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Abstract

We are concerned with the numerical computation of the measure val-
ued vanishing dispersion limit (VDL) of Burgers’ equation. Motivated
by modern ideas concerning the numerical treatment of systems of con-
servation laws [5], we present an implicit finite difference scheme (FDS)
with perturbation of the initial data and provide both theoretical and
numerical indication that it indeed approximates the VDL.

Furthermore, we also present a Crank-Nicolson FDS for which we can’t
proof the above mentioned theoretical results but which as a KdV scheme
works better than the implicit scheme. Indeed we shall see an improve-
ment in the numerical results.

In order to have a reference for comparison, we lean on the work of Lax
and Levermore [12] who theoretically investigated the mean and variance
of the VDL.
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This thesis is embedded into the framework of conservation laws which form a class of
PDE’s appearing in many physical contexts. Basically, it is the PDE-formulation of
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the fact that the local change of a certain quantity is equal to the flux of this quantity
through the boundary of the local domain:

4 udz = F(u)- dS.
dt Jo o0

Applying Gauss’s formula |, o b dS = fﬂ div(F) dz, one then derives the correspond-
ing PDE

uy + div(F(u)) = 0.

In the following, we shall give a short summary of well-known theory up to modern
research topics concerning conservation laws and their numerical treatment. This will
lead quite naturally to the vanishing dispersion limit (VDL) of Burgers’ equation as
theoretically investigated by Lax and Levermore (LaL) [12],[13],[14], but from the
perspective of conservation laws and their measure valued solutions. The following
introduction is mainly based on the work of DiPerna [4], Fjordholm and co-workers
[5], and well-established theory that can be found for instance in [3].

1.1 Scalar Conservation Laws in One Space Dimension

In one space dimension, the scalar conservation law takes the form

us+ f(u)e =0, z€RE>0
u(z,0) = uo(x), =€R, (1)

where f : R — R is the fluz function. One classical example of a non-linear flux is the

Burgers’ flux f(u) = % which will be considered in this thesis.
It is well-known that even for smooth initial data, the classical solution of (1)
generates infinite derivatives, so-called shocks, in finite time. It is therefore necessary

to weaken the notion of solution in order to obtain existence of a global solution.

1.1.1 Weak Solutions, Entropy Conditions

The concept of solution is weakened such that it doesn’t have to be differentiable
anymore. This is formally done by shifting the derivatives onto a test function using
integration by parts. More precisely, a function u(z,t) is said to be a weak solution of
(1) if for all compactly supported, smooth test functions ¢(-,) € C°(R x R>q), the
following integral equation holds:

//]R i u(z, )i (z,t) + f(u(z,t))p(x,t) dedt + / uo(x)p(z,0)de =0. (2)

R

Even though the concept of weak solutions gives existence, we lose uniqueness.
This is why certain constraints have to be enforced, so-called entropy conditions. A
pair (7, q) of functions R — R is an entropy pair if n is convex and if

q=fn. (3)

The function ¢ is called an entropy flurz. A weak solution u(z,t) is then said to
be an entropy solution if for all entropy pairs (7, ¢) and all non-negative, compactly
supported, smooth test functions 0 < ¢(-,-) € CZ(R x Rsg), the following integral
inequality holds:

/ / e D)) + afu(e. )@, drdr > 0. (4)



1 INTRODUCTION 4

These entropy inequalities are forcing the weak solution to be the vanishing viscosity
limit (VVL), i.e. the strong L2-limit v = lim 0 ©° where »° is the smooth solution
of

ui + f(u%)e = eug,. (5)

Indeed, the entropy inequality (4) is formally derived by multiplying the vanishing
viscosity equation (5) with n'(u®) and inserting (3). The inequality sign is then a
consequence of the viscosity term eug, together with the convexity of . Thus, (4)
makes sure that the entropy properties of the vanishing viscosity equation (5) are
shared in the weak sense by the entropy solution. Kruzkhov [9] showed that this is
indeed enough to prove uniqueness of the entropy solution. Moreover, it can be shown
that the strong limit v = lim .0 4 ° exists which yields existence.

1.1.2 Numerical Solutions

There is a well-established theory of numerical methods converging to the entropy
solution. Since we want to compute a solution that is characterized by integral
(in)equalities, we work with so-called finite volume schemes. After discretizing space

and time into cells [;_1/2,2;41/2), [tn, tnt1), the spatial cell averages fx f;j]jll//; u(x, ty) de
are approximated by the following explicit discrete scheme:

Ujn+1 — Ujn + Fj+1/2,n - Fj71/2,n

At Az =0 (6)

Here, Fjt1/2,n = Fjy1/2,0(Ujn, Ujr1,n) is the numerical flur, and the mesh sizes Az
and At are linked via the CFL condition At = AAz.

In order to achieve convergence to the entropy solution, the numerical flux has to
satisfy certain criteria of which the most important is monotonicity. This property
allows us to establish discrete entropy inequalities which imply that as Az — 0, the
computed solution will satisfy the entropy inequalities (4). One example of such a
monotone flux is the Godunov fluz:

minujggguj+l f(@) if Uj S Uj+1
F(u77uj+1) = 0 Fows > w
MaXuy; 41 <O<uy f0) ifu; > g
For our numerical experiments, we use an initial function uo which satisfies the

requirements of the LaL theory [12]. In particular, we choose the smooth, non-positive
one-bump function

i1 1
—_e?2 (2242)2  (22-2)2 if |.T| <1
0 else.

Furthermore, we adjust the Burgers flux in order to be conformable to the KdV equa-
tion considered by LalL and therefore work with the flux f(u) = —3u?.
The computed numerical solution with

N = 500 spatial mesh points,
A=0.1 and
t=0.1,0.2,0.3,0.4

is shown in figure 1. One can clearly see how the initial bump function is skewed to
the right and forms a shock which is then nicely resolved by the monotone scheme.
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o vanishing viscosity limit, Godunov flux,500 meshpoints, end time = 0.4
T T T T T T

Figure 1: Entropy solution at the scalar level, computed with the Godunov
finite volume scheme.

1.2 Systems of Conservation Laws

Most problems in physics are neither one-dimensional nor scalar. Therefore, we usually
seek the solution u : R? x R>o — RY of a multi-dimensional system of conservation
laws:

uy + V- f(u) =0, z€RYE>0
u(m7 0) = Uo(w), T € Rd7 (7)

where f:RY — RN is the flux function.

In contrast to the scalar case, it is much harder to obtain (global) well-posedness
results for such systems. There are some results available for one-dimensional systems
(d = 1), see for instance [7],[1]. However, there are no global well-posedness results
for generic systems in several space dimensions. Again, it is necessary to weaken the
notion of solution hoping to get existence and uniqueness results.

1.2.1 Young Measures

Instead of looking at solutions w(z,t) which can be exactly evaluated at each point
(z,t), we turn to the concept of measure valued solutions introduced by DiPerna [4].
For that purpose, we have to introduce the notion of Young measures: For D C RF 1,
we define Y(D,R™) to be the set of all measurable functions

v: D — Prob(R"Y),
Y = Uy

It can be shown that each Young measure v can be written as a random field v :
D x Q — RY for some probability space (€, F,P). The connection between the
random field and the Young measure is given by

vy (F) = P({w : v(y;w) € F}), FCRY.

The Young measure v is called the law of the random field v. Note that the class of
measurable functions u : D — R” is included in the notion of Young measures since

n our case, D will usually be R% x R>q.
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Y+ Oy (y) trivially defines a Young measure. Here, d¢ is the Dirac measure centered at
¢ € RY. Every Young measure that can be written as such a Dirac measure is called
atomic.

Let g be any continuous function

g: RY — R,
§=(8o,---&n—1) = g(&),

v a Young measure and v the corresponding random field. We define the pairing of v
with g at y as

0) = [ o©an(©

which can be thought of as the expectation of the functional g(v) at the point y.
Having defined this pairing, we equip the set of Young measures with the topology of
narrow convergence: V" is said to converge narrowly to v (written v™ — v) if

/Dso(y)<'/§7g>dy—>/DsO(y)@y,g)dy, n — 0o

for all g € C°(RY) and ¢ € L*(D).

Let v be a sequence of measurable maps D — RY which converges weakly to
v, e [pev(y)dy — [, ey)v(y)dy for all ¢ € CF(D). As was described by
DiPerna [4], there is a subsequence such that for all continuous functions g : RY - R,
the functionals g(v®) also converge weakly. Moreover, there is a Young measure v
such that each of these weak limits is the pairing of v with g, i.e. for all continuous
functions g, we have

/Dso(y)g(vs(y))dy%/Dso(y)wmg)dy.

Thus, Young measures are a convenient way of describing the weak limit behavior of
a sequence of functions and their functionals. The above statement is a special case
of the fundamental theorem of Young measures which states that under some mild
assumptions, each sequence of Young measures has a narrowly converging subsequence,
see ([5], Theorem A.1).

1.2.2 Measure Valued Solutions

Coming back to systems of conservation laws, we define a Young measure v € Y(]Rd X
R0, RY) to be a measure valued (MV) solution of (7) if

/ / e (1) oy i) + Vo (@,8) - (vorry, f) dadlt
R4 xXR>q

+ /]Rd (P(I', 0)<V(zyo),id> dz=0 (8)

for all test functions ¢(-,-) € C°(R? x Rxo). Here, v(. o) is the atomic initial measure
duo(y, and therefore we have (v(,0),id) = uo(x). However, there is nothing that
prevents us from also allowing the initial measure v(. o) to be non-atomic. In the
sequel, we shall denote this initial measure by o € Y (R% RY).

Again, we have to impose certain entropy constraints hoping to enforce uniqueness
of the MV solution. Let (7n,¢) be an entropy pair, i.e. functions 7 : RY — R and
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g : RN — R? such that 7 is convex, and ¢’ =7’ - f'. We then define a MV solution v
to be an entropy measure valued (EMV) solution if

/ / e (D) (Va0 1) + Vo (@, 1) - (Vory, 0) dar dt
R4 XR>q

+ /Rd o(x,0)(oz,n)dz >0 9)

for all non-negative test functions ¢.

So far, there is no complete theory about existence and uniqueness of EMV so-
lutions. However, as it was demonstrated in [5], there can be no uniqueness in the
case of non-atomic initial data even at the scalar level. Nevertheless, we shall use the
concept of non-atomic initial data for the sake of numerical computations as we shall
explain below.

The question is how to find or construct MV solutions. As we discovered in the
scalar case, it makes sense to add some regularizing term to the conservation law,
i.e. a higher order derivative term, and then let the coefficient of this term go to
zero. Thus, we get a sequence u° of smooth solutions. Assuming this sequence to be
uniformly bounded in L, we get a weakly converging subsequence. As mentioned
in the previous subsection, we can then again extract a subsequence such that each
functional g(u ©) converges weakly, and these weak limits can conveniently be described
by a Young measure. It can then be shown that this Young measure is a MV solution.
However, we expect to obtain a different MV solution for each type of regularization,
and the entropy inequalities, if existing, are inherited from the regularized equation.

1.2.3 Perturbations in Numerical Computations

Suppose that a numerical scheme produces a solution u*? such that each functional

g(uAl) converges weakly. In order to compute an approximation of the corresponding
Young measure, we pick a sequence Az; > --- > Axjy and use the corresponding
solutions u®®1, .. uA®M a5 samples. It turns out that in order to get enough samples
for a reasonable approximation, one has to go to extremely small mesh refinements.
Therefore, even though we know about the non-uniqueness of EMV solutions in the
case of non-atomic initial data, we use small perturbations of the initial function in
order to obtain a Young measure for a fized mesh size. More precisely, the perturbation
of the initial function is considered to be a random field, and doing sampling over the
corresponding probability space, the numerical solution also becomes a random field.
The corresponding Young measure is then taken to be the numerical approximation
of the MV solution.

This perturbation approach is based on the stability of the MV solution with re-
spect to small perturbations around atomic initial data. It is a remedy of the numerical
nightmare of having to go to extremely small mesh refinements. We refer the reader
to [5] where this approach was first developed and numerically tested.

1.3 Outline of Thesis

Nothing prevents us from considering MV solutions also in the scalar case. However,
by a stability result that was proven in [5] and by the above mentioned theory of
entropy solutions in the scalar case (section 1.1.1), we expect the EMV solution to be
atomic. As a consequence of the entropy constraints, this is indeed the case. Moreover,
the EMV solution turns out to be the vanishing viscosity limit (VVL). However, in
contrast to diffusive regularization (e.g. vanishing viscosity), this thesis focuses on the
MYV solution obtained by the vanishing dispersion equation

up + f(u®)e = 2ul,. (10)
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in the special case of Burgers’ flux f(u) = “72 The corresponding dispersive equation
(10) is in fact the famous Korteweg-de Vries (KdV) equation. When substituting
diffusion with dispersion, we lose the entropy constraints which force the EMV to be
atomic. Therefore, we expect the measure valued vanishing dispersion limit (VDL)
to be non-atomic. This is indeed the case and a consequence of the KdV solution
being oscillatory. These KdV oscillations have a frequency of O(e™ ') and occur after
a certain break time which is independent of «.

In a remarkable series of three papers [12], [13], [14], Lax and Levermore (LaL)
theoretically computed the first two moments of the VDL of Burgers’ equation. Moti-
vated by their result and inspired by the numerical perturbation approach described in
[5], we attempt to approximate the Young measure of the VDL with a finite difference
scheme (FDS).

The outline of the thesis is as follows: We start with considering the VVL of Burg-
ers’ equation in section 2, and demonstrate the atomicity of the EMV solution both
theoretically and numerically. In Chapter 3, we turn to the VDL and give a summary
of the LaL theory together with a characterization of the VDL given by DiPerna [4].
This characterization is based on the KdV hierarchy of conservation laws and can be
regarded as some kind of weaker entropy condition. In Chapter 4, we present an im-
plicit FDS and prove that under some assumptions, the computed solution will satisfy
DiPerna’s characterization as Ax — 0. This theoretical result is based on the FDS
being implicit and diffusive. Attempting to get a reasonable approximation of the
VDL, we then apply the perturbation approach and compare the computed solution
with the LaL theory. To improve the numerical results, we furthermore present an
almost diffusion-less Crank-Nicolson FDS in section 5. Unfortunately, we couldn’t
prove DiPerna’s characterization for the Crank-Nicolson scheme.

Summarized, this thesis combines modern ideas arising in the numerical treatment
of systems of conservation laws with the dispersive regularization of scalar conservation
laws.

2 The EMYV Solution of Burgers’ Equation

In this section, we show that the entropy measure valued (EMV) solution at the scalar
level coincides with the vanishing viscosity limit (VVL) and therefore is atomic. This
is then also demonstrated numerically with the perturbation approach mentioned in
subsection 1.2.3. We mainly base this section on ideas presented in [5].

2.1 The EMYV Solution and Vanishing Viscosity

We consider the VVL of the scalar conservation law (1), i.e. the strong L2-limit
u = lim._,ou® where ©° is the smooth solution of

ui + f(u%)e = eug,. (11)

Let (1, q) be an entropy pair so that in particular we have ¢’'(u) = f'(u)n’(u). Multi-
plying (11) with n’(u ), we obtain the entropy property

n(u®)s + q(u®)e = eugyn'(u®)
= en(u)ee — en’ (u)(ug)?
< en(u®)ea, (12)

where the last step is due to the convexity of 7. Note that the right hand side vanishes
in the sense of distributions. It can be shown that the strong L2 imit u = lim co u®
exists which gives existence of an entropy solution of the scalar conservation law (1)
because u inherits all entropy constraints from the above inequality (12). Furthermore,
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as was shown by Kruzkhov [9], these entropy constraints make the entropy solution
unique.

