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A STRONGLY DEGENERATE PARABOLIC AGGREGATION
EQUATION*

F. BETANCOURT', R. BURGER!, AND K.H. KARLSENS

Abstract. This paper 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 aggregation 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.
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1. Introduction

1.1. Scope. This paper is related to the initial value problem for a strongly
degenerate convection-diffusion equation of the form

uH—(‘b’(/z u(y,t)dy)u(x,t)) =A(u)zz, xz€R, 0<t<T, (1.1)

—00 T

u(z,0)=up(z) >0, z€R, wge(L'NL>)(R), (1.2)

for the density u=wu(x,t)>0, where A(u) is a diffusion function given by
A(u):= [ a(s)ds, where a(u)>0 for u€R. The model (1.1), (1.2) was studied as
a model of aggregation by a series of authors including Alt [1], Diaz, Nagai, and
Shmarev [16], Nagai [30] and Nagai and Mimura [31, 32, 33], all of which assumed
that a(u)=0 at at most isolated values of u. It is the purpose of this paper 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) — o0 as s — 0.

The key observation made in previous work [1, 30, 31, 32, 33] is that if all coeffi-
cients are sufficiently smooth, and u(z,t) is an L! solution of the problem (1.1), (1.2),
then the primitive defined by

v(a:,t):z/m w(Et)de, e (0,7), (1.3)

— 00
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is a solution of the local initial value problem

v+ (), =A(vy)z, z€R, t€(0,T], (1.4)
v(@.0)=vo(z), z€R, wo(x):= [ wo(€) de. (L5)

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
discontinuous 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 the paper 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 [19] for the more general
doubly degenerate equation v; + ®(v), = B(A(v;))s- The u-scheme is obtained by tak-
ing 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 v is, and therefore
the u-scheme produces nonnegative solutions. Moreover, by modifications of stan-
dard compactness and Lax-Wendroff-type arguments it is proved that the numerical
approximations generated by the u-scheme converge to the unique weak solution of
(1.1), (1.2). An appealing feature is that the primitive (1.3) never needs to be calcu-
lated explicitly (except for the computation of vg). 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.

1.2. Assumptions. We assume that uy has compact support, and that there
exists a constant M such that

TV(Uo) <M. (16)
We also need that ® € C%(R), and that ® has exactly one maximum:
J*>0: '(v*)=0, & (v)>0 forv<v*, P'(v)<0 for v>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 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 4 can be extended to that case in a
straightforward manner. We recall that the function A is defined via

A(u)::/ a(s)ds, where a(u)>0 for ueR.
0

The assumptions on A are the following:

A(s)—o0 ass—oo; IM,>0: a(s)<M, forall seR. (1.8)
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The first of these assumptions is fundamental in our analysis. If A is bounded, then
v can become discontinuous and and we thus loose our L* bound on u. The second
assumption, namely the boundedness of a, is mainly introduced to ensure that the
scheme satisfies a well-defined CFL condition. An implicit version of the present
scheme, which we do not consider herein, would possibly not require this assumption.

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 w is, however, independent of T

1.3. Motivation. Equation (1.1), or some specific cases of it, were studied in
a series of papers [1, 16, 30, 31, 32, 33], in all of which it is assumed that a(u)=0 at
at most isolated values of u, so that it is always ensured that A’(u) >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,t) is the density of the population
under study, and consider the equation

ut-i-(—k [/L u(yj)dy—/;ou(y,t)dy} u) =A(w)eex, k>0. (1.9)

— 00 €T

Here, the convective term provides a mechanism that moves u(z,t) to the right (re-
spectively, to the left) if

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

— 00 x

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

CO::/uo(x)dx. (1.10)
R
It is then clear that (1.9) is an example of (1.1) if ®'(v) =—k(2v—Cy), i.e.,

®(v) =—kv(v—Cp)+ const. (1.11)

The aggregation mechanism is balanced by nonlinear diffusion described by the
term A(u)g,, 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 exceeds a critical value. A similar “behavioristic” motivation of
degenerate diffusion was advanced in the context of a traffic model, see [11, 34]. This
effect is considered in the present model since A may degenerate on intervals. For
example, for a constant ag >0 we may consider

a(u) = Au)= (1.12)

ag for u>wue,

0 for u<ue,
ap(u—ue) for u>uc.

{O for u <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
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for multi-dimensional aggregation equations, let us consider a strongly degenerating
integrated diffusion coefficient A(u) and the local degenerate parabolic PDE

w+ f(r,tu)y=AW)gs, (x,t)€llp;  u(x,0)=uo(z), z€R, (1.13)

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

ur=A(W) gz, (z,t)€llp; u(z,0)=up(zr), z€R, (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 solutions 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 [10]. This result carries over to such cases of (1.13) that can be transformed
to (1.14), for example the linear case f(x,u)=au, where a €R is a constant, or may
possibly depend on z and ¢ (in the latter case, restrictions on the choice of a(x) may
apply).

This discussion motivates why we expect solutions of the 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

u+ (9 (v(@,t)u) = A(u)e- (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
solutions lies in the easy access to stability and uniqueness results for entropy solutions
(see [15, 22]) which can be applied to (1.1), (1.2), as will be done in Section 3.2.

1.4. Related work. More recently, aggregation equations of the form
u+ V- (uVK xu)=AA(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 xu denotes spatial convolution. The nonlocal
and diffusive terms account for long-range and short-range interactions, respectively,
as is emphasized in [12]. The derivation of (1.16) from microscopic interacting particle
systems and related models, and for particular choices of K and A, is presented in
[4, 9, 12, 28, 29]. Related models also include equations with fractional dissipation
that cannot be cast in the form (1.16); see e.g. [25, 26].

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(z,0)=
ug(z) for z € 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 the solutions of (1.16) to blow up in finite time.
This problem is analyzed in [2, 3, 4, 5, 6, 7, 9, 12, 14, 24, 25, 26, 27] (this list is far
from being complete).
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Here and in 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 degen-
erate diffusion). The occurrence of blow-up was analyzed in terms of the properties of
K for A=01in [4, 5]; if K is radial, i.e., K = K(|z|), then blow-up occurs if the Osgood
condition for the characteristic ODEs is violated, as occurs e.g. for K(z) =exp(—|z|),
while for a C? kernel this does not occur [4]. Li and Rodrigo [25, 26] 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. [2, §]).

