT,

1/2
< %( Y ¥ ark|ve™t! —V,?”|29”>

ne N KeF,

neN Ke,

1/2
( Y. ) MK||(Bk +divAg)V, 8"—FK|29”>
12
%(NQMLN HUSHH%Rd;RZm)ﬂLHFHLZ(O,T;HI(Rd;R2m))) )

1/2
( Y arlk|( ’}<+divA”K)VI§’”—FK"]29"> .
neN Ke,
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Using the stability result (Proposition 3.4.1), the bound on B (Assumption 3.2.2) and 6,
and the regularity of F' (Assumption 3.2.2) we find

Y, Y MK|(|(Bk +divAR) V" P+ |F 26"
neN Keg,

2
<% (HUSHHI(W;RM) + HFHLZ(O,T;HI(Rd;Rzm))) ;
and finally we get
|67 <€ (Ar)'12(05)" (”UOSHHI(R”’;RZ'") + ||F||L2(O7T;H1(]Rd;R2m))>
2
+ 8 (U 1 o+ IF 20,7 ooy ) (3.38)

Now, applying Proposition 3.4.2 and combining the estimates (3.29), (3.30), (3.31),
(3.32), (3.33), (3.36), (3.37) and (3.38) we get

T
/ / exp(—ar)|UE — UE 2dxdt + 50°
0 JRA
2
<% (h+80) (108l ooy + IF 20,0 ooy )

5 1/2
+%€ (Atl/ZHUS — U}f“Lz([O,T]XRd;RZW’) + (ﬁQi) >

X (HU(')SHHI(Rd;RZm) + ||F||L2(O,T;H1(Rd;R2m))> :

Appropriate application of Young’s inequality yields to

exp(—aT o
¥HU€ - U;inZ([O r)xreen) 5 Oh (3.39)
2 v 2
h 2
SN (”Ug iz (et gomy + I F ||L2<0,T;H1(Rd;R2m))> ' (3.40)

Using the fact that Q5 > 0 we conclude the theorem for smooth data. To derive the state-
ment for the non-smooth case a standard mollification argument for the coefficients and
the initial data can be used. O

Remark 3.4.1 From Theorem 3.25 it is not clear how we can get benefit from the new
formulation since choosing € constant we recover the result of [112]. Numerical results
will show the role of € in the conservation of the constraint at the numerical level.

For a first order method we can not expect to get a convergence rate directly for the
expression Y| M !(uf)x,- However it is possible to obtain a weak convergence estimate.
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Corollary 3.4.1 Suppose that the CFL-condition (3.15) holds. Let U = (u;,@;) be the
GLM-FV approximation from Definition 3.3.2. Then we have

/ /RdZM’uh - dxdt

Proof. We consider © = (0,p)” and V = Uf in Definition 3.4.1 with p € C([0,T) x
R4 R™). Then

Ml
ddl
//Rdz Sh ax,x

From Lemma 3.4.2 we know < y, , T >= 217:1 %}Il(ﬂ) Moreover from Theorem 3.4.1 it
is clear that

<€ (h/e)"? ¥p € C3((0,T) x RE,R™).

:' < Uy, T > — // of Ta,pdxdt+a// o) pdxdt|.

‘%;,(n)’ <%h  for 1=3,4,567.

It remains to focus just on 9?,1 and 92,2[ We have

Zym =Y. Y K99 = (00)k)" (px(™) = pf).

neN Keg,
) 1/2
dxdt .

1/2
!%(ﬂ)!scmt”z(z Y IKH(fpff)’z?“—(fp;f)”Klz) :

ne N Kec,

Since p is a smooth function we find

pr(e™) — pp| < (|K|)l/2 (

Applying now the Cauchy-Schwarz inequality we get

M+l

K| ot

t"

Using (3.28) we find | %} ()| < € A'/2.
For 9?}% using again the Cauchy-Schwarz inequality we have

1/2
\%ﬁ(n)\g%e‘”“(i Y Y Arfe|(vg" - ”)Tcg”(v,?”—v,g”))

neN K€, ecdK
1/2
2
X ( Y Y ) Ade|(n] —mR) )
neN KeTj ecdK
Using Lemma 3.4.3 and Proposition 3.4.1 we find

| % ()| <€ (%) "
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Now we have altogether

T &M N\ ap h\ 2
—uf | =—dxdt +¢ (—) .
b LE(R) o e
Multiplying by /€, using the Cauchy-Schwarz inequality and Theorem 3.25, we finally
get

T
<[ [, (@ ap —a(of)"p) dra

<% (19512 00,77 em) VE+ (1V/E)'12)

T d ] 0
i e\T p
/0 /Rdi;(M uy,) 8_x,-dth

<% (h/e)'"”.

