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ON NUMERICAL METHODS AND ERROR ESTIMATES
FOR DEGENERATE FRACTIONAL CONVECTION-DIFFUSION
EQUATIONS

SIMONE CIFANI AND ESPEN R. JAKOBSEN

ABSTRACT. First we introduce and analyze a convergent numerical method
for a large class of nonlinear nonlocal possibly degenerate convection diffusion
equations. Secondly we develop a new Kuznetsov type theory and obtain
general and possibly optimal error estimates for our numerical methods — even
when the principal derivatives have any fractional order between 1 and 2! The
class of equations we consider includes equations with nonlinear and possibly
degenerate fractional or general Levy diffusion. Special cases are conservation
laws, fractional conservation laws, certain fractional porous medium equations,
and new strongly degenerate equations.

1. INTRODUCTION

In this paper we develop a numerical method along with a general Kuznetsov
type theory of error estimates for integro partial differential equations of the form

Opu + divf(u) = LF[A(u)], (x,t) € Qr,
(1.1) { u(z,0) = uo(x), z € R4,

where Q7 = R? x (0,7 and the nonlocal diffusion operator £* is defined as

(2 @ = [ 62 o)~ Vo) i 2) duC),
z|>0

for smooth bounded functions ¢. Here 1 denotes the indicator function. Through-

out the paper the data (f, A4, 1, uo) is assumed to satisfy:

(A1) f=(f1,.-., fa) € WHe(R;R?) with f(0) =0,
(A.2) A€ WH*(R), A non-decreasing with A(0) = 0,

(A.3) p >0 is a Radon measure such that f‘z I2A1du(z) < oo,

|z
[>0
(A4) up € L=®(R?) N LY (RY) N BV (RY).

We use the notation a A b = min(a, b) and a V b = max(a, b).

Remark 1.1. These assumptions can be relaxed in two standard ways: (i) f, A can
take any value at u = 0 (replace f by f — f(0) etc.), and (ii) f, A can be assumed
to be locally Lipschitz. By the maximum principle and (A.4), solutions of (I.I)) are
bounded, and locally Lipschitz functions are Lipschitz on compact domains.

The measure p and the operator £ are respectively the Lévy measure and the
generator of a pure jump Lévy process. Any such process has a Lévy measure
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and generator satisfying (L2)) and (A.3), see e.g. [4]. Example are the symmetric
a-stable processes with fractional Laplace generators where

d
(1.3)  du(z) = C/\M% (x>0) and  L£F=—(—AY2 for A€ (0,2).

Non-symmetric examples are popular in mathematical finance, e.g. the CGMY
model where

Oe_Glzl

Wdz for z > 0,
AWl2) =\ o -mie

Wdz for z < 0,

and where d =1, A(=Y) € (0,2), and C,G, M > 0. We refer the reader to [14] for
more details on this and other nonlocal models in finance. In both examples the
nonlocal operator behaves like a fractional derivative of order between 0 and 2.

Equation (II) has a local non-linear convection term (the f-term) and a frac-
tional (or nonlocal) non-linear possibly degenerate diffusion term (the A-term).
Special cases are scalar conservation laws (A = 0), fractional and Lévy conserva-
tion laws (A(u) = u and a-stable or more general 1) — see e.g. [6 1] and [7, 29] 25],
fractional porous medium equations [16] (A = |u|™tu for m > 1 and a-stable p),
and strongly degenerate equations where A vanishes on a set of positive measure.
If either A is degenerate or £* is a fractional derivative of order less than 1, then
solutions of (L) are not smooth in general and uniqueness fails for weak (distri-
butional) solutions. Uniqueness can be regained by imposing additional entropy
conditions in a similar way to what is done for conservation laws. The Kruzkov
entropy solution theory of scalar conservation laws [27] was extended to cover frac-
tional conservation laws in [I], to more general Lévy conservation laws in [25], and
then finally to setting of this paper, equations with non-linear fractional diffusion
and general Lévy measures in [I1]. For local 2nd order degenerate convection dif-
fusion equations like

(1.4) Opu + divf(u) = AA(u),

there is an entropy solution theory due to Carrillo [9].

In recent years, integro partial differential equations like (ILT]) have been at the
center of a very active field of research. A thorough description of the mathematical
background for such equations, relevant bibliography, and applications to several
disciplines of interest can be found in [T}, 2, [7, [TT] 16, 25].

The first contribution of this paper is to introduce a numerical method for equa-
tion (1) and prove that it converges toward the entropy solution of (LI]) under
assumptions (A.1)—(A.4). The numerical method is based upon a monotone fi-
nite volume discretization of an approximate equation with truncated and hence
bounded Lévy measure. Essentially it is an extension of the method in [II] from
symmetric a-stable to general Lévy measures, but since non-symmetric measures
are allowed, the discretization becomes more complicated here. Apart from its abil-
ity to capture the correct solution for the whole family of equations of the form
(1), the main advantage of our numerical method is that it allows for a complete
error analysis through the new framework for error estimates that we develop in
the second part of the paper.

The second, and probably most important contribution of the paper, is the devel-
opment of a theory capable of producing error estimates for degenerate equations
of order greater than 1. This theory is based on a non-trivial extension of the
Kuznetsov theory for scalar conservation laws [28] to the current fractional diffu-
sion setting. An initial step in this analysis was performed in [2], with the derivation
of a so-called Kuznetsov lemma in a relevant form for (LI). In [2] the lemma is
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used in the derivation of continuous dependence estimates and error estimates for
vanishing viscosity type of approximations of (II]). In the present paper, we show
how it can be used in solving the more difficult problem of finding error estimates
for numerical methods for ().

As a corollary of our Kuznetsov type theory, we obtain explicit A-dependent
error estimates when p is a measure satisfying

dz
(1.5) 0 <1 crdp(z) < c,\W for ¢y >0and A€ (0,2).
In this paper we will call such measures fractional measures. For example for the
implicit version of our numerical method ([B.5), we prove in Section [f] that

Azz A e (0,1),
Ju(-,T) = uas(- T) ey < Cr{ Az log(Az) =1,
Az*T Ae(1,2),

where w is the entropy solution of (ILI) and ua, is the solution of ([E3]). Note that
our error estimate covers all values A € (0, 2), all spacial dimensions d, and possibly
strongly degenerate equations! Also note that under our assumptions, the solution
u possibly only have BV regularity in space. Hence the error estimate is robust in
the sense that it holds also for discontinuous solutions, and moreover, the classical
result of Kuznetsov [28] for conservation laws follows as a corollary by taking A =0
(a valid choice here!l) and A € (0,1). The above estimate is also consistent with
error estimates for the vanishing A-fractional viscosity method,

du+divf(u) = —Az (~A)M?u as Az — 07,

see e.g. [I8] 1], but note that our problem is different and much more difficult.

There is a vast literature on approximation schemes and error estimates for scalar
conservations laws, we refer e.g. to the books [26] 22] and references therein for
more details. For local degenerate convection-diffusion equations like (4, some
approximation methods and error estimates can be found e.g. in [20] 211, 24] and
references therein. In this setting it is very difficult to obtain error estimates for nu-
merical methods, and the only result we are aware of is a very recent one by Karlsen
et al. [24] (but see also [I0]). This very nice result applies to rather general equa-
tions of the form (L) but in one space dimension and under additional regularity
assumptions (e.g. 95 (A(u)) € BV). When it comes to nonlocal convection-diffusion
equations, the literature is very recent and not yet very extensive. The paper [I5]
introduce finite volume schemes for radiation hydrodynamics equations, a model
where £# is a nonlocal derivative of order 0. Then fractional conservation laws are
discretized in [I7) 13}, [12] with finite difference, discontinuous Galerkin, and spectral
vanishing viscosity methods respectively. In [15] [13] Kuznetsov type error estimates
are given, but only for integrable Lévy measures or measures like (IL3]) with A < 1.
Both of these results can be obtained through the framework of this paper. In
[12] error estimates are given for all A but with completely different methods. The
general degenerate non-linear case is discretized in [11] (without error estimates)
for symmetric a-stable Lévy measures and then in the most general case in the
present paper.