In the language of measure valued solutions, we can say that the measure valued
VVL is atomic as a consequence of the strong L?-convergence of u° to the entropy
solution. However, we have to ask the question if the EMV solution subject to atomic
initial data coincides with the VVL, i.e. if the EMV solution is atomic and coincides
with the entropy solution. As was shown in ([5], Theorem 3.3), this is indeed the case.
We reproduce this result together with the proof for the one-dimensional case d = 1:

Theorem 2.1.1 ([5], Theorem 3.3). Consider the scalar one-dimensional case N =
d=1. Let up € L*(R) and let o0 € Y(R,R) be uniformly bounded, i.e. there ezists a
compact set K C R such that for allz € R : supp(o,) C K. Letu € L (RxRx>¢) be the
entropy solution of the scalar conservation law (1) with initial data uo. Furthermore,
let v be any EMV solution of (1) which attains the initial MV data o in the sense

1 T
lim — Vie.t)s |€ — , — (04, — dzdt = 0.
/O/R|<<,>|s w(, £)]) — (o 1€ — o)) da dt

750 T

Then, for all t > 0, we have the stability estimate

[ W luet) =€) do < [ (onun(e) - €y
R R
In particular, if 0 = 0yy(.), then v = 0y(.,.).

Proof. We follow DiPerna [4] who proved the uniqueness of scalar EMV solutions
subject to atomic initial data.
For £ € R, let (n(€,u), q(&,u)) be the Kruzkhov entropy pair, defined as

(& u) =€ —ul, (& u) = sgn(§ —u)(f(§) — f(w).

By ([4], Theorem 4.1) we know that for any entropy solution v and any EMV solution
v of (1), we have

[ [ o0, ule, ) + o000l ula ) dode = 0
Rso /R
for all test functions 0 < ¢ € C2(R x Rx¢). In particular the function

V(t) = /R<I/<z’t>, € = u(z,t)]) dz

is non-increasing. By hypothesis, the point ¢ = 0 is a Lebesgue point for V, so
lim; 0 V(t) = [ (0, [uo(z) — €]) dz. The result follows. O

This Theorem in particular proves that the EMV solution is atomic when subject
to atomic initial data. Therefore, we see that the entropy constraints are forcing the
EMYV solution to be atomic and to coincide with the VVL.

2.2 Numerical Experiments

In this section which is a generalization of section 1.1.2, we present a numerical algo-
rithm proposed in [5] to compute EMV solutions of conservation laws. We apply this
algorithm to a monotone finite volume scheme at the scalar level and demonstrate the
atomicity of the EMV solution numerically.
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Finite Volume Scheme We discretize space into cells C; = [z;_1/2,%;11/2) of
size Az and time into cells [ty, tn41) of size At. The mesh widths Az and At are linked

via the CFL-number A\ = %. The cell averages ﬁ fcj u(zx,t,) dx are approximated

by the explicit scheme

Ujn+1 — Ujn + Fj+1/2,n - Fj71/2,n
At Az
where Fj1/2.n = Fjt1/2,n(Ujn; Ujni1) is the numerical flux. As in subsection 1.1.2,

we choose the Godunov flux

=0

F(u W ) _ minujggguj+1 f(@) if Uj S Uj+1
ARCAS maX1Lj+1§g§uj f(@) if Uj Z Uj+1

which is both consistent and monotone. The resulting function 4% (z,t) is defined to
be piecewise constant, i.e.

uB(@,t) = Ujn, (2,t) €Cj X [ta,tny1).

A consistent and monotone scheme such as the Godunov scheme satisfies some
nice properties which imply convergence to the entropy solution: First, it satisfies a
discrete maximum principle and thus, ¥ is uniformly bounded in L*. Second, it is
TVD, i.e. the total variation of u™%(-, t) is non-increasing over time. Third, it satisfies
discrete entropy inequalities using the Crandall-Majda numerical entropy fluxes [2].

Perturbation Algorithm To compute the MV solution associated to any numer-
ical scheme, one has to consider the weak limits of u*® and its functionals g(u®%) as
Az — 0 and find the Young measure which characterizes these weak limits.> However,
this is numerically very inefficient since the mesh sizes that are required in order to get
a reasonable approximation are immensely small. We therefore follow [5] where the
following algorithm ([5], Algorithm 4.6 and 4.8), based on perturbation of the initial
function, is presented:

1. Let (2, F, P) be a probability space. Fix ¢ > 0 and let uj(-,-) be a random
field RY x Q — R such that ||ud(-;w) — uo(*)||p1rey < € for P-almost every w.

2. Pick a random sample of M drawings of ug(-;w), denoting them by uOE’k(~),

kE=1,...,M.
3. Choose a numerical method (i.e. a finite volume scheme) and compute the
numerical approximation u 2% (., .) for each sample k = 1,..., M.

4. Compute the approximated MV solution as

1 M

e,Ax,M ,__

V(z,t) = MZ(;“E'AI’}C(ZJ)'
k=1

If the chosen numerical scheme satisfies the following properties:
1. Uniform boundedness:

Az, k
[l =" ||Loo(Rd><]RZO) <C, VYw, e, Az,

2. Weak BV (case d =1): There exists 1 < r < oo such that

Az—0

T
lim / E |2 (2500, t) — w2 (2, 1) Az dt = 0, Vw,
0 .
J

2Since it can be shown that consistent and monotone schemes converge strongly at the
scalar level, we immediately conclude that the resulting measure must be atomic. However,
for the sake of illustrating the perturbation approach, we don’t use this result here.
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EMV solution, T =0.1504, N = 500, eps = 0.1, M = 200, L1-standdev(T) = 0.060614, L1-standdev(0) = 0.058692
T T T T T

0.5 T T
—*+— mean T
—*+— standard deviation ﬂL
entropy solution ‘

Figure 2: EMV solution (mean and standard deviation) at the scalar level,
computed with the perturbation algorithm of [5] with the Godunov finite volume
scheme.

3. Discrete entropy inequality (case d = 1): For an entropy pair (7, q), there is a
numerical entropy flux Q;41/2,n(Ujn,Uj+1,n) consistent with the entropy flux ¢
such that

N(ujnt1) — n(ugn) n Qit1/2,n — Qi-1/2,n
At Az

S 07 Vj7n7w7

then it can be shown that there is subsequence (Az, e, M) — (0,0,00) such that
veA M converges narrowly to an EMV solution of the corresponding conservation
law. At the scalar level, the above three properties are satisfied by any consistent and
monotone finite volume scheme.

The major advantage of the above algorithm is that for a reasonably small but fixed
Az, we can perform the above described perturbation and sampling process without
having to go to extremely small mesh sizes, yet still obtain a good approximation.
The computational cost of doing more sampling is increasing linearly whereas the
computational cost of going to smaller mesh sizes grows at least quadratically (this
follows from the CFL-condition).

We use the same smooth, non-positive one-bump initial function as in section
1.1.2 and perturb it by the random field uo(z;w) = uo(x) + we with probability space
2 = [—1,1] and uniform probability distribution. We show the numerical result for

N = 500 mesh points,
CFL-number A = 0.1,
end time T = 0.15,
perturbation level € = 0.1 and
sample number M = 200
in figure 2. We observe that the L'-norm of the standard deviation at t = 0 and t = T

is almost identical which is a strong indication that the computed approximation
indeed converges to an atomic limit measure. However, we observe a narrow peak of
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KdV-oscillations for different epsilons, t = 0.15, N = 2000

initial function
*  epsilon =0.05
— — — epsilon = 0.025
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Figure 3: KdV solution for different e, computed with the Crank-Nicolson FDS
(62).

the standard deviation near the shock of the entropy solution. This can be explained
by the fact that perturbations cause the solution to be shifted in space. Since we can
at best hope for convergence in L', such a narrow peak is perfectly acceptable.

3 The Vanishing Dispersion Limit of Burgers’

Equation

So far, we have seen that diffusive regularization (e.g. vanishing viscosity) at the scalar
level forces the MV solution to be atomic as a consequence of the entropy constraints.
Now, we turn to dispersive regularization in the special case of Burgers’ equation. In
order to conform to Lax and Levermore (LaL) [12], we adjust the flux function to
be f(u) = —3u® and reverse the sign of the dispersive term so that our regularized
equation finally is

up — Butly + € Uppe = 0. (13)

This is in fact the famous Korteweg-de Vries (KdV) equation. From numerical compu-
tations, we know that the solution of KdV forms oscillations after a certain break time.
The frequency of these oscillations is O( 671) whereas the amplitude is independent of
g, see figure 3. Therefore, we may expect the VDL which is the narrow limit d,(.,.) — v
of equation (13) to be non-atomic.

LaL [12] computed the first two moments (i.e. mean and variance) of this limit
measure v theoretically. In section 3.1, we shall give a short summary of their work
as far as it is relevant for our purpose. Since the LaL theory doesn’t provide simple
computable formulas, we shall discuss a numerical method developed by McLaughlin
and Strain [15] to reproduce the LaL result approximatively in section 3.2. This will be
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needed later in order to numerically test our finite difference schemes. Even though we
lose infinitely many entropy constraints when substituting diffusion with dispersion,
DiPerna [4] described a characterization of the VDL which is based on the infinite KAV
hierarchy of conservation laws (reviewed in section 3.3) and which we shall present in
section 3.4. This characterization can be regarded as some kind of weaker entropy
condition and will be used it in section 4 to theoretically justify the implicit FDS.

3.1 Review of Lax and Levermore Theorie

In this section, we summarize some of the theoretical work done by Lal. [12] who
computed the first two moments of the VDL of Burgers’ equation, i.e. the distribu-
tional limits u(z,t; €) = @ and u?(z,t; €) = u? where u(z,t; ) is the KdV solution
of equation (13).

The main tool used in the following theoretical considerations is the inverse scat-
tering method which was first described in [6]: To each solution u(z,t; €) of KAV (13),
we associate a one-parameter family of Schrédinger operators

L(t) :=—*02 + u(x,t; €).

If u(x,t; €) evolves according to the KAV equation, the eigenvalues of the operator
L(t) are integrals of motion. Moreover, for each such L(t), we can define scattering
data which consists of

1. the reflection coefficients R(k),
2. the eigenvalues —n2, n=1,...,N(¢) and
3. the norming constants c, associated to the eigenfunctions f, of L(t).

Here, the number of eigenvalues N(¢) is given by

N(e) = La(0)

ET

where
o) = Re [ v/ Zunly) 7 dy.
The scattering data evolves in time in a surprisingly simple manner:

R(k,t) = R(k)e“™ /<,

The crucial point is that one can reconstruct the solution u(z, ¢; €) from the scattering
data. In particular, if all reflection coefficients R(k) vanish, Kay and Moses gave the
following formula for the solution u(z,t; €):

u(z, t; €) = 05W (a, t; €), (14)
where

W (z,t; €) = —2&° logdet(I + G(x,t; €)),
N

o= (), e
Gz, t;e)=¢ (7(2”07”) .
In + TIm n,m=1

)

In order to make the reflection coefficients vanish, we have to choose the initial
function uo(z) to be non-positive, C*-smooth, decaying to 0 sufficiently fast as x —
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x_(n) x,{n) x

Figure 4: Definition of z4(n), ([12], Figure 1).

0o, and to have only one critical point xo. For simplicity, we require uo(zo) = —1.
Moreover, we then have to replace the exact scattering data of uo(z) with a WKB
scattering data which has the property that the corresponding initial function wuo(x; €)
converges to uo(z) strongly in L? as ¢ — 0. In particular, the WKB scattering data
is given as follows:

R(k) =0 Vk,
N = Leo).

®(1) = (n-3 ) em

en ="M/ =1 N(e)

where

oo

0+ (n) := m:+(77)+/ ( )n—(n2+uO(y))l/2dy

and where z4(n) are defined by requiring

uo(z+(n)) = —n°, _-(n) <0< zy(n).

This is well defined because of the special structure of ug(z), see figure 4. Furthermore,
we define the following two functions which we will need below:

o= [ [

e (Cuo(y) —n?)t/2 "
a(n, z,t) == nz — 4n°t — 04 (n). (15)
Coming back to the explicit formulas (14) fI., we write the determinant det(I + G)

as
det(I + G) =) det(Gs)
s

where the sum ranges over all index subsets S C {1,...,N} and where Gs is the

principal minor of G with indices in S. It is then shown that this sum is dominated
by its largest term. The corresponding approximation of W (z,t; €) is denoted by
Q" (z,t; €) and is the solution of a minimization problem. LalL then show that the
locally uniform limit Q™ (z,¢) = lim .0 Q" (x, ¢; €) exists and can also be characterized
by a minimization problem. More precisely, we have the following

Theorem 3.1.1 (LaL [12], Theorem 2.2).

lim Q" (2,1 €) = Q" (2, 1)
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uniformly on compact subsets of x,t, where
Q" (z,t) = min{Q(¥;z,1) : ¥ € A}
the admissible set A consisting of all Lebesque measurable functions ¥ on [0, 1],

0<9(n) <o), (16)
and Q(y;x,t) denoting the quadratic form
Qusz.t) = - [ aln.a.y00n) dn
Lot n—u>2
_ 1 dpdn. 17
L[ o (B52) vt anan an

n+p

Finally, we have the following Theorem which characterizes the first two moments
of the VDL:

Theorem 3.1.2 (LaL [12], Theorem 2.10 and 2.11). Let u(z,t; €) be the solution of
the KdV equation 18 with initial WKB data uo(x; €); then the distributional limits

exist, and
U(2,t) = 022Q" (2, 1),
B, t) = %ath*(x,t).

3.2 Numerical Method of McLaughlin and Strain

The numerical approach presented here is a simplified version of the method developed
by McLaughlin and Strain [15]. The idea is to solve the minimization problem posed in
Theorem 3.1.1 on a finite dimensional subspace Sy C L*(0,1) to get an approximation
of the minimizing function (n). But unlike McLaughlin and Strain who choose Sy
to be the space of continuous, piecewise linear functions, we choose it to be the space
of piecewise constant functions.

3.2.1 The Method

We discretize the interval [0,1] into N cells [ni—1,m:),i = 1,..., N of size An = %
Let Sy C L'(0,1) denote the set of piecewise constant functions on this grid, and let
1"(n) denote a function in Sy, i.e.

Y2(n) =i, 1 E i1, M)

Furthermore, denote by 9 := (¢:); the vector of the piecewise constant values corre-
sponding to the function ", Assuming that we can evaluate the function a(n,z,t)
(see (15)) exactly,® we can compute the entries of a N x N-matrix I and of a vector

a such that

QA1) = "%~ ¥" LY = Qn () "

3This is actually not true in our case, but #4(n) and thus also a(n, z,t) can be computed
by very accurate numerical integration.
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(see (17) of Theorem 3.1.1) exactly. We then have to solve the following finite dimen-
sional minimization problem:

" = argmin{Qn(¥) : 0 <Y < @i, i =1,...,N}
Where ¢1 = ¢(ni—1/2)777i—1/2 = ”h%ﬁ”h
Our major concern is to find the regions where ¥* meets the constraints 0 < ¢} <
¢i. Let A denote the set of indices ¢ such that ¢ = 0 and B the set of indices such
that 1; = ¢;. Furthermore, define C := AU B,I = {1,... N}\C and introduce the
following notation:
gx = (wi)iGXa X C {15"'3N}3
ax = (a)iex, X C{L...,N},
Lxy := Liex jey, X, Y C {1, . ,N}.