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 [31], (1.9) can be written as

wp + (UK % 1)y = A(U) g (1.17)

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

K(x)=—k|z|+C, (1.18)

where C is a constant. We can write this as K (z) = —«(|z|) for k(r)=r—C. Suppose
that one uses this kernel in the multi-dimensional Equation (1.16). It is then straight-
forward to verify that in absence of dispersal (A=0), the kernel (1.18) satisfies the
integral condition for blow-up in finite time; see [4]. 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 incorpo-
rates 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 at most isolated u-values. Nagai and Mimura [31] 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 [31] is assumed to
be bounded, nonnegative and integrable. Nagai and Mimura [31] prove existence and
uniqueness of a bounded and continuous solution to the initial value problem. In [32]
the asymptotic behaviour of solutions to the same problem was studied for the specific
choice

A(w)=u™, m>1. (1.19)

It seems that the analysis of (1.16) with degenerate diffusion has just started. Li
and Zhang [27] 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 [35] appear.

Let us briefly mention some of the recent results concerning (1.16). If diffusion
is absent (A=0), (1.16) becomes an inviscid nonlocal transport law, which are well
known to be have better regularity properties than general quasi-linear conservation
laws. In particular, Laurent [24] and Bertozzi and Laurent [5] show that if the initial
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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. Moreover, according to [27], 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 1.3,
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 [3] or Bertozzi
et al. [6]. For the case with diffusion, uniqueness is shown by Bertozzi and Slepéev in
[7] and in more generality by Bedrossian et al. [2]. These results are consistent with
ours.

1.5. Outline of the paper. The remainder of this paper is organized as
follows. In Section 2 we state the definition 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 are
able to prove that for the present equation, any weak solution is an entropy solution.
In Section 3.1 we state jump conditions that can be derived from the definition of weak
solutions, and in Section 3.2 we prove the uniqueness of a weak solution, using that
any weak solution is, in fact, an entropy solution. Section 4 presents a convergence
analysis for the u-scheme. In Section 4.1, the schemes are described. Section 4.2
contains a series of lemmas stating uniform estimates 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 4.1) and its proof are presented in Section 4.3.
This proof follows a standard Lax-Wendroff argument. Some numerical examples are
presented in Section 5.

2. Definition of a weak solution
DEFINITION 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 ue L>®(Il7)NL>(0,T; BV (R)), and A(u) € L*(0,T; H'(R)), where
IIr:=Rx(0,T).
2. The initial condition (1.2) is satisfied in the following sense:

ltiﬁ)l/R}u(x,t)—uo(:cﬂdx:O. (2.1)

3. If v(z,t) is defined by (1.3), then the following equality is satisfied for all test
functions ¢ € C3°(Il7):
J[ {9 0)6.) + Ao, fdadt=o, (2.2)
IIr

DEFINITION 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 2.1 and if for all nonnegative
test functions ¢ € C3°(Ilr), the following entropy inequality is satisfied:

Vk‘ER://H {|u—k;|(g0t+<1)’(v)g0$) —sgn(u—k)uk®” (v)p

(2.3)
+A(w) = A(k) |0z} duat 20,
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It is straightforward to check that an entropy solution of the initial value problem
(1.1), (1.2) is a weak solution.

LEMMA 2.1. Assume that u is an entropy solution of the initial value problem (1.1),
(1.2) (c¢f. Definition 2.2). Then u is a weak solution (cf. Definition 2.1).

Proof.  Choosing k> ||u| Lo (11, in (2.3) we obtain

//HT{—(u—k)(¢t+¢'(v)¢m)—A(u)@m}dxdtz—k//rITu¢/'(U)¢dxdt

or equivalently,

//H {u(ﬂﬁt—i-q)/(v)qbw)+A(u)¢m}dxdt§kz//n {qbt—k((b’(v)qb)m}dxdtzo. (2.4)

On the other hand, since we look for nonnegative solutions, it suffices to set k=0 in
(2.3) to deduce that we always have

//HT {u(¢t +0'(v)¢x) +A(U)¢m}dxdt >0.

Combining this with (2.4) we see that u satisfies (2.2). |

The following lemma states that conversely, any weak solution of the initial value
problem (1.1), (1.2) is an entropy solution. Lemma 2.2 is inspired by Carrillo [13] and
Kobayasi [23, Lemmas 3.1 and 3.3].

LEMMA 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 a(z,t):=®'(v(x,t)). Then we recall that u is a weak
solution of (1.1) if for all test functions ¢ € C5°(Ilr),

//HT {u((i)t +a(z,t)b,) +A(u)d>m}dxdt —0,

or equivalently,

//HT{u(qﬁtJra(:r,t)gbm)A(u)xqﬁi}d:pdto. (2.5)

In what follows we will utilize the functions defined by

1 ifz>0 1 ifz>0 L ifa>e,

I T 1 T

H = " H = 7 H(x):= if z€[0,¢],

o() {o ifr<o, @ {o if 2 <0, (@) g/‘g %f$<[0 el
1T T .

and the multi-valued function (see [13, 23])

1 if x>0,
H(z):=<[0,1] ifz=0,
0 if x<0.
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To simplify the argument, let us concentrate on the case of a single wu-
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 <oco. Now let us use as a test function
¢(x,t) = H(A(u) — A(k))p(x,t) with k¢ [m,M], where ¢ is an admissible test func-
tion. Following the proof of Lemma 2.4 in [22] we find

J =t Hotw k) (ot )01~ A )

(2.6)
—Ho(u—k;)ozw(x,t)kga}dxdtzo for k¢ [m,M],

where |z|":= Hy(z)z. Since M < oo we can construct a sequence {s, }nen such that
sn>M, s, — M, and Ho(u—s,) — Ho(u—M) as n— o0. Setting k=s,, in (2.6) and
sending n — oo, we get

J[ {u=miterr atelu= 1o, - Hou- A AGu.e,
Ir (2.7)
—Ho(u— M)ax(x7t)Mgo} dzdt >0.

Similarly, we may construct a sequence {sp}nen such that s, <m, s, —m and
Ho(u—s,)— Hi(u—m) as n— oo. Setting k=s, in (2.6) and sending n — oo yields

J[ {u=mi* et atetu=ml* e - Hyw-m) A,
My (2.8)
—Hy(u— m)ozm(x,t)mgo} dzdt>0.