Linear non-degenerate versions of (ILT]) frequently arise in Finance, and the prob-
lem of solving these equations numerically has generated a lot of activity over the
last decade. An introduction and overview of this activity can be found in the book
[14], including numerical schemes based on truncation of the Lévy measure. We
also mention the literature on fractional and nonlocal fully non-linear equations
like e.g. the Bellman equation of optimal control theory. Such equations have been
intensively studied over the last decade using viscosity solution methods, including
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initial results on numerical methods and error analysis. We refer e.g. [5] [8, 23] and
references therein for an overview and the most general results in that direction.
In fact, ideas from that field has been essential in the development of the entropy
solution theory of equations like (II]), and the construction of monotone numerical
methods of this paper parallels the one in [8]. However the structure of the two
classes of equations along with their mathematical and numerical analysis are very
different.

This paper is organized as follows. In Section[2lwe recall the entropy formulation
and well-posedness results for (ILI)) of [I1] and the Kuznetsov type lemma derived
in [2]. We present the numerical method in Section Bl There we focus on the
case of no convection (f = 0) to simplify the exposition and focus on new ideas.
In Section @] we prove several auxiliary properties of the numerical method which
will be useful in the following sections. We establish existence, uniqueness, and a
priori estimates for the solutions of the numerical method in SectionBl The general
Kuznetsov type theory for deriving error estimates is presented in Section [6, where
it is also used to establish a rate of convergence for equations with fractional Lévy
measures, i.e. ([LH) holds. In Section [[ we extend all the results considered so far
to general convection-diffusion equations of the form (L)) with f # 0. Finally, we
give the proof of the main error estimate Theorem in Section

2. PRELIMINARIES

In this section we briefly recall the entropy formulation for equations of the form
(TI) introduced in [I1], and the new Kuznetsov type of lemma established in [2].

Let U(U7k> = |u - k|7 U/(ka) = sgn (u - k)a ql(ua k) = W’(ka) (fl(u> - fl(k)) for
l=1,...,d, and write the nonlocal operator L¥[¢] as

LYo] + LY@ + 417 -V o,

where

1)) = / L ) = 9) = Vo ),
£ (x) = /| 9t 2) o) duta),

o= —/ 211 1<1 dp(2), I=1,...,d.
|z|>r
We also define p* by pu*(B) = p(—B) for all Borel sets B # 0. Let us recall that
[ ot @) do = [ i) £ [pl(w) do
R? RY

for all smooth L N L' functions ¢, v, cf. [2, [11].

Definition 2.1. (Entropy solutions) A function u € L>(Qr) N C([0, T]; L*(R%))
is an entropy solution of (L) if, for all k € R, r > 0, and test functions 0 < ¢ €
C(R? x [0, T]),

[ k) oo+ (atw ) +9777) - Vo n(A(w). AKR) £ [

(2.1) + ' (u, k) L#"[A(u)] ¢ dx dt
- / n(u(z, T), k) o(x,T) dx Jr/ n(uo(x), k) p(x,0) dz > 0.
R4 Rd

Note that 7/ = 0 when the Lévy measure p is symmetric, i.e. when p* = p.
From [I1] we now have the following well-posedness result.
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Theorem 2.1. (Well-posedness) Assume (A.1) — (A.4) hold. Then there exists a
unique entropy solution u of (L) such that

u € L=(Qr) N C([0,T1; L'(RY)) N L>(0,T; BV (R)),
and the following a priori estimates hold

lu(-s )| oo (ray < [|uoll Lo (rays
lu( )l ey < lluollprray,
[u(-,t) By ray < |uol gy (ray,

u(-st) —ul, s)|[Lrray < o(|t — s]),

for all t,s € [0,T] where

o(r) = {cr if f|z|>0 2| A1 dp(z) < oo,

1 .
crz otherwise.

Moreover, if also [ILA) holds, then

cr if A e (0,1),
o(r)=<qclrinr| ifA=1,
crX if Ae(1,2).

The last a priori estimate is slightly more general then the one in [I1], and follows
e.g. in the limit from the estimates in Lemmas and 5.4l We now recall the new
Kuznetsov type of lemma established in [2]. Let

weCFR), 0<w<1, w(r)=0forall|r|>1, and /w(T) dr =1,
R

and define ws(7) = 3w (3), Qe(@) = we(z1) - - - we(z4), and

(2,5t 8) = Qe — y) ws(t — 9)
for €,6 > 0. We also need

Es(v)= sup ||v(-,t) —w(-,s)| .
(2.2) s(v) S [v(,t) = v(-, $)ll L1 (ra)
t,s€[0,T]

In the following we let dw = dxdtdyds and Cr > 0 be a constant depending on
time and the initial data wg that may change from line to line.

Lemma 2.2. (Kuznetsov type of lemma) Assume (A.1) — (A.4) hold. Let u be the
entropy solution of (L) and v be any function in L>=(Qr) N C([0,T); L*(R9)) N
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L>(0,T; BV(Rd)) with v(-,0) = vo(+). Then, for any e,r >0 and 0 <6 < T,
[[u D)z ey < lluo = vollrray + C (€ + E5(u) V E5(v))

//T//T (@, t),u(y, s)) 0™ (w,y,t, 5) dw
- ) A (00,0l ) - Vo1 5) o
+//T//T77(14(”(5070%A(U(y,s)))ﬁé‘* [0 (2,1, 9)](y) dw
//T//T ,8)) LET[A(u( )] (@) 9 (2, 9, 8, 8) dw
//T//TU(A(”(xvt))aA(U(yvs)))'w*’r'chpe"s(x,y,t,s) dw
# L[ ot Tt ) o ) drayas
- // . /R n(vo(x), u(y, 5)) 9°° (,0,y, 5) dedyds

The proof is given in [2]. The original result of result of Kuznetsov in [2§] is a
special case when p =0 (or A =0).

3. THE NUMERICAL METHOD

In this section we derive our numerical method. Here and in the following sec-
tions we focus on the case f = 0 to simplify the exposition and focus on the new
ideas. The general case f # 0 will then be treated at the end, in Section [7

We will consider uniform space/time grids given by z, = a Az for a € Z¢ and
tp, =nAtforn=0,...,N = Alt. We also use the following rectangular subdivisions
of space

Ry = o + Az (0, 1)d for «ez?.

We start by discretizing the nonlocal operator, replacing the measure p by the

bounded truncated measure 1, e (z)p and the gradient by a numerical gradient

(31) DACE:(Dlv"'aDd)v
where D; = D] are upwind finite difference operators defined by
A — Az

D ¢(z) := o+ Zel) ¢() for 'yl”’AZ >0,
62 Do) = ) = So — Av ey

D; ¢(x) := i Azx T otherwise.
Here eq,...,eq is the standard basis of R¢. This gives an approximate nonlocal
operator

LHA(9))(x)

(3.3) A

= [y, A+ 2) ~ AGE) ) + 7 - Dan A9,

which is monotone by upwinding and non-singular since the truncated measure is
bounded.