Corollary 3.4.1 showed the role of € in the formulation. This parameter may possible
to improve the rate of convergence of the involution, at least in the weak sense. Example
3.5.2 will show this behavior. In Example 3.5.3 we will see that the absence of € yields to
serious problems in the involution. Example 3.5.4 will give us some light on the function
of a.

3.5 Numerical Examples

The purpose of this section is to illustrate the qualitative and quantitative behavior of
the numerical solution generated by the GLM-FVM. We present the L2-error respect to
the exact solution when it is known and the discrete error of the involution also in the
L?>-norm. In all the examples the time step is calculated according to At = hy/€ /8. The
simulations were performed using an Intel Proccesor Celeron of 2.26 GHz and 1024 MB
of RAM memory.

3.5.1 Example 1

One example of Friedrichs systems with involutions are provided by the Maxwell
equations given in R? x (0,c0) by the system

&,E—VXB:—j, a[B+VXE:0,

(3.41)
V.E=p, V-B=0.

Here E = E(x,t) € R*, B=B(x,¢) € R, j=j(x,¢) € R* and p = p(x,t) € R denote the
electric field, the magnetic induction, the current density and the charge density respec-
tively.
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e=Hn e=h/3
h L*[error] EOC CPU [*[error] EOC CPU
0.04 498E-1 - 1.04E-1 5.72E-1 - 1.72E-1

0.02 3.11E-1 0.68 8.48E-1 3.87E-1 0.56 1.60EO0
0.01 1.75E-1 0.83 6.84E0 237E-1 0.71 1.46E+1
0.005 9.34E-2 091 5.83E+1 1.36E-1 0.80 1.38E+2
0.004 7.57E-2 094 1.14E+2 1.13E-1 0.83 2.74E+2
0.0025 4.82E-2 096 4.87E+2 7.57E-2 085 1.07E43

Table 3.1: Ex. 1: Numerical results for the GLM-FV(e = /h%/3) and FV method applied to
Maxwell equations for different mesh size.

For the computations we consider the homogeneous Maxwell equations in two space di-
mensions (i.e. j =0, p =0, By, By and E3 are constants), periodic boundary conditions
on the computational domain (0, 1) x (0,1), € [0, 1], and we use a Cartesian mesh with
mesh parameter & > 0. We use € = £(h) with e = h%, o ={0,1/3,2/3}. Weseta=1.1In
the case of the finite volume method directly applied to (3.1), (3.2) (referred to as FVM)
we use Ar = h/8. It is easy to check that an exact solution of (3.41) (which is periodic) is
given by

k
Eq (X],X2,t) = —k—LSin(kLXQ)COS(kH)Cl — (Dt),
[
Ez(xl ,xz,t) = cos(kaz)sin(k”xl — (L)l‘), (3.42)

0]
B3(X1,X2,t) = —2COS(kLXQ)Sin(kHX1 — (DZ‘).
kHC

Here ¢ > 0 s the light speed, and the longitudinal and transverse wave numbers k| and & ,

respectively, are related to the frequency @ according to kﬁ + ki = (2’—22 For this simulation
we suppose ¢ = 1 and kH =k, = 2n. Initial condition for E;, E, and B3 are chosen
according to (3.42) together with the results for the application of the GLM-FV method.
The idea in this numerical example is to illustrate the rate of convergence predicted by
Theorem 3.25. The results of the GLM-FVM are presented in Tables 3.1-3.2.