Now we take in the entropy inequality (2.8) a test function ¢(x,t) =&(x,t){(z,t),
where ( is a smooth function such that 0 <{ <1 and £ is an admissible test function,
and in (2.7) we use ¢(x,t) =¢&(x,t)(1—((z,t)). Adding both resulting expressions we
obtain the inequality Iy + I + I3+ Iy > 0 with the following terms, where we drop the
argument (z,t) wherever convenient:

11:://HT{(|u—m|+—u—M|+)(f<>t+|u—M*&}dxdt,
b= | /H ol = M) €O +alu— M1 fdra,
13:=//HT{ax(Ho<u—M)M—Hl(u—m)m)gc—aIHo(u—MWf}d:cdt,
= [ (Haw=m) ~ Holow— M) A} (€0)c

_ / [ Holu= M) A@)G ot (2.9)

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

C:Cn,a::H€(|U_m‘z+m_s_|U—M|:), sG[m,M].
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Let us denote the versions of I, obtained by replacing |-|* by |-|} and (=(, . by
I,(n,e), p=1,...,4. Since m and s are constant and £(, . has compact support, we
get after an integration by parts

Il(n,e):// {(|u—m\:+m—s—|u—M|Z)(§Cn,a)t—|—|u—M|Z€t}dmdt
IIr
:// {—HE(|u—m|jL'+m—s—|u—M|;'{)
IIr
><(\u—mm—i—m—s—|u—M|:)t§+|u—M|,f§t}dxdt.
Taking €] 0 and again integrating by parts yields
I1(n,0):// {—(||u—m|;"+m—s—\u—M|rﬂ+> §+\u—M|ﬁ[£t}dxdt
r t
:// {Hu—mm—l—m—s—|u—M|;H+£t—|—|u—M|:£t}dxdt,
IIr

and letting n— oo we find that |u—ml|} +m—s—|u— M|} converges to |u—m|T +
m—s—|u—M|" in LY(R) and (,0=Ho(Jju—m|}+m—s—|u—M]|}), or at least a
subsequence, converges weak-* to some Hin L (IIr). Since H is maximal monotone,
it follows that H € H(ju—m|t 4+m—s—|u— M|*). Noting that H(w)w = Ho(w)w for
any function w, we arrive at

=[] (=it m s e M) ot = [ el tdoat
r Hr

(2.10)
Next, we deal with I. Since A’(u)=0 for u € [m,M], we have
Ho(u—M)A(u), =Ho(u—35)A(u)y =Hi(u—m)A(u),
for all s € [m,M], which gives
Iy= lim limIy(n,e)=— Ho(u—s)A(u)z€ dxdt. (2.11)

n—o0 )0 r

To deal with I, we proceed in a similar way as for I;. We get
Bne)= [[ {allu=mlf-rm=s— =) 600
It
—&—(s—m)a(&nﬁ)r+a|u—M|Z§I}dxdt
:_// oz He (lu—m|f +m—s—|u—M|})
I
X (lu=m[f+m—s—|u—M|})¢dadt
—// a(lu—m[f+m—s—|u—M|[})
My r

xH.(lu—m[f+m—s—|u—M|})éddt
—|—// a\u—Mm{“wdxdt—i—// a(s—m)(ECn.e) dzdt.
IIr IIr
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Taking €0 we get, after integration by parts,

Ir(n,0)= // og|lu—m|f +m—s—|u— M|+‘ gdadt
IIr
// Hu mly+m—s—|u—M|]S| ) Edadt

—|—// a\u—Mm{mdxdt—l—lim// a(s—m)(&Cn,e ) dadt
I+ el0 JJnr

—// am||u—m|fl+mfs—\u—M|fL|+§dxdt

IIr

+// a£||U7m‘:+mfsf|U7M‘I|+€dl’dt
It

// allu—m|f+m—s—|u— M|} | Epdadt
It

—|—//H alu— M|+£$dxdt—|—hm// m)(ECn e )z dadt,

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

I= // lu—M|* +|lu—m|T+m—s—|u—M|"| )fwdxdt

+ 1513)1 // s=m)a(&Cn,e) dudt

n—o0o

//HTa|u—s|+§xdmdt+ lim // (s =m)a(§n,e)o dadt. (2.12)

n~>oo

The last term of the last expression will be incorporated into the analysis of I3. In
fact, taking into account that

Ig(n,s)://n am{(Ho(ufM)M—Hl(ufm)m)
XHE(|u—m\:+m—s—|u—M|j;)—Ho(u—M)M}fdxdt

lim // (s=m)a(€Gn,c)adrdt =~ lim // $—m) g€l dadt,

n— oo

and that

we obtain

I3+ hm // s—m)o(€Cn,e)pdadt

= hm <I3 (n,e) // s—m axfgngdxdt>
It

= lim //HT{ozx(Ho(u—M)M—s—l—m—Hl(u—m)m)an,s

—ayHo(u— M)Mg} dadt.



F. BETANCOURT, R. BURGER, AND K.H. KARLSEN 721

Proceeding as in the cases I; and Iy we find

Is+ lim // (s—m)a(€Cne)zdadt
£l0 Iy

//HT:C (Ho(ufM)Mer—s—Hl(ufm)m)

x H(lu—m|" +m—s—|u—M|[") —Ho(u—M)M}fdxdt.
If uw> 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)H(m—5)=0=—H(u—s)s,

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

Is+ lim // s—m)a(ECne)n dxdt:—/ oz H(u—s)sédadt. (2.13)

IIr

Now, comblnmg (2.10)—(2.13), we obtain the inequality

//H {|u—s\+(§t+a(x,t)§w) —ag(z,t)H(u—s)sE
_HO(U_S)A(U)zfz}dxdtZO for all s € [m,M].

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

//H {|“* sIT (& +ala,t)és) — ap(z,t)Ho(u—s)sE

(2.14)
—Ho(u—s)A(u)xfx}dxdtzO for all s € [m,M].

This proof uses only that a, is bounded, which is indeed the case for our choice
a(z,t) = (v(x,t)), since P is assumed to be smooth and v, (z,t) =u(z,t) is bounded.
On the other hand, considering in the weak formulation a test function ¢(x,t)=
H.(A(k)— A(u))p(x,t) with k¢ [m,M] and following essentially the same steps as
before we find

//H {|S—u\+(§t+a(a§,t)§m) +ag(x,t)Ho(s—u)sé

(2.15)
+H0(s—u)A(u)$§w}da:dt20 for all s € [m,M].
Adding (2.14) and (2.15) we get
// {|u—s|(§t+a(x,t)§z) — g (z,t)sgn(u—s)sé
Tr (2.16)

—sgn(u—s)A(u)mgx}dxdtZ 0 for all se[m,M].

Moreover (2.16) is valid for all s¢[m,M] (cf. [22]). This implies that any weak
solution is an entropy solution. 0
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3. Jump conditions and uniqueness

3.1. Rankine-Hugoniot condition. Assume that u is a weak solution having
a discontinuity at a point (zg,%y) € Il between the approximate limits u™ and u~ of u
taken with respect to x > g and = < xg, 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€Z(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 (2.2):

1 _
s=—7—— (@’(v+)u+ o' (v )u” — (A(u)x)+ + (A(u)z) ) (3.1)
Here, (A(u),)* and (A(u).)~ denote the approximate limits of A(u), taken with
respect to x>z and x <z, respectively, and v+ and v~ denote the corresponding

limits of v. Since v is continuous, we actually have v+ =v", and (3.1) reduces to

(A(u)m)+ B (A(u)z)_ .