Suppose for the moment that we know the sets A and B in which case we can find ¥"
by the following stationary-point-equation:

9y:Qn(Y") =0. (19)

Note that this is a linear equation: Since we can rearrange the indices such that

_( Lir Lic i _( a
e (e rie )oe=(in) o= (i)

we find by expanding (18) that

QnY) = Q?QI + ggyc
_QITL”QI - Z%Lmy, 1/) Loetp,,

S

and therefore
Oy, Qn () =a; — 20 Lor — 297 Lir.

The crucial issue therefore is how to find the sets A and B. First note that the
following inequalities must be satisfied componentwise:

8g’;‘QN(%*) >0, ag*B QN(Q*) <0, (20)

which is actually a consequence of the positive definiteness of the operator L. McLaugh-
lin and Strain [15] now developed the following algorithm to construct A, B iteratively:
We start with an initial guess for A, B and 1. Then, we solve equation (19) to compute
1/) of the new iterate. There are two cases that can occur now: Either 1 is admissable,
0 < ¥y < ¢i,1 € I, or not. In the first case, we check whether A, B satisfy the correct
signs (20). If this is the case, we are done and the iteration stops. If not, we remove
the index s € C = AU B for which 9y, Qn () is furthest from correct” from the set
C and add it to I. In the second case where w is not admissable, we interpolate
between the old and new iterate as far as poss1ble towards the new iterate until a
constraint is met. The index for which this happens is then added to A resp. B, and
the interpolation becomes the new iterate.

So far, we have computed an approximation for Q*(x,t) as described in Theorem
3.1.1 which we shall denote by Q% (z,t). In order to approximate @ and u2, we
have to numerically differentiate Qn(z,t), see Theorem 3.1.2. We do this by using

4i.e. among those Oy, QN (¥),i € C for which the sign is not correct, we choose the one

with the largest absolute value.
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finite difference quotients in = and ¢. More precisely, we choose (x—1,z0,21) := (x —
Az, z,x+ Ax), (t—1,to0,t1) := (t — At, t,t + At) and compute

QN (1, t0) — 2QN (%o, to) + QN (w—1,%0)
Ax? ’
B L@ t) = Qn(z-1,t) = (@n(21,8-1) = QN (z-1,t-1)
3 4Az AL
The numerical difficulty arising at this point is the fact that the numerical error
|Q* (x,t) — Qi (x,t)| essentially gets divided by Az? resp. AxzAt. This is why one
has to be careful not to choose Ax, At too small.

We close this subsection by emphasizing one important aspect of the McLaughlin
algorithm: it is a local method, i.e. for each (z,t), a different minimization problem
has to be solved. This is a major numerical drawback which we try to avoid when
applying a FDS.

Q

u

Q

3.2.2 Numerical Experiments

We use the same initial function as in subsection 1.1.2 and show the resulting mini-
mizing ¢* for
N = 200,
(z,t) = (0.5,0.15)
in figure 5. One can clearly see the regions A and B where 1; = 0 resp. ©; = ¢;.

Furthermore, we show the resulting approximation of the mean and standard deviation
at t = 0.15 and with

N = 200,
Az = 0.02,
At =0.01

in figure 6. We see that the non-atomicity is propagating out of the shock to the left.
In section 7 of [14], LaL explicitly computed some numerical values of the mean
and variance of the VDL at ¢ = 1 with Riemann initial data
-1 ifz<0
step _ )
o (”C)_{ 0 ifx>0. (21)
This is clearly not a function for which the LaL requirements are satisfied. In order to
nevertheless use the explicit Lal. values as a reference to test our simplified method
of McLaughlin and Strain, we instead use a smooth function for which the LaL re-
quirements are satisfied and which approximates the step function (21) in a reasonably
large domain. More precisely, we choose some [ > 0 and construct smooth one-bump

cut-off-functions ud(z) such that

|lug'? — USHLl(fl,oo) -0, 6§ —0.
We set
N =100,
Az = 0.02,
At =0.01

and show the resulting mean and standard deviation together with the Lal. explicit
values and the approximating initial functions corresponding to [ = 6 and [ = 9 in
figure 7. On the right hand side of the plots, the Lal. values and our computed
solutions coincide very well. On the left hand side, we can observe the truncation
error that arises because we cut off the Riemann initial data at © = —I. Obviously,
this truncation error is worse for [ = 6 then it is for [ = 9.
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psi* with McLaughlin and Strain, x = 0.5, t = 0.15, N = 200
T T T T T T T

—%— psi*
— phi

Figure 5: Minimizing function ¥* as computed with the simplified method of
McLaughlin and Strain.

mean and standard deviation with McLaughlin, t = 0.15, N = 200, dx = 0.02, dt = 0.01
T T T T

0.6 T T T
initial data
—*+— mean

0.4 —+— standard deviation
0.2

0
-0.2-
-0.4-
-0.6-
-0.8-

_ I I

-2 -1.5 -1

Figure 6: Mean 7 and standard deviation v/ u2 — @? of the VDL, computed with
the simplified method of McLaughlin and Strain.
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LaL step function, mean and standard deviation with McLaughlin and different cut-off-functions

0.8 T T T T T T
initial cut—off-function L
0.6 ——— mean
—*— standard deviation
0.4 *  mean LaL
*  standard deviation LaL
0.2
*
0 *
-0.2
-0.4
-0.6
-0.8
-1 L ;
-10 -8 -6
parameters: t=1, N = 100, dx = 0.02, dt = 0.01
0.8 T T T T T
initial cut-off-function
0.6 —*— mean
—*— standard deviation
0.4 +  mean LaL
*  standard deviation LaL
0.2
*
-8 -6

Figure 7: Mean and standard deviation of the VDL with Riemann initial func-
tion (21), computed with the simplified method of McLaughlin and Strain and
different cut-off-functions and compared to the explicit values of Lal. ([14], sec-
tion 7).
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3.2.3 Stability of the VDL w.r.t. Perturbation of Initial Data

There is no mathematical proof of whether the VDL is stable with respect to small
perturbation around atomic initial data. In this subsection, we present numerical
indication that this is indeed the case. We use the same initial function wo(z) as in
subsection 1.1.2 and perturb it such that the Lal. requirements are still satisfied. We
use the following two different types of perturbations:

uy (@) = uo (@) + duo(2z + 1) + duo(2z — 1),
uy @ (@) = uo((1 — §)).

We then apply the simplified method of McLaughlin and Strain to the original and
to the perturbed function using the same setting as in figure 6. In figures 8 and 9,
we plot the L'-errors of the mean and standard deviation against the L'-norms of
the perturbation. We observe that as the perturbation level tends to zero, also the
mean and standard deviation of the perturbed problem are converging to the solution
of the original problem. This indicates that the VDL is stable with respect to small
perturbation around atomic initial data.

3.3 Aside: The KAV Hierarchy of Conservation Laws

It is well-known that the KdV equation (13) possesses infinitely many integrals of
motion, i.e. there are infinitely many distinct polynomials p,(u, ug, Uzz,...) of the
KdV solution v and its z-derivatives such that f]R D (U, Uz, Uzz, . .. ) dx is a conserved
quantity. In fact, for every such polynomial py,, there is a polynomial g, (u, Uz, Ugg, - - - )
such that

Opn + 0zgn =0, n=0,1,2,.... (22)

This is sometimes also referred to as the KdV hierarchy of conservation laws. We call
the polynomials p,, conserved densities and ¢, the corresponding flures. We will need
these KdV conservation laws in order to precisely discribe DiPerna’s characterization
of the VDL in the following section 3.4.

3.3.1 Summary of Miura et al

The following is a summary of the work of Miura et al done in [16]. It is a formal ar-
gument on how to construct infinitely many integrals of motion for the KdV equation.
Together with the KAV equation (13), we shall also consider the equation

Ve — 6020 + 20Vppn = 0. (23)

The connection between (23) and (13) is the following remarkable non-linear transfor-
mation: If v satisfies (23), then

ui=v’ % ev, (24)
satisfies (13). Indeed, a direct calculation shows that
U — 6ty + EUzee = (20 % €02 ) (Ve — 607V, + EVprs).

For a generalization of this connection between (13) and (23), we now introduce
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original and perturbed initial function, L1-norm of perturbation = 0.099084
O T T

uo
1
o
g

09| — original initial function
— perturbed initial function

4 | | |

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

stability of VDL with McLaughlin, N = 100, number of x—points = 40, t = 0.15, dx = 0.02, dt = 0.01
0.12 T

=& L1-error of mean
=4 L1-error of standard deviation

01

0.08

0.06

L1-error

0.04

0.02

0
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
L1-norm of perturbation

Figure 8: Stability check with simplified method of McLaughlin and Strain, first
type of perturbation: Error plot for the mean and standard deviation.
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original and perturbed initial function, L1-norm of perturbation = 0.24771
0 T T

u0
|
o
q

original initial function
— perturbed initial function

4 | | |

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

stability of VDL with McLaughlin, N = 100, number of x—points = 40, t = 0.15, dx = 0.02, dt = 0.01
T T

0.25 T T
=4 |_1—error of mean
=& L1-error of standard deviation
0.2F
0.15f
S
5]
|
hr}
0.1F
0.05F
O Il Il Il Il
0 0.05 0.1 0.15 0.2 0.25

L1-norm of perturbation

Figure 9: Stability check with simplified method of McLaughlin and Strain,
second type of perturbation: Error plot for the mean and standard deviation.
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the following transformation:

/

t =t
6
z’ :x+€—2t
/ / / 1
w(z,t) =u(z,t') + =
v(z,t) = gvl(x/,t/) + %

Then, equations (13) and (23) transform into

U;/ — GUIU;/ + €2u;/z/zz =0 (25)
and
3¢2
vy — %1/21);/ —6v'vl, + 5211;,96/9:, =0.
/ 52 13 12 2 7
= vy + —5v - 307 + eV g =0. (26)

It is important that the KdV equation (13) resp. (25) is invariant under this transfor-
mation. Furthermore, the transformation (24) becomes
v =v+ f—sfu// + in (27)
2 7 4
Having done these preparations, we can now present the formal argument on how
to construct infinitely many integrals of motion. By (26), fR v’ dx’ is a conserved
quantity. We now consider ¢ to be a small perturbation parameter. Thus, v’ is a
perturbation of u’, see (27). Consequently, we formally express v’ as a sum

V=3 pat" (28)
n=0

with po = u’. The crucial point is that equation (27) determines the coefficients

pn,m =1,2,3,... as polynomials of v’ and its 2’-derivatives. By the independence of
the terms p,&", each p, is a conserved quantity together with v’.

3.3.2 The Recursion Formula

From now on, we drop the primes for the sake of simplicity. This is no problem because
the KdV equation (13) is invariant under the transformation that was carried out in
the previous subsection.

Inserting the sum (28) into the transformation (27) and taking the + in (27), we
get

oo Ef e €2 oo 2
— n n n
U—anf +7Zaxpn£ +4<an€ ) .
n=0 n=0 n=0
Comparing coefficients yields the recursion formula

Po=u

e 1
Pr==50pna =7 D pipy n=123,.. (29)

2 -
i+j=n—2
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This gives for the first four polynomials:

. £
P1 —_Euz
82 1 2
p2:Zuzz_Zu
3 e
p3 = _guzzz + Euuz
e se, a2
pPa = 16uzzzz 16 Uy 8 UlUgx 8”

We can see that p1 and ps are exact derivatives which trivially are integrals of mo-
tion. In fact, one can always add exact z-derivatives to an integral of motion without
substantially altering it. However, p2 and ps seem to be genuinely distinct integrals
of motion. This suggests that the distinct conserved densities we are looking for are
only the polynomials p2,,n € Np.

To compute the polynomials g, corresponding to p,, we use the KdV equation (13)
to write Oyp, without t-derivatives. Then we write the result as an exact x-derivative.
For the sake of illustration, we carry out this calculation for ga:

&2
—02q2 = Op2 = o Utes — SUU
2
1
= % (6uu, — 52““”3):51 — 5u(6uuz — Uprn)
2 2
= % (6uu, — EQUMZ)M — (). + 67uuMZ
2 2 2
€ 2 3 € £ 2
2 2 2
€ : € €
= q2 = _I(6uum - ezumxx)x + ud - ?Uu:cr + ZUZ

3.3.3 The Rank

In the following, we are going to modify the KdV conservation laws (22) by splitting
off exact z-derivatives from p, and adding them to g¢,. Actually, we never worry
about ¢, because we can always reconstruct it from p, as explained in the previous
subsection. We already mentioned that p, remains an integral of motion after adding
or subtracting an exact z-derivative to it. The goal of this operation is to decrease the
order of derivatives appearing in p, and g, to a minimum.

We define the rank of a term 9w - - - dimu as

rank [0 u - - - O u) == Z 1+ (30)
1=1

2
5
Note that z-differentiation increases the rank by %, and the rank of a product is the

sum of the ranks of the factors.
The following Lemma is a first statement about the ranks of the polynomials py,.
In particular, it states that the rank of each polynomial p,, is indeed well-defined:

Lemma 3.3.1. Each term of pn as defined by the recursion (29) has rank 5 + 1.

Proof. By induction: The case n = 0 is clear. For the induction step n — 1 — n, we
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use the recursion (29) to check that

1 n—1 1 n
rank[0zpn—1] = rank[pn—1] + 3="3 +1+4+ 5<% +1
rank[p;p;] = rank[p;] + rank[p,] = % +14+ % +1= g +1.

O

The next Lemma states that the polynomials p,, behave nicely with the regular-
ization parameter €. More precisely, it says that we can view p, as polynomials of
U, €Uz, E2Ugq, . .. With coefficients independent of e:

Lemma 3.3.2. Each term of p, has the form cett Fugity,. .. 82w with ¢ indepen-
dent of €.

Proof. Follows by induction from the recursion (29). O

The next Lemma allows us to split off exact x-derivatives from the conserved
densities p, and thus reduce the order of derivatives appearing in them:

Lemma 3.3.3. Fach polynomial p,,n > 1 can be written as
Pn = P+ 8x]5n
such that P, is a polynomial of u, us, ...0%u, l, = [5]—1.

Proof. We construct P, iteratively. First, set P, = p, and p, = 0. Now let
(9;;.11;»»-8;% be a term of P, and assume that i1 > -+ > 4. If m = 1, then P,
already is an exact derivative and we are done. Assume therefore that m > 2 and
suppose that 4, > [%]. Since the rank of the considered term must be 3 + 1 (see
Lemma 3.3.1), we conclude that

i1 iz n
—+242<-+1
2+2+*2+

=i +i2<n—2

. n
ézggn—Q—{EJ

EJ—1<¢1—1.

éiggb

Therefore, we can split off an exact derivative
Oty 0 = =02 (02w )y + (02w - Ol ),

where the highest derivative appearing in the first term on the right hand side has
order < ¢; — 1. Since we assumed 7; > L%J, we can iterate this process to reduce the
order of derivatives appearing in P, to |%]. This also proves the Lemma for n being
odd.
For n even, we can assume by the above that i1 = 5. We argue as before and find
that
11 +i2<n—2

. n
= 12 S 5 - 2,
which allows us to again reduce the order of derivative by one. O

We summarize our results in the following
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Theorem 3.3.1. For each n € Ny, there is a conserved densitiy P, which is a poly-
nomial of u, Eug, ... €m0 u,

L= 0 ,n=0
" (%]—1 ,n>1

with coefficients independent of €, and a corresponding polynomial flux Q. such that

3.4 The DiPerna Characterization

In this section, we will further investigate the KdV hierarchy of conservation laws in
order to reproduce DiPerna’s characterization of the VDL as given in ([4], section 7).

