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Abstract Recent work has shown that the solutions of the fractal conservation laws driven
by Lévy a-stable diffusions exhibit shocks for bounded, odd, and convex on the positive
half-line, initial data when the parameter @ < 1. We study the analogous situation for the
Lévy a-Linnik diffusions in which case the local behavior is strikingly different, although we
are able to establish analytically that the large time behavior of the two types of conservation
laws are similar. But the main new insights obtained via large-scale numerical experiments
is that, for any 0 < o < 2, the conservation laws driven by «-Linnik diffusions display
shocks that do not dissipate over time, while those for «-stable diffusion (0 < o < 1) do.
We formulate rigorous conjectures based on these numerical experiments.

Keywords Multiscale - Conservation laws - Lévy stable diffusions - Anomalous diffusion -
Linnik diffusions - Shocks

1 Introduction

Over the past several decades, the subject of linear and nonlinear diffusion equations driven
by non-local, pseudo-differential operators witnessed a considerable research activity well
represented in both mathematical and physical literature, see, e.g., [4-8,18,20,30,33,39,40],
with a wide range of applications to anomalous diffusion phenomena, mathematical finance
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and dislocation dynamics, see, .e.g., [10,29,31,36]. Moreover, it has evolved into a vital
part of the theory of conservation laws, and more generally nonlocal nonlinear evolution
equations [17,22,23].

It is known from recent work [1,12] that the solutions of fractal conservation laws
driven by Lévy a-stable diffusions exhibit shocks for bounded, odd, and convex on R
initial data when the parameter « < 1. We study the analogous situation for the Lévy
«-Linnik diffusions, in which case the shock behavior is strikingly different although,
conceptually, they are not too far from «-stable diffusions. For nonlinear nonlocal evo-
lution equations driven by «-Linnik diffusions no general rigorous mathematical results
are available, but we are able to derive some asymptotic results based on perturbation
of «-stable diffusion framework. But the main new insights came from our simula-
tions and large-scale numerical schemes for «-Linnik conservation laws with respect to
Riemann, piecewise linear, and smooth initial conditions. The main discovery here is
that, despite their similar heavy tail behavior, the Linnik diffusions produce shocks that
do not dissipate in time; such shock do dissipate in the case of «-stable diffusions.
Thus we are able to formulate rigorous conjectures based on these numerical experi-
ments.

The Lévy a-stable distributions and processes have been well studied in the mathemat-
ical and physical literature (under the name “anomalous diffusions” in the latter), see, e.g.,
[2,3,34,35,38]. The fundamental reason for the their importance is the general central limit
theorem of probability theory: The rescaled sums X; + --- + X,,, of independent, identi-
cally distributed random variables have asymptotically, as n — oo, a-stable distributions,
with the Gaussian case corresponding to the situation when the summands have the finite
second moment (essentially). But, if the fixed range of summation n , is replaced by a
randomly distributed integer N, the situation changes, and in the particular case of the
geometric distribution of N, the normalized sum X; + --- 4+ Xy of the random number
of independent random «-Linnik summands has the «-Linnik distribution. This random
stability fact was the main motivation behind our taking up this work; the finite but ran-
dom number of summands may provide, in certain situations, a better description of the
real-world situations faced by scientists and economists. We note that Fokker—Planck-type
equations driven by a-Linnik diffusion (called there the geometric-stable noise) were studied
in [9].

The paper is organized as follows: In the preliminary Sect. 2, we give a brief overview
and introduce the notation for the classical «-stable distribution and, less classical,
a-Linnik distribution (both are special cases of the general Lévy infinitely divisible dis-
tributions), including properties of the density function and the tail probabilities behavior,
and relationship between the two classes. We also show how the parameters of the «-
Linnik distributions can be estimated. Additionally, we study the fractional lower order
moments and the density of the Lévy measure for the o-Linnik distributions. Section 3
sets up formally the nonlinear nonlocal evolution equations driven by «-stable and «-
Linnik diffusions and describes the basic asymptotics derived from the fact that, in
some ways, a-Linnik diffusions can be viewed as perturbations of «-stable diffusions.
Section 4 summarizes the known results about the shock creation for fractal Burgers
equations, that is the conservation laws with a quadratic nonlinearity. Section 5 con-
tains our numerical results on non-dissipative nature of shocks appearing in the Linnik
context. Section 6 describes our conclusions, conjectures and proposed future work. A
detailed description of our numerical scheme employed in Section 5 is provided in the
Appendix.
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2 Preliminaries: General Lévy, a-Stable, and «-Linnik Distributions and
Processes

2.1 Lévy Processes and Infinitely Divisible Distributions

Let us begin by recalling that a stochastic process X = {X;; ¢ > 0} is called a Lévy process
(see [2,3,20,34,35,38] for the detailed expositions)] if :

(1) Xo = 0, with probability 1,

(i) It has independent increments, i.e., foranyn € Nyandany 0 <t <th < --- <tp,
the random variables X;, — X, X; — X4, ..., X;, — X;,_, are independent,

(iii) It has stationary increments, i.e., for any s < ¢, X; — X 1is equal in distribution to
Xi—s

(iv) Itis right continuous with left limits, with probability 1.

In this paper we will concentrate on the on-dimensional case, and it is easy to see that the
characteristic functions (CF) ¢ (&,1) = Eexp(i§ X (¢)) of the 1-D distributions of the Lévy
processes are infinitely divisible (ID), that is, for every n > 1,¢ > 0,

oG .0)=1oG.t/m)]". &R 2.D

A more detailed description of the structure of characteristic functions of infinitely divis-
ible distributions is given by the following Lévy-Khinchine Representation Theorem:

Theorem 2.1 A random variable X has an infinitely divisible distribution if, and only if,
there exist u € R, 0 € Ry, and a nonegative measure A on R\{0} satisfying the condition
fR(l A x[P)A(dx) < oo, such that

E[eX] =7V ©®, 22)
where the characteristic exponent
. (0§)? iEx .
V() =—ins+— —/ (5% — 1 — i&xT <) A(dx). (2.3)
R\{0}

The triplet (i, o, A) is called the characteristic triplet of X, ¥ (u)—the characteristic
exponent of X, u € R— the drift coefficient, o > 0—the Gaussian, or diffusion coefficient,
and A— the Lévy measure of X. The Lévy measure describes the “intensity” of jumps of a
certain height of a Lévy process in a time interval of length 1.

In view of the stationarity of increments, the characteristic function of the Lévy process
X (t) is of the form

PE D = (BE D) = VO, 2.4)

where ¥ (1) is the characteristic exponent of X . For any infinitely divisible random variable
X (thatis, arandom variable with an infinitely divisible distribution), we can construct a Lévy

process (X;);>0 such that X 4 X.