5= (v(xo,t0)) — =

3.2. Uniqueness of weak solutions. The uniqueness of weak solutions
is an immediate consequence of Lemma 2.2 and a result proved in [22] (cf. also [15])
regarding continuous dependence of entropy solutions with respect to the flux function.
More precisely, we have the following theorem.

THEOREM 3.1. Let u and @ be two weak solutions of (1.1), (1.2) (in the sense of
Definition 2.1) with initial data ug and g, respectively. Then there exists a constant
C =C(max|®'|) such that

Hu(-,t) _ﬂ("t)HLl(]R) < CHUO —ﬂ()”Ll(R), Vte (O,T]

In particular, weak solutions of (1.1), (1.2) are unique.

Proof.  According to Lemma 2.2, u and @ are entropy solutions (in the sense of
Definition 2.2) with initial data ug and g, respectively. To be able to apply the L!
stability and uniqueness results from [15, 22], we rewrite the equations satisfied by u
and u as

€T

ur+ (V(z,t)u) , = A(u) e, V(x,t):=9 (/ u(y,t) dy) ,

—0o0

with initial data u(0,2) =wuo(z) and

g+ (V(z,t)a) = A() g, V(x,t):=9 (/GC u(y,t) dy) .

— 00

with initial data @(0,2) =uo(x), respectively. Keeping in mind that w and @ are of
bounded variation, i.e., u,u€ L>*(0,T; BV (R)), we now may apply Theorem 1.3 in
[22] to conclude that there exists a constant C' such that

. 8) = 0)]| 1 gy < llto — Tl 1 gy +/0 Va(z,s) = Vo(x,s)|ds
o [V Ve TV s

t
< ||u0—ﬂ0||L1(R)—|—C/ Vi (,5) — Va(,s)|ds.
0
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Observe that
t - t
/’Vx(x,s)—Vw(x,s)|d8§max|¢”\/ |u(m,s)—ﬂ(m,s)}ds,
0 0

so that by the Gronwall inequality we arrive at

Hu(-,t)— HLI(R)<eXp(maX|(I> |t)|luo —tol| £ (m)
a0
4. Convergence analysis of numerical schemes
4.1. Preliminaries. We define the vectors U":={uf , ,}jez and

V" :={v]}jez, and discretize R by x;:=jAz, j€Z, and the time mterval (0,77
by tnant n=0,...,N, At:=T/N, NeN. We denote by u” 7179 the cell av-
erage over Ij::[xj,$]+1] at time ¢, and j€Z. We also define \:= At/Axz and
wi=At/Ar?>=)/Az and wherever convenient use the spatial difference operators

Aydj=¢j41—bj, A_¢j:i=d;—¢j_1, and
Ny =ArA_dj=djr1—205+Pj-1.

We assume that the initial datum wg is discretized via

1
0o ._ ;
Ujyq)oi= Ax/ljuo(ﬁ)df, JEZ.

Moreover, we define the operator Sa, and its inverse Sgglc via

" v 171)7]4
SAa: 7.7 =Az Z ul+1/27 Am(v 7]):% (41)

l=—00

Clearly, Sa, and S&i are the discrete analogues of the integral and differential oper-
ators that convert wu(-,t,) into v(-,t,) and vice versa, respectively. Since we assume
that ug is compactly supported, the sum in (4.1) is actually finite.

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

Ut =[SitoHoSA,|U", n=0,...,N—1, (4.2)
where the basic idea is to utilize a standard scheme of the form
Vil =H(V™), n=0,....N—1 (4.3)
for approximate solutions of the local PDE (1.4), starting from the initial data
:A:L‘ Z ulﬂ/z—/zj up(§)dg, JjEZ.
o oo
Clearly, if Cj is the total mass defined in (1.10), then we have that

OSU?SCO, v?ﬁv?H for all j€Z. (4.4)
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Let us emphasize here that (4.2) implies that
U= [SatoHoSa:]" U= [SxtoH" oS, |U.

This means that for the actual computation of U™ from U?, the operators Sa, and
8&; need to be applied only once, and not for every time step.
To derive properties of the scheme (4.2), we first analyze the scheme (4.3), which
is here given by the marching formula
U;»H_l =vi —AA4 [h(vn vn) — A(A_v?/Aa:)] , JE€Z, n=0,1,2,..., (4.5)

J—1»

where A is subject to the CFL condition stated below, and
hMw,z) :=®(0)+ P (w)+P_(2) (4.6)

is the Engquist-Osher flux [17], where we define the functions

<I>+(U)::/Umax{0,<1>’(s)}ds, @(v)::/ovmin{O,CI)'(s)}ds. (4.7)

0

We assume that At and Az satisfy the CFL stability condition

/
2)\03}5‘%{0] |®' (v)] +2ulgg§<|a(u)| <1. (4.8)

The scheme for u can be written as

u;ﬂﬂ =ul'y ) = AA G+ N Aulyy ), FEZ, n=0,1,2,..., (4.9)

where we define

n 1 n n 1 g Vi
G} = A—xA+h(vj_1,vj ) =iz (/v 1<I>;(:;)ds+/vn <I>’_(s)ds> . (4.10)

n
i—

For the ease of reference, we will refer to (4.5)—(4.7) and (4.6), (4.7), (4.9), (4.10)
as “v-scheme” and “u-scheme”, respectively. Both schemes are, in particular, conser-
vative, so the total mass Cj is preserved.

The v-scheme (4.5)—(4.7) is a special case of the scheme studied by Evje and
Karlsen [19] for the more general doubly degenerate parabolic equation v+ ®(v), =
B(A(vg)),. While Evje and Karlsen prove that their scheme converges to an entropy
solution 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 v, is uniformly bounded. This makes it possible here
to take finite differences of that scheme to generate the u-scheme for the nonlocal
Equation (1.1) satisfied by u=w,. The convergence of the u-scheme will be analyzed
separately.

4.2. Uniform estimates on {v}} and {u},, ,}. We establish the com-
pactness and regularity estimates on the discrete soutions {vj'} and {u} ,,} in a
series of lemmas. In Lemma 4.1 we prove that the v-scheme is monotone, and derive
from this that the numerical solution {v}'} satisfies an L! Lipschitz continuity in time
property (Lemma 4.2). This result, in combination with the unboundedness of A(u)
for u— oo, allows us to prove (in Lemma 4.3) a uniform L* bound for {u},, ,}.