The rate of convergence takes a bigger value than we predicted. This is not a surprise
because the rate predicted in the case without including the involution (FVM)is 1/2 [112]
but numerical simulations show an experimental convergence order of 1. Our case follows
the same rule, the rate observed (2/3 and 5/6 ) is two times the rate predicted (1/3 and 5/12
). The case € = 1 follows the same behavior than the FVM. We do not show the error in
the discrete computation of V - E because V - E = 0 is preserved to machine precision.
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e =n*3 FVM
h [*[error] EOC CPU [*[error] EOC CPU
0.04 6.50E-1 - 2.96E-1 4.07E-1 - 8.40E-2

0.02 485E-1 042 298E0 243E-1 0.74 6.36E-1
0.01 331E-1 055 3.12E+1 135E-1 0.85 531E0
0.005 2.14E-1 0.63 3.38E+2 7.25E-2 090 4.46E+1
0.004 1.85E-1 0.65 691E+2 593E-2 090 9.04E+1
0.0025 1.34E-1 0.69 242E+3 391E-2 0.89 3.64E+2

Table 3.2: Ex. 1: Numerical results for the GLM-FV(e = /h%/3) and FV method applied to
Maxwell equations for different mesh size.

Example 3.5.1 suggests that the use of the GLM-FV method does not pay off since
the higher computational cost comes with an even worse convergence rate (compared to
the original FV method). The next three examples show the benefits of the approach if the
divergence error becomes more important.

3.5.2 Example 2

Another physical example of, in fact non-linear, conservation laws with involutions
are the MHD equations in R? x (0, o) given by

ap+V-(pu)=0,

1
d(pu) +V- (pu®u+(p+§|B|2)I—B®B) =0,
dB+V-(u@B—-B®u)=0,
V-B=0.

Here p = p(x,t) € R is the density, u = u(x,) € R? is the velocity field, B = B(x,?) € R
the magnetic field, p = p(p) € R the pressure and [ the identity matrix. For simplicity we
write down the isentropic version. We consider the system of the MHD equations in two
space dimensions and we suppose that the velocity field u = (u!,4?)7 is given. If we add
the “source” term (which is zero due to V- B = 0) —uV - B to the induction equation we

get (after some manipulations) the induction system
OB+ 9, (A'B) +9,,(A’B) +CB = 0,

where
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e=H e=h'/3 e =h?3

h div-err. CPU div-err.  CPU div-err.  CPU

0.04 5.84E-1 1.52E-1 2.89E-1 1.72E-1 1.66E-1 4.40E-1
0.02 487E-1 121E0 237E-1 144E0 1.18E-1 4.39EO0
0.01 3.55E-1 939E0 1.67E-1 1.29E+1 6.81E-2 4.89E+1
0.005 2.30E-1 7.79E+1 9.72E-2 1.19E+2 3.63E-2 291E+2
0.004 196E-1 1.52E+2 7.99E-2 3.75E+2 3.02E-2 6.02E+2
0.0025 1.35E-1 6.22E+2 5.17E-2 1.30E+3 1.79E-2 3.95E+3

Table 3.3: Ex. 2: Divergence error for the GLM-FVM applied to a Induction Equation for
defined mesh size and different choice of € atr =0.5.

This linear system fits exactly to our setting. We use again periodic boundary conditions
in the domain (0,1)2, ¢ € [0,1) and Cartesian mesh. We also take @ = 1. The idea of this
numerical example is to study the behavior of the discrete version of V - B generated by
the GLM-FV approximation. The velocity and initial condition are taken from [51]. These
values are

By(x1,%2) = 0y, A(x1,%2), By = — 0 A(x1,x2),
where .
A(xy,x) = ﬁsin(27rx1)cos(27rxz) +xp —x1,

and
u(xy,x2) = (1,1)+0.25(cos(2mx; ) 4 2sin(27xy ), sin(27x; ) +2cos(27x7)).

We present the results of the error V- B in the L>-norm at t = 0.5 in Tables 3.3 and 3.4.
The L?-norm of the discrete V - B, denoted by div;B7, is calculated as follows:

2
divyB = | ), ( Y B: -n&K) :
Ke 9, \ecdK
We see that for both methods (FV and GLM-FV), the error in V - B converges to zero.
However we observe also that the error in the GLM-FV method remains considerably

lower than in the FV method and moreover we get better results for smaller values of
e=¢(h).