1 In what follows, in view of the physical context of the discussions, we will also use the term Lévy diffusions,
instead of Lévy processes.
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2.2 «-Stable Distributions

The self-similar (symmetric) Lévy distributions form a class of the classical «-stable distri-
bution (denoted S(«, ¢) in this paper) with the characteristic functions of the form

ps(&; o, ) = exp(—|c§|), 25)

where the constant 0 < o < 2, is called the index of stability, and c is the scale parameter.
In general, probability density functions (PDFs), fs(x;a,c) , of a-stable distributions do
not have clean closed-form representations in terms of elementary functions although a lot
of effort has been expanded on developing “explicit” expressions in terms of other known
special functions. Apart from the obvious Gaussian case of @ = 2, we would like to mention
the Cauchy case, o« = 1, when the PDF is of the form

c
7 (2 +x2)
This particular case displays an interesting duality with the similarly parametrized 1-Linnik
distribution discussed in Sect. 2.3.

The Lévy measure A g of the «-stable distribution S(«, ¢) is absolutely continuous and its
density As(x) = Ag(dx)/dx of the Lévy measure of the «-stable distribution

Ag(dx) C
As(x) = dx = MT_H,

fs(x;1,0) = (2.6)

Q2.7
with the easily determined constant C = ¢*(2 [ (cos v — v~ (¥ dy) =1,
2.3 a-Linnik Distributions and Their Basic Properties

In this subsection, we introduce the (symmetric) «-Linnik distributions and, since they are
less well know in the mathematical physics community than the «-stable distributions (and
the related anomalous diffusions), we also discuss their statistical, analytic and asymptotic
properties. The name, although unorthodox, emphasizes analogies and contrasts between the
properties of a-stable and «-Linnik distributions for the same parameter «; in most of the
literature the latter are just called Linnik distributions.

The univariate Linnik distribution (denoted L(«, y) in this paper) with index o € (0, 2],
and the scale parameter y > 0, is defined by its characteristic function [28],

or&; o, y) = teR, y>0. (2.8)

1
1+ |ygle’
Let us denote its density function by f7,(x; «, ¥). In the extreme case « =2 and y = 1, the
Linnik distribution corresponds to the standard Laplace (two-sided exponential) distribution
with the density function,

1
fx:2, 1) = Ee—m/z; x €R. (2.9)

By inverting the characteristic function ¢, (x; @, 1) one can immediately see [24,25] that
frx;a, 1) = fr(—=x;a,1),and

frira, 1) 1/oo L cosxuyd
xia, 1) = — —— cos(x
L T Jo 141« wau

_sin(ra/2) /°° e gy
N T o 14122 4 2t%cos(ma/2)’
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Note that, for 1 < o« < 2, L(0; @, 1) < o0, but, for 0 < o < 1, the density has a
singularity at the origin, L(0; o, 1) = 00. Also, the absolute first moment is finite only for
1 < @ < 2, and the variance is well defined only in the case o = 2. The distribution is
unimodal, and [11] provides an elegant method of generating Linnik random variables, and
contains a constructive proof that (1 + |u |*)~1 is a characteristic function (see Remark 2.2).
A few sample PDFs are shown in Fig. 1.

For @ € (0, 2), the a-Linnik distributions, like the corresponding «-stable distributions,
have ‘fat tails’ (no longer exponential). More precisely, they have the following asymptotic
behavior at infinity:

Theorem 2.2 ([24]) For any a € (0, 2),

oo

frixca, 1) ~ %Z l(—l)"_lF(l + ak) sin (’%k)] Ix| 717 as x > o0, (2.10)

k=1
or, equivalently,

n

frxa, 1) = %Z [(—1)k—1r(1 + ak) sin (%"k)] x| 717 4 Ry (x), (2.11)

k=1
where

DU+a@+ D) e

|Rn,o(X)| < 7 sin(mwa/2)

(2.12)
Consequently, for any o € (0,2), the density fi(x;a, 1) decreases at oo at the rate of the
power function x~ 19 More precisely,

1
Lo 1)~ — 1A +a)sin (22X k7049, a5 x - 0. (2.13)
T 2

The importance of «-stable distributions comes from their universality as approximants
of the distributions of sums of a fixed but large numbers of independent, identically dis-
tributed random variables. Indeed, the fundamental central limit theorem states that if
X1, X2, ..., X, areindependent, identically distributed (i.i.d.) random variables then their
sums S, = X1+ X2+ - -+ X, converge in distribution (after some rescaling ) to an «-stable
distribution for some « € (0, 2]. This fact is directly related to the “stability” property: if
X1, X2, ..., X, are symmetric «-stable themselves then Y = n VX + X+ 4+ X))
has the same distribution as each of the X's.

The «-Linnik distributions have a similar stability property, but under random geometric
summation. More precisely [26], we have the following simple, but revealing, result:

Proposition 2.1 If X, X, Xo, ... are i.i.d. random variables and N is an independent of

X1, X2, ... random variable with the geometric distribution with mean 1/p,0 < p < 1,
that is, P(N = n) = p(1 — p)”_l, n = 1,2,..., then the following two statements are
equivalent:

(1) X is a-stable with respect to geometric summation, i.e.,

N
d
PeS XLy,
i=1
(i) X has the a-Linnik distribution.
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Proof The verification is straightforward via the characteristic function:

Eexpliép"/* (X1 4+ X2 4 -+ 4+ Xn)]

E(expli&p"/*(Xy + Xa + -+ XN = n)p(1 — p)*~!

1
L+ |ygl*

-1 _
(1+|y5p'/a|a) P =p)" =

Two elementary, but crucial observations are in order here:

Remark 2.1 The «-Linnik distributions are in the domain of attraction of the «-stable dis-
tribution, that is, if Z, = n=V/*(X; + X> +-- -+ X,,) areiid. and X; ~ L(«, y) for
all i, then the distribution of Z, converges to a, «-stable distribution as n tends to infinity.
Indeed, working again with characteristic functions, we get

Tim E(exp(i§Z,) = lim (1 + 1§y [%/m) ™" = exp(~|y&|).

Remark 2.2 1f Z is the standard exponential random variable, and ¥ ~ S(«, ¢) is an inde-
pendent «-stable random variable then

X =zy (2.14)

is a Linnik random variable with the distribution L(«, y), and y = c, see [11]. Indeed,

B = // Y fy (e dy dz = /OO e Mgz = L
Jo 1+ |cg|*

2.4 Comparison of Tails and Lower-Order Fractional Moments of «-Stable and
a-Linnik Distributions

For 0 < o < 2, the tail behavior of the distribution of Y ~ S(«, ¢) is as follows [34]:

lim y*P(|Y| > y) = Cqc®, (2.15)
y—00
where
C, = sin(rroz/Z)F(oz), 2.16)
T

In the «-Linnik case we have a similar result.