F. BETANCOURT, R. BURGER, AND K.H. KARLSEN 725

Then, in Lemma 4.4, we prove that the spatial total variation of A(U™) is uniformly
bounded. With the help of Lemma 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 4.6) that the spatial total variation of U™ is bounded uniformly
with respect to the discretization parameters; the bound depends, however, on the
final time 7". Then, in Lemma 4.7, we prove that the solution {uf, ,} is L' Holder
continuous in time. Finally, we establish in Lemmas 4.8 and 4.9 L* inequalities re-
lated to spatial and temporal translates of {A(u}, , ,)}. The series of lemmas then
permits us to prove the main convergence result, Theorem 4.1, which states that the
numerical solutions {u;i 1 /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 4.1 to 4.7 are based on the original CFL condition (4.8), we
need to employ a strengthened condition ((4.22), stated in Lemma 4.8) to prove
Lemmas 4.8 and 4.9, and eventually Theorem 4.1. Finally, we mention that the
proofs of Lemmas 4.1 to 4.3 follow the treatment in [19].

LEMMA 4.1. Under the CFL condition (4.8), the v-scheme defined by (4.5)—(4.7) is
monotone.

Proof.  'We rewrite the scheme (4.5) as
o = (o) ool ) =1y, jEZ, n=0,1,...,N—1.

Since a >0, we then have

oM}
(%;Li 1

=FAmin{0,®’(v}y,) } +pa(ALv} /Az) >0,

while the CFL condition (4.8) implies that

OH?
(%7 =1-A(max{0,®'(v}')} —min{0,®' (v})}) — pAra(A v} /Axz)

n
J

=1-\®'(v})| - pAya(A_v]}/Az) >0.

|

As a monotone scheme, the scheme (4.5) is total variation diminishing (TVD)

and monotonicity preserving. Since (4.5) represents an explicit three-point scheme,
for a fixed discretization (Ax,At) we will always have

vi=0 forj<-K, vi=Cy forj>K, (4.11)

for a sufficiently large constant K >0. Thus, we can state the following corollary.
COROLLARY 4.1.  If (4.4) and the CFL condition (4.8) hold, then the numerical
solution {v}'} produced by the v-scheme (4.5)~(4.7) satisfies

OS’U;»LSCQ, vjngv;ﬁrl forall jeZ, n=1,...,N. (4.12)

As a direct consequence, the numerical solution values V'™ = {’U;—L}jez satisfy the (triv-
ial) uniform total variation bound

TV(V™)=>|vf, — o] =Co.
JEZL
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LEMMA 4.2. The numerical solution {v}} produced by the v-scheme (4.5)~(4.7)
satisfies the L' Lipschitz continuity in time property, i.e., there exists a constant C1,
which is independent of A:=(Ax,At), such that

D |t —up| < (4.13)
JEL
Proof. For j€Z, the quantity wn+1/2. U;LH —vj satisfies
w;l+3/2 _wn+1/2 )\A [ ( ;l+f’U;L+1) h(’l}?_l”l);-l)] (414>
FAA L [A(A 0/ Ar) — A(A v} /Ax)].
We define
0(8):{1/5 it 5 70,
0 otherwise,
and the quantities
2 s B A (A [T e o )
Cy o= oy oyt = h(of o) 0 (v o), (4.15)

DIV = [A(A L0l Az) — A(A 0l /A) | O(A 0T — AL,

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

cit?>0, DIY2>0, BITYE <0 (4.16)
After some manipulations and using (4.12) we obtain, from (4.14),

w;l+3/2 _ 7'L+1/2 [1_/\Cﬂ+1/2+)\Br_l+1/2_)\(Dn+1/2+Dn+1/2)]
n+1/2 n+1/2 n+1/2 n+1/2 n+1/2 n+1/2
+uy PO 2+ DY) dwy T PA (=B 4 D),
Using the CFL condition we find
n+3/2 n+1/2 n+1/2 n+1/2 n+1/2 n+1/2
i < i L= A (G =BT+ DI+ DY)

+‘ n+1/2|)\ n+1/2+Dn+1/2)+|w?:11/2’)\(_B;L:-11/2+D?+1/2).

Summing this over j €Z, and using (4.16) and (4.12), we obtain
n+3/2 n+1/2
D fwi <D i,
JEZ JEZ
which implies that

Z|w;L+3/2| SZ:|wjl/2’

JEL JEZ
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From (4.5) with n=0 we get
D=3 o) =Rl = DA A (h(v)-107) — A(A-f/Ax))
JEZ JEL JEZ
Using (1.6) we arrive at (4.13). |

LEMMA 4.3. The numerical solution {v}'} produced by the v-scheme (4.5)~(4.7) sat-
isfies the inequality |A v} /Ax| < Cs with a constant C3, which is independent of A.
Equivalently, the solution {u7, .} generated by the u-scheme (4.6), (4.7), (4.9),
(4.10) satisfies the uniform L* bound

|u?+1/2‘§03 for all j€Z, n=0,...,N. (4.17)

Proof. Tt is sufficient to show that A(A v} /Az)<Cy for a constant Cy that is
independent of A. Taking into account (4.11) we get

|A(A+of/A) | =R (o] v]1)

<|A(A o] /A7)~ h(w] 07|

0)+ > A_(A(Apvp/Az) —h(vp, o))

k=—oc0
J n+l__ n
=| 3 e < 53l + fo0)]
e —oo kEZ

Due to Lemma 4.2, we see that |[A(A v} /Ax)[<Cy if we choose Co=C1+[®(0)].
Taking into account (1.8) concludes the proof. O

LEmMA 4.4, The solution {u},, ,} generated by the u-scheme (4.6), (4.7), (4.9),
(4.10) satisfies the following inequality, where the constant Cy is independent of A:

TV(AU™) = |ALA(u] )| <Ca.
JEZ
Proof.  Using the marching formula (4.5) we can write

n 1 n n n n
A A1) | < S0 = of [+ [Ash(viy07) |

< Sog || (o o) ~ )10 — )| Ao
[ 08) = (e o) 0005 —of) |07,
Summing over j € Z yields
S IA A1 2)| £ 3 e = |21 3| A
JEL JEL JEL
The right-hand side is uniformly bounded due to Lemma 4.2 and Corollary 4.1. 0O

Lemma 4.4 does, in general, not permit to establish a uniform bound on the spatial
total variation TV(U™) of the solution values {uf,, ,} generated by the u-scheme.
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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 (4.11) and (4.12) we deduce that if v* < Cy, where we recall that Cp is defined
n (1.10), and {v}} is the numerical solution produced by the v-scheme (4.5)-(4.7),
then at each time level there exists a unique index k such that vy <v* <wp ;. The
following lemma informs about the behavior of this index with each time iteration.
(In light of the discussion of Section 1.3, the case v* < Cp is the most relevant for the
phenomenon of aggregation.)

LEMMA 4.5. Assume that v* <Co, and that the data {v}}jez and {v""'l}JeZ have
been produced by the v-scheme (4.5)-(4.7) starting from the monotone data {v9}jez
under the CFL condz’tion (4.8). Let k,k €7 be the uniquely defined indices that satzsfy

v <v* <wg,, and v— ey <’Uk+1, respectively. Then k€ {k—1,k,k+1}.