3.5.3 Example 3

Even though the GLM-FV method damps the divergence error in Example 3.5.2 much
better than the FVM, one might conclude that also the FVM leads to stable computations
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g=n/® FVM

h div-err. CPU div-err. CPU

0.04 1.31E-1 3.60E-1 9.99E-1 3.60E-2
0.02 8.08E-2 3.83E0 8.24E-1 2.88E-1
0.01 433E-2 4.08E+1 5.99E-1 2.27E0
0.005 2.26E-2 4.49E+2 3.86E-1 1.89E+1
0.004 1.69E-2 9.60E+2 3.28E-1 3.70E+1
0.0025 1.05E-2 5.10E+3 2.26E-1 1.54E+2

Table 3.4: Ex. 2: Divergence error for the GLM-FVM applied to a Induction Equation for
defined mesh size and different choice of € atr = 0.5.

in the homogeneous case. This is not true for the inhomogeneous case with j # 0 in the
Maxwell equations as we will demonstrate below. In fact in almost all practical computa-
tions, the Maxwell equations are coupled to other equations via source terms. An uncon-
trollable increase in the divergence error can stop the computation. This problem was the
motivation of Munz et al. [88] to develop the GLM. We use the same two-dimensional
system as in Example 3.5.1 but with j # 0. Taking the divergence in the Maxwell system
we get

o(V-E)=0dp=-V-j. (3.43)

If we consider p = 0 we find the compatibility condition V - j = 0. We want to study now
the behavior of the GLM-FV method for the Maxwell equations under a small perturba-
tion on the condition V - j = 0. To do so we consider the following current density (for
which the divergence is not zero)

Ji(x,y) = —1.001%sin(kLy)cos(k|x), Ja(x,y) = cos(k y)sin(kjx).
with k| and k as in Example 1. Moreover we consider an initial electrical field Eq such
that V-Eqg = 0. We again seta = 1.
Accordingly to (3.43) we can expect a linear growth for div,E; with respect to time in
the case without correction. In Figure 3.1 we find the expected linear growth of div,E
(calculated as in Example 3.5.2 for each time ¢) in the FV method and the bounded error
in the GLM-FVM.

3.5.4 Example 4

In this example we want to study the influence of the relaxation parameter a conside-
ring a = a(h). We again work with the homogeneous Maxwell equations as in Example
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-4
x 10
——FVM

—e—g=1
h2/3

(2]

e

0 01 02 03 04 05 06 07 o8 o9 1

Figure 3.1: Ex. 3: Comparison of the divergence error between FVM and GLM-FV
method for € = 1 and & = h*/3 with h = 0.0025

3.5.1, but with the difference that we take an initial data u that is not divergence free, i.e.,
div Eg # 0. For the first part we use € = h2/3 and a(h) =h"19, with ¢ =0, %, %, %‘. We also
simulated the FVM case. The results are showed in Tables 3.5 and 3.6.

a=1 a=h1/3 a=h23
h div-err.  L*[error] div-err. [*[error] div-err. [?*[error]
0.02 1.98E-1 4.74E-1 1.62E-1 474E-1 1.18E-1 4.74E-1
0.01 2.35E-1 3.18E-1 1.68E-1 3.18E-1 1.04E-1 3.18E-1
0.005 2.68E-1 1.99E-1 1.65E-1 1.99E-1 8.97E-2 1.99E-1
0.0025 2.94E-1 1.19E-1 1.55E-1 1.19E-1 7.80E-2 1.18E-1
0.00125 3.14E-1 7.10E-2 1.42E-1 6.87E-2 6.91E-2 6.84E-2

Table 3.5: Ex. 4: Errors for the GLM-FVM applied to a homogeneous Maxwell equations
for defined € = €(h) and different choice of a = a(h).

First of all we note that the absence of the parameter a = a(h) yields to a poor result
in order to fulfill the divergence constraint. In the classical FVM, divE increase with we
decrease the mesh. The case when a = 1 does not damp the divergence error showing the
importance of coupling a with /. On the other side, in the case a = h~*/3 the schemes also
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a=h"*3 FV
h div-err. [*[error] div-err. L?*[error]
0.02 1.64E-1 4774E-1 5.20E-1 2.30E-1
0.01 2.04E-1 3.18E-1 5.70E-1 1.24E-1
0.005 2.57E-1 1.99E-1 5.98E-1 6.93E-2
0.0025 3.21E-1 1.20E-1  6.13E-1 4.96E-2
0.00125 3.91E-1 7.17E-2  6.21E-1 4.65E-2

Table 3.6: Ex. 4: Errors for the GLM-FVM applied to a homogeneous Maxwell equations
for defined € = €(h) and different choice of a = a(h).