Proposition 2.2 X ~ L(a, y), 0 < o < 2, then

lim y*P(|X| > y) = Coy . 2.17)
y—>0o0

Proof Indeed, in view of Remark 2.2,

lim x“P(|X| > x) = lim x*P(|Y| > xZ~ /%)
X—>00 X—>00

= lim x“ // fr(e *dydz
=00 S Syt
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= / ( lim (xz~!/*)® fr» dy) ze %dz
0 X

- {lyl>xz~1/}
o0
= ay"‘/ ze tdz = Cuy”.
0
u]

Given the above asymptotic results (see also Theorem 2.2), both, the o-Linnik amd a-
stable random variables with 0 < o < 2 have finite moments of fractional order less than «;
the higher-order moments are infinite. More precisely, if ¥ ~ S(«, ¢), and 0 < p < «, then
[34]

o

2P+l opT (PT‘H) r(-2)

E|Y|P = (2.18)
ayal (-4)
On the other hand, for the o-Linnik distributions we have the following result:
Proposition 2.3 Let X ~ L(, y), with0 < o < 2. Then, forevery p, 0 < p < «,
2P+l o, P (XN (= 2\ (2
]E|X|p: Py ( 2 ) ( (x) ((x) (219)
o VT (= §)
Proof In view of Remark 2.2,
© p
E|X|? = EZP/® . E|Y|P :/ Pl dz E|Y|P =T (f n 1) E|Y|?,
0 o
which gives (2.19) as a result of (2.18), and the identity I'(x 4+ 1) = xI"(x). ]

Remark 2.3 Thus the a-stable and «-Linnik ditributions have exactly matching probability
distribution tails if ¢ = y. We will exploit this fact in the numerical work presented in Sect. 5.
However, the exactly matching tails of S(«, ¢) and L(«, y) in the case ¢ = y do notimply that
their fractional moments match. To assure the equality of the p-th order fractional lower order
moment of the o-Linnik distribution L(w, y), and the a-stable distribution S(«, ¢, 8, 1),
which may be also useful in simulations, their parameters have to be related via the following
equality

pyT(ple)
— =
o

, O<p<a (2.20)

For example, if « = 3/2, then to assure the equality of the first-order moments we must have
¢ =0.902745y.

2.5 Lévy Measure of the Linnik Distribution

There is an obvious relationship between the characteristic function ¢s(§; o, 1) of the
symmetric stable distribution, and the characteristic function ¢, (§; «, 1) of the Linnik dis-
tribution:

¢L() = 2.21)

1
1 —loggs(§)
This fact permits expressing the density of the Lévy measure of A; of the «-Linnik
distribution in terms of the «-stable distribution [27]:
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ALdy)  «

— e
dx 2P

il 222
-1zl (222
where X ~ S(a, 1).

Finally, using the tail asymptotics (2.16) of the S(«, 1c), one obtains the following asymp-
totics for the Lévy measure of the o-Linnik distribution:

1

T —aeosan) 0S4 E (2.23)

lim x*Az([x, ) =
X—>00
2.6 Generalized Linnik Distributions

Several authors, see, e.g., [15,32], defined the generalized Linnik distributions as distributions
with the characteristic functions

1
¢GL(§5as Vs t) (1 + |]/§|a)[’ (224)
where o € (0, 2], and y, ¢t > 0. For integer values of 7, the generalized Linnik distribution
is simply the convolution of regular Linnik distributions. For arbitrary r > 0, they are the
distributions of the corresponding Lévy process, see (2.4), or, equivalently, the distributions
of the semigroup generated by the basic Linnik distribution, L (c, ). They will play a natural
role in the subsequent discussion of conservation laws driven by Linnik diffusions.

3 Conservation Laws Driven by «-Stable and «-Linnik Diffusions

Mathematical conservation laws are integro-differential evolution equations, such as Navier—
Stokes and Burgers equations, expressing the physical principles of conservation of mass,
energy, momentum, enstrophy, etc., in different dynamical situations. For general theory of
conservation laws we refer to the monograph [37].

3.1 Infinitesimal Generators of o-Stable and «-Linnik Diffusions

We are now turning to a study of 1-D evolution equations, for a function u = u(¢, x), of the
form

ur + Lu+ (f W) =0, (3.1

where £ is an infinitesimal generator of the semigroup associated with a Lévy process and
f : R+ Ris a (nonlinear) function. Such equations are often called fractal, or anomalous
conservation laws (see, e.g., [5,6]). The operators L are easiest to describe in terms of their
actions in the Fourier domain; they are both so-called Fourier multiplier operators. Let’s
begin by recalling the basic terminology and establishing the notation.

Like any Markov processes,2 the Lévy process, X;, ¢ > 0, has associated with it a semi-
group, Py, Piyy = P/ Ps, t,s,> 0, of convolution operators acting on a bounded function
f(x) via the formula

P fx) =E'(f(X(®) = /R fx+y) P(X (1) €dy). (3.2)

2 See, e.g., [8, 18], for basic information in this area.
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38 B. Gunaratnam, W. A. Woyczyniski

The infinitesimal generator L of such a semigroup is defined by the formula

Py — Py

L = lim

h—0 (3.3)

and the family of functions (densities) v(z, x) = P; f(x) satisfies clearly the (generalized)
Fokker—Planck evolution equation

v, = Lo, (3.4)
because
P, — P, Py, — P
lim — T im0, — 2P, (3.5)
h—0 h h—0

In the case of a general Lévy processes X;, we have the identity

FLHE) == E)Ff(E) (3.6)

where F stands for the Fourier transform 3, and ¥ (u) is the characteristic exponent of X (1)
defined in (2.3). So, £ is the pseudo-differential operator with the Fourier multiplier v (§),
which is also called the symbol of the semigroup (P;). Indeed,

FPL)E) = ( / EEF(X (1) +x)dx) —E ( / ¢IEOXO) () dy)
R R

0 / eI F(y) dy = exp(—1y (E)F £ (©),
R

which implies (3.6), in view of of (3.3).
In the case of the usual Brownian motion the infinitesimal operator L is just the classical
Laplacian A. For the «-stable process with X (1) ~ S(«, ¢),

FLIIE) = —|cEI*F f (&), (3.7
And, for the a-Linnik process, X (1) ~ L(«, y), in view of (2.8),
FLE) = —log(L + [yEI*NF f (), (3.8)

For general theory, including Feller processes, see, e.g., [8,18,19].
Now we are ready to state the results about the existence, uniqueness and the asymptotic
behavior of the Lévy and Linnik conservation laws driven by stable and Linnik diffusions.