Proof.  Since vyl <v* <wy,; we analyze two cases: v <v* <wvy,; and v <v*=
vjt, 1. In the first, the monotonicity of the v-scheme and (4.12) imply that

n+1 n * n n+1
U1 Sup <vT <vpiy SU,

such that either v,’c”ll <v* <v"+1, or vy e <vk+17 or v,?j_rll <v* <vk+2, which
means that k= {k—1,k,k+1}. In the second we find that

+1
v <wvp <o* —vk+1<vk+2,
so either v,?"'ll <v*= UZ+11 or ’ULL+1 <v*< v,?_tll, or v,?_tll <v*< vﬁj_‘% We conclude the
proof by noting that UZIQ <wv* is impossible due to the monotonicity of the v-scheme
and (4.12). O

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

LEMMA 4.6.  Assume that the CFL condition (4.8) is satisfied. Then there ex-
ist constants C5 and Cg, which are independent of A, such that the solution values
un :{u?+1/2}jez satisfy the uniform total variation bound

=3 Uty —ul g | < (C5+TV(U) exp(CeT), n=1,...,N. (4.18)
JEL

Proof. From (4.9) we obtain

A+u 71/2 A+’ILJ 1/2 MA+A h( j 1 j)+MA+A A( g 1/2)

Let us assume that v* < Cjy, so that there exists an index k such that vy} <v* §v,?+1
(cf. Lemma 4.5), and let us split Z into the subsets

A=A"={j€Z|j<k-2},
B:=B":={jeZ|lk—-2<j<k+2}, (4.19)
C:=C":={jeZ|k+2<j}.

(If v* > Cy, the following arguments for j €A apply to all j€Z, i.e. we may choose

A=7Z, and formally B=C=92.)
Let wi:=Ajuj_, , and aj :=AL A(u]_, »)0(Ayu]_, ). For j€ A, we obtain

=~ A AT (1) ¥ (). (420
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Using a Taylor expansion about v} we find that there exist numbers o € [v}}, v}, 4]

and B} € [v}'_q,v}] such that

1 1
A (o) = @' (0] Juwf Aa+ 58" (aF) (Asof) 4+ 50 (8) (A=)

Substituting this into (4.20) we obtain

wi = wf = MA@ (0] Ju) +pd? (@ wf) = SA- (8 (aF) (A4vf)°)

~ A (@(87)(a-v))")
Cu A (B(g)u) A )
—%<A—‘I’”(O‘?)(A+Uj) + @ (af_1) (V1 — vy Jwj Ax
+ A" (87) (A-v})’ +0” (1) (v} —vp)w) Ax)
W [1=A' (vF) —2pal | +wf | [pal |+ A" (0] )] +pw}, afy,

J
+(9(At)( wi  +wf + A+ A0},

In an analogous way we find, for j€C,

witt =wy [1+A0' (v]) —2paf] +wyy [paf =A@ (] 1) ] + e} yaf
+O(A) (W] +ulyy + Aol + Aol

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

wZ*ll—wk 17 (‘I)(U 1) — P(v *)—i—A_AQfI)(v;Ll))+MA2(a271w271)
=wi_y = p(® (&) (v —v") +A_A?®(vf_y)) +pA? (af_ywi_y)
=wi_y —p((®'(&) = ' (v")) (Vs —v*) +A_A2®(v_y)) +pA® (ap_ wi_y)
=wi_1 [1=A®' (v_1) = 2pap_, | +wj_y [pag_o + AP (vf_o)] + pwiay
+O(A) (1 +wi_g+wi_y + Ao +A_v_y).

For j =k, using that ®'(v*)=0 we compute

20(vp_1) +®(vf_y)}]

wi = wp = p[@ (v o) —20(vf ) + B(vg) — {B(vy
i) O (viy)] +pA? (afwy)

)—
—p[®(vp_1) = @(v) +2(2(v") — D(v})) +(v) —
=wp —p[ALA®(0) + A_A*D(v])] + pA? (afw})
—p[@(vp_y) —@(vp) +2((v*) — (v})) + (v*) — (v2+1)]
=wi (1—2pa}) +wji_y [pag_y + A0 (vi_1 )] +wiyq [paf 1 — AP (viy )]
+O(A) (1+wp_y +wi +wi g+ Ap v+ A_vp).

For j=k+1 and j=k+2, the following steps are analogous to the previous cases.
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Using that ®'(v*) =0 we obtain
Wit = Wiy — p[ALAPD(v] ) +3(D(v]) — @ (v7)) +(vf)) — P(vf_y)]
+pA® <a2+1w£+1)
= Wi [1 +A0f (UIZH) - 2,ua}§+1] +wy pag +wi o [MQZH — AP (UI?H)}
+O(A) (14 wp Wi o+ Agvp +A_vp,),
Wity = Wil o — p[ALAPD(vf ) + O(vf) — B (0%)] + pA® () ywi )
=Wigo [+ AR (0] ) = 2paf o] +wilys[paf s — AP (v) )| + pwiirai g
+O(AL) (1+wi o T wii s+ Apvp o+ A v ,).
Finally, summing over j we find that there exist constants C and C7 such that
S Tl <Yl | (14 CoAt) + Cr A,
jez JEL
which implies that
Z’w”+1| <Z|w0|exp CeT)+ Cr exp(C6 ),
JEZ JEL
which proves (4.18). ad

The next lemma states L' Holder continuity with respect to the variable ¢ of the
solution generated by (4.9).

LEMMA 4.7. The solution {u} , ,} generated by the u-scheme (4.6), (4.7), (4.9),
(4.10) satisfies the following inequality, where the constant Cg is independent of A:

Z|u§”+1/2 —u?+1/2|Aw§ng/At(m—n) for m>n, and m,n € Ny. (4.21)

JEZ

Proof. ~ We first establish weak Lipschitz continuity in the time variable. To
this end, let ¢(x) be a test function and ¢; :=¢(jAz). Multiplying Equation (4.9) by
¢; Az, summing over n and j and applying a summation by parts, we get

<|ALY G (b= 1)

JEL

Z —dj-1) (A(u ?+1/2)_A(“?—1/2)) :

JEZ

sz% (“7:11/2 - “?H/z)
JET

Using Lemma 4.4 and the fact that ¢ is smooth we obtain

Az i (ulf p =) <Cl 1A

JEZ

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

A i (Ul gy =l o) | SOl | At(m—n).

JEZL
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Since I; —uj 12— j 1)2 has bounded variation on R, we arrive at the inequality
(4.21) by proceeding as in [18, Lemma 3.6]. d

Now, following the treatment in [21] we prove an L? estimate for the discrete
version of A(u),.