A semidiscrete approximation of (II)) with f = 0 is then obtained by solving
the approximate equation

(3.4) Oru = L*[A(w)],
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by a finite volume method on the spacial subdivision {R,},. Le. for each ¢, we
look for piecewise constant approximate solution

Z Uﬂ 1RB

pezd

that satisfy [B.4]) in weak form with A%dl R, as test functions: For every o € Z¢,

1 1 .
_— - gy
e /Raatwa A /Rac [A(U

Finally we discretize in time by replacing 0; by backward or forward differences
Dit and U, (t) by a piecewise constant approximation UZ. The result is the implicit
method
(3.5) Urtt = U2 + AL LMAU™))a,
and the explicit method

(3.6) UMY = UL + At LM(A(U™))q

where
AU = 57 [ AT (@) do

and U™ (x) = > peza Up 1R, (2) is a piecewise constant z-interpolation of U. As
initial condition for both methods we take

U01

= d for all VA
p Amd/RauO(z> x or a o€

Lemma 3.1.

LMAU))a =Y GF A,

BEL

with G% = G 5 + G*P and

Gap = 5@+ 2) = 1R, (z) du(z) de,
8= AZCd/ \/|\|>A,’1‘ A
o, #7% 1 ¥
G :Z% At |, Di'1g,(z) da
=1 o

Remark 3.2. G, p is a Toeplitz matrix (cf. Lemma [Tl (b)) while G*# is a tridi-
agonal matrix. When the measure p is symmetric, then G, g is symmetric and
G*P = 0.

(3.7)

Proof. Since

AU() = > A(Up)1g,(z) and  Da.U(x) = »_ UpDaslr,(x),
Bezd Bezd
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we find that

Azt LH (AU )>a:/ LPLAD))(2) da
/ /||> U(z +2)) = A(U(2)) dp(z) dz

/R ZAUg DAI]-RB( )d

« BEZd

- (/ />M1Rﬂx+z)—1RB(>du<>d>

ﬁGZd
Az
+ Y A(Up) <ny’ 2 / D] 1p,(z) dx).
=1 Ra

Bezd

The proof is complete. (I

4. PROPERTIES OF THE NUMERICAL METHOD

In this section we show that the numerical methods are conservative, monotone
and consistent in the sense that certain cell entropy inequalities are satisfied. We
start by a technical lemma summarizing the properties of the weights G defined

in (30).

Lemma 4.1.

(a) > ncpa G§ = Y aczd GB =0 for all B € Z°.

(b) GE = GUT for all a,f € 2% and 1 =1,...,d.

(c) Gﬁ<0 and G§ >0 for a # .

(d) There is ¢ = &(d, ) > 0 such that G > — (AI) and where
s when [|z|Aldu(z) < oo,

(4.1) 6u(s) = { )

s“  otherwise.
(e) If ([LA) holds, then there is ¢ = ¢(d, \) > 0 such that Gg > —55(xay for
s* for A > 1,
(4.2) or(s) =( = for A=1,

| In s]

S for A < 1.

Proof. (a) By the definitions of G, 5, G*? and Fubini’s theorem,

At S Gy = />A2I (/R 1r,(z + 2) dx—/Rd 15, () de) du(z) = 0,

a€Zd
d ,u,%
Az? Z GYP = + N (/ 1p,(z £ Az el)dzf/ 1p (x)dz) =0,
ezd o AT RE RS

and, since » 5 74 1r, (z) =1,

Az Z Gap = / / Z 1g,(z +2) Z 1Rﬂ($)) dp(z)dz =0,
pezd >S5 pezd pezd
Azt Y Gof = %Az / (Y tm@tave) = > 1,(0)de 0.

pezd I=1 o« pezd pezs
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Therefore 35,70 G% = ez (Gap +G¥P) =0and 35,4 G§ =0

(b) Let y =  + ¢; and note that

Az? GQB_/ / 1g,(y — Azep+2) — 1r,(y — Az er) du(z)dy
Ra+el [2]>

Az
2

/ / (04 2) ~ Lay,, () duz) dy
Ra+el |>

= ASC Gﬂ+el,a+el'
In a similar fashion we get G®# = GFt+enate

(c) Note that

Azt Gﬁﬁ*/ / 1R5$+Z)*1du()d:c§0.
Rg J|z|>42

while by the definition D], see (3.2),

d
As Ac 1gr,(x)
Az? GPP = — S sgn(y””)/ L dz <.
Z l l Ry A

T
=1

For a # (3,

Az? Gagf/ / lRﬂerz)du()d:czO,

G*P =0 for a # 8 £ ¢, and by the definition of D],

Ac 1g,(z £ Az e)
Bte,B _ SR w5 ) Rg ! S
Azt G g ol sgn (’yl /Rﬂiel B P— dx > 0.

Therefore G = G 5+ G*# < 0 and G§ = Ga,p + G > 0 for a # B.

(d) To find the lower bound on Gg we note that fRB 1gr,(z42)—1g,(z) dz > —Az?,
and hence

Gpp = —/z>% du(z) > —/Z<1 ((%)21|z|<1(2) + 1z>1(25)) dp(2).

The bound then follows since

Az GPB > —d/

Az <z|<1

2
z
)z [ B
0<|z|<1

When [ |z| Aldu(z) < oo, the corresponding bound follows by a similar argument.

(e) When (E) hold we can estimate G g in the following way

|z] exdz
Gp,p = */ Aw dp(z)
Asopz)<1 B |Z|d“ |2|>1
AL%( ”)+c for A # 1,
c,\Azadln +C for A = 1.
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The last equality can be proved using polar coordinates, and o4 is the surface area
of the unit sphere in R?. Similarly we find that

1-A
d —‘Tj—(l —(&z ) for A # 1,
AxGB’ﬂZ—d/ |Z|c>\Tj\=—dc>\ T—X (2)
aecpp<aa |2 —oqln Az for A =1,

and since (1— (%)kA) is less than 1 or (4%)'~* when A < 1 or A > 1 respectively
(and when Az < 2), the proof is complete. (I

From the two facts that G2 > 0 when a # 3 and sgn(u)A(u) = |A(u)|, we now
immediately get a Kato type inequality for the discrete nonlocal operator (3.

Lemma 4.2. (Discrete Kato inequality) If {ta, Vo }ocza are two bounded sequences,
then

sgn(ua —va) > GH(A(ug) — A(vg)) < > G5 |A(ug) — A(vg)|.
Bezd Bezd

From Lemma (1] it also follows that the explicit method (B6) and the implicit
method (X)) are conservative and monotone, at least when the explicit method
satisfies the following CFL condition:

At
(43) ELA m <1 where (5'# is defined in (m)
Here ¢ is defined in Lemmal[41] and L 4 denotes the Lipschitz constant of A. When
the Lévy measure p also satisfies (LT, we have a weaker CFL condition
At
(44) ELAW <1 where &) is defined in (m)

Proposition 4.3 (Conservative monotone schemes).
(a) The implicit and explicit methods BH) and B8) are conservative, i.e. for an

1 -solution U,
S ur=> U

(b) The implicit method is monotone, i.e. if U and V solve (B, then
ur<vn = urtt <yt for n>0.

(c) If @3) (or @Q) and ([LH)) holds, then the explicit method [B.8) is monotone.

Remark 4.4. The CFL condition (3) implies that 2% < C' in general (just as
for the heat equation), and ﬁ—; < C when [ |z| Aldu(z) < oo. Condition (3] is
sufficient for all equations considered in this paper. In real applications however,

typically (L) holds, and the superior CFL condition (4] should be used.

Proof. (a) Sum (B3) or (B6) over «a, change the order of summation, and use
Lemma 4] (a):

SMUrtt=>Ur+Aaty A(U5)< > Gg) =y un
a€Zd a€Zd BeZA a€Zd agZd

(c) Let Tolu] = ua + At 5.4 G5 A(up), the right hand side of (3.6). By Lemma
AT (c), G§ > 0 for a # 3 and hence

OusTalu] >0 for B #a.