3.4.1 The KdV Conservation Laws Revisited

As already mentioned, the distinct conserved densities for the KdV equation are only
the polynomials P, (see Theorem 3.3.1) for n even. We therefore set Uy, := Par—2 and
Vi := Qak—2,k > 1. Thus, the distinct KdV conservation laws are

U, + 0.V =0, k=1,2,3,... (31)

We take a closer look at the fluxes Vi which we construct by the conservation
law (31) itself: We differentiate Uy with respect to ¢, insert the KdV equation (13)
to get rid of all ¢t-derivatives, and finally write the result as an exact x-derivative.
From Lemma 3.3.1, we know that the rank of Uy is k. By the KdV equation (13),
differentiation with respect to ¢ increases the rank by % We conclude that the rank
of Vi is k+ 1. Moreover, by Lemma 3.3.3, we know that for k > 2, Uy, is a polynomial
of u, €ua, ..., e"720¥ %u. Again by the KdV equation (13), we conclude that for
k > 2, the highest derivative appearing in Vj is of order k. Finally, note that Lemma
3.3.2 holds also for Vi, i.e. for k > 2, Vi is a polynomial of u, eug, ..., e*0%u with
coefficients independent of €. These considerations motivate the following definition:

Definition 3.4.1. For each k € N>1, we define the k-jet Ji to be the k-tuple J =
(u, €Ug, ... e" 105 u). Note that JE can be viewed as a function R x R>o — R*.

By this definition, Uy is a polynomial of J;f_;, and V} is a polynomial of J;; (for
k > 2). From now on, we shall always make the following

Assumption 3.4.1. The k-jet J¢ is bounded in L>(R x Rxq, R¥) uniformly in ¢.

We intend to modify the conservation law (31) (which so far is a statement involv-
ing the k 4 1-jet) such that as € — 0, it implies a statement concerning the k-jet. Let
8;11;»»-8;% be a term of Vi and assume 43 > --- > ¢; and 41 = k. Since the rank
of Vi, is k 4+ 1, we argue as in the proof of Lemma 3.3.3 to conclude that ie < k — 2.
Therefore, we write

Oty 0w = =0 (82w O w)p + (0w B ).
Remember that the coefficient of the considered term has the form ce®* ™ +%. Since
1o < k — 2, the first term on the right hand side therefore is a polynomial of the k-jet.
Moreover, by Assumption 3.4.1, the second term on the right hand side vanishes in
the sense of distributions as € — 0. We get the following

Lemma 3.4.1. The KdV conservation laws (31) can be written as
Uy + 8, Fy + 02Wy, = 0,

where Uy, and F), are polynomials of JS_1 resp. JE and where O2Wy, vanishes in the
sense of distributions as € — 0.
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For k = 1, the conservation law of Lemma 3.4.1 is the KdV equation itself. There-
fore, we conclude that Uy = u and F; = —3u?, or written as polynomials: Uy (€) = &
and Fy(€) = —3¢2. For the sake of illustration, we also present the case k = 2 ex-
plicitly: Up to multiplication with a constant, the conserved density for the 2-jet is
Us; = % The corresponding conservation law can be obtained directly by multiplying
the KdV equation (13) with u:

2 2
utr — 6u Uy + € UUzze = 0

2
= <%) — (2u®)z + (2 Utpn)e — € Uplize =0
t

2 2,2
= (%) — (2u®) s + (2ute)ww — (£7U2)s — ( c 2Um> =0.
t T

3e2u?

We conclude that Fb» = —2u® — R and Wy = €2uux, or written as polynomials:
2
Uz(60,61) = %0

Faléo 1) = —265 - 361,

3.4.2 KdV-Hierarchy-Based Characterization of the VDL

We now turn to DiPerna’s characterization of the VDL which is based on the KdV
hierarchy of conservation laws as given in Lemma 3.4.1. By the assumed bound-
edness of the k-jet, see Assumption 3.4.1, we get a weakly converging subsequence
JE 5 (ho,...,Ux—1). As was described at the end of subsection 1.2.1, there is
a subsequence such that J; converges narrowly to a k-dimensional Young measure
v =, vE ) € Y(R x Rxg, R¥):

// oz, t)g(Jg) dzdt — // oz, ) (W, g)dzdt, €—0
RxR> RxRxq

for all test functions ¢ and all continuous functions g. We call such a Young measure
v a Young measure associated with an L™ -stable k-jet. Note that the first component
v¥ is the VDL.

DiPerna’s characterization states a connection between the components of the
Young measure v* using the notion of MV solutions to systems of conservation laws
(see subsection 1.2.2):

Theorem 3.4.1 (DiPerna [4], Theorem 7.2). For each k > 1, the Young measure v*
associated with an L -stable k-jet of a KdV solution sequence is a MV solution to a
system of k conservation laws of the form

8,5Uk(u1,...uk)+81Fk(u1,...uk) =0, Uk,Fk ‘R & RF,

Here, the components of U* resp. F* are Ur,...Uy resp. Fu,...Fy as given in Lemma
3.4.1.

Remark 3.4.1. More specifically, this means that the Young measure v* associated
with an L°°-stable k-jet satisfies the following property: For all test functions ¢ and
l=1,...k:

[[  ewnbomads [[ e@oukymd=o @
RXR>q RxR>q

where we view the polynomials Uy, F; as functions
U,F:RF SR

(ul, .. uk) = UL(U1,. .. ,ul),Fl(ul, .. .,ul).
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Proof. Follows immediately from Lemma 3.4.1 and the narrow convergence d5: —
k
Vo, O

Note that this characterization looks similar to the entropy constraints given in
(9). However, it is much weaker since it also includes z-derivatives of the KdV solution
and the polynomials Uy are not necessarily convex.

We call a k-dimensional measure v* = (v§,...vF_;) which satisfies the DiPerna
characterization a k-jet MV solution and the corresponding equation (32) the k-jet
MYV equation. In the following section, we shall prove that any k-dimensional Young
measure associated with our implicit FDS satisfies the k-jet MV equation provided
we choose the rate at which e tends to zero as Az — 0 properly. This will provide
indication that the computed measure indeed approximates the VDL.

4 Implicit Finite Difference Scheme

We come to the main part of this thesis where we present an implicit finite difference
scheme (FDS) attempting to approximate the vanishing dispersion limit (VDL). This
approach is motivated by [5] where finite volume schemes together with perturbation
of the initial data are used to approximate EMV solutions of systems of conservation
laws. However, such an EMV is the result of vanishing viscosity rather than vanishing
dispersion. Also, dispersive regularization doesn’t offer infinitely many entropy in-
equalities. Moreover, we have seen that in the special case of a one-dimensional scalar
conservation law, the EMV solution is atomic whereas we presume that the VDL is
non-atomic. There is therefore no theoretical background to fall back on which could
indicate that a FDS will provide the correct VDL. Thus, we aim to present both
theoretical and numerical indication that our FDS does indeed approximate the VDL.

After introducing the scheme in section 4.1, we shall prove in section 4.2 that under
the assumption of discrete L°°-boundedness, the associated limit measure is a MV
solution. Moreover, we will prove in section 4.4 that the limit measure associated with
a uniformly bounded discrete k-jet satisfies DiPerna’s characterization as described in
Theorem 3.4.1, i.e. it satisfies the k-jet MV equation (32). For the sake of illustration,
we shall first prove the case k = 2 in section 4.3 before moving on to the general
case. However, for each k, this theoretical result depends on the rate at which the
dispersion coefficient € tends to zero as Az — 0. To satisfy the whole infinite KdV
hierarchy of conservation laws, this rate would have to be slower than any polynomial
rate ¢ = Az".

It is no accident that we call our scheme a finite difference scheme instead of finite
volume scheme. Indeed, it was originally designed as an approximation for the KdV
equation. With the methods presented in [10] and [11], it can be proven to converge to
the classical differentiable KdV solution (for fixed ). Consequently, our scheme was
designed to approximate a classical solution in contrast to a weak or even MV solution.
We shall see that we indeed rely on how accurately we can reproduce the oscillations
of the KdV solution. This is why we shall furthermore present a generalization of the
implicit finite difference equation in section 4.6 which allows for a better approximation
of the classical KdV solution while still satisfying the DiPerna characterization. We
shall use this generalized scheme to finally perform numerical experiments in section
4.7 and compare the results with the simplified method of McLaughlin and Strain
which was presented in section 3.2.

4.1 The Scheme

The implicit finite difference scheme (FDS) which we present in this section was first
developed in [8] as an approximation for the KdV equation. For fixed ¢, it was proven
to converge to the classical KdV solution in [10].
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From now on, we consider the space-periodic case, i.e. € R/Z.5 After defining
the finite difference equation, we will describe how to obtain an approximative MV
solution from it. Finally, we shall discuss the diffusiveness of the scheme.

4.1.1 Preparations Concerning the Discrete Environment

We discretize space by a Az-equispaced grid (z;);ez/nz of N gridpoints where x; =

jAx and Ax = % Also, we discretize time into mesh points (tn)nen, Where t, = nAt.

The mesh sizes Az and At are linked linearly via the CFL-number A = {t.

For a discrete function o
Z/NZ x Ng —» R
(4,n) = Vjn,
we define the following operators:

Vj—1,n + Vjn + Vjt1m

Evjn = 3
Vj+1,n — VUjn
D+U'n = ren AR
J» A.T
D Vs O vjv" - ,Ujfl,’ﬂ
Vjp =
’ Ax
Vj4+1,n — /Ujfl n
Dovj p 1= 220 I
7 2Ax
Dt v, = Yin T~ Uin—1
_Vjn =
’ At

(33)

Note that the first four (spatial) operators can be viewed as N x N-matrices. Further-
more, we define the discrete spatial inner product

N
(vj,wj)az == Z vjw; Az
j=1

which induces the norm || - ||az. From now on, we shall abbreviate Z;.VZI with > for
the sake of simplicity.
We shall need the following Sobolev-type inequalities:

Lemma 4.1.1. 3C > 0 s.t. VAz,V(v;);,Ve > 0:

C

1Dy v;|[As < ;H'UJHZM + || D3| [As (34)
C

IDYv;|[As < (ETQHUJHQM + &'[| D3] |Ax- (35)

Proof. First, by simple integration by parts and Young’s inequality with e, we find

that
2 C 2 2 2
2 c 2 / 2

for any smooth periodic function ¢. Then, by a result that was proven by Sjéberg in
([17], Lemma 2.2), these inequalities can be transferred to the discrete case. O

5For the initial function ug(x) we considered so far (see subsection 1.1.2), this is no substan-
tial restriction since ug(z) = 0 for |z| big enough. We therefore assume that also u(z,t) = 0
for |x| big enough and ¢ small enough.
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Moreover, it can easily be checked that the following discrete Leibniz rules hold:
Dy (vjw;) = Dyvjw; + vj41 Dy wy,
D (vjw;) = D-vjw; + v;1D-wj,
Do(vjw;) = Dovjw;—1 + vj+1Dowy,
Dt,(vnwn) = D! vpwp + V1D w,.

Also, discrete integration by parts can be done as follows:

(D+vj7 wj)AI = _(Uj7 D*wj)AE

(Dovj, wj)az = —(vj, Dow;)a-

4.1.2 The Finite Difference Equation

We define the discrete function u;,, which is supposed to approximate the KdV solution
u(zj,t,) of (13) to be the solution of the discrete implicit finite difference equation

D wjn — 6FEujnDotjn + e°DiD_uj, =0, j€Z/NZn € Ns,
Uj0 = UO(JJJ'), j S Z/NZ. (36)

The backward operator DY makes this scheme implicit. For each time step, it is
therefore necessary to solve a non-linear equation. This is done by the following fized-
point iteration:

Uj n,(m+1) = Ujn—1 + GAtEu]',n’(m)Douj,n’(m) — €2AtD<2;rD_u]'yny<m+1), m > 0,
Ujn,(0) = Ujyn—1- (37)

In this iteration, it is still necessary to solve a linear system for each iteration step.
Even though this is computationally very costly, it is necessary in order to prove
convergence of the iteration for fized €, see [11]. It is far from being obvious whether
the iteration converges if ¢ is decreasing at a rate ¢ = Az". Nevertheless, we don’t
investigate this issue further at this point since the convergence of the iteration can
always be checked experimentally.

We furthermore have to specify the behavior of € as Az — 0. We simply set

e=cAz", r>0 (38)

where ¢ is a constant. The influence of the rate r on the solution will be discussed
extensively in the following subsections.

We close this subsection by giving some motivation for each term in the finite
difference equation (36). The discrete time derivative is chosen to be a backward
operator because implicity is well-known to provide stability. In our case, it will be
needed to derive weak BV properties. The non-linear term is discretized such that it
satisfies the continuous property (vvs,v)p2r/zy = 0 discretely. Indeed, we find that

(EUjD(ﬂ)j, Uj)Ax =0.

Furthermore, the discrete dispersion term is chosen such that a property similar to
(U, Ugzz) L2 r/z) = 0 holds discretely. Indeed, using discrete integration by parts and
the Cauchy-Schwartz inequality, we find that
(D?FD*UJF Uj)AZ = (D*/Ujv D2—7-)J')AI
_ (D, D-vj)ac = (D-vj, D-vj-1)as _
Az -

This inequality will allow us to always neglect the third order term when deriving
weak BV estimates. However, the symmetric operator Di would in fact satisfy an




4 IMPLICIT FINITE DIFFERENCE SCHEME 31

even better property, namely (DSU]’,’U]')AI = 0. As a result, it produces a better
approximation of the KdV solution which is the reason why it was preferred above
the asymmetric operator D3 D_ in [11]. Nevertheless, we shall stick to D3 D_ for the
moment because it allows us to apply the discrete Sobolev-type inequalities of Lemma
4.1.1.

4.1.3 Construction of the Approximative Young Measure

After having defined the discrete finite difference equation (36) to obtain the discrete
function (j,n) +— ujn, we turn to producing an approximative Young measure. We
shall present two approaches: the straightforward weak limit approach and the pertur-
bation approach of [5]. In order to do that, we define the piecewise constant function

qu(x7t) = Uj,n, (-T,t) € [xj7xj+1) X [tn7tn+1)'

Weak Limit Approach: The most straightforward approach to compute the
Young measure associated with a numerical scheme is to compute the weak limits
of 4® and its functionals g(u®®) as Az — 0 and determine the Young measure
which characterizes these weak limits, see subsection 1.2.1. In practice, this is done
by choosing a sequence Ax,, — 0 and defining the approximative Young measure as

1 M
(Azm)m,M | _
V(l'xt) = M Z (5qu-,”<1¢>4

m=1

However, one has to go to very small mesh sizes Az, in order to obtain enough
samples. This is computationally very costly which is why we next introduce the

Perturbation Approach: (Compare to section 2.2.) Following [5], we perturb
the initial data with a random field uo(x;w) over a probability space (2, F, P). The
FDS will then produce the random field u*®(z,#;w) whose law 2% is taken to be
the approximative Young measure. Since it is not possible to compute uAI(x, t; w) for
each w € , we apply a Monte-Carlo method: We choose M independent, identically
distributed drawings of uo(z;w) and denote them by ug*(xz),m = 1,... M. The FDS
will then produce M functions qu’m(ac,t) and the approximative Young measure is
defined to be

1 M

Az, M

V(I,t) = M Z 5UAT”m’(x,t)'
m=1

It remains to specify how the random field uo(z;w) is constructed. We postpone this
issue to section 4.7 where we shall explicitly do numerical experiments.

The perturbation approach is numerically more efficient then the weak limit ap-
proach since the numerical complexity grows linearly with the number of samples M.
The rate at which the numerical complexity grows with decreasing Az is much worse.