LEMMA 4.8. Assume that the following strengthened CFL condition is satisfied for a
constant € >0:

CFLE::2Ar3gﬂ§<’@’(u)|+4urggﬁca(u) <l-—e. (4.22)

Then the solution {u}. , .} generated by the u-scheme (4.9), (4.10) satisfies the fol-
lowing inequality, where the constant Cq depends on e, but is independent of A:

ZZ( “/2)> AtAz < Cy. (4.23)

n=1j€Z

Proof. Multiplying (4.9), by ujH/ZAx, summing the result over n=0,...,N —1
and j €7, and using summations by parts we get

A iZ(A*A(“?H/?)) (A-ufi)s)

n*OjEZ
Az 2 2
_AtZZG (A uj+1/2 ZZ ?:11/2 - J+1/2) )
n=0 jE€Z n=0 j€Z
o N~ 2
722(“?:11/2_“?4-1/2) ;
n=0 j€Z

where we used that

n n n 1 n 2 n 2 n n 2
(ujif/g—uj+1/2)uj+1/z:§[( Jill/z) = (ufs1/2) _(“jill/z_“jﬂ/?) }

In light of Lemma 4.3, we can also write

(A A( g+1/2))(A “g+1/2) %(A A( g+1/2))27 a” :=maxa(u),

u

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

Ry A
a* DD (AAufy ) <At Z DG A )+ Z(“(}Hm)z

n=0 j€Z n=0 jE€Z JEZ
Az 2
n+1 n
T E : E :(“j+1/2*uj+1/2) :

On the other hand, from (4.9) and the inequality (a+b)% <2a?+2b? we obtain

(4.24)

1, ., " 2 A 2 2
S0 = 2) X (ALG)) 4202 (Ar A1)+ (A= A1) ).
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Multiplying the last inequality by Az and summing the result over n and j yields

N-1
5 > D (Wi —uiia) 2— Az Z > ( ALGE)

n=0 jEZ n=0 j€Z
N-1 )
FAP AT Y N (ACA(uly )
n=0 j€Z

The new CFL condition (4.22) now implies that

At At(lf&?)
2 2 20N Te)
dp Az =4u x g

and therefore

ZZ J+1/2 j+1/2)2

e (4.25)
<7ZZ (acan)e 2 ZZA Ay )"
n=0 jE€Z n=0 jE€Z
Summing (4.24) and (4.25) yields
N ,
ar Z Z(A—A(U?+1/z))
n=0jez
Az
<AtZZG (A-ufyrye) + Z( Wirp) + ZZ (a-ayy)’<c,
n=0 jEZ JEZ n=0 j€Z
where we used Lemma 4.6, the bound on G’ and the fact that At=0(Az?). O

With the help of Lemma 4.8 we can prove

LEMMA 4.9.  Under the assumptions of Lemma 4.8 there exists a constant C1g which
is independent of A such that

Z|A(u§’f~_1/2) - A(u;-LH/Q) |2A£c <Cio(m—n)At for m>n. (4.26)
JEZ
Proof. Using Lemma 4.3, the fact that A’(u) >0, and (4.9), we get
m n 2
Z(A(“j+1/2) —A(ufy)5)) Az
JEZ

<a” Z ;+1/2 ( ?+1/2))(“ﬁl/z_U?ﬂm)Ax::A‘FB’
JEZ

(4.27)

where we define

m—1
A= —Ata*Z(A(UﬂJm) _A(U?+1/2)) Z A"’Gé’
jez l=n
B:=\a" Z Uiy 2) —A(Uf ) ZA A(Ujy1/)-

JEZ
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Summing by parts we get

m—1

A=Ata* Y ST GHA A ) — DAl )))-

JEZ l=n

We can write

AzAtAxa*Z igé (AA(HZH/Q) B AA(U?—H/Q)) '

; A Ax
JEZ l=n

Using that ab<a?+b%, we find

2 2
At S | ([ AAW ) A A1)
asfe TS| (S ) o () o

JEZ l=n

m—1
+Ata*z Z ’Gg’Ax:(’)((m—n)At),

JEZ I=n

where we have used Lemma 4.8 and the bound on G7'.
Proceeding in the same way for B yields

B=—Aa*2{[A(u;m/Q)—A(u;m/z) — (A1) — A1 12))]

JEZL

m—1
< AA(“é‘H/z)}
l=n
m—1
Aa*z{(A_A(u;’;l/Q) —AA®W ) D A_A(U;H/Q)}
JEZ l=n

m—1

=2 D03 (A A ) A Ay g) = A Ay g2) - A Auby ) )

JEZ l=n
A_A(u”
§2(m—n)Ata*Z <(j+1/2)

JEL

2
Ay ) Az=0((m—n)At).

Inserting into (4.27) that A,B=0((m—n)At) concludes the proof. |

Let us now denote by u® the piecewise constant function

N-1
uP(z,t) = Z ZXjn(x7t)u?+1/2’

n=0 jEZ

where X, denotes the characteristic function of I; X [t,,tn+1), and let us denote
by v its primitive. From the L> bound (Lemma 4.3), the uniform bound on the
total variation in space (Lemma 4.6), and the L' Hélder continuity in time result
(Lemma 4.7) we infer that there is a constant C' such that

[ Loy + 102 1 1ey SO [u(58)| gy gy SC - forall t€(0,T),  (4.28)
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uniformly as Az,At] 0, while Lemmas 4.8 and 4.9 imply (cf. [20]) that there are
constants C1; and C75 independent of A such that

HA(UA("i'y’)) _A(UA('7'))HL2(HT) SCH |y‘(|y‘ —l—AZ‘),
[A@™ (o +7) = AW G o,y S Cr2vT.

4.3. Convergence to the weak solution.
THEOREM 4.1. Assume that Ax and At satisfy the CFL. condition (4.22), and that
ug is compactly supported and satisfies (1.6). Then the piecewise constant solutions
u® generated by the u-scheme (4.6), (4.7), (4.9), (4.10) converge in the strong topology
of L*(IL7) to the unique weak solution of (1.1), (1.2) (in the sense of Definition 2.1).