Since A non-decreasing and G& < 0, we use the lower bound on G¢ in Lemma [A.1]
(c) to find that

At
o Tolu] =1+ AtG® A'(ug) > 1 — eLg———,
OuaTalu] = 1+ At Gy A'(ua) > Las A
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which is positive by the CFL condition (£.3).
(b) The proof is similar to and easier than the proof of (c). O

We then turn to checking the consistency of the method, and to do that we write
Ga,p = Gp 5+ Gap,r and GYP = G 4 GXP for r > 0 where

i 1
@B = Agd /Ra /%<ng Lry (@4 2) = 1ny (2] dulz) do,

1
Gapr Azd /Ra /Z>T Ry (T +2) Rry(2) du(z) dz,

d
1
G%Bﬂ“ — A ,yl/‘; el / D’YTlRﬂ d
l_

Az
=3

for v, zll| <1 du(z),

D’y 1Rﬂ d.’L'

gy
.

T
GOP = —
PP = z;
If r < &% we set GrﬂfO*Go‘ﬁT We also define
GO =G4+ G and G =Gap,+GOP,
and note that Lemmas {1l and B2 obviously still holds with G5 or G& ,. replacing
G,
Proposition 4.5. (Cell-entropy inequalities)
(a) If U is a solution of the implicit method [B.A), then, for all™ >0 and k € R,
(UL k) < (UL k) + At Y S GEn(AUS™), A(k))
pezd
+ AL (U R) > G AU
BeZ
(b) Assume the CFL condition @3) (or (&4) and [L3)) holds. If U is a solution
of the explicit method ([B4), then, for allr >0 and k € R,
(UL k) < (UL k) + At Y G n(AUL), A(k))
Bezd

+ ALy (USTR) Y GY LA
Bez?

(4.5)

(4.6)

Remark 4.6. In the cell-entropy inequality for the explicit method, the n’-term
appears in the “wrong” time. In Section[6] we will see that this leads to worse error
estimates for the explicit method than for the implicit method.

Remark 4.7 (Convergence to entropy solutions). Proposition and a standard
argument show that any C([0,7]; L (R?))-convergent sequence of (interpolated)
solutions @a, of (B3] or ([B.6]), will converge to an entropy solution of (II). We
refer to Theorem 3.9 in [22] and Section 4.2 in [II] for more details. Convergence
to the entropy solution also follows from the error estimates of Section

Proof. (a) By (B3] we easily see that for any k € R,
UtV SURVE+ At L ooy (UL LAU™),
UM ANk > UR Ak + Aty (U LHAU™ ) g
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Subtracting and using n(u, k) = |u — k| and 7' (u, k) = sgn (u — k), we find that
N(USH k) < (U k) + At (UL k) L4CAU™ ) o
For any r > 0, we use Lemmas [£1] (a) and with Gg’T replacing Gg to see that
W (UL E) Y GET AU

pezd
7 (UL E) > GET (AU — A(k)) since Y G5 =0
pezd pezd
< Y G n(AWUET), A(R)).

Bezd

The cell entropy inequality now follows from writing G§ = G5, + Gg’T and using
the above inequalities.

(b) By (3.6) and monotonicity (Proposition (c)) we obtain the following in-
equalities: For all r > 0,

Uz VESUIVE+AL Y G3TA(UE V k)

Bezd
+ At 1(k,+oo) (U;Hrl) Z Gg,r A(UE),
Bezd
U N> UL AR+ ALY GEm AU A k)
Bezd
+ AL oy (UZTH) Y GE . A(UR).
Bezd
Since n(A(U), A(k)) = A(UVk)— A(U AE), the cell entropy inequality follows from
subtracting the two inequalities. O

5. A PRIORI ESTIMATES, EXISTENCE, AND UNIQUENESS

In this section we state and prove several a priori estimates for the solutions
of the numerical methods B35 and B6). In what follows, we will use different
interpolants @ of the solutions U2 of the schemes. For the implicit method (33
we take

(5.1) a(z,t) = UMY for all (z,t) € Ry X (tnytniil,
while for the explicit method (B8],
(5.2) a(z,t) =UY for all (z,t) € Ry X [tn,tnt1)-

We now prove the following a priori estimates for :

(5.3) laC, )z @ey < lluollLr ey,
(5.4) l@(-,t)[ oo (ray < ol oo (ray
(5.5) [a(-, 1) By rey < |uol gy (re)-

Lemma 5.1. (A priori estimates)
(a) If U solve BH) and @ is defined by (BI)), then the a priori estimates (B3] -
E&3) hold for all t > 0.

(b) Assume the CFL condition [&3) (or @A) and (L)) holds. If U solve (B.6)
and @ is defined by (5.2), then the a priori estimates (5.3) — (&30) hold for all t > 0.
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Proof. Since the schemes are conservative and monotone, cf. Proposition 3] this
is a standard result that essentially follows from the Crandall-Tartar Lemma. For
explicit methods in part (b) we refer to e.g. Theorem 3.6 in [22] for the details.
We did not find a reference for implicit methods, so we give a proof of part (a)
here. See also [I7] for the case when A is linear. Let u, = U™, h, = U, and

write (3.0 as
(5.6) Uo — At Y G Alug) =
Bezd
We prove ([@.3]). Multiply (5.6]) by sgn(us) and use Lemma 2] to get
lua| — At > GF [A(ug)| < |hal,
pezs
which by Fubini’s theorem and the fact that 3° ;. G§ = 0 implies that

D fual <7 Jhal.

acZd acZd
By the definition of u,, h, and an iteration in n, it follows that

Do lua< Y vl

a€Zd a€Zd
By @), [|a(-, )|l @ay = Az? Y cpa UL for t € (£, tny1], and (B3) follows.
To prove (B8], we subtract two equations (5.6) evaluated at different points,

Uy — Ug—e, — AL Z (G%‘ A(ug) — Gg—ez A(ug)) =hg — ha—¢,

pezd
and use the fact that Ga ng:’ to see that
NI ( A(uﬂ,e,)) = ha — ha—e,.
pezd

Then we multiply by sgn(ug — ta—e, ), use Lemma [£:2] and sum over «, to find that
Z |uo¢ - ua—el| S Z |ho¢ - ha—el| .
a€eZd a€gZd
The estimate ([B.35]) then follows by iteration and the definitions of ue, he, @.
It remains to prove (5.4)). Note that since ) |ua| < oo by (B3], there is an

ap such that sup, us = uq,. Moreover, the parabolic term is nonpositive at the
maximum point: since » 5., G = 0 and 3554 |GE| < 00,

3 G5 Alug) = Y G (A(uﬂ) - A(uao)) <0.
Bez? Bez?
Then by the above inequality and (5.4,

SUD Ug = Ugy < Ugy — AL Z Gg" A(ug) = hoy < sup hg.
a€eZd Bezd a€eZd

In a similar way we find that inf,cza ho < inf,ezauq and (B4) follow from the
definitions of u, ha, % and an iteration in n. O

Lemma 5.2 (Global existence and uniqueness).
(a) There ezists a unique solution U™ € I* of the implicit scheme [B.H) for alln > 0.