Remembering the DiPerna characterization (Theorem 3.4.1), we actually not only
want to compute the one-dimensional VDL but also the k-dimensional k-jet MV solu-

tion v® = (vf,...vF_1). We define the discrete k-jet as
TP = (g, €Dy, .. € D g )
which yields the function J&% := (u®7, ... Ek_lfolqu). Then, we repeat the above

procedures for each component. This yields the approximative k-jet MV solutions

pBzm)m, Mk ( (Azm )m, M,k (Azm,)"m,«ka)
(z,t) T N0(=0t) 7 Tk =1, (w0t)
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resp.

Az,M,k _( Axz,M,k Axz,M,k )

Ve = Wo et o Ve—1,(at)

Even though these are the explicit methods wherewith we will compute the ap-
proximative Young measures, we shall for the sake of theoretical proofs consider the
narrow limits

6uArp(,’,) — v

resp. for the k-jet
k k k
5J,€Ar(.,) —=v"=(vy,.. Vk-1)-
Up to a subsequence, the existence of these limits is a consequence of assuming u®
resp. J&T to be bounded in L* uniformly in Az.

4.1.4 Numerical Diffusion

The fact that the FDS is implicit adds a considerable amount of diffusion to it. In-
deed, we shall exploit this fact when deriving weak BV estimates below. In addition,
the asymmetric discretization of the third order term is another source of diffusion.
In this section, we take a closer look at this third order finite difference term and
approximate it using Taylor sequences. This will indicate that our finite difference
equation approximates the solution of Burgers’ equation with dispersive and diffusive
regularization rather than just dispersive regularization.

In a canonical way, the discrete operators D4, D_ and Dy can also be applied to

functions v : R — R, e.g. Dyv(x) = %ﬁw. We then find that

v(z 4+ 2Az) — 3v(z + Az) + 3v(z) — v(z — Az)
Ax3 '

For each term of the enumerator, we use a Taylor sequence to approximate it around
x:

D3D_w(z) =

2
4A2x v"(a:)

4
162A417 U////(LE) + O(Ams),

vz + Az) = v(z) + Az’ (z) + A; v (z)

3 4
+ ATJ:’U/”(JZ) + AQ%’UN”(QZ) —|—O(A:U5),

v(z + 2A1) = v(z) + 2420 () +

8Az® ,
v

"%

(z) +

2

Az?

2
Az* v
24

v(z — Az) = v(z) — Azv'(z) +

3
AT ) +

’UN(ZIJ)
/“/(J,‘) + O(A$5)

This yields

D2 D_u(z) = " (z) + %v""(x) +0(As?)

which is a mixture of dispersion v"’(z) and diffusion S%v"”(z). This indicates that

instead of approximating the KdV solution, we are rather approximating the modified
equation

2
e“Ax
8tu — buuy, + Ezuxzx + Tumxwx =0.
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Already at this stage we see that the smaller we choose the rate r in (38), the smaller

the diffusion becomes compared to dispersion. More precisely, the smaller r is, the
Azl+21"

faster the diffusion coefficient goes to zero compared to the dispersion coeffi-
cient Az?". This already indicates that the smaller we choose r, the closer we get to
the VDL.

The existence of numerical diffusion in the third order term is a consequence of
its asymmetry. To avoid this asymmetry, we would have to bring the symmetric
operator Dy into play. However, this would make the application of the Sobolev-type
inequalities of Lemma 4.1.1 impossible. Furthermore, it is a well-known principle that
diffusion adds stability to the numerical equation.

4.2 MYV Solution, or: 1-jet MV solution

We assume that the numerical solution u”%(z,t) is bounded in L*(R/Z x (0,T))
uniformly in Az. Here, T = nenqAt is a fixed end time. From this assumed uniform
boundedness, we get a subsequence Az, — 0 such that u®*™ converges narrowly to
a Young measure v:

5uAmm,(,7,) — v, m — oo.

We call v the Young measure associated with the implicit FDS. We shall prove that v is
a MV solution of Burgers’ equation u; — (3u?), = 0 if Az = o(€) or, more concretely,
e = Az",r < 1. Note that being a MV solution is equivalent to satisfying the 1-jet
MYV equation.

4.2.1 Weak BV for the 1-jet MV equation

As it was the case in subsection 2.2, we will need some weak BV property. In particular,
we shall need

Nend
> ujin — winl[asAt =0, Az — 0

n=0

(we shall abbreviate Y "end with % ). This is achieved using the properties of each
term of the finite difference equation (36) as explained at the end of subsection 4.1.2.

We multiply the finite difference equation (36) with u;, and sum over j. Using
the properties (EvjDovj,v;)az = 0 and (DL D_v;,v;)as > 0 we conclude that

(Uj,n7 Ujn — Uj,n—l)Aac <0 (39)

= Huj,n”iz < (Ujn, Ujin—1) Az

< |l selltgn1]l5e
< Lltusmlie + Lilusimoal 2
>~ 2 In||Azx 2 j,n—1||Ax

= |ujnl|ae < |wjn—1]|As- (40)

Assuming L*°-boundedness, the last estimate (40) isn’t really needed. Nevertheless,
it shows one of the nice properties of the scheme. Turning again to (39), we apply the
basic equality a(a —b) = $a® — 1b> + (a — b)® (it is here that we make use of the

2
implicity) to obtain

[wjnllhe = [wn—1llAz + [t — wjn—1][As <O. (41)
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Summing over n and exploiting the arising telescoping sum for the first two terms
yields

D Htgn = tin-1llas < Nugollae = |tnenallAe < [luollZoe @)
n

= Z ||Dt,uj,n

n

||u0||i°°(R)

2
LA <
a:At < At

(42)

Here, the finite difference equation (36) comes into play again. From it, we directly
estimate its third order derivative term as

D e DID ujnl[acAt <23 [[6BujnDottn|[As At + 2 [[DLujnl|As AL (43)

The second term on the right hand side is bounded by (42). For the first term, we
use the assumed L°°-boundedness of u~® and Lemma 4.1.1, (34) together with (40)
to estimate

- CT
2 |16 Ettgn Dotjn|[Ar At < 72|[u |00 <E,|uo||%oo +e%) |Diuj,n||imm> :

n

Inserting this into (43) and setting & = €2, we conclude that

1
12[[u]| oo

Ao [ o0 r) n 1728 [u| [ [[uo| |7« CT

23 2
Xn:HE D+ujv"||AZAt§ At e2

Applying once more Lemma 4.1.1, (34) together with (40) yields

ol |

cT
D IIDusnllacAt < =5

Lo (Mol T my | 1728]0 [ fJuol |7~ CT
Atet b

from which we conclude that there is a constant C’ such that

S IDsusal At <o (L4 < e
Frnllarsl = g Azxet £

n

Az?  ePAz P A?
= Z Hu]'+1,n — u]',nHQAIAt S C/ < o + + .

n

et b (44)

Setting ¢’ = Az® and remembering that ¢ = Ax", the right hand side can be written
as

C/ (A:C27s +Am2s+174r +A:C25+2767") )

Since s is arbitrary, we can make this vanish as Az — 0 if » < 1. So we have proven
the following

Lemma 4.2.1 (Weak BV for 1-jet). Let uj,n be the discrete function computed by the
scheme (36). Assuming it to be uniformly bounded in L™ and fizing the rate € = Ax"
at some r < 1, we have the following weak BV property:

N
Z (js1m — ujn)’AxAt — 0, Az — 0.
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4.2.2 Proof of 1-jet MV equation

We are now ready to prove the 1-jet MV equation for the limit measure v associated
with the implicit FDS (in other words, we prove that the limit measure v is a MV
solution of Burgers’ equation us — (3u?), = 0):

Theorem 4.2.1 (1-jet MV equation). Let v be the one-dimensional Young measure
associated with the implicit FDS, i.e. d,az-(. )y — v,Ax — 0. Assuming u® to be
uniformly bounded in L°°(R/Z x (0,T)) and fizing the rate € = Az" at somer <1, v
will be a MV solution of Burgers’ equation us — (3u?), = 0. In other words, v satisfies
the 1-jet MV equation

// 0i(x, 1) (V(w,1), &) dr dt — // 0 (2, 1) (V(z,t) 3§2> dedt=0
R/Zx(0,T) R/Zx (0,T)

for all test functions ¢ € C°(R/Z x (0,T)), and therefore is a 1-jet MV solution.
Proof. Let ¢ € C&(R/Z x (0,T)) be a test function and define its local averages
i = xagg JooT! ftt”“ o(x,t)dzdt. We then multiply the scheme (36) with ¢;
j n
and sum over j,n:
Z Diu]"n(pjynA.TAt — Z 6EujnDotjnpjnAxAt
J.n J.n
+ & Z Dinu]‘,n@jynAfEAt =0. (45)
Jn
It can easily be verified that 6 Ev;Dov; = Dy ('UJZ-,l + v? + vjvj—1). Therefore, we can
do discrete integration by parts for each term of (45) to obtain
D Ui Di @i n ATAL =Y " (uF 1+ UG+ Uty 1,0) Doy AzAt
Jsm jm
+ &) unDy D2 n AzAL =0, (46)
Jn
It is for the second term that we need the weak BV property of Lemma 4.2.1: We
write
D W1+ UG+ Uity —1.0) Dy AxAl
J.mn
= Z 3u} n D_pjn AzAt + Z(u?—l’" 4 U 1,0 — 2U] ) Do n AT At
Jn Jm

where the last term vanishes as Az — 0 by the assumed L°°-boundedness and the
weak BV property of Lemma 4.2.1. We can now write (46) as

Z wjn DYy 0jn AxAt — Z 3uinD_<pj,nAxAt

Jsm jn

+ &2 Z Uj,nD.t,.Dg(pj,nAl’At =o0(1)

J.n

Remembering the definition of ¢, and u®, this can be written as an integral

equation:
Az t
// u™"(z,t) Dy p(z, t) de dt
R/Zx (0,T)
_ / / (A (2, 1))2 D (w, 1) da it
R/Zx (0,T)

+ & // u™*(x,t) Dy D p(z, t) dz dt = o(1).
R/Zx (0,T)
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The last term on the left hand side vanishes as € — 0. The 1-jet MV equation follows
now immediately from the narrow convergence d,az(. .y — v, Az — 0. O

In the following sections, we shall similarly prove the 2-jet MV equation and the
general k-jet MV equation for higher-dimensional Young measures associated with the
implicit FDS. The proofs are going to be more technical but still of the same spirit.

4.3 2-jet MV Solution

We assume that the discrete 2-jet J&%(z,t) = (u®*(x,t), eD4u*(x,t)) is bounded in
L>°(R/Zx (0,T)) uniformly in Az. We can then extract a subsequence Az,, — 0 such
that Jfﬁcm converges narrowly to a two-dimensional Young measure v* = (3, v1):

2
O Azm —v°, m — oo.
J2 (’) I

We call v? the two-dimensional Young measure associated with the implicit FDS. We
shall prove that v is a 2-jet MV solution if € = Az",r < i.

4.3.1 Auxiliary Lemmas for the 2-jet MV equation
We shall need two more auxiliary Lemmas of which the first was already stated in [11]:
Lemma 4.3.1 ([11], Lemma 3.2).

Ax 1
V(v3)j, (ws); : (Do(vjws), w;)as = 7(D+ij0wj,’wj)Az + §(wj—1Dovj,’wj)Az

Remark 4.3.1. In fact, Lemma 4.3.1 is the very core of this thesis. A.Sjoberg also
used it in [[17], p.575], and the main steps in the derivation of the essential Lemmas
4.83.2 and 4.4.2 below are based on it.

Proof. Manipulate the right hand side using the definition of D, the discrete Leibniz
rule Do (vjw;) = vj+1Dowj+w;—1Dov; and discrete integration by parts (Dow;, vw;)az =
—(wj, Do(vjw;))az-
Lemma 4.3.2.
V(v;); + (D+(6Ev; Dov;), Dyvj)ae = 2(D4v;Dovj, D1vj) ax

+ Az(D4v;DoDyvj, D1vj) ax

—+ (D_’U]'D()’Uj, D+’l)]')Az .
Remark 4.3.2. We would like to stress the importance of Lemma 4.8.2: It allows us to
use the assumed boundedness of the discrete 2-jet for the term (D4 (6 Ev; Dov;), D4vj)As

which will appear when deriving weak BV properties below. Note in particular the Ax
in front of the second term on the right hand side.

Proof. First note that 6Ev; Dov; = 2v; Dov; + 2Do(v3). This and the discrete Leibniz
rule for D4 yield
(D4 (6Ev;Dov;), Dyvj)az = 2(Dy (v Dov;), D1vj) ax
+2(D+ Do (v}), D+vj)an
= 2(D+v; Dovj, Dyvj)aq
+ 2(vj+1D+ Dovj, D1 vj) Az
+ 2(Do(D+v;v;), D1vj) Az
+ 2(Do(D+v;vj41), D4vj) A

Doing discrete integration by parts for Dy in the last term, it cancels with the second
term. The Lemma then follows by applying Lemma 4.3.1 to the third term. O
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4.3.2 Weak BV for the 2-jet MV equation

As before, we shall need certain weak BV properties. In particular, for the 2-jet, we
will need

54 Z ||Diu17n”2AzAtZ Hu]'m — u]',n_1H2AzAt — O, Ar — 0,
n n

e |IDyujt1,n — Dytjn|[a At — 0, Az — 0,

n

52 Z HD%FUJ'+1,” — Diu]',nl‘ZAZAt — 0, Az — 0.
n

Note that in the following, the constant C' might change since we abstain from
introducing a new name every time a new bounding constant comes up. We apply D
to the finite difference equation (36), multiply it with Dyu;» and sum over j. Using
again the property (D3 D_v;,v;)as > 0 and applying Lemma 4.3.2, we conclude that

1
Ag(D+tim, Dittjn = Dittjn-1)az = 2(D+tjnDottjn, D4 ttjn) Az
+ Az(D4ujnDoDswjn, Ditjn)ae
+ (D-ujnDotjn, Dyttjn) Az

By the assumed L®-boundedness of the discrete 2-jet, we can find a constant C
such that the right hand side is bounded by % Applying the identity a(a — b) =
1a® — 1b” + 1 (a — b)? for the left hand side, we get
CAt
+ujn A = 1 Dsttjn-1l[ae + || Dty = Dyttjn—1llas < =5~
1D+w,nl| 3

Summing over n and exploiting the arising telescoping sum for the first two terms

yields

CAt
23

CAt
< P Atf[ug] |70

_C
Ated’

D D4t = Dytijna||As AL < + At Dy ujol[Ae — At D, gl A
n

= > |IDLDyuyn| A AL < (47)

Here, we again bring the finite difference equation (36) (whereto we applied D)
into play to estimate its fourth order derivative term as

> N2 DED-usnl[asAt <2 || D4 (6Bu; 0 Douj,n)|[as At
+2) [|DLDyujnl[ALAt. (48)

The second term on the right hand side is bounded by (47). For the first term, we
apply the discrete Leibniz rule for D4 and obtain two terms of which the first contains
two first order derivatives and the second contains a second order derivative. Since we
assume the discrete 2-jet to be bounded, we only have to worry about the second order
derivative. Applying the Sobolev-type inequality (34) of Lemma 4.1.1 to v; = Diuj n,
we bound it by & 3 |[Dyujnl[A.At + €23 [|Diujn|lA, At. Inserting everything
into (48) and choosing ¢’ ~ €2 properly®, this implies

E C C
24 2
e || e"Diujn|las At < m+§

6i.e. setting € = ce? and choosing ¢ properly
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where we can neglect the last term because At = o(¢).
At this point, we apply the Sobolev-type inequality (35) of Lemma 4.1.1 to v; =
D4 uj, and obtain by the above inequality:

> 1IDGujm
n

C Ce
n

At e

c Ce
€22 AteT’

(49)
We are now ready to state the following Lemma:

Lemma 4.3.1 (Weak BV for 2-jet). Let JJ™ = (ujn, eDiujn) be the discrete 2-jet
computed by the scheme (36). Assuming it to be uniformly bounded in L™ and fizing

the rate ¢ = Az" at some r < %, we have the following weak BV properties:

54 Z ||D§Luj,n||2AzAtZ Hu]',n — u]‘,n71||2AzAt — 0, Az —0,
n n
e [[D+tji1n — Diujn|[As A =0, Az — 0,

e Z ||D3wj1,n — Diujn||AsAt = 0, Az — 0.

n

Proof. By the Sobolev-type inequality (35) (setting ¢ = 1) of Lemma 4.1.1, the
quantity >, [|D3ujn||A, At satisfies the same bound as in (49). We therefore have
the two bounds

CAz®>  CeAz
e’ Z 1D+t 41,0 — Dyl A, AL < 2 T T
CAz®>  CeAx
e Z ID3wj41,n — Diugnl[AaAt < 2 T T
Also, by (49) and (42), we have
CAze?  C¢

e S T ID [ AL D g — wjn—1 ][R AL < =t
n n

The Lemma follows if these three bounds vanish as Ax — 0. Since r < i < % and
therefore Az = o( €?), the first two bounds are dominated by the third one. Setting

¢’ = Az® and ¢ = Az", we write this last bound as
C(Ax1+2r72s +Ax573r).