does not damp the divergence constraint.
We now isolate the behavior of a respect to €. We computed the same simulations but
with € =1 fixed and a = h_1/3, h=2/3 (see Table 3.7). When a = h~1/3 we have a correct

a=h"13 a=h"23
h div-err.  L3[error]  div-err.  L?*[error]
0.02 2.18E-1 298E-1 207E-1 297E-1
0.01 2.20E-1 1.60E-1  2.40E-1 1.60E-1

0.005 2.15E-1  793E-2 290E-1 8.01E-2
0.0025 2.11E-1  4.05E-2 3.54E-1 4.35E-2
0.00125 2.10E-1  3.01E-2 4.21E-1 3.64E-2

Table 3.7: Ex. 4: Errors for the GLM-FVM applied to a homogeneous Maxwell equations
for & = 1 fixed and a = h=1/3,n=2/3.

damping of the divergence error but with a = h~2/3 we find that the divergence error does
not decrease as long as h — 0.

Even tough in the framework of explicit schemes we can not get a theoretical result
of convergence with a = a(h), we speculate that an analogous result is possible if we
consider a semi-implicit scheme. In that case, the rate predicted by Theorem 3.4.1 should
include a term of the form &' (a?h9).

3.6 Conclusions

In this contribution we suggested a numerical method for Friedrichs systems with
constraints in the form of an involution. It relies on an extended reformulation. This ap-
proach is a generalization of the approach for the equations of electrodynamics due to



110 Chapter 3. Finite-Volume Schemes for Friedrichs Systems with Involutions

Munz et al. [89] We have proven that the extended method gives convergence to a weak
solution of the original initial value problem if a classical finite-volume discretization is
applied. Moreover we have shown that the extended system allows to control the error in
the primary unknowns and the constraint error. Several numerical examples which under-
line the analytical findings are added. The most important observation is that the GLM-FV
method is stable under small perturbations on the side condition while the original finite
volume method is not.

Future analytical investigations should address initial boundary value problems for Fried-
richs systems. More important is the case of nonlinear conservation laws with (linear) in-
volutions, e.g. Lundquist’s equation of ideal magnetohydrodynamics subject to solenoidal
magnetic fields. For this kind of nonlinear problems disregard of the constraint can lead
to negative pressure and/or density values and thus to the simulation’s abort. However the
GLM-FV scheme still works convincingly (cf.[41]) but any rigorous argument is missing.
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General Conclusions

Here we present a summary with the main contributions and conclusions of the thesis.

e We propose a strongly degenerate parabolic equation modelling aggregation of
“swarm” type. It is proved the existence of weak solutions for the initial value pro-
blem using a finite difference approach based on the Engquist-Osher method for the
primitive of the function and using compactness arguments and Lax-Wendroff tech-
niques. We prove the equivalence between weak and entropy solutions. Uniqueness
is a corollary of a result in [62], which uses the doubling of variables technique.
Numerical computations are performed finding the aggregation phenomenon. So-
lutions are discontinuous even though the initial data are not, in agreement with
classical results of strongly degenerates parabolic equations. We prove the exis-
tence of travelling-wave solutions and their finite speed of propagation. Extension
to higher space dimensions is not clear from the model. The equivalence of entropy
and weak solutions for related equations is an open problem.

e We study a family of scalar conservation laws with nonlocal flux function model-
ling sedimentation. The existence and uniqueness of entropy solutions is proved
using a difference-quadrature scheme and slight modifications of a result in [62].
For a = 0, we find a Lipschitz regularity provided the data do so. In this case, the
solution remains bounded for all time 7" < 40, however, the bound grows with the
time. In the other case, o > 1, we speculate discontinuities even though the data is
smooth, as a counterpart, a Maximum Principle is valid for all time. From the phy-
sical point of view, the case @ > 1 is the relevant model. Numerical experiments are
computed finding oscillations since the efective equation is dispersive. We interpret
these oscillations as the formation of layer of different concentration. The formation
of traveling waves is observed, being their analysis a future work to do. Other open
problem corresponds to the asymptotic limit when the support of the kernel goes
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to zero. Zumbrun [114] studied this limit but using a linear framework. This is not
possible in the case studied in this thesis. Other alternatives will be considered.