(b) Assume the CFL condition (&3) (or @A) and (LI)) holds. Then there exists
a unique solution U™ € 11 of the explicit scheme [B.6) for all n > 0.
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Note that U™ € [* implies that (-,t) € L'(R?).
Proof. (a) Let uy = U and h, = UZ, rewrite (3.5) as (5.6), define

Tofu] = ug — e(ua — At Y GY Alug) — ha),

BeZa
and let € be such that

(1 + Lac— (AAtz)) <1

We first show that Ty, is monotone, i.e. u < v implies T, [u] < Ty[v]. For a # S,
Gg > 0 by Lemma [£7] and hence since A non-decreasing,

OupTolu] > 0.
Moreover, since A non-decreasing and — ( A S GS <0,
OuTolu] =1 — e+ eAtGE A(uq) >1—€( 1+ L Ei
U+ - o o) Z A &H(A(E)

which is positive by our choice of e.
Since T' is monotone and A is nondecreasing,

Z(Ta[u]— av) <Z( [u V] Ta[v])
= (1= Y (e Va—va) +eAt > N G (Alug Vug) — A(vg))

aczd €zl Bezd
—(1=0) Y (U —va)t HeAt Y (Zaﬂ)( (uﬂ))+.
acZd BeZL  aeZd

A similar estimate holds for (T [u] —Tu[v])~, and since 3 ;4 G§ = 0, we have

shown that
> Tafu] = Tafo]] < (1 =€) Y ua — val-

aeZd aeZd
So T,, is an ['-contraction and Banach’s fixed point theorem then implies that there
exists a unique solution @ € I* of T,[ii] = @, and hence also of (5.6)).

(b) Existence follows by construction and the a priori estimates in Lemma [BI]

Uniqueness essentially follows by monotonicity and )~ Gg = 0: Assume two so-

lutions U™ and V", subtract the two equations and multiply by sgn (U™ — V"),

and use the Kato inequality (Lemma E.2) along with >° G§ = 0 to show that

S U = V< S U0 - VO, O
We have the following regularity estimate in time:

Lemma 5.3. (Regularity in time)
(a) Assume (A.2) — (A.4) hold, and let U be a solution of the implicit method ([B.3])
and @ defined by (&J). Then

(-, 8) —a(, )l rey < oulls — ¢ + At)
for all s,t > 0, where
r if [ls0 12l AT du(z) < oo,
NG otherwise.
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(b) Assume (A.2) — (A.4) and @) (or @A) and (L)) hold, and let U be a
solution of the explicit method [B.8) and @ defined by (5.2). Then

la(,s) = a(-, t)llpa ey < opulls —t[ + At)
for all s,t > 0, where o, is defined in (a).

Proof. The two proofs are essentially identical, so we only do the proof for case (a).

1) By B3), we find that for any = € R,

At A oo
n _ grn—1 _ n
ur-ur T /Ra LIAU)(z) dx.

Take a test function 0 < ¢ € C° and define o = <oz fRa #(y)dy and ¢(x) =
> Palr, (z). Multiply the equation by Az?¢, and sum over « to find that

9 &) (U™ (z) — U™ H(x)) do = At 9 &) LIAT™))(x) da,
where Let £* be the adjoint of ﬁ, then since U is constant over R,

/Rd $@)(U" () = U™ (2)) dz = » P@)(U"(x) = U™ (2)) do

=t [ (6(0) ~ o) LAT] @) o + At [ L1610 AC™) (o) d
2) Let w. be an approximate unit, i.c. we(z) = Zw(£) where 0 < w € C§° and
Jga wdz = 1. Take ¢(x) = w.(y — x) in the equation above and let U? = U™ * w,:
Ur — U771 = At(we — we) * LIAU™)] + AtL*w.] « AT™).
By Fubini we then find that

1 Frn Frn— — A T A TN
AU —Ue Uz < floe = well o [L[AT ™| 1 + £ [we] ¥ ATz = I + Lo

3) To estimate I, note that by a standard argument
_ ¢
lwe — wellpr < |we|pv Az = ?UJA:L',

and then by the definition of £ in (33), Fubini, the L' N BV regularity of U™
(Lemma [B.T]), and the regularity of A in (A.2),

IEIAD™ )N 2
:/ / A(U™(x + 2)) — A(U™(2)) — 2 - Dag A(U™(@))1)21<1 dadp(2)
|z|>42 JR
§/>M (2|A(U")|BV|Z|1|2|<1+2||A(U”)HL11|Z|>1) du(z)
C
<C zl| AN 1dp(z) £ — S12 A 1du(z).
e f L ntdu >_Az/z>0| 2 A1 du(z)

These estimates along with (A.3) shows that I; < Ce™ .
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4) Then we estimate I5. Note first that since Dpy =D + (ﬁAI — D), we can use
Taylor’s formula to see that

d(z + 2) — ¢(x) — 2Dpsd()

1 d 1
= / (1 —5)2TD?¢(x + sz)zds + Az Z zl/ (1 = 8)py,, (x = sAx) ds.
0 = Jo

This identity along with the definition of ﬁ*, repeated use of Fubini, and one
integration by parts in x, then leads to

L¥we] * A(U™)(z)

= _/ / / (1 —8)Dw.(x —y+52)2® 2 DA(U"(y)) dy du(z) ds
0 JAaz<|z|<1 JRE

d 1
F Az Z/ / / (1 — 8)0p,w-(z — y + sAx)2; 0, A(U"(y)) dydpu(z)ds
=1 /0 JAE<z]<1 JRY

—1—/Rd /Z>1 (we(ac—y-i-z) —wg(x—y))A(U”(x))dM(z)dy.

Here DA(U™(y)) dy should be interpreted as a measure, and [ [DA(U™(y))|dy =
JdlA(U™)|(y) = |A(U™)|pv. By Young’s inequality for convolutions (Fubini in our
case), we then find that

3 _
o < SloclaviA@) v [

|Z|2d.“(z)+2||W€||L1||A(Un>”L1/ dp(z)
0<|z|<1

|z|>1
< Ce L

Here again we have used the properties and regularity of p, A, U™, and w..

5) By steps 2) — 4) we can conclude that

o n o C
U =T < Y |IUZ -T2 1|IL1S;In—mIAt,

Jj=m+1

where the constant C' does not depend on n or m. By the triangle inequality and
standard BV -estimates, it then follows that

U™ =T < O™ = U |0 + 102 = U |[pr + |10 = U™ o

_ C _
< |Un|BV{:‘ + €|7’L — m|At + |Um|Bv€,

and hence by taking e = Cy/|n — m|At,
(U™ — U™ < Cy/|n —m|At.

For the time-interpolated function @ defined in (5.1]), we then find the following
estimate

() = a(, )l = 10" = U™ < CV/|n— m|At < CV/[t — s+ At.

The equality follows since for each ¢, s there are n, m such that u(z,t) = U™(x) and
a(z,s) = U™(x). Moreover, by the definition of @, |n — m|At < |t — s| + At.

It remains to prove a better estimate for the case when [ |z|A1du(z) < oo. This
proof is similar but much easier than the proof above, so we skip it. (I
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The time regularity result in Lemma is not optimal for Levy operators L
with order in the interval [1,2). To get optimal results we need more detailed
information on the Levy measure p than merely assumption (A.3). We will now
prove an improved time regularity result for fractional measures (LH). In this result
we will need the following CFL condition,

At

Lemma 5.4. (Time regularity for fractional measures) Assume (A.2) - (A.4), and
(@T3) hold.

(a) If the CFL condition (BX) hold, U is a solution of the implicit method ([B.3])
and @ its interpolation defined by (&1)), then for all s,t > 0,

<1 for A€ (0,2).

T A <1,
(-, s) = u(-, t)l L1 (ray < oa(ls —t| + At); ox(T) = 7‘|11n7'| A=1,
T A> 1

(b) If the CFL condition ([@4]) hold, U is a solution of the explicit method [B.4) and
@ its interpolation defined by (B.2), then for all s,t > 0,

T A<,
la(-, s)=u(-, )|l L1 ey < ox([s—t[+AL);  or(T) = 7'01‘ for any « € (0,1) A=1,
TX A> 1.