Since s is arbitrary, we can make this vanish as Az — 0 if r < %. O

4.3.3 Proof of 2-jet MV equation

We are now ready to prove the 2-jet MV equation for the 2-dimensional limit measure
2 2

v? = (v, v}) associated with the implicit FDS:
Theorem 4.3.1 (2-jet MV equation). Let v? = (v3,v}) be the two-dimensional Young
measure associated with the implicit FDS, i.e. (5J2Aa:(.y‘> — % Az — 0. Assuming J5=

to be uniformly bounded in L (R/Z x (0,T)) and fizing the rate € = Az" at some
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r < i, v? will be a 2-jet MV solution. In other words, v? satisfies the 2-jet MV
equation’

J[ et g2 dod
R/Zx(0,T)
- // vz (z, t)(u?z,t), 258 + 35%/2) dzdt =0
R/Zx (0,T)

for all test functions ¢ € C°(R/Z x (0,T)), and therefore is a 2-jet MV solution.

For the following proofs, we introduce the following terminology: We say that a
discrete function v;,, vanishes in the sense of distributions (i.t.s.o.d.) if for all test
functions ¢ € C°(R/Z x (0,T)):

Z Vjn@jnATAt -0, Az —0
Jmn

where p; , = IJ“ ft "t o(x,t) de dt are the local averages.

AmAt

Proof. The strategy of the proof is to do the same manipulations as at the end of
subsection 3.4.1 discretely. The difficulties arise whenever having to apply the Leibniz
rule in the discrete setting. The arising errors must be shown to vanish i.t.s.o.d. which
is why we need the weak BV properties. Since we don’t want to worry about this issue
when dealing with the time derivative term, we make sure that we can apply the
discrete Leibniz rule for the discrete time derivative exactly.

We multiply the finite difference equation (36) with W
the discrete Leibniz rule to the first term:

1
5Di(u;n) — 6Eu;nDotjn

and directly apply

Ujn—1 + Ujn

2

Ujn—1 + Ujn

=0.
2

+ EQDiD_uj,n

Next, we want to get rid of the uj,—1’s in the second and third term. It is mainly for
this step that we need the weak BV properties. We write

%Dt_( n) = 6Bujn Dot ntijn + R(l) + e2DID_ujnujn +R(2) (50)
where
Rglr)t = 6Fu;,nDotjn YUjin 72“1',11—1 7
Ry = 52D1D—U1,nw

The error Rﬁi vanish i.t.s.o.d. by the first weak BV property of Lemma 4.3.1.

The same is true for R;lﬁb because of the boundedness of the 2-jet and inequality (42).

We turn to the second term of equation (50). First, we write it as an exact discrete

derivative by noting that 6 Ev; Dovjv; = D (vivj—1+v;v;_;). To get rid of all j-index
shifts, we write

6E 1,0 Dottt = Dy (2u5.,,) + D4R,

R® = uJ nli—1,n + Uj, nu]2 in Quin

7N

where D+R< ) vanishes i.t.s.0.d. by similar arguments as above.

7See the end of subsection 3.4.1 for the derivation of Us, Fb.
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Finally, we approach the third order derivative term of equation 50. We do the
following manipulations applying the discrete Leibniz rule several times:

DiD_vjv; = D—(D}vjvj11) — Div; Dy
D3vjvj41 = Dy (Dyvjv;) — (Dyw;)?

Diijﬂ)j = D+D_Uj+1Dovj+1 +D+D_’Uj+1 (D_vj+1 — Do’Uj+1) .

=1D1((Dyvy)?) =3(D_vjy1-Dyvjt1)

Therefore, we conclude that
1
e’ DiD-v;v; = =D—((eD+v;)*) = 5 D+ ((eD1v5)°)
1
+ 52D7D+(D+vjvj) — 5 E2D+D7’l}j+1(D7’l}j+1 — D+1}j+1)

where the last two terms vanish i.t.s.o.d.: For the third term, this follows quickly by
the boundedness of the 2-jet. For the fourth term, we apply discrete integration by
parts once to get rid of the second derivative term and apply the last two weak BV
properties of Lemma 4.3.1.
Taking everything together, we have derived the following discrete 2-jet equation:

1 1

3 DL (450) = Do (25,) = D-((eD4ujn)®) = 5D+ ((eDyujn)®) = Ry (51)
where R; , vanishes i.t.s.o.d. Multiplying (51) with ¢; », summing over j,n and doing
discrete integration by parts, we get the following integral equation:

Az 2
// MDiw(x,t) dzdt
R/Zx (0,T) 2

- // 2(u”®(z,t))*D_p(z, t) dz dt
R/Zx(0,T)

Az 2
_// 3(eDiu™"(z,1))” D_p(z,t) + 2D1 p(x, t) dz dt = o(1).
R/Zx(0,T)

2 3
The 2-jet MV equation follows now immediately from the narrow convergence § Jhe(y =

V2 Az — 0. O

4.4 Generalization: k-jet MV Solutions

In this section, we generalize the results of the previous sections about the 1- resp.
2-jet to general k-jets: We assume that the discrete k-jet

T (1) = (™ (z,t), ... " DY B (x, 1))

is bounded in L*°(R/Z x (0,T')) uniformly in Az. We can then extract a subsequence
Az, — 0 such that J&% converges narrowly to a k-dimensional Young measure v* =

(VG- - vi—):

k
6 Awp, - v m — oo.
Ji (57)

We call v* the k-dimensional Young measure associated with the implicit FDS. We
shall prove that v* is a k-jet MV solution if £ = Az" and r small enough.
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4.4.1 Auxiliary Lemmas for the k-jet MV equation

To prove the weak BV properties that are necessary for the general case, we also need
general Lemmas: The first is a generalization of the discrete Leibniz rule and the
second is a generalization of Lemma 4.3.2.

Lemma 4.4.1 (Discrete Leibniz). Let m > 0. Then:

m

m m m—
DY (vjw;) = Z ( ! ) DY 'y DY w;.
1=0

Proof. By induction: For m = 0, the Lemma is trivial. For the induction step m —
m + 1, we compute

m 4 m m—
DY (vjw;) = Dy Yy < ! ) D, DY w;

Lemma 4.4.2. Let k > 1. Assume uniform L -boundedness of the discrete k-jet
JP™. Then, 3C > 0 s.t. VAz,Vn:

k—1 k—1 C
’(D+ (EujnDougn), D5 uj‘")Az‘ S

Proof. For the case k = 1, we have already seen that Zj Ev;Dovjv; = 0.

Now let k& > 2. Since 3Ev;Dov; = Do(v}) + v;Dov; and by the above Leibniz-
Lemma 4.4.1, we have

3(DY ™ (BujnDoujn), DY ujn) an

= (DY ' Do(uj,,), D ) e + (D5 (ujn Dottjn), D ) Aa
k—2 k 1

= ( ! ) (DO(Dfl*lua‘H,nDiuj,n)»lefluj,n)A
=0

k—1 k—1
+(D0(Uj+k—1,nD+ Ujn), DY uj,n)
x
k—2

k-1 1 _
£ (P ) (5 e DuDh s D )

1=0 *

k—1 k—1
+(Uj+k71,nD0D+ Uj,n, DY uj,n)A

x

Doing discrete integration by parts for Dy, we see that the second and fourth term
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cancel. Therefore, writing the first summand of the first sum separately, we get
3(DY N (BujnDousin), DY ujin) ax
= (Do(DY  ujntiyn), DY n) Aw

k—2
k—1 _1- _
+Z< I > (DO(Di "My Dy ), DY 1UJ,n)A
=1
S k-1
- k—1—1 1 k—
+§( l ) (D+ ! UjJrl,nDoDJF’LLJ"n,D_‘_ luj’n)A

Note that all derivatives appearing in the two sums are of order < k — 1. Therefore,
by the assumed L°°-boundedness of the discrete k-jet, they can be bounded by 52’%1
To treat the first term on the right hand side, we use (and here is the point) Lemma
4.3.1 which yields in this case

T

Az

(Do(DY ™ ujnttjn), DY ujn) ae = T(D-Fu]',nDoDi_luj,mDi_luj,n)Aac
1 _ -
+ g(Di -1, Dottjm, DY ) Aa
which can also be bounded by 52"%1 due to the Az in front of the first term. O

4.4.2 Weak BV for the k-jet MV equation
We generalize the weak BV results of Lemma 4.3.1 in the following
Lemma 4.4.1 (Weak BV for k-jet). Let

J,Z’" = (Wjn,. .- ek_lDf_—lujm)

be the discrete k-jet computed by the scheme (36). Assuming it to be uniformly bounded
in L, we have the following weak BV properties:

Vi, lo <k +1: €™ DY uypjon(DPujian — DPujn)|AzAt| — 0,
J,n
Vi <k+1,la<k—1: |e™ Z |D" st jon (D2 ujin — D2 ujn—1)| AzAt| — 0,

1
6(l1+1l2)+1—-6m *

Proof. We shall do essentially the same steps as in subsection 4.3.2 but with higher
derivatives. We apply Di_l to the finite difference equation (36), multiply with

as Ax — 0, provided we fiz the rate € = Az" at some r <

D% ;. and sum over j. Using again the property (D3 D_vj,v;)as > 0 for the
third order term, the bound of Lemma 4.4.2 for the nonlinear term, and the equality
a(a —b) = $a* — 16> + L(a — b)? for the time derivative term, we conclude that

_ _ CAt
k—1 2 k—1
I1DY ujm|lae — ||D+ Uj,n— 1||Aac + HD+ Ui — DY ujn—1|as < T

Summing over n and exploiting the arising telescoping sum for the first two terms
yields

CAt
ZHD+ i — DY g |[An AL < c2k— 1+At||D+ "ol [

- AtHD+ Uj, nend”At

CAt
< + AtV )2

= g2k-1
C

k
= Z IDY™ D ujn N

n

[AcAt < (52)
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Here, we again bring the finite difference equation (36) (whereto we applied fo__l)
into play to estimate its highest order derivative term as

> 1D Py [Aa At <2 " [|DY (6 Buj i Dotsn )| As
n

n

+2> [|IDY D A (53)

The second term on the right hand side is bounded by (52). For the first term, we use
the discrete Leibniz rule of Lemma 4.4.1:

k—1
> DY (Bujm Down)| Az At < C Y > |[DY Buji,n DY Doty |A At

=0 n

k—2
=CY > DY Bujiin Dy Doujn|[a. At

=0 n

Az At.

+C Z |Bw;j 4 k1.2 D5 Dowjim

Note that in the first sum, only derivatives of order < k — 1 appear. By the assumed

boundedness of the k-jet, it can therefore be bounded by % For the second term,

we apply the Sobolev-type inequality (34) of Lemma 4.1.1 to v; = Di‘luj,n:

AL At

D B sk-1,0 D5 Dougnl[aaAt < CY " [[Dfuyn
n n

C b
Sz Z 1D ol Aa At
~— ——
n
< —f=z

+ &2 31D P us AL A
n

Inserting this into (53) and choosing ¢’ ~ &2 properly®, we conclude that
k42 2 c C
Z 1D ) n|[ac AL < Afe2kt3 + Py (54)

where we can neglect the last term because At = o(¢).
Since k is actually arbitrary, we conclude that

C
VB<i<k+2: Y [IDhunlAedt < 1oy
CAzx

n

Furthermore, by the Sobolev-type inequality (35) of Lemma 4.1.1, we get

C _

k k

§ DY s n|[As At < =2 E ID5 ™
n n

+ & Y IIDE w0 [As At

A At

C Ce
— 8/2 62k72 At 52k+3

8i.e. setting &’ = ce? and choosing ¢ properly
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which, because k is arbitrary, again implies that

C Ce
E2l74 At 521+1 :

! 2
V2<I<k+1: D |IDhusnl[AA < — (56)

Since ¢’ is arbitrary, the Lemma now follows by the Cauchy-Schwartz inequality
and inequalities (52),(55) and (56) (note that (52) can also be generalized because k
is arbitrary). O

4.4.3 Proof of k-jet MV equation

We are now ready to prove the k-jet MV equation for the k-dimensional limit measure

vE = (v, .. . vF_)) associated with the implicit FDS:

Theorem 4.4.1 (k-jet MV equation). Let v* = (uf,...vF_}) be the k-dimensional
Young measure associated with the implicit FDS, i.e. 5(11‘41(,") —* Az — 0. Assum-
ing J& to be uniformly bounded in L>(R/Z x (0,T)) and fizing the rate € = Az" at
some small enough v, v* will be a k-jet MV solution. In other words, v* satisfies the
k-jet MV equations®

V1<I<k: // @e(2, 1) (U, 1y, Ur) da dt
R/Zx(0,T)

+// ‘Pw(%t)@(kx,t),Fz)dxdt:O
R/Zx (0,T)

for all test functions ¢ € C°(R/Z x (0,T)), and therefore is a k-jet MV solution.

Proof. The strategy of this proof is actually different then the proofs of Theorems 4.2.1
and 4.3.1. For instance in the case of the 2-jet, we started with the finite difference
equation (36) and then derived the discrete 2-jet equation (51). In each step of the
derivation, we made sure that the arising errors vanish i.t.s.o.d. We have seen that
this approach brings up some technicalities involving discrete Leibniz manipulations.
To do the general case, it is actually easier to start with the discrete k-jet equation
and then prove that the error vanishes i.t.s.o.d.
Let

OU, + 0 F, + W, =0 (57)

be the KdV conservation law as in Lemma 3.4.1. Remember that U is a polynomial of
the [—1-jet, F} is a polynomial of the I-jet, and W; vanishes in the sense of distributions.
We define the discrete quantities

1-2 -2

Ujn :==U(tjn,... € "Dy "ujn),
-1 pl-1

Fjpn:=F(ujn,...€ Dy ujn),

Win = Wi(ujn,... al_lDiL_lujm),
and write down the discrete [-jet equation as
D Ujn + D1 Fjn + DiWjn =: Rjn. (58)

Our goal is to prove that R;, vanishes i.t.s.o.d.