3.2 Asymptotics of Solutions of «-Stable and «-Linnik Conservation Laws with
Supercritical Nonlinearity (e > 1)

In this subsection we describe several asymptotic results for the 1-D Cauchy problem for
nonlinear pseudodifferential equations of the form
uy + Lu+VNu =0, u(x,0)=up(x), (3.9)

where u = u(x,1),x € R, t > 0,u : R x Rt — R, —L is a generator of a Lévy semigroup
with symbol (&), and NV is a nonlinear operator to be specified later. All these equations
are generalizations of the classical Burgers equation

up — gy + W), =0, (3.10)

3 In this paper we use the convention, (F f)(§) = f]R e‘ié)‘f(x) dx, and (]—'_lg)(x) = % I]R eigxg(é) d§.
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The main point here is the observation that for the ¢-stable and «-Linnik diffusions the large
time behavior of the solutions is similar. This is in contrast to the phenomena observed in
the next section where, for these two types of diffusions and the Riemann- type initial data,
shocks behave dramatically differently.

The solutions to the Cauchy problem (3.9) have to be understood in some weak sense and
several options are here available, and have been studied in detail in [4-7,23]. For the sake
of this presentation let us just say that as the solution to (3.9) we mean a mild solution of the
integral equation,

t
u(t) = e ug —/ Ve UL N (1) dT, (3.11)
0

motivated by the classical Duhamel formula. The regularity of the solutions is expressed in
terms of the Sobolev space W22,

Theorem 3.1 (see, [6])

() Assume that f € C' (R, RY) and L is the infinitesimal generator of a Lévy process and
its symbol (characteristic exponent), Y (§), satisfies the condtion

i V(&) — aglgl?
msup ————————

G < 00 forsome O < a <2, and ap > 0. (3.12)
|§[—00

Given ug € L'(R) N L®(R), there exists a unique solution u € C([0, 00); L'(R) N
L°°(R)) of the problem

ur+ Lu+ V- f(u) =0, u(x,0) = ug(x). (3.13)

This solution is regular, u € C((0, 00); W22(R)) N C1((0, 00); L2(R)), satisfies the
conservation of integral property, f u(x,t)dx = f uo(x) dx, and the contraction prop-

erty,
lullp = lluollp. (3.14)

for each p € [1,00] and all t > 0. Moreover, the maximum and minimum principles
hold: ess infug < u(x,t) <esssupug, a.e. x,t,aswellasthe comparison principle
forug < vy € LY(R):

ulx,t) <vx,t) ae x,t, and |lu(t) —v@)|1 < lluo — voll1- (3.15)
i) If

0 < liminf v < lim sup M 0o, 0 < inf Wj(é)', (3.16)

§-0  [§]” g0 &7 &g

for some 0 < o < 2, then the bound

lu@®)llp < Cpmin (7122 g=n =D/ gy (3.17)

holds for all 1 < p < co. Moreover, if ug € LY'(RY) N L®(RY), then
lu@®l, < CA+ =1/ (3.18)

with a constant C which depends on |ugl|1 and |lug| .
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40 B. Gunaratnam, W. A. Woyczyniski

(iii) Assume that u is a solution of the Cauchy problem (3.13) with ug € LY(R) N L®(R)
and e 'L satisfies (3.12) and ( 3.16) with some 0 < o < 2. Furthermore, suppose that
fech lim sup,_, o | f(s)|/|s|" < oo for some

r > max((a, 1)). 3.19)
Then, for every 1 < p < oo, the relation
lim Y2/ (1) — e Fugll, = 0 (3.20)
—00

holds.

Remark 3.1 It may be worthwhile to observe that the third condition in (3.16) means
that the Gaussian part is nontrivial, that is, o2 > 0. Indeed , it is well known that
02 = limjg|» 0 ¥ (&)|/IE]*> > infz [ (£)]/]€]. Under the condition given in the first part
of (3.16) the asymptotics of ¥ (£) at £ = 0 is like |£]%, so, effectively, (3.16) is equivalent to
saying that

v _ . [V (&)l

0 < lim inf < limsu

P
£-0  |&]* g0 |E"

< 00, and 2> 0.

Recall that e~"“uq denotes the action of the Lévy semigroup on the function ug, that
is a solution of the linear equation u; + Lu = 0, with the initial data uy and that for the
linear equation the asymptotics is clear: there exists a nonnegative function n € L (0, 0o)
satisfying lim;_, o, 7(¢) = 0, and such that

e":*uo—/Ruo(X)dx'pz:(t)Hp < = U=Pey ),

where p. () is the kernel of the operator £ in (6). Higher order asymptotics is also available,
(see, [5]).

The above general result has direct consequences for multifractal conservation laws
ur + Lu+ f(u)y =0, (3.21)

driven by stable and Linnik diffusions.* Recall that the multifractal stable operator is defined
as follows:

k
L=—aA+ D aj(—a)" (3.22)
j=1
0<aj <2, a >0,j=0,1,....k, where (—A)*?, 0 < o < 2, is the fractional

Laplacian defined as the Fourier multiplier operator
(=8)v) = FH(E1*(F)©)). (3.23)
Similarly, the multifractal Linnik operator will be understood here as the operator of the

form

k
L=—-apA+ D ajLg;. (3.24)
j=1

4 The particle approximations and the propagation of chaos results for such systems have been studied in [22].
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where
Lov = F~ ' log(1 + [§)(Fv)(£)). (3.25)

Note the parabolic regularization included in the operator. To avoid confusion we will assume
that all the «;’s are different.

Corollary 3.1 All the statements of Theorem 3.1 are valid for the conservation laws (3.21)
driven by multifractal stable and Linnik diffusions with

o = min(oq, ..., o).

In particular, if u is a solution of the Cauchy problem (3.21) with uy € L'(R) N L®(R),
e~ satisfies (3.12) and ( 3.16) with some 0 < a < 2, and f € C', limsup,_, | f(s)|/Is]"
< 09, for some

r > max((«, 1)), (3.26)
then, for every 1 < p < oo, the relation

lim Y2/ (r) — e Fugll, = 0 (3.27)
1—00

holds. Moreover,

¢ % ug —/ w)dx - e <),
R
where pr(t) is the kernel of the operator L in (3.21).