Note well that in this result we need the CLF condition also for the implicit
scheme. The reason is that the time-regularity is linked through the equation to
the approximate Az-depending diffusion term as will be seen from the proof. For
the implicit scheme, we can have better results for A = 1 since we can use the less
restrictive CFL condition (G.7]).

Proof. The result for A < 1 is a corollary to Lemma The proof for A > 1 is
the same as the proof of Lemma 5.3 except that we use different estimates for Iy
and I in step 2). From step 3) in that proof and (L) and a simple computation
in polar coordinates, we get that

Az Az z|dz
L <C— |Z|/\1dH(Z>SC_</ |||d+>\+c)

€ Jial>a e \Jaecpalz

€

<C Az + Az?=A for A > 1,
Ax — AzIn Az for A =1.

To estimate I, we use Taylor expansions and integration by parts to find that
LFwe] * A(U™)(z) =

_ /01 /M<|Z|<E /Rd(l — 8)Dw.(z —y +s2)2® 2 DA(U"(y)) dy duu(z) ds
- /1 / / (we(m —y+s2) —we(r - y))z DA(U™(y)) dy du(z) ds
0 Je<|z|<1 /R
d 1
T AmZ/O /AI<|Z|<5 /Rd(l — 8)0p,we(r — y + sAT)2; 0, AU (y)) dydpu(z)ds

' zj; /01 /6<z<1 /Rd (wf(x —y+sA7) —we(z - ?/))Zi 0z, A(U™(y)) dydp(z)ds

* / / (welw =y + 2) — wez — y) ) AT (2)) dpa(2) dy.
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Then by Fubini, the definition of w,, and the change of variables (z, z) — (ex,ez),

|22 dz

/ / |Dw.(x + 52)||2]* du(z) < c>\€1_>‘/ |Dw| dz/ IS
Re JAZ <|z|<e R4 0<|z|<1 |z
By similar estimates and Young’s inequality for convolutions we find that

|22 dz

_ = |z| dz
I < exe' MAU™) sy (3|W|Bv/ i +4||w||L1/
0<|z|<1 | 2|4+ 1<|z|<t | 2|4+

20 AT o1 el / du(z)

|z|>1
- el 41, A>1,
- [Ine|+1, A=1.

Note that the Ine-term comes from the integral over 1 < |z| < L.
As in step 5) in the proof of Lemma [5:3] we then find that

(U™ = U™ < |U"|Bve + In—m|At(I + 1) + U™ |pye.
To conclude, we assume that Az < & which means in particular that

e 41, A> 1,
hiths C{|ln€|+1, A= 1.
When A > 1, the final result follows from taking ¢ = ¢(jn — m|At)> and arguing
as in the end of the proof of Lemma 5.3l Note that in view of the CFL conditions
(#4) and (7)), the constant ¢ can be chosen such that Az < e. For A = 1, we
can use ¢ = c¢ln — m|At for the implicit method in view of (1), and by (@),
e = ¢([n — m|At)® for any o/ € (0,1), will do the job for the explicit method. [I

By the a priori estimates Lemma [B.1] and and Kolmogorov’s compactness
theorem (cf. e.g. [22] Theorem 3.8]), we find subsequences of both methods (B.0)
and ([B.6) converging to some function u. The function u inherits all the a priori
estimates of @, and it will be the unique entropy solution of (1)) by Remark 7]
In short, we have the following result:

Theorem 5.5. (Compactness) Assume (A.2) — (A.4) hold. If either

(i) U is the solution of the implicit method B.A) and @ defined by (EI)), or
(ii) U is the solution of the explicit method [B.6), u defined by (&2), and (E3)

(or (@A) and ([TH)) also holds,

then there is a subsequence of {U} az~o converging in C([0, T]; L*(R?)) to the unique
entropy solution w of (1)) as Az — 0. Moreover,

u € L®(Qr) N C([0,T]; LY(RY)) N L>=(0,T; BV(R?)).

Remark 5.6. This result provides a proof for the existence result Theorem 5.3 in
[11] for L' N L® N BV entropy solutions of (L)), and then the general existence
result in L' N L follows by a density argument using the L!-contraction.

6. ERROR ESTIMATES

In this section we give different error estimates and convergence results for our
schemes, estimates that are valid for general Levy measures and better estimates



NUMERICAL METHODS FOR CONVECTION-DIFFUSION EQUATIONS 19

that holds for fractional measures satisfying (LI). To give the general result, we
need the following quantities:

1
rr=2 [ ).
€ Jizi<r

A A
125,5,7« _ (_:1: + _t) / |z|du(z)+/ du(z) |;
€ ) r<|z|<1 [z[>1

I3 = SAt(ﬂ)/ dp(z).

|z|>r

Theorem 6.1. (Error estimates) Assume (A.2) — (A.4) hold, and let u be the
entropy solution of ().

(a) Let U be a solution of the implicit method BA) and @ defined by (BI). Then
foralle>0,0<6<T, and%<r§1,

(6.1) |u(-,T) = (-, )|l L2 (rey < Cr <e + & (u) Vv Es(u)+ Iy + I§*‘”> ,

(b) Assume also [E3) holds, and let U be a solution of the explicit method (B.0])
and @ defined by (52). Then for alle >0,0< 6 < T, and % <r<I1,

(6.2) MhﬂMﬂWuwﬁﬂ%G+&Mv&@HIV+@”+@)

The proof of this result will be given in Section [§

Corollary 6.2 (Convergence). Under the assumptions of Theorem [61], the solu-
tions of the implicit method [B.3) and the explicit method [B.S6]) both converge to the
unique entropy solution of (L)) as Az, At — 0.

Proof. The result follows from the error estimates of Theorem [6.1] by first sending
Az, At — 0, then r — 0, and finally €, — 0. O

We will now see how Theorem (along with Lemma [5.4]) can be used to pro-
duce explicit rates of convergence for our scheme in the case of fractional measures
satisfying (LH). First we define

T2 Ae(0,1)
(6.3) olM(7) = T%|1og7'| A=1,

Tl Ae(1,2),
and

1

L )\ 2
(6.4) oBx¥ (= Toy 20l

T Ae(3,1)u(1,2).

Theorem 6.3. (Convergence rate for fractional measures) Under the assumptions
of Lemma[5.4) (including (L) and a CFL condition for the implicit scheme), for
all A€ (0,2),
Cr o™ (Ax) for the implicit method (3.3,
Ju(T) = u( Tl prray <
Cr o¥X (Ax) for the explicit method (B.6]).

Note that the rate for the explicit method is worse due to the extra term I35 in
Theorem
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Corollary 6.4 (Explicit scheme when A\ = 1). Let the assumptions of Lemma [5.4]
(b) hold with A = 1 and let « € (1,2) be arbitrary. If the stronger CLF condition
C-AL <1 holds, then

Az
u(,T) = (-, T)|| prray < Cr o™X (Az)  for the explicit method (B.0).

Proof. Note that the CFL condition (£4)) is satisfied and that the assumption (5
holds with any A € [1,2). Hence the result follows from the A > 1 case in Theorem
0.9l (I

Proof of Theorem[6.3. Let us first give the proof for the implicit method (B.3l).
First we note that by (L3,

2
/ |2|? du(z) < c,\/ |fd|+)‘ dz <O (r**) forall A€ (0,2),r <1,
|z]<r

|z|<r |Z
while
) 0(1) if A€ (0,1),
/ 2| du(z) < cA/ L dz=10(r]) ifA=1,
r<|z|<1 r<|z|<1 |2|

O (r'=*) if Ae (1,2).
Using these estimates along with the CFL condition (57) and Lemma 5.4, we find
that the estimate (G.II) in Theorem [6.1] takes the form
e+ 3§+ 22 4 (Az 4 Ax) if A€ (0,1),
[u(-,T) = @(-, T)|| ey < Cr{ €46 o]+ 2 4 |Inr| (B2 +42) ifA=1,
€4 0% 4 22 41 (% + ATI*) if A € (1,2).