(4.29)

Proof. Since u® € L>=(II7)NL>(0,T; BV (R))NC/2(0,T; L*(R)), we deduce
from (4.28) that there exists a sequence {A;};cn with Ai 10 for i — 0o and a function
w€ L®(Or)NLY (I7) N L>(0,T; BV (R)) such that u® —u a.e. on Ilz. Moreover,
in light of (4.29) we have A(u®)— A(u) strongly on L2 (II7), and we have that
A(u) € L*(0,T; H'(R)). Lemma 4.7 ensures that u satisfies the initial condition (2.1).
It remains to prove that u satisfies the weak formulation (2.1). To this end, we apply
a standard Lax-Wendroff-type argument. Now, multiplying (4.10) by [, ¢ I t,)dz,
where I; :=[z;,2;41] and ¢ is a suitable smooth test function, and summlng the results
over j € Z we obtain Wi+ W5+ W3 =0, where we define

N-1
- Z Z(“}Tf/z—u?ﬂ/z)/l o(z,t,)dz,

n*OjEZ J
Wa: —AZZA+G / (,tn
n= OJEZ
:*NZZA Alu j+1/2 / p(z,t,)dz.
n=0 jEZ

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

_ n+1 .13 t’ﬂ+1) —@(m,tn)
_—AtZZuJH/Q/ ~ dz,

n=0 jE€Z

olx+ Az, ty) —o(z,t,)
:—AtZZG]H/ A de,

n= OJGZ

_ <p(a?+Am,tn)—2(,0(:5,tn)+<p(I—Am,tn)
__AtZZA J+1/2 /I Az2 dz.
n=0 j€Z J

A direct application of the convergence of u® gives us the desired result for W; and
Wi3. It remains to analyze Wa. Since for each fixed n € {0,..., N — 1}, the data {v} } ez
are monotone, there exists an index k such that vy <v* <wvp, ;. Thus, if A, B and
C are the sets defined in (4.19), we may write Wy =Ws 4+ W> 3+ W ¢, where the
subindex denotes the summation over j from the sets A, B and C, respectively. For
j€ A we have

. AL0(wF) A O} - " .
= — il _ A.w}-j uiiqs i ul g, #0 and G7,; =0 otherwise,
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since ®' >0 for the values of v}’ with j€A. For j€C we have

I A?D(viyy) o, n .
j+1:T’l)n]uj+l/2+Tl‘] if u?, /070 and G, =0 otherwise.
J

We can write

A (v]y,) = (v]41) Agufyy Az
1
+3 (q’”( Fraga) (Asvfin) +@7 (E01/2) (A+U?)) v

where £" €[v},v} 4] Using Lemmas 4.3 and 4.6 we get

J+1/2

A+P(v +Az,t,) —p(x,t,
ch:*AtZZ A o ]+1/2/I plot A0t) — ple )d$+O(A$)-

Ax
n=0 jeC j

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

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 artifacts,
while the convergence properties of the scheme are demonstrated by error histories in
some examples. For all numerical examples we specify Az and use p=At/Ax?=0.1,
ie., At=0.1A22.

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 ag=0.1. The initial datum is given by

(2) 5 for 0.1<z<0.2, 7 for 0.8<x<0.9,
U, pry
0 8 for 0.6<z<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. Nagai and Mimura [32] show that under these conditions,
and for the integrated 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 5.1 we show the numerical approximations for v and u for 0 <t<0.5
and for Az=0.001. As predicted, for each fixed time the data {v}'} are monoton-
ically increasing, and the numerical solution for w indeed displays the aggregation
phenomenon, and terminates in a stationary profile, even though the assumptions on
A stated in [32] are not satisfied here. This supports the conjecture that a similar
travelling wave analysis can also be conducted in the present strongly degenerate case,
to which we will return in a separate paper.
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20+

15+

u 10+

Fic. 5.1. Ezample 1: Numerical approzimation of v (top) and corresponding approzimation
of u (bottom), obtained via (4.2) with Az =0.001.

In Table 5.1 we show the error at ¢t; =0.1 and t3;=0.25 in the L' norm for u
(denoted as €%, i=1,2) and in the L> norm for v (denoted as e!i, i=1,2), where we
take as a reference the solution calculated with Az =0.0002. We find an experimental
rate of convergence in both cases greater than one. For small Az 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 5.2 we compare the numerical approximations for v and a for different
mesh sizes at the simulated time t=0.25.

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(4drz) for z €[0,1] and ug(x) =0 otherwise. In Figure 5.3
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A %=0.0002]
+ Ax=0.02

o Ax=0.005
18/l - Ax=0.001

14F

12

0.8

0.6

0.4

0.2

4 x=0.0002]
16[] + ax=0.02

© Ax=0.005
- Ax=0.001

14

101

F1G. 5.2. Ezample 1: Numerical approzimation of v (top) and u (bottom) for several mesh
sizes at t=0.25.

we show the numerical approximation of u for 0<¢<0.5 and Axz=0.001. We ob-
serve that strong discontinuities form after finite time from the smooth initial datum.
This behavior contrasts with the regularity of other related problems [5, 24], where
discontinuities can occur only if they are present in the initial data.

5.3. Example 3. We now choose ¢ and ug as in Example 1, but define A by

0.05u for 0 <u <5,
A(u)=1¢0.25 for 5<u <10,
0.05u—0.25 for u>10.

Figure 5.4 shows the results for Az =0.001 and ¢ € [0,0.5]. Again, a stationary single-
peak solution is forming, including a jump between u=5 and uw=10, in agreement
with the flatness of A(u) for u € [5,10].
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t1 conv. to conv. t1 conv. to conv.
Az el el el e

rate rate rate rate
0.020 0.239 - 0.317 - 0.915 - 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 0.0564 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 5.1. Example 1: Numerical error at t1 =0.1 and to =0.25.

Fi1G. 5.3. Ezample 2: Numerical approzimation of u, obtained via (4.2) with Axz=0.001.

5.4. Example 4. We now utilize the function ®(v)=—0.5(cos(vm)+1) com-
bined with the degenerating integrated diffusion coefficient (1.12) with u.=10 and
ao=0.1 from Examples 1 and 2 and the initial datum

10 for 2€[0.05,0.15), 9 for z€[0.6,0.7],
uo(z)=1414 for z€[0.3,0.5], 8 for x€10.9,1],
0 otherwise.

The result is shown in Figure 5.5 for Axz=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 the Nagai and Mimura [32] condition for the formation
of stationary travelling waves. In addition to Figure 5.5 we show in Figure 5.6 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.



F. BETANCOURT, R. BURGER, AND K.H. KARLSEN 739

Fi1G. 5.4. Ezxample 3: Numerical approzimation of u, obtained via (4.2) for Ax=0.001.

F1G. 5.5. Ezample 4: Numerical approzimation of u, obtained via (4.2) for Ax=0.001.

5.5. Example 5. Here we calculate the numerical approximation of u for A
as in Examples 1, 2 and 4, but with ® and ug given by the respective equations

O(v)=

—0.5(cos(vm)+1) for 0<v<2,
(v—2)2-1 for v>2,

() = 14 for £ €[0.15,0.3], 18 for x€[0.8,0.95],
“YTN17 for x€[0.6,0.7], 0 otherwise.

In Figure 5.7 we show the result for Axz=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
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F1c. 5.6. Ezample 4: Contour lines of the numerical approzimation of v for Axz=0.001.

154

F1G. 5.7. Ezample 5: Numerical approzimation of u, obtained via (4.2) for Az =0.001.

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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