Proof All that is required is verification the conditions (3.12) and (3.16) are satisfied. Indeed,
for the mutifractal stable case (3.22) with the symbol,

k
V(&) = aol&l + D ajlElY, (3.28)
j=1
we have, for «* = max(ay, ..., @), and o jx = o™
i v (€) —aols)?
imsup ——————— =ajx < 00
€] 00 1§«
and with oy, = min(ay, ..., ak)
0<1 ve) =aj, <0,
£—0 [
where aj, = oy, and
inf Ki) =ap >0,
£ |&]

For the mutifractal Linnik case (3.24) with the symbol,

k
V(€)= aol&l” + D ajlog(l + [§]*),

j=1
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verification of condition (3.12) also gives

. Y(E) —aols? >k ajlog(l + [£]%)
lim sup —————— = lim sup - =aj+ < 00,
|00 &1« |00 &1«
while
_aolE? + X5 ajlog(l + [£]%)
0 < lim = aj* < 00,

§-0 &1«

and, similarly, for condition (3.16) we have

(QOIEP + 37 ajlog(1+[§1%)
BE -

a0>0.

n
§
]

Remark 3.2 Explicit asymptotic expressions. The explicit representationss of the kernels of
some of those multifractal operators in terms of special functions are being studied in [16].

3.3 Asymptotics of Solutions of «-Stable and «-Linnik Conservation Laws with
Critical Nonlinearity (¢ > 1)

By contrast with the results of the previous section, let us note, (see, [41]), that the first order
asymptotics of solutions to the Cauchy problem for the Burgers equation (3.10) is described
by the relation

(VP2 — Uy (0)ll, — 0, as ¢ — oo,
where

1 [x/2e -1
U (x, 1) = 1712 exp(—x?/41) (K(M) +3 / exp(—52/4) dE)

0
is the, so-called, source solution such that u (x, 0) = M §p. Itis easy to verify that this solution
is self-similar, i.e., Ups(x, t) = z_l/zU(xt_l/z, 1). Thus, the long time behavior of solutions
to the classical Burgers equation is genuinely nonlinear, i.e., it is not determined by the
asymptotics of the linear heat equation.

As it turns out that genuinely nonlinear behavior of the Burgers equation is due to the
precisely matched balancing influence of the regularizing Laplacian diffusion operator and
the gradient-steepening quadratic inertial nonlinearity.

The next result finds such a matching critical nonlinearity exponent for the nonlocal
multifractal conservation law so that the solutions of (3.13) behave asymptotically like self-
similar source solutions U of (3.13) with singular initial data M §.

Theorem 3.2 (see, [6]) Let u be a solution of the Cauchy problem (3.13) with the operator
L= (—A)*?+K, where 1 <a < 2, and K is an infinitesimal generator of a Lévy process
whose symbol k satisfies the condition

kE) _

im 0, (3.29)
£—0 |€]”

and ug € LY(RY), fRd up(x)dx = M > 0. Assume that the nonlinearity f is such that

f(s)

lim i € R (3.30)
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Then, for each 1 < p < oo,

Jlim " =VP ) — U )], =0, (3.31)
—00

where U = U\, is the unique solution of the problem (3.13) withr = max((¢ —1)/n+1, 1))
and the initial data M 8y. Moreover, U is of self-similar form U (x, t) = t~"/%U (xt~ /% 1),
Jpa Ux, 1)dx = M, and U = 0.

Analogous to Corollary 3.1., we also have the following result in the case of multifractal
conservation laws with critical nonlinearities.

Corollary 3.2 Allthe statements of Theorem 3.2 are valid for conservation laws (3.13) driven
by multifractal stable, and multifractal Linnik diffusions, with the infinitesimal generator with
the symbol

n
YE) =D ajlEl%,  a;>0, j=1,2,....n,
j=1
in the stable case,

n
Y(E) =D ajlog(l +[£[*), a;>0, j=12....n,
j=1
in the Linnik case, and

o = oy = min(ay, ..., o).

Proof In this context, denoting a;, = a4 = «, the perturbation /C of the operator £ has the
symbol

kE) = ajlEl" —aj,|&|%,

j=1

in the stable case, and

k(E) =D ajlog(l + [£") — aj, log(1 + [§]),
Jj=1

in the Linnik case. Now, remembering that the a;’s were assumed earlier to be all different,
the verification of the condition (3.29) is immediate. O

Remark 3.3 Note that, in contrast to Corollary 3.1, the parabolic regularization (inclusion of
the Gaussian term) is not necessary in the above critical case.

4 Shock Creation for Fractal Burgers Equations: Analytical Results

In the remainder of this paper we consider conservation laws with quadratic nonlinearity
and «-stable and o-Linnik driving diffusions, o € (0, 2). The first type was introduced and
studied as fractal Burgers equation in [4] and, in the a-stable case, shock appearance for their
solutions was studied in [1,12,13]. The main purpose of this section is to set up the stage
for a numerical study (see, Sect. 6) expanding on the work in [12], which shows that the
behavior of shocks is significantly different in the «-Linnik case than in the «-stable case.
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Let us begin with the standard definition of an entropy solution for a general 1-D fractal
conservation law (see, e.g., [1]),

ur + Lu+ (f(w)y =0, u(0, x) = uo(x), 4.1)

where u = u(t,x),t > 0, x € R, up € L*°R), f : R — R is locally Lipschitz
continuous, and £ is the o-stable infinitesimal generator, « € (0, 2), defined as the Fourier
multiplier, with the integral representation

L]0 = —co (/ u(x +z) —ux) —u (x)zdZ +/ u(x—i—z)—u(x)dz) “2)
|z|<r |z|>r

|Z|]+ot |Z|1+a

where ¢q = o (H%)/(2y/mnT (1 — £)).
An entropy solution to (4.1) is a function u € L* ((0, oo) x R), such that, for all non-
negative ¢ € CZ° ((0, 00) x R), for all smooth convex function n : R — R, and all

¢ : R — R such that qb/ = n/f/ ,and all > 0, we have
o0
/ /(n(u)3z§0+¢(u)3x<ﬂ)
0 Jr

+ca/°°// n/(u(t’x))u(t’x—i_Z)_M(I’X)Qﬂ(t,X)dtdxdz
0 R J|z|>r

|Z|l+a

+ca/oo// U(u(t,x))‘ﬂ(l,x‘l'z)—w(tvx)_axgo(t’x)'zdtdxdz
0 R J|z|=r

|Z|1+a

+/Ri7(uo)<p(0, ) =0 (4.3)

In the special case of the quadratic nonlinearity, that is, of the 1-D fractal Burgers equation
of the form

u; + (u2/2)x + L(w) =0, u(0,x)=u,x), 4.4

it was demonstrated in [1] that the solution of the equation (4.4) can exhibit shocks (i.e., jump
discontinuities) for bounded, odd on R, and convex on R™ initial data when o < 1. No such
effect is present in the case o > 1, as in that case the fractional Laplacian has a regularizing
effect, see, e.g., [4,6,7,14]. The basic analytical result on shock creation is as follows:

Theorem 4.1 (see, [1]) Consider the fractal Burgers equation (4.4) driven by an «-stable
generator of the form (4.2) with a € (0, 1). Then , locally in time, shocks in initial data
are preserved, and with continuous initial data, shocks do appear; also locally in time, if the
initial data and its derivative are simultaneously large; other wise no shocks are created.
More precisely

(a) (Short term preservation of initial shocks) Let ug be discontinuous at 0, bounded, odd on
R, and convex on the positive half-line. If u is the unique entropy solution to (4.4) then
u € Cp([0,00) x R\ {0}) is odd and non-increasing with respect to space variable,
and there exists € > 0 such that

in

f {u(t,07) —u(,07)} >0,
1€[0,0+¢)

where u(t, 0F) denote the limits lim, _, o+ u(t, x).
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(b) (Short term shock creation for initial continuous data) There exists S(a) > 0 such
that if ug is bounded, odd on R, and convex on the positive half-line, and for some
Xy > 0 we have ug(xy) < —S(a)xi_“, then the unique entropy solution to (4.4) u €
Cyp ([0, 00) x R\ {0}) is odd and non-increasing with respect to space variable and there
exist 0 < t, < 00, and € > 0, such that

inf  {u(r,07) —u(r,0M)} >0,
tE[ty, tx+€)

where u(t, 0F) denote the limits lim,_, o u(t, x).

(¢) (No creation of shocks) If ug € WH(R), and

(e

el rter(] — )

!
l_
gl - Nl ooy <

then the entropy solution u of (4.4) belongs to the Sobolev space W' ((0, 00), R), and,
forallt > 0, satisfies the inequalities

lu(t, Mre®) < luollLeewry, and  |[0xu(t, L) llugllLoew®)-

5 Shock Creation, Persistence and Dissolution for «-Stable and «-Linnik
Burgers Equation: Numerical Results

In this section we present results of numerical studies of solutions of the a-stable and «-
Linnik conservation laws with quadratic nonlinearity (fractal Burgers equations) contrasting
dramatic difference in their time evolution despite the similar distributional tail behavior of
the corresponding diffusions. The multiscale case is not considered, and the constants in the
basic Lévy distributions underlying the two diffusions are taken to be 1. Computations have
been carried out for the following three types of odd, decreasing, and convex on the positive
half-line initial conditions:
(i) Riemann-type initial data:

(e = ‘1, for x <0;
—1, for x >0,
(i1) Piecewise linear (but continuous) data:
uop(x) = min(1, max(—10x, —1)),
(iii) Smooth, infinitely differentiable data:
uop(x) = (—2/m) arctan(x).

The plots in Figs. 2, 3, 4, 5, 6, and 7 compare the evolution of the initial profile (0, x) =
uo(x) for the @-stable case (top pictures) and the «-Linnik case (bottom pictures) for the above
three initial conditions. Two values of « are considered, « = 0.3 < 1 and & = 1.25 > 1°.
The evolution is traced for the times T = 1, 5, 10,and 25. The red, dash-dot-dash lines
indicate the initial data and continuous, colored curves track the solutions at different time
instants. The complete numerical scheme is described in detail in Appendix.

5 The Matlab code, as well as the results of numerical computations for other values of « can be found on the
webpage of the second-named author: https:/sites.google.com/a/case.edu/waw.
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Fig. 2 (Top) The solution of «-stable fractional equations (3.21), and (3.22), with the quadratic linearity
at times r = 1,5, 10, 25 for a Riemann initial condition and @ = 0.3. (Bottom) The solution of «-Linnik
fractional equations (3.21), and (3.24), with the quadratic linearity at times t = 1, 5, 10, 25 for a Riemann
initial condition and @ = 0.3

For « = 0.3 < 1, (Figs. 2, 3, 4) all three initial conditions ((i)—(iii), lead to shock
creation at finite times both, in the a-stable and the «w-Linnik case. In the «-stable case this
phenomenon has been established rigorously in Theorem 4.1. In the «-Linnik case we have
only a numerical results and the resulting plots.
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Fig. 3 (Top) The solution of a-stable fractional equations (3.21), and (3.22), with the quadratic linearity at
times ¢ = 1, 5, 10, 25 for a continuous but nondifferentialble piecewise linear initial condition and o = 0.3.
(Bottom) The solution of «-Linnik fractional equations (3.21), and (3.24), with the quadratic linearity at times
t =1,5, 10, 25 for a continuous but nondifferentialble piecewise linear initial condition and @ = 0.3

However, for large times, our numerical calculation show that in the «-stable case the
shocks dissolve by the time 7 = 10, and the solutions stabilize thereafter. In the o-Linnik
case the shocks seem to persist indefinitely (at least in the time interval we investigated), a
phenomenon, we believe has not been observed before. The situation is summarized in Fig. 8
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Fig. 4 (Top) The solution of «-stable fractional equations (3.21), and (3.22), with the quadratic linearity at
timest = 1, 5, 10, 25 for a smooth initial condition and @ = 0.3. (Bottom) The solution of a-Linnik fractional
equations (3.21), and (3.24), with the quadratic linearity at times ¢t = 1, 5, 10, 25 for a smooth initial condition
anda =0.3

which shows the eventual decay to zero of the shock size in the a-stable case, while the shock
size in the o-Linnik case initially decreases but then, after T & 6, it stabilizes at the positive
value of about 1.5.
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Fig. 5 (Top) The solution of «-stable fractional equations (3.21), and (3.22), with the quadratic linearity
at times ¢t = 1, 5, 10, 25 for a Riemann initial condition and o = 1.25. (Bottom) The solution of «-Linnik
fractional equations (3.21), and (3.24), with the quadratic linearity at times ¢t = 1, 5, 10, 25 for a Riemann
initial condition and « = 1.25

Moreover, the shocks in the a-stable case stay put at x = 0 until they dissolve. But,
surprisingly, in the «-Linnik case, the shocks, initially located at x = 0, begin to recede to
the left (towards the negative x’s).
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Fig. 6 (Zop) The solution of «a-stable fractional equations (3.21), and (3.22), with the quadratic linearity at
times r = 1, 5, 10, 25 for a continuous but nondifferentialble piecewise linear initial condition and & = 1.25.
(Bottom) The solution of «-Linnik fractional equations (3.21), and (3.24), with the quadratic linearity at times
t = 1,5, 10, 25 for a continuous but nondifferentialble piecewise linear initial condition and @ = 1.25

For o = 1.25, (Figs. 5, 6, 7, and 5.8) , the a-stable diffusion is strong enough to obliterate
the initial shock instantaneously and the solutions (as established in Sect. 3) are smooth for all
t > 0, regardless of the level of smoothness of the initial conditions. Not so, for the «-Linnik