We study a Finite Volume method for Friedrichs systems with Involutions. The pro-
posed method generalies the method developed by Munz et al. [88]. We prove the
convergence of the numerical approximation to the unique solution of the problem.
Moreover, it is shown that the involution is satisfied in the limit when the mesh pa-
rameter goes to zero. Numerical examples illustrated the performance of the method
in the Maxwell equations and the induction equation in MHD. An open problem is
the study of the initial-boundary value problem. Another open problem, much more
challenging, is to develop a reliable numerical method that includes the involution
in non-linear hyperbolic systems, like the Lundquist equations of MHD.
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Conclusiones Generales (en espanol)

A continuacidn, se presenta un resumen con los principales aportes y conclusiones
generadas en esta tesis.

e Se propuso una ecuacion parabolica fuertemente degenerada que modela el fenéme-
no de agregacion tipo “enjambre”. Se probd la existencia de solucién para el pro-
blema de valores iniciales, en el marco de soluciones débiles, usando una aproxi-
macion basada en el esquema de Engquist-Osher para la primitiva de la funcion
y utilizando argumentos de compacidad y de tipo Lax-Wendroff. Se demostré la
equivalencia entre soluciones débiles y de entropia. La unicidad se obtuvo con
técnicas de doblamiento de variables y del hecho de que las soluciones débiles
son también de entropia. Se demostro la existencia de soluciones del tipo onda
viajera y ademds se probd que la solucion posee velocidad finita de propagacion
bajo supuestos adicionales. Se realizaron experiencias numéricas encontrandose el
fendmeno de agregacién. Las soluciones son discontinuas aunque el dato inicial
no lo sea, encontrandose concordancia con los resultados clasicos para este tipo de
ecuaciones. Extensiones a un mayor numero de dimensiones espaciales no es clara
del modelo. La equivalencia entre soluciones débiles y de entropia para ecuaciones
relacionadas es un problema abierto.

e Se estudi6 una familia de leyes de conservacion escalares con flujo no-local que
modelan el proceso de sedimentacion. Se demostro la existencia de solucién para
las ecuaciones usando un método de diferencias finitas con cuadratura y argumentos
de compacidad, y para la unicidad, se usaron argumentos del tipo Kruzkov. Para el
caso & = 0 se probd que la solucién es continua si el dato también lo es. La solucién
permanece acotada para todo tiempo 7, sin embargo la cota encontrada crece con
el valor de T. Para @ > 1, se especula que la funcién presenta discontinuidades
independiente de la regularidad del dato, pero por otra parte, se hallé un Principio
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del Méaximo independiente del tiempo. Luego, desde el punto de vista fisico, el caso
o > 1 corresponde a un modelo valido. Se realizaron experiencias numéricas, con
el objetivo de reproducir el fendémeno de sedimentacion por capas, interpretdndose
las oscilaciones que presenta la solucién como un proceso de formacion de capas
de sedimento de distinta concentracién. En los ejemplos numéricos se aprecia la
formacion de estructuras tipo ondas viajeras, quedando abierto su estudio. Otro
problema por resolver corresponde al limite cuando el soporte del kernel tiende a
cero. Zumbrun [114] estudi6 este limite en un caso particular haciendo uso de una
estructura de tipo lineal. Para el caso que se estudié en el capitulo 2, esto no es
posible. Otras alternativas serdn estudiadas a futuro.

En el tercer capitulo se estudié un método numérico de volimenes finitos para sis-
temas de Friedrichs con restricciones en la forma de involuciones. EI método co-
rresponde a una generalizacion del método desarrollado por Munz y colaboradores
[88]. Se probé la convergencia del método a la solucion débil del problema. Ademds
se demostré la satisfaccion de la involucion cuando el pardmetro de malla tiende a
cero. Ejemplos numéricos ilustran el desempefio del método en la caso de las ecua-
ciones de Maxwell y de la ecuacién de induccién en magneto-hidrodindmica. Un
problemas abierto corresponde al estudio del problema de valores iniciales y de
contorno. Otro problema abierto corresponde al desarrollo de métodos numéricos
convergentes que consideren restricciones tipo involuciones en el caso mds general
de sistemas hiperbdlicos no-lineales, como lo son las ecuaciones de Lundquist en
magneto-hidrodindmica.
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