The conclusion then follows by taking r = Az for all A € (0,2), e = § = vV Az for
X € (0,1, while € = Az*Z" and § = Az? for A € (1,2).
For the explicit method (B.6]) we also need to take into account the extra Is-term,

§=ox(80) [ du),

|z|>r
O(r—>)

Lemma 54 and the slightly more restrictive CFL condition ([£4]). The expression
(62) in Theorem [G.1] then takes the form

[u(,T) —u(, T) L1 (ray

e+ 04+ 4 (Azy Axy g A if A€ (0,1),
<Cy

T2—>\

e+0% +

4l (%+¥)+% if A e (1,2).

We minimize two and two terms and take the maximum minimizers, first w.r.t. ¢
and ¢ and then w.r.t. r,

u(, T) = al, T)l L1 ey

<Crg§ , ., a1 EE I W
r o rtz Ar: f e ArTs + 5F if A e (1,2),
< Cr

2\ 2—X 2—X
Azx™z 4+ Az + Az2> if A € (1,2).
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The final result follows since ?):—i > 2+)\ for A € (3,2) and t—i‘ < ifor ) e

(2,2). O

Remark 6.5. The rates can not be improved by taking a different truncation of the
singularity, i.e. replacing in the method

1
Gap = Axd /Ra /|z|>A2’c Lr, (z+2) - 1R, (z) dp(z) dx

by
a, r+z)—1gr dp(z) de.
@B = A(Ed/ />p>\(Az ( ) ﬂ( ) ( )

The reason is that the function p, that minimize the error expression

P MNA Az A
cras B e (5.

is always px(Az) = O(Ax)!

Remark 6.6. We believe that the rates for the implicit schemes are optimal, at
least when there are nonlinear convection terms in the equation (i.e. when f # 0 in
([T1), see Section [M). But we have not found analytical examples confirming this,
nor have we been able to observe the above rates in preliminary, but probably too
crude, numerical tests. Maybe it is not straight forward to construct analytical
or numerical examples confirming the optimality of the rates. We leave it as a
challenge for people with more experience in realizing numerical schemes to test
the optimality numerically.

7. CONVECTION-DIFFUSION EQUATIONS

In this section we discuss how to extend the results established in the previous
sections to the case f # 0. Note that all the arguments needed to handle the
additional f-term are well-known. We consider the following numerical methods

d

(7.1) UL =U2 + ALY Dy iU UL + At LH(A(U™Y),,  (implicit)
=1
d A~

(7.2) U = U2+ AtY Dy iU, UL ) + AtLH(A(U™ ™)), (expl-impl)
=1
d A~

(7.3) UM = U2+ AtY Dy iU, Uly,,) + At LE(AU™))a, (explicit)

=1
where
(i) D; Uy = 2= (Us — Ua—e,) and {e;}; is the standard basis of R, and
(ii) f = (fi,..., fa) is a consistent (i.e. f(u,u) = f(u)), Lipschitz continuous
numerical flux which is non-decreasing w.r.t. the first variable and non-
increasing w.r.t. the second one.

Remark 7.1. Some examples of numerical fluxes f satisfying (1) are the well-known

Lax-Friedrichs flux, the Godunov flux, and the Engquist-Osher flux, cf. e.g. [26].
For the schemes (.2 and (Z.3]), we also need the CFL conditions

At At At

7.4 2d L Ly—— <1 d 2dLp— <1

(7.4) Fas e AO’H(A,T)< an F R,

respectively (compare with (£3))), where 6,, is defined in (@I]) and L is the Lips-
chitz constant of f. Then the all the a priori estimates and other results of Section
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continue to hold for the new schemes, and we still have compactness via Kol-
mogorov’s theorem. The modifications needed to identify the any limit as the
unique entropy solution of (1)) are standard and can be found e.g. in Chapter 3
in [22], and hence the convergence of the methods (I)—(Z3]) follows.

We will now give the statement of the result of Theorem [61] that is valid for the
current setting where f # 0. To do so we reuse the quantities I7"" and I} of section
B but redefine I5°" as follows

A A
5% = (_x + —t) (1 +/ |2 dpu(2) +/ du(z))
€ 4] r<|z|<1 |z|>1

Theorem 7.2. (Error estimates) Assume (A.1) — (A.4) hold, and let u be the
entropy solution of ().

(a) Let U be a solution of (1)) or (T2) and @ defined by (&I)). For (L2) we
also need the second CLF condition in (T4). Then for alle > 0,0<§ < T, and

A
Tm<7,§1’

||u(, T) — ’ﬁ(-’ T)HLI(Rd) < Cr (6 + 55(“) \Y 85(’11) + If’T + 12676’7“) .

(b) Assume also that the first CFL condition in (T4) holds, and let U be a solution
of [T3) and @ defined by 52). Then for alle >0,0 <35 < T, and 82 < r <1,

lu(-, T) — (-, )||L1(Rd)<CT<e+55( YV Es(u) + IT" +I“”+I§).

The proof is essentially equal to the proof of Theorem [6.I]augmented by standard
Kuznetsov type computations to handle the f-term, cf. e.g. [22] Example 3.14].
We skip it.

Remark 7.3. It is easy to see that the contribution to the error from the discretiza-
tion of the f-term is always less or of the same order as the contributions of the
other terms. In particular, for fractional measures (L)), we immediately get that
the schemes satisfy the error estimate of Theorem [6.3 with modulus o™ for (7.1
and ([Z2) and modulus o£¥ for (T3).

8. THE PROOF OF THEOREM
Proof of Theorem [61] for the implicit method (B.H).

1. We use Lemma[2.2]to compare the solution of the scheme to the exact solution.
In the resulting inequality, we introduce the scheme via the time derivative and the
initial/final terms. To do this, we use integration by parts on each interval (¢, t,+1)
and summation by parts to get discrete time derivatives on @ so that we can use
the cell entropy inequality (LH). We get that (remember the definition of @)

// // ,5)) 0p0® (,y, t, s)dw + initial and final terms
Qr T
s (nws*l, ) = 002l )) [t ) s
Qr n= 0 aEZd e
Let ¢°° = @%%(x,y,t,5s) be the function which for each (y,s) € Q is defined by

1
(Pg:m/R 0“0 (x,y,tn,s) dz for x € Ry, t € (tn_1,tn),
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and use above equation along with the cell entropy inequality (@3] and Lemma 3]
to write the inequality of Lemma in the following way

) 5T sgut < O (0 46+ E5) ¥ £50)
//QT // T ). Al ) £ [, £ 5] (0) o
L e A(u(zjsmﬁf* F5 6 ](@) du

e . us) ZW{A(u(-,t»](x) (65 — ) .t 5) du

e e Al - (O T )

Here we have also used the notation
L[g)(z) = L,[8)(z) + L7[8](z) + 7" - Dazd(x)
where £ is defined in B3), LT =L for r > %, and

L@ = [, 6+ 2) = 6) Lz Dasols) du(e)

Note that the discrete operator D; = Das (see (B2) always acts on the z-variable
(the variable of @). To complete the proof we need to estimate Hy, ..., Hy.