@ Springer



Multiscale Conservation Laws Driven... 51

1 P ———— ‘
= N P Initial Solution
N\ Solution at T=1
0.8 Solution at T=5 []
\ Solution at T=10
1 Solution at T=25
0.6 f —
!
0.4 ! i
0.2+ B
0
-0.21F B
0.4
-0.6
-0.81
-1 1 1 1 1
-1 -0.8 -0.6 -0.4 -0.2
1 ———— I S S —
—— == Initial Solution
S Solution at T=1
0.8 M Solution at T=5 [
' Solution at T=10
1 Solution at T=25
0.6 i et i
1
0.4 ! 4
i
0.2 B
0
-0.21 B
!
-04f i B
!
!
-0.6 ' b
'
0.8 ' q
\,
~,
e p—
-1 L L L L ¥ —— = -
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Fig. 7 (Top) The solution of «a-stable fractional equations (3.21), and (3.22), with the quadratic linearity at
timest = 1, 5, 10, 25 for a smooth initial condition and @« = 1.25. (Bottom) The solution of @-Linnik fractional
equations (3.21), and (3.24), with the quadratic linearity at times r = 1, 5, 10, 25 for a smooth initial condition
and o = 1.25

driving diffusion. Not only the shocks are created in finite time and they persist , with the
shock size stabilizing at the positive value after T ~ 6 (like in the case « = 0.3 < 1), but
a new phonomenon appears, on the negative x-axis the solutions are no longer decraasing.
However, the shock no longer recedes to the left, which was the case for o« = 0.3 < 1.
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Fig. 8 Shock size dependence
on time for «-stable (fractal)
conservation law, and a-Linnik
conservation laws with

o = 0.3 < 1 (left, and center)
and for «-Linnik conservation
laws with &« = 1.25 (right). In the
0.3-stable case (top) the shock
appears at about 7 =~ 1, and
dissolves completely by the time
T = 6. For the 0.3-Linnik
conservation law (middle), the
shock is again created in finite
time and its size initially
decreases but it stabilizes at

T = 6. For the 1.25-Linnik
conservation law (bottom), the
shock is again created in finite
time and its size initially
decreases, but it stabilizes at

T =~ 5. The summary plot was
created for smooth initial data
(iii). In the 1.25-stable case there
are no shocks even for the
Riemann initial data

@ Springer

Size of Shock

Size of Shock

Size of Shock

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

10 15 20 25
Time

10 . 15 20 25
Time

10 15 20 25
Time



Multiscale Conservation Laws Driven... 53

6 Conclusions, Conjectures and Future Work

The paper introduces a new type of the conservation laws driven by what we call @-Linnik
diffusions and conducts a systematic comparison of their solutions with the solutions of better
understood a-stable diffusions. Both are special cases of general Lévy diffusion, also known
in the physical literature as anomalous diffusions.

After preliminary materials in Sects. 1 and 2, in Sect. 3 we described similar asymptotic
large-time behavior for both «-stable (fractal) and «-Linnik conservation laws, and in Sect. 4
we summarized known facts about shock creation for «-stable conservation laws.

Surprisingly, the shock behavior for «-Linnik conservation laws is dramatically different
than for -stable laws, and the new phenomena appear. Our investigations here are numerical,
and given that the tail behavior of the two types of distributions is similar, the temptation is
to explain the differences by the strikingly different behavior of the «-stable and «-Linnik
distributions at the origin. Whereas the first class is smooth at x = 0, the second has a
singularity at the same point.

We do not have rigorous proofs of these facts at this point and resolving these issues is part
of our future plans. In this context we would like to pose the following formal conjectures
(for the type of initial data discussed in Sect. 5) :

Conjecture 1 For an «-stable (fractional) conservation laws with « < 1, there exists t, > 0
(obviously greater than the time g of shock creation in Theorem 4.1) such that the solution
becomes continuous (and smooth) for all # > ..

Conjecture 2 For a solution of the «w-Linnik conservation law with @ < 1,there exists a
time 7o such that, at # > g, the shock is created and its size begins decreasing, but at another
time #; > #( the size of the shock stops decreasing and the shock begins to move to the left.

Estimating the critical times 7y, and #;, as well as the speed of the shock movement to the
left for ¢+ > #; would also constitute a worthwhile future project.

Conjecture 3 For a solution of the a-Linnik conservation law with @ > 1,there exists a
time 7o such that, at t > g, the shock is created and its size begins decreasing, but at another
time #; > fg the size of the shock stops decreasing.

Another important future project is to study the “anomalous turbulence” problem in the
spirit of [39] (or, [21]), that is the behavior of solutions of stable and Linnik conservation
laws when the initial data are random fields.

Acknowledgments The authors are grateful to the anonymous reviewers whose thorough reading and exten-
sive comments helped improve the final version of this paper. One of the referees also suggested some very
interesting possible avenues of further research in the area that are certainly worth pursuing. The authors
are grateful to René Schilling of Technische Universitaet Dresden for careful reading of the manuscript and
comments that led to significant improvements of the article.

Appendix: A Numerical Method for Stable and Linnik Conservation Laws

In this section, we present the details of the numerical method used to produce results of
Sect. 6, adapting to the Linnik case the methodology developed in [12].

Let 6; > 0, and §x > O be the time and space steps. The scheme consists in computing
approximate values u? of the solution to (4.1) on the lattice [nd¢, (n+1)8t) x [idx, (i+1)dx),
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neN,andi € Z,

1 (i+1)sx
ud = = uy(x)dx, (6.1)
St idx
St ) F ()~ F () 0 =0, (62)

where F is a numerical Burgers flux corresponding to the continuous flux f, and £%* is a
discretization of the non-local term £, where £5% is the discretization of £, and the numerical
flux is defined as follows:
. M2 .
min ER ifa < b;
F(a,b) =1 "= 2
max —, ifa > b.
b<u<a 2

The assumptions on £%* are as follows:

) 1°°(Z) 3 v > L£5%[v] € 1°°(Z) is linear;

(i) Yv € I®°(Z), if (ix)ren 1S a sequence in Z such that limy_oo v;, = SUp ez Vj,
then liminfy_, oo £5¥[v];, > 0;

(i) If 7 : 1°°(Z) +> [°°(Z) is the left translation 7(v); = vi41, then T£% = £%%7;

(iv) 3A% > 0 such that, for all v € [%°(Z), £¥*[v]o only depends on (vf)\jlgA“ .
A detailed description of the implementation of the numerical algorithm is provided below.
For a chosen space step éx > 0, formula (4.2) makes it easy to write a discretiza-

tion of £ : we approximate each integral using the basic quadratic rule on the mesh

([jox, (j +1)6x)) jez , and we use the finite difference approximation of the derivative.