9see Remark 3.4.1
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Let E“*'”i’"Dz}uJ’,n . ~~Df'Z’Luj,n be a term of Uj,. Using the discrete Leibniz
rule’® and inserting the scheme (36), we compute:

m
DYDY - DM ujn) = > D uujnq -+ DL DPujp - Dimug
B=1

3

= DYujpn-r-- DL (6BujnDousn) -+ D" ujn
p=1

m
QZ i i3 2 i
— € D_'_I’I,L]',n_l . DJr[ D+D_u]'7n . -Der’LLjyn.

Note that i1,...0m < I —2 < k — 2. Therefore, by the second weak BV property
derived in Lemma (4.4.1), we can get rid of the n-index shifts:

m
. . , . .
D- (DY ujm - DY ujn) = E D - DI (6Bujn Doujn) - - DY ujn

- & ZD”uL lﬁD+D Wjn - DY g
(1)
+ Rj,n

where R;ly)l vanishes i.t.s.0.d. provided that ¢ = Az" and r small enough. Applying the
discrete Leibniz rule once more for the first term on the right hand side, we conclude
that D'.U;, is a polynomial of u;n, ... leluj,n and j-shifts thereof, i.e. there is a
polynomial QY such that

Din»" = QU((uj-&-j’,n)j’v s (Df:rlujﬂ m) ’) +R;'717)r

—.0U
=QY,

Even simpler considerations imply that also for D, Fj, + Dinm, there is a
polynomial QF" such that

DyFjn+DiWjn = Q"™ (wjsjrn)yr- - (DY usijrn)y) -

=QFW

We now make the following crucial observation: If we replaced each discrete deriva-
tive with a continuous one and each w;y;/ , with u(x;,t,), the two quantities QY and
QF W would add up to zero by (57). Therefore, we can estimate the discrete quantity
Q] nt+Qjn FW by comparing pairwise terms

Bt DY UG = D DY g (59)
where only the j-shifts are different. Note that the rank of 0, F; + 0;W, is | + £
(see subsection 3.4.1). Assume that i1 > -+ > im. If 43 exists, it must therefore
satisfy i3 < % < k —1, and therefore each factor Df Uj4jt, n TESP. DT Ujt it n with

B > 3 is bounded by the assumed boundedness of the discrete k-jet. Since furthermore
i1,...4m <1+ 1< k+1, we can estimate the above difference (59) by the first weak

10Using the discrete Leibniz rule iteratively, one can quickly see that

Dt pl™) Zvu BT D @D L)
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BV property of Lemma 4.4.1. This proves that the error R;, in the discrete k-jet
equation (58) vanishes i.t.s.o.d.

The rest of the proof is now standard: We multiply the discrete k-jet equation (58)
with ¢; ., sum over j,n and do discrete integration by parts to obtain the integral
equation

// UP™ (x,t) DY p(a, ) da dt
R/Zx (0,T)

+ // FA(x,t)D_p(z,t) de dt = o(1)
R/Zx (0,T)

where UA* (z,t) = Uy (JRS (z,t)) and FA®(z,t) = Fi(JA%(x,t)). The k-jet MV equa-
tions follow now immediately from the narrow convergence o Jpe(,) v Az —0. O

4.5 Interpretation of the Theoretical Result

We have seen that the k-dimensional Young measure associated with the implicit FDS
is a k-jet MV solution provided that the rate ¢ = Az" is slow enough. In fact, we have
seen that being a k-jet MV solution requires » — 0 as k — oco. It seems therefore that
it is not possible to satisfy the whole infinite DiPerna characterization with a fixed
polynomial rate. Also, we have seen in subsection 4.1.4 that we are approximating the
modified equation

2
2 e“Ax
Ut — 6qu + g Uzze + T Uzzze = 0
=iHdisp ~—
=:Hdiff

rather than the KdV equation u: — 6uug, + e?Uzee = 0. This indicates that we are
computing a MV solution of Burgers’ equation which is the result of both dispersive and
diffusive regularization! The smaller the rate r is, the smaller the diffusion coefficient
1diff becomes compared to the dispersion coefficient 14:5p. More precisely, we consider
the diffusion coefficient pqirr to be a power of frgisp:

Hdiff = cuzisp'

We presume that as the rate s tends to infinity, the limit of the above dispersive-
diffusive equation is the VDL. In our case, we can quickly verify that s = %fr and
thus s — oo as r — 0. This indicates that for each rate r, the Young measure
associated with the implicit FDS might be different, but that we get closer and closer
to the VDL as r — 0.

There is also another interpretation of why we need a slow rate € = Axz". The VDL
is measure valued as a consequence of KdV oscillations which occur after a certain
break time which is independent of ¢ and whose frequency is O(e~'). Therefore,
computing the VDL depends on approximating these oscillations as accurately as
possible. For a fixed ¢, our scheme converges to the KdV solution as Az — 0. Thus,
we interpret the above theoretical results as follows: A slower rate € = Ax" means a
better resolution of the KdV equation and therefore makes for a better approrimation
of the VDL. This interpretation is not only consistent with our theoretical results, but
also with mere common sense.

Numerical experiments show that schemes with a symmetrical third order dis-
cretization such as D or D, D_Dg approximate the KdV solution better than our
discretization D3 D_ which is mainly due to the absence of numerical diffusion. Nev-
ertheless, we haven’t chosen such a symmetrical discretization for computing the VDL
simply because the essential Sobolev-type Lemma 4.1.1 can’t be applied to them. We
shall address this issue in the next section.
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Compare KdV schemes, epsilon = 0.02, t = 0.2, N = 2000
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Figure 10: KdV oscillations: Comparison of the diffusive asymmetric third order
discretization DiD, and the diffusion-less symmetric Dy D_ Dy discretization.

4.6 Generalized Scheme

Numerical experiments show that the KdV solution is better approximated if the third
order term is discretized in a symmetrical manner. This is clearly not the case for the
scheme (36). As an example, we look at the third order discretization Dy D_Dy. If
we perform a Taylor approximation as in section 4.1.4, we find that

2
D D_Dov(z) = Vgpaa(z) + ATxvmmm (z) + O(AwB).

We see that there is no numerical diffusion in such a symmetric discrete dispersive
term. Since it is a well-known fact that diffusion causes sharp peaks to spread out, we
would prefer a diffusion-less discretization above a diffusive discretization because the
VDL is the result KdV oscillations which get finer and finer as ¢ — 0. In figure 10,
we compare the numerical KdV solutions of the implicit scheme for the dispersions
D3D_ and DyD_Do. We see that the symmetric scheme resolves the oscillations
much better than the dispersive-diffusive scheme.

We therefore believe that a symmetric third order discretization would also better
approximate the VDL. However, it makes the application of the Sobolev-type Lemma
4.1.1 impossible. As a consequence, all weak BV properties which were derived in the
previous sections don’t hold. In fact, diffusion is needed in order to prove all of the
above results.

We therefore need a scheme which is still diffusive while being closer to the sym-
metric discretization Dy D_ Dy. We propose the following generalized scheme:

Dt_uj,n — Eu]',nDo’u,j,n + EQD((;S)ujm =0 (60)

where

D .= (% +5> DiD_ + (% —5) D.D?, 1>6§>0.
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Note that for § = 0, this discretization is exactly Dy D_ Dy, and for § = 1, we get our
implicit FDS with the third order discretization DI D_.

For small §, this discretization is almost diffusion-less since Taylor approximation
shows that

Dgs)v(x) = V() + OAZVLz2z (2) + O(AZ?).

At the same time, we can still apply the Sobolev-type Lemma 4.1.1 because the triangle
inequality implies that

4 1 1
28104 vsllae = (5 +0) D3 D-vlla — (5 =0) 1D+ Du,lla.
3
< ID 0|50

It is even possible to let § — 0 as Az — 0 with a rate § = Axz®. However, the results
of the previous sections then only hold for even smaller rates ¢ = Ax".

4.7 Numerical Experiments

In this section, we carry out numerical experiments with the generalized implicit FDS
(60) using the two approaches described in subsection 4.1.3. Using the McLaughlin
results as a reference, we shall see that the implicit FDS seems to approximate the
correct VDL as Az,r — 0 and that the perturbation approach is much more efficient
than the weak limit approach. Furthermore, replacing the Monte-Carlo method with
a fixed uniform grid of the probability space will improve the results even more.

We shall then apply this last deterministic perturbation method to a Riemann
initial data for which LaL [14] computed explicit numerical values. Despite the overall
satisfactory results, we shall address some concerns about the accuracy of our method.
Finally, we close this section with some considerations about the numerical complexity.

4.7.1 Weak Limit Approach

In the weak limit approach, we choose a sequence Ax1, ... Az and use the numerical
solutions u™®!(x,t),...u M (z,t) as samples to compute the approximative Young
measure

| M
(Azm)m,M | _
Y(a.t) =07 D Oudem ety
m=1
We can easily compute the mean and variance of this measure as

]E(V(Ax'm)maM) —

Azm
(2.6) u (z,t),

|-
M=

m=1
| M
Az )m , M Az, 2 ATy )m,M\2
Var(v(o M) = i > @t (@, 1) — By M),
m=1
To determine the sequence Ax1,...Azy, we choose a minimal value N,,;, and

a maximal value Npq.. After fixing a sample number M, we divide the interval
[Nmin, Nmaz] logarithmically into M points Npin = N1, N2, ... Nar = Npae such that
Np—1/Np = const. for all m = 2,... M. We then set Az, := ﬁ Furthermore,
we fix some g¢ and choose the constant ¢ in € = cAxz" such that g9 = cAx].
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We use the generalized scheme (60) with 6 = 0.01 and present the results for

Npin = 400,
Nimaz = 8000,
11
Sy
M = 10,100,
t =0.15,
€0 = 0.06 and
A=0.5

in figure 11. We see that the mean and standard deviation seem to converge for in-
creasing sample number M. However, the standard deviation is nowhere near the
McLaughlin result. In the region away from the shock, the variance increases for de-
creasing r. However, in the shock-region, we don’t see an improvement as r decreases.
On the contrary, the mean becomes more oscillatory. This can be explained by the fact
that a smaller rate r results in a smaller range of the dispersion coefficient & if Nyin
and Np,q. are fixed. As a consequence, the statistics get worse. However, keeping the
range of ¢ unaltered would result in a larger range [Nmin, Nmaz| for decreasing r and
thus an enormous increase of the computational complexity.

All in all, we have to say that the numerical results of the weak limit approach are
very unsatisfactory.

4.7.2 Perturbation Approach

In the perturbation approach, we artificially create a measure valued initial data by
perturbing the initial function. This perturbation is best described by a random field
uo(z;w). Doing Monte-Carlo sampling over the corresponding random field w € Q and
solving the numerical scheme for each initial sample ug'(z),m = 1,... M, we get the
approximative Young measure by setting

1 M
Az, M _ E
V(I,i) = M 6qu~m'(z,t)
m=1

where u~®"™ (x,t) is the numerical solution of the m-th sample.
We are left with specifying how to perturb the initial function. We present two
approaches: the Monte-Carlo-left-right-shift-approach (MC-LR-approach)

uo(w;w) = uo(z +we')
and the Monte-Carlo-up-down-shift-approach (MC-UD-approach)

uo(r;w) = uo(z) +we'.

Here, €’ is the perturbation level and w € © = [—1, 1] with uniform distribution is the
probability space.
We set
M = 200,
N = 2000,
e =0.03,0.06
t=0.15,
¢ =0.1 and

A=05



4 IMPLICIT FINITE DIFFERENCE SCHEME 50

number of samples = 10,Nmax = 8000,Nmin = 400,r1 = 0.5,r2 = 0.25, t = 0.15, eps0 = 0.06
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Figure 11: Approximative Young measure (mean and standard deviation) with
implicit FDS and weak limit approach for different rates r and different sample
numbers M, compared to simplified method of McLaughlin and Strain.
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and use the generalized scheme (60) with 6 = 0.01. The results are shown in figure 12.
They are both similar and much better than the weak limit approach with considerably
less computing time. We see that for fixed M, Az, the results get better for larger
dispersion coefficient e. This is explained by the following two reasons: First, the
KdV solution is better approximated for larger ¢ if Az is fixed. Second, a larger e
imitates the behavior of a smaller rate r because a smaller rate » means that ¢ tends
to zero slower as Ax — 0. Despite the improvement compared to the weak limit
approach, both mean and standard deviation show considerable coarse fluctuations.

4.7.3 Uniform Left-Right-Shifts

Considering the MC-LR~approach and keeping in mind that the whole problem is
translation invariant, we presume that we can minimize the Monte-Carlo error by the
following uniform-left-right-shift-approach (UNI-LR-approach): Instead of drawing M
random samples w € Q = [—1, 1], we fix a uniform grid w; = % —1,i=1,... M on the
probability space. Furthermore, we observe that the sampling process is indeed not
necessary for left-right-shifts: By the translation invariance, it is enough to compute
only one sample and use the numerical solution within the region [z — &',z + £'] for
the statistics. Having to compute only one solution also allows us to go to a finer mesh
resolution.

We set
N = 8000,
e =0.03
t=0.15,
¢ =0.1 and
A=0.5

and use the generalized scheme (60) with 6 = 0.01. The results are shown in figure
13 where we can observe a considerable improvement compared to the Monte-Carlo
method from figure 12.

4.7.4 Other Example: Riemann Problem

In section 7 of [14], LaL explicitly computed some numerical values of the mean and
variance of the VDL with the Riemann initial data (21). This gives an excellent
reference for testing our FDS. Since this is not a periodic problem, we feed the scheme
from left and right with —1 resp. 0. We set

N = 8000,
e=0.2,
t=1,

¢ =1and
A=0.1

and apply the UNI-LR-approach with the generalized scheme (60) with 6 = 0.01. The
result is shown in figure 14. Basically, we can make the same observations as in the
previous subsections. Again, we see that the non-atomicity is propagating out of the
shock to the left.

4.7.5 Criticism, Resolving the KdV Solution

Even though the numerical results of the UNI-LR-approach seem quite promising, we
shall explain in this subsection that using only the mean and standard deviation as a
reference might be partly misleading.
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Figure 12: Approximative Young measure (mean and standard deviation) with
implicit FDS and MC-LR~approach resp. MC-UD-approach and different ¢,
compared to simplified method of McLaughlin and Strain.
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Uniform LR-shifts, N = 8000, eps = 0.03, epsprime = 0.1, t=0.15
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Figure 13: Approximative Young measure (mean and standard deviation)
with implicit FDS and UNI-LR-approach, compared to simplified method of
McLaughlin and Strain.
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Figure 14: UNI-LR-approach for Riemann initial data, compared to explicit
values of LaLi ([14], section 7).
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In order to do a sound statistical analysis in the perturbation approach, we would
like to choose the dispersion coefficient & very small compared to the perturbation
level ¢’. It is a fact however that for fixed Az, the FDS works worse and worse for
decreasing . Because of the numerical diffusiveness and implicity of the FDS, we
have to choose ¢ quite large in order to be enough oscillatory. In other words, to get
a good approximation of the KdV oscillations, we have to choose either ¢ large or Az
small. As a consequence of these conflicting requirements, the perturbation level ends
up being of the same order of magnitude as the dispersion coefficient. Considering in
particular the UNI-LR-approach, the shift-region [z — &', z+ '] has about the size of at
most two KdV oscillation periods. Even though this gives satisfactory approximations
of the mean and standard deviation, we have to doubt whether the approximation of
the whole Young measure is faithful.