2.  Estimates of Hy and Hy. By Taylor’s formula with integral remainder, inte-
gration by parts, and Fubini (- see e.g. Lemma B.1 in [2] for more details),

|H|<////Q// (1= 7) | Dyn(A(a(z, 1), Auly, 5))|

s(t —s) |DyQe( y+Tz‘|| drdpu(z) dw

=|DzQe(xz—y+72)]

1 T
3la [ )y ds [ D00 do [ wvrar [ e du)
0 R4 R |z|<r

< Cr La |uol gy (ray 61/ |2|* du(z)
z|<r

IN

Here we also used TheoremZTland the standard estimate [, |D.Qc(z)| dz = O(1).

We find a similar estimate for Hs via a regularization procedure and the ar-
gument for H; above. Let gbz;‘s be a mollification in the z-variable of @, i.e.
95276 = 30 %, Q, where the convolution is in z only. Then 95276 is smooth in x, and

|@§5('7y5 i, S)|BV(]Rd) < |¢€15('5 Y, 1, S)|BV(]Rd) < |90675('7y5 i, S)|BV(R¢) =0 (671) )

where the first inequality holds for all ¢ small enough (cf. e.g. [30, Theorem 5.3.1]),
while the second one is obvious. Let us call

g~ | T J (A1), Aluty. ) 28 755, )])
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First note that lim,_,o HY = Hj by the dominated convergence theorem since we are

integrating away from the singularity and @Z*5(~, y,t,8) — @“°(-,y,t,5) pointwise.
Then, since gbz"s(-, Y, t,s) is smooth, we repeat the argument used for H; and obtain

|H3| < Cr Laluol gy ey |¢Z’6|Bv(Rd) /A . 2> dpu(2)
SEL|z[<r

Since |¢5°| gy ey = O(e71), we can take the limit ¢ — 0 and get

\Ha| < Cr L Juoly ey € / _ ),

3. Estimate of Hz. By the definition of % and properties of mollifiers, a standard
argument shows that

// |69 (2, y,t,8) — 0 (2,y,t,5)| dyds
T
Ax At>

< dilpv sl Ao -+ dllaloslavae < 0 (52 4+ 5

Similar estimates are given in e.g. [13]. This estimate along with several applica-
tions of Fubini’s theorem then show that for all 2 < r <1,

|Hs| < //QT |crrAda(- ¢ (// (z,y,t,8) — “°(z, 9,1, 9)] dyds) dz dt
<cLy <% + %) (//T/KZ<1 |i(x + z,t) — @z, t)] du(z)dzdt
+//QT /|Z|>1 [a(z + z,t) — u(z,t)] d,u(z)dxdt)

Az Az
<CrLa(E+50) (wlev [ Jeldute) +uolls [ dut) ).
r<|z|<1 |z|>1

4. Estimate of Hy. Let 1 € (0,...,d) and write

Hig = // S S wAWE), Aty ) / Dig (@ ., 5) du

T aeczd n=0 n Ra
i,
N-1 _
fw“*”// DD (AU, Aluly, s / / 0,0 (2,9, t,5) dw
QT Lezd n=0
H3
Since ft”“f %% (z,y,t,s) doedt = ft"“ Jr. ¢ (@, y, tus1, 5) dzdt by definition,

we can use summation by parts to find that

N—-1 _—
Hi,l = //Q Z Z Din(A(Uy), Auly, s / / (.Y, tnt1,8) dw.

T ne7d n=0
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Integration in the z;-direction followed by summation by parts leads to

w= e[S Y DiAUD), Alu(y. 5)))
Q

T aezd n=0

tnt1
/ /.../@6’5(z|ll:mal,y,t,s) Az ...dz_1 dagyy ... degdi dy ds.
tn

Here we first integrated 9,,0°(-,y,t,s) along the interval (z4,,%q,,,) to obtain
the difference @575(xm:%l+1 Ly, t,8) — =0
mation by parts to move this difference onto n(A(U”), A(u(y,s))). Note that
Tizi=ra, = (T1y. ooy TI—1,Tay, Tigl, - - -, Zd), and that x; = x4, is fixed here while
the other variables z;, j # [ vary.

By the above computations, the inequality |Dyn(A(U?), A(u(y, s)))| < |D;AUD)]
(i.e. |la — k| — |b — k|| < |a — b]), and Fubini, we find that

T|z,=x,,+ Yt 5), and then we used sum-

m=at % S Dun(AUZ), Aluly, 5))

a€Zr n=0

tnt1
! / / (@616(z|zl:za17yatvs) - Sﬁe,S(zaayvthrlaS)) drdt d’de
tn (o3

N-—1
<A N IDAWy)]

acZt n=0

tn41
' / / // ’(pe"s(xm:Ial,y,t, s) — @616(zaayatn+175)
tn o Qr

Since ¢°°(z,y,t,8) = Qo (x — y)ws(t — s) and (x,t) € Ry X (tn, tni1], we find as in
part 3 that

J.

Az At
< O(IQEIBvllwallLlA:c + ||QEHL1|w5|BVAt) —0 (? . _) _

dw.

dyds

@676(z|zl:zal T 5) - 90676(1'04; Yy tnt1, 5)

)

Summing over [ we then find that

. At Ax i -
i <acky | (54 50) (X5 iawziacat).

n=0 aezd

and since ) cya |DiA(UM)| Az = |A(t(-, tn))| By < Laluo|sv, we conclude that
Ax At
|Hy| < CrLa (— + —) / |z du(2).
€ d r<|z|<1
In view of part 1 - 4 the proof is now complete. (I

Proof of Theorem [61] for the explicit method [B6]). We argue as in the beginning
of the proof for the implicit method, replacing the implicit cell entropy inequality
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by the explicit one ([£0), and find that
[[u )HLl(Rd < Cr(Az + e+ E(u) vV Es(v))

//QT // . ) Aluly, ) L1 [p7 (@, 51, 9] (y) dw

* //Q // (A1), Aluly, ) 2817yt 9))(@) du

// // (@t + AL, uly, ) LTAE D)) 7 (w,y,t, 5) dw
- // . y,5)) L7 [A@E( 1)](@) ¢ (2, .1, ) duo
w0 At )2 05— TNt

The difference with the previous proof is the interpolation (&.2]), and more impor-
tantly, the new L£*"-terms. Note that by a change of variables,

//QT//T (@, t + AL), uly, s)) LT [A@(, 1))(2) 97 (@, y, 1, 5) dw

= //Q //QmTn’(u(w,w,u(y,s))W[A(u(-,t—Atm(x) 50 (2,3, ,5) du
o o L ) S)ETAGE( t — An)](x) 6 (2,9, 1.5) du,

where Q. = R? x (a,b). The last term on the right can be estimated by
N <|A<u>|Bv [ )+ 2la@i | du(2)>
r<|z|<1 |z|>1
—0(a0) [ llduts
<|z|<1

By similar computations, we can write the £*"-terms in the above inequality as

//Q //Q 77’(@(:6, t), u(y, s)) [,MW[A(@(.’ t— At)) _ A(ﬁ(~, t))](:c) @6’5(z, y.t, S) dw

//QT I e ) 8) L7 [AG( )] (@) (570 — ), y,t, ) du

+0(AY) / 12| du(z)
<|z|<1

Here we estimate the first term using the time regularity of 4,

1<//T LT At — AL)) — |//T 5(z,y,t,5) dw

=0(1)

T
< 2L (/O (-t — A —a(, )| o) dt>/||> du(z)

< Cr Eay(i) / du(z),

|z|>7

where Ea¢(@) is defined in (22). Now all the remaining terms can be estimated as
in the proof for the implicit method (33]), so the proof is complete. O
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