However, such an approximation would use all of (v;);ez in order to compute £5%[v];: in

practical applications, the considered functions are usually constant near —oo and +o0.

We take this into account when discretizating £ and use the mesh ([jéx, (j + 1)6x)) jez

only up to |z| = Js,8x (for some integer Js, such that Js;6x — oo as dx — 0),

approximating the remaining parts with two unbounded space steps (—oo, —J5,8x] and
[Jsx8x, +00). This leads to the scheme,

L] = —cl@) > bx (uiﬂ- — - w) A (jsx)

0<|jl<r/éx 20x

—c(a) Z Sx (vH_j - vi) A/(ij)

r/8x<|jl<Jsx

—c@) D 8x (viesy—1 —vi) A'(jdx)

J<—Jsx

—c(@) D 8x (Vi1 — vi) A (jox) (6.3)

J>Jsx
o
) 9

where

’o o Jjox
A(‘/(S)C)ZWECXP — 7
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and X has a «-stable distribution.
Additionally, we can estimate the approximate value of >
(2.22) for the Lévy measure of «-Linnik distribution,

o roo . _
Jjox e
/ / f“( 1/a) 1+1/ade]
Jsx
Jjéx eV
/ / f“( 1/a) 1+1/xdw
Jsx
w!/e 8 i v
Jjox jox e
I ) C5) () () i
00 wl/k ke e W
:/o (Sx ) (ﬁ)a ~w1+1/adw
wl/e
o0 koz »
= ————e "d
/0 (Sx"“"'lJ(gce X

kg
- at+1 go
Sxe g

> Tse A (jéx) using the formula

where ky = sin(%*)TI"(a) /7. Therefore, the approximate value of £3[v]; is given by the
following formula,

o j5x |*
= @ 3 ox (i) e (-]
0<|jl<r/éx
—c(a) (v; - 1) _ ke c(@) (v — ) _ ke
AT x Ty AT
Finally, we have
o ji5x |*
b= e 5wl ) grismen (< 5]).
0<|jl<r/éx
sin(75)I" (@) sin(Z)T ()
—c(a) (Uz Jsx—1 — ) W —c(a) (Ul+‘lax+1 — Vl) W'

6.4)

The step-by-step numerical algorithm for computation of the solution of the Linnik con-
servation law is as follows:
Step 1: Define v, W, £ and G**, by the following formulae:

()
V= (h?IZ\[—m,m](i))mez'
For example, for m = 2,
vl =1[...h",, h"4,0,0,0,0,0, k%, R}, ...]

sothat v, =0, v_4=h",, efc.
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(i)

1

urh

B nal _ n.-H

W= (LG )H\Enl__ LQ
41
unt @m+1)x1
(iii)
/;‘”‘[v]i = —c(a) Z dx(vigj — Vi)A/(jax)
0<[jI<Jsx
sin(%) T (e)
—c(@) Wiz g5 —1 — U")W
sin(%)r(“)
—@) Wiyt = V)~ e
. sin(59) I ()
=—c@) Y. Sx(h ;=N (jsx)—cl@)(h}_, | - h”W
0<|jl=Jsx x
sin(%)r(“)
—c()(hiy g 11— h?)W
=a >, (- RN (jox) + ¢z (h?_J‘”_l - h,”)
0<[jI=<Jsx
+c2 (h?+Jsx+1 B hlr'l) ’
where ¢; = —c(a) , and ¢ = —c(a) sin(5)T (@) /(T (8x J5:)%).

(iv) The formula for the 1st column of the symmetric Toeplitz matrix G** is given below.
Recall that an (n x n) matrix A is said to be Toeplitz if it has the form

A=laj il (6.5)

The entries along each diagonal of a Toeplitz matrix are constant. The 1st column of a
symmetric Toeplitz matrix G®* is as follows:

1500
—2c1 )" A'(jox) —2c2
j=1
A'(1.8x)
G() = A (2.8x)
A (3.8x)

A’ (1500.8x) 1501 x1
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and the 1st column of the symmetric, positive definite Toeplitz matrix (1 + StG‘”‘)

1500
1 —2c1.8t > A'(jbx) —2c2.6t

j=1

8t.A'(1.8x)
(I+8tG°) (1) = 8.7 (2.8x)
81.A'(3.6x)

8t.A' (1500.8x) 15011

Now, the complete symmetric Toeplitz matrix now can be found because it is determined
by the first column.
(v) With the numerical Burgers flux defined at the beginning of this Appendix, we have:

a*/2, ifa,b > 0;
b*/2, ifa,b <O0;
F(a,b) =10, ifa <0,b > 0;
b*/2, ifa>0,b<0,lal <|bl;
a? /2, otherwise.

Step 2: Assume

o [ -1, ifi=o;
i 1, ifi<o.

and 8t = 0.00167, m = 750.
Step 3: For each i, find h? , and use the equation

=

1

wl + SLF @l ul) — SLF P, ul ), if 3001 <i <4501;

ul! 1 otherwise.
Since u? are known for all i, we can calculate h? for all i.

If v and W are defined as in Step 1, the above equation reduces to a square system of
size2m +1 on W:

8 0 8
W +8tG*W = (hi — 818 [V1i) ;750

Step 4: Find ”11 , foralli. A Toeplitz matrix A (see, Step 1) is said to be circulant if it has

the form

a_p=ay_, 1<k<n-—1. (6.6)
Obviously, any circulant matrix is uniquely determined by its first column,
— T
a =lag,ar,az, ..., ap-2,an-11".

Next, we employ the equation (6.5) to calculate u l' ,forall i, using the standard preconditioned
conjugate gradient method, where A is the symmetric positive definite matrix I + 8:G%* ,
of dimension (1501 x 1501) (defined in Step 1), and x=W , is as defined in the Step 1.
Taking n = 0, we have
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1
U—750

X = (Uil)mgso =| u

1
U750 15011

The vector

b= (h? - 5’£8x["]i)\i|5750*

defined by equation (6.5) has the dimension 1501 x 1. Here, we know the values of h? for
all i, and the formula for £%*[v]; is defined in Step 1. For example,

L] 750 = cl Z (h(1750+j - hg750) A (jéx) +c2 (h(l750—1500—1 - h(1750)
0<[j|<1500

0 0
+¢2 (h2 3504150041 = P2750)

Step 5: Find hl1 , for all i. Since we already know ull , the values for h}, for all i, can be
calculated by going back to Step 3. Then we move forward to Step 4 to calculate ulz foralli.
Finally we need repeat the procedure to calculate the values of u;,i = 1, ..., n, forn = 300.
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