The correctness of the computed Young measure depends mainly on how accurate
the FDS can resolve the KdV oscillations. Going back to the LaL theory of section 3.1
and remembering the formulas (14) ff. which we can actually implement numerically,
we get a good reverence solution for these KdV oscillations. We set

e = 0.05,0.01,
N = 8000,

t =0.15 and
A=0.5

and show the KdV oscillations generated with the generalized scheme (60) together
with the LaL reference in figure 15. We see that even though there is a shift in z, the
shape and the amplitude of the KAV oscillations is reasonably resolved for ¢ = 0.05.
But already for € = 0.01, the result gets much worse.

4.7.6 Numerical Complexity

We experimentally investigate the numerical complexity of the implicit FDS as Az —
0. We do this by measuring the computing times for different mesh resolutions N.
Performing a best linear fit of the logarithmic plot shown in figure 16, we see that

computing time ~ O(N?),

i.e. the computational complexity grows at a quadratic rate with the mesh resolution
N. Since Az and At are linked linearly via the CFL-number A = ﬁ—;, this computa-
tional complexity is to be expected provided that we can solve one time step in O(N)
time. This is rather surprising for an implicit scheme and also not entirely true since
the best linear fit yields a rate which is slightly above 2, see figure 16. Nevertheless,
the almost quadratic rate in the case of our implicit scheme can be explained by

e assuming that the number of iterations in (37) is uniformly bounded,

e noting that the inverse matrix needed in order to solve one iteration step only
has to be computed once for the entire process,

and by taking into account that MATLAB has optimized algorithms for computing
matrix-vector-multiplications and inverting matrices.

In the context of the weak limit approach, adding one single sample while keeping
the ratio u := Azy,—1/Azy, fixed means multiplying the computing time by p?, and
thus

computing time = O(,uQM).
This exponential rate is much worse than the linear rate at which the computing time
of the perturbation approach grows with increasing sample number M.
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Figure 15: KdV oscillations for ¢ = 0.05 resp. ¢ = 0.01 computed with the
implicit FDS and compared to Lal reference.
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Figure 16: Numerical complexity of the implicit FDS together with the best
linear fit of the logarithmic plot.
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In addition to these considerations concerning the computational complexity, there
is another advantage of the perturbation approach compared to the weak limit ap-
proach: The sampling process can be computationally optimized by using parallel
computing. This is much harder if not impossible for the weak limit approach since
every new sample has a different mesh size Azx.

Lastly, we would like to point out that the UNI-LR~approach avoids the sampling
process completely which again means an enormous increase of efficiency.

4.8 Conjecture: Limit Measure is Vanishing Dispersion
Limit
4.8.1 The r-Limit Measure

We have seen that the k-dimensional Young measure associated with the implicit FDS
is a k-jet MV solution provided that the rate ¢ = Az" is slow enough. We have
also seen that the scheme (36) approximates Burgers’ equation with a mixture of
dispersive and diffusive regularization where the diffusive term tends to zero faster
than the dispersive term as r — 0. We have conjectured that for each r, the Young
measure associated with the implicit FDS is different, and that we get closer and closer
to the VDL as r — 0. We shall make this more precise in this section.

For each k, let 7, be the rate € = Azx"* such that the k-dimensional Young measure
vF = (f,.. . vE_,) associated with the implicit FDS is a k-jet MV solution. By the
fundamental theorem of Young measures (see [5], Theorem A.l) and by a simple
diagonalization argument, we conclude that there is a subsequence k; such that for
each j, the one-dimensional components I/;cl converge narrowly:

- Fy
Vit vt =y, L= oo.

Formally, we get an infinite-dimensional measure (vo, v1, ... ) which we call the r-limit
measure associated with the implicit FDS. By narrow convergence, we get the following

Theorem 4.1 (r-Limit Measure). Let (vo,v1,...) be the r-limit measure associated
with the implicit FDS. Then, for each k, the first k components (vo,...vk—1) of the
r-limit measure are a k-jet MV solution. In other words, the r-limit measure satisfies
the whole infinite DiPerna characterization.

This Theorem indicates that the first component v of the r-limit measure is the
VDL. However, this remains a conjecture for the moment.

4.8.2 Non-Polynomial Dispersion Coefficient

We can avoid the notion of the r-limit measure by considering a dispersion coefficient
which is not a power of the mesh size Az but which tends to zero slower than any
power of Ax:

e =a(Azx), Vr>0:Az" =o(a(Az)). (61)
By the above results, the Young measure corresponding to the resulting scheme will
satisfy the whole DiPerna characterization:
Theorem 4.2 (Non-polynomial dispersion coefficient). Let v* = (vf,...vF_1) be the

k-dimensional Young measure associated with the implicit FDS where the dispersion
coefficient € = a(Ax) is chosen such that

Vr > 0: Az" = o(a(Ax)).

Assuming JE to be uniformly bounded in L™ (R/Z x (0,T)), v* will be a k-jet MV
solution for any k € N.
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This again indicates that the one-dimensional Young measure associated with the
implicit FDS is the VDL provided we choose & to behave as in (61). However, this
again remains a conjecture for the moment.

5 Crank-Nicolson Finite Difference Scheme

Even though we payed a lot of attention to the diffusion contained in the dispersive
operator D3 D_ (see sections 4.1.4, 4.5 and 4.6), it is also mainly the implicity of the
scheme (36) resp. (60) which is responsible for diffusion. This is also indispensable
for deriving the weak BV estimates that are needed for proving the DiPerna charac-
terization. As an example, we look at the L?-norm of the numerical solution: The
inequality (41) shows that it is not only non-increasing but indeed decreasing. It is
this undesirable property which we try to avoid in this section.

Attempting to improve the numerical results, we thus present a Crank-Nicolson
finite difference scheme and use it to perform numerical experiments. The construction
of the FDS is such that the L2-norm is not decreasing but completely conserved.
This however makes it impossible to prove the above theoretical result concerning the
DiPerna characterization. For fixed e, we nevertheless believe that we can prove it
to converge to the classical KdV solution doing a similar proof as in [11]. As a KdV
scheme, the Crank-Nicolson FDS works much better than the implicit scheme which
is the reason for the numerical improvement when computing the VDL.

5.1 The Scheme

It is a fact that being implicit adds a considerable amount of diffusion to a FDS.
We eliminate this source of diffusion by evaluating the numerical terms corresponding
to 6uu, and cugzes at the n — %-th time step. Also, we use the symmetric third
order operator D4 D_ Dy which was already discussed in section 4.6. The result is the
following Crank-Nicolson scheme:

Ujn — Ujn—1

At - 6E’U,j7n,1/2D()ijn,1/2 + E2D+D7D0Uj’n,1/2 =0 (62)

where

 Ujn—1 1+ Ujn
Ujn—1/2 =~

Multiplying equation (62) with u; ,—1/2 and summing over j, we see that
lwjnllaz = [lujn-1llaz,

i.e. the L?-norm of the numerical solution is completely conserved. It is this property
which is mainly responsible for the numerical improvement compared to the implicit
scheme.

5.2 Numerical Experiments

In this section, we perform numerical experiments with the perturbation approach
using the Crank-Nicolson FDS. Since it approximates the KdV solution much better
than the implicit scheme, it allows us to choose the dispersion coefficient much smaller
which yields a more faithful statistical analysis.

In addition to the one-bump initial function, we shall present the numerical result
for the initial function uo(z) = cos(z), and perform a stability experiment. Finally, we
shall demonstrate how well this scheme approximates the KdV oscillations for small
values of e.
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5.2.1 One-Bump and cos(z) Initial data

We apply the MC-LR-approach resp. MC-UD-approach to the same one-bump initial
function as in subsection 4.7.2. We set

M = 200,

N = 1000,
e=0.01
t =0.15,
¢’ =0.1 and
A=0.1

and show the resulting plots in figure 17. We can observe quite some improvement
compared to the implicit FDS (figure 12). In figure 18, we furthermore show the results
of the UNI-LR-approach with parameters

N = 4000,
e =0.003
t=0.15,
¢ =0.1 and
A=0.1.

We can see a further improvement compared to the Monte-Carlo method from figure
17.

In figure 19, we show the histograms corresponding to the points (x,t) = (0.7,0.15)
resp. (z,t) = (0.9,0.15) generated with the UNI-LR~approach and parameters

N = 4000,

e = 0.006
t=0.15,
¢’ =0.1 and
A=0.1.

We can observe two broad peaks which presumably correspond to the maxima and
minima of the KdV oscillations. The fact that the right peak is higher is explained by
the fact that the KdV maxima are broader than the minima.

As a second example, we apply the UNI-LR-approach to the initial function uo(z) =
cos(z). We show the result with parameters

N = 4000,

e =0.008
t=0.23,
¢’ =0.1 and
A=0.1

in figure 20. Not surprisingly, the picture looks similar to the one-bump case: The
non-atomicity is propagating out of the shock to the left.
5.2.2 Stability of the VDL Revisited

As in subsection 3.2.3, we would like to present numerical indication that the VDL
is stable with respect to small perturbation around atomic initial data. However this
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Figure 17: Approximative Young measure (mean and standard deviation) with
Crank-Nicolson FDS and MC-LR-approach resp. MC-UD-approach, compared
to simplified method of McLaughlin and Strain.
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Figure 18: Approximative Young measure (mean and standard deviation) with
Crank-Nicolson FDS and UNI-LR-approach, compared to simplified method of
McLaughlin and Strain.

time, we use the Crank-Nicolson FDS. We apply the UNI-LR-approach to the initial
function uo(z) = cos(z) but perturb it by an up-shift: u$(x) = cos(z) + 6. For each
8, we obtain an approximative Young measure v2%°. We then study the behavior of
the mean and standard deviation of v2%% as § — 0 by measuring the L'-error with
respect to the numerical solution corresponding to é = 0:

x,t x,t

error of meanAz((s) — HE(VAI"S) o E(VAI,O)‘

L1(0,27)

error of standard deviation™"(§) = H\/Var(uﬁf‘é) - \/Var(llf,f‘o)

L1(0,27)

The resulting error plot with

N = 4000,
t=0.23,
e =0.008,
¢ =0.1 and
A=0.1

is shown in figure 21. We can clearly see that the errors are converging to zero as
0 — 0 which indicates that the VDL is stable with respect to small perturbation
around atomic initial data.

5.2.3 Resolving the KdV Solution

In subsection 4.7.5, we have seen that the implicit FDS failed to produce a good
approximation of the KdV solution for small dispersion coefficients €. We now compute
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Uniform LR-shifts, histogram at x = 0.7, t = 0.15, N = 4000, eps = 0.006, epsprime = 0.1
T T T T T 1 T

25

frequency

Uniform LR-shifts, histogram at x = 0.9, t = 0.15, N = 4000, eps = 0.006, epsprime = 0.1
T T T T T T T T T

30

frequency

Figure 19: Histograms at the points (x,t) = (0.7,0.15) resp. (z,t) = (0.9,0.15),
generated with the Crank-Nicolson FDS and UNI-LR-approach.

Uniform LR-shifts, N = 4000, eps = 0.008, epsprime = 0.1, t=0.23
T T

T
initial data
mean
standard deviation

Figure 20: Approximative Young measure (mean and standard deviation) with
Crank-Nicolson FDS and UNI-LR-approach for cos(x)-initial data.
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stability, u0(x) = cos(x) + delta, N = 4000, t = 0.23, eps = 0.008, epsprime = 0.1
T T T T
=+ L1-error of mean d
—+— L2-error of standard deviation

1.4r

0.6

021

0 0.05 0.1 0.15 0.2 0.25
delta

Figure 21: Stability check with Crank-Nicolson FDS: Error plot for the mean
and standard deviation.

the KAV oscillations with the Crank-Nicolson FDS with parameters

e = 0.003,
N = 4000,

t =0.15 and
A=0.1

and compare it with the LalL KdV reference solution. The result is shown in figure
22. Even though there is a slight z-shift, we see that the Crank-Nicolson scheme
reproduces both shape and amplitude of the KdV oscillations much more accurately
than the implicit scheme, and this for a value of € which is more than 10 times smaller
than the first ¢ in figure 15!

6 Conclusion, Summary

In this thesis, we have presented an implicit finite difference scheme (FDS) with pertur-
bation of the initial data to compute the vanishing dispersion limit (VDL) of Burgers’
equation u; — (3u2)z = 0. This was motivated by the numerical work on systems of
conservation laws done by Fjordholm and co-workers [5] and by the theoretical work
of Lax and Levermore (LaL) on the VDL of Burgers’ equation [12],[13],[14]. The main
concept behind all considerations is the concept of measure valued (MV) solutions
introduced by DiPerna [4]. As opposed to the vanishing viscosity solution which is
atomic, the vanishing dispersion limit is indeed a non-atomic measure.

To theoretically sustain the validity of our computations, we attempted to show
that our numerical MV solution satisfies DiPerna’s characterization of the VDL, see
([4], section 7). This characterization includes infinitely many levels, called k-jets. We
could prove that for a fixed rate € = Az" of the dispersion coefficient e, the numerical
MYV solution satisfies the first k levels of DiPerna’s characterization provided that r is
small enough. Indeed, we have seen that r — 0 as k — co. Our discretization of the
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KdV LaL and KdV FDS, eps = 0.003, t = 0.15
T T T T T

; :
—— KdV LaL
05l — KdV FDS, N = 4000

I I I I I I I I I
0.955 0.96 0.965 0.97 0.975 0.98 0.985 0.99 0.995 1

Figure 22: KdV oscillations for € = 0.003 computed with Crank-Nicolson FDS
and compared to LaL reference.

dispersive term consists of both numerical dispersion and diffusion:

2
DAD_u(z) ~ e Upes + STAmumm-

As r — 0, the diffusive term tends to zero faster than the dispersive term which lead

to the conjecture that the numerical MV solution converges to the VDL as » — 0.

Since a smaller rate r means a better resolution of the KdV equation, these theoretical

considerations are also consistent with mere common sense.

To numerically sustain the validity of our computations, we mainly used the per-
turbation approach presented in [5] and compared the results with a simplified method
of McLaughlin and Strain which is based on the theoretical work of LaL [12]. This
indicated that at least the mean and variance of our numerical MV solution converge
to the correct limit. Also, in accordance with our theoretical results and conjecture,
the results get better for increasing dispersion coefficients ¢ if we keep Ax fixed since
this imitates the behavior of a slower rate 7.

Even though the theoretical and numerical results look promising at first sight,
the fact that we rely on resolving the KdV oscillations as accurately as possible raised
some concerns about the accuracy of the whole Young measure. Since the implicit FDS
is very diffusive, it is difficult to obtain a good approximation of the KdV solution for
small values of €. This is why we furthermore applied a Crank-Nicolson FDS for
which we can’t prove the theoretical result concerning the DiPerna characterization
but which resolves the KdV oscillations much better.

Comparing the finite difference approach with the algorithm of McLaughlin and
Strain, we have to stress the following points: The McLaughlin method avoids exactly
the one challenge we faced throughout this whole thesis, namely resolving the KdV
solution. This big advantage however is overshadowed by the following three drawbacks
which are resolved by the finite difference approach: First, McLaughlin is a local
method which means that for each point (z,t), a different minimization problem has
to be solved. This also makes an efficiency comparison rather difficult. Second, it only
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computes the mean and variance of the VDL. Third, it is only applicable to a very
small class of initial functions satisfying the requirements of the LaL theory.

We would like to stress that the theoretical results of this thesis are mainly based
on the special structure of the implicit FDS. We therefore doubt whether they can be
generalized to higher-dimensional problems. However, stability results might similarly
be obtained for higher-order dispersive regularization. Nevertheless, a characterization
in the spirit of DiPerna’s is only available for the third-order dispersion since it relies
on the special properties of the KdV equation.
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