A CONVERGENT FINITE DIFFERENCE SCHEME
FOR THE CAMASSA-HOLM EQUATION
WITH GENERAL H! INITIAL DATA
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ABSTRACT. We suggest a finite dfference scheme for the Camassa-Holm equa-
tion that can handle general H! initial data. The form of the difference scheme
is judiciously chosen to ensure that it satisfies a total energy inequality. We
prove that the difference scheme converges strongly in H! towards an exact
dissipative weak solution of Camassa-Holm equation.
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1. INTRODUCTION

In this paper we present and analyze a finite difference scheme for the Camassa-

Holm partial differential equation [7]

(1.1) Opu — 92, u+ 3udpu = 20,ud2 v+ ud>,u (t,z) e Ry xR,

txx xxxr ™

which we augment with an initial condition:

(12) U|t:0 =Up € HI(R)
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Rewriting equation (|1.1)) as
1
(1= ) 0+ w0 +0s (14 (00 ) =

we see that (for smooth solutions) (1.1)) is equivalent to the elliptic-hyperbolic
system

1
(1.3) Oru + ulzu + 0, P =0, ~02,P+P=u’+ 5(8zu)2.

Recalling that e~1?/2 is the Green’s function of the operator 1 — 92, (T.3) can be
written as

(1.4) O+ 0, F(u,0zu) =0, F(u,0yu)= % {uQ + el « <u2 + ;(&Eu)z)] ,

which can be viewed as a conservation law with nonlocal flux function. In this paper
the relevant formulation of the Camassa-Holm equation is the one provided
by the hyperbolic-elliptic system (1.3]).

The Camassa-Holm equation can be viewed as a model for the propaga-
tion of unidirectional shallow water waves [7, [32]. The equation is a member of
the class of weakly nonlinear and weakly dispersive shallow water models, a class
which already contains the Korteweg-de Vries (KdV) and Benjamin-Bona-Mahony
(BBM) equations. The Camassa-Holm equation contains higher order nonlinear
dispersive /nonlocal balances not present in the KAV and BBM equations. As is
the case with the BBM equation but not in the KdV equation, the linear dispersion
relation in the Camassa-Holm equation remains bounded for large wave numbers.

In another interpretation the Camassa-Holm equation models finite length, small-
amplitude radial deformation waves in cylindrical compressible hyperelastic rods
[21]. Tt arises also in the context of differential geometry as an equation for geodesics
of the H'-metric on the diffeomorphism group, see [I7, 18, 30, [36].

The Camassa-Holm equation possesses several extraordinary properties such as
an inifinite number of conserved integrals, a bi-Hamiltonian structure, and complete
integrability [2] [7, 19, 13} 26]. Moreover, it enjoys an infinite number of non-smooth
solitary wave solutions, called peakons, of the form

u(t,z) = ce~ |z =etl, ceR,

which have to be interpreted as weak solutions of (L.4)).

From a mathematical point of view the Camassa-Holm equation has by now
become rather well-studied. While it is impossible to give a complete overview of
the mathematical literature, we shall here mention a few typical results, starting
with local(-in-time) existence results [14} 35, [37]. For ug € H*(R) with s > 2 there
exists a unique solution u € C([0,T]; H*(R)) N C'([0,T]; H*"*(R)) of (L.1)-(L:2)
for some T' that depends on [[u|| . (g)- Furthermore, the flow-map is continuous
from H*(R) to the class defined above. The proof of this result is based on the
“momentum” formulation of the Camassa-Holm equation,

(1.5) Oym + udy;m + 2moyu = 0, m = (1 — 92, )u.
to which one applies Kato’s theory for quasilinear hyperbolic equations. For local
well-posedness results based on Besov spaces, see [23, 22].

The Camassa-Holm equation posseses an infinite number of conservation laws,
but neither of them control the H*®-norm for s > 1. Hence these local existence
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results cannot (in general) be turned into global ones. Indeed, it is well-known
that global solutions do not exist and wave-breaking occurs [7]. Wave-breaking
means that the solution itself stays bounded while the spatial derivative d,u tends
to —oo as t T T, where T™ denotes the maximal time of existence. More precisely,
the following results are proved in [I4} [16]. Assume that ug € H?(R) is odd with
D2up(0) < 0. Then the solution of of (L.1)-(1.2) does not exist globally, and T* is
estimated above by 1/(2|0,u0(0)]). Another result says that if the initial function
ug € H3(R) has at some point a slope which is less than —(1//2) [[wol] g1 gy then
T* is finite and wave-breaking occurs. It was observed in [I4] that the solutions are
global if mg := (1 — 82, )uo, cf. (L5), is a bounded measure with definitive sign.

In view of what we have said so far (peakon solutions/wave-breaking) it is clear
that a theory based on weak solutions is essential. In the literature there are a
number of results on weak solutions of the Camassa-Holm equation. Here we will
mention only a few of them, starting with the results obtained in [I5] [20]. Suppose
up € HY(R) with mg := (1 — 82,)up € M(R). Then the authors prove that there
exists a final time 7" = T'(|[mo]| ,,) > 0 and a unique weak solution

u e C([0,T); H(R)) N L0, T; WHL(R)),  9dyu € L>(0,T; BV(R))
of (1.1)-(1.2), i.e., u is a distributional solution of (1.4))-(1.2). Additionally, the

following time-dependent quantities remain constant:
E(u) ::/ [u® + (0,u)?] du, F(u) ::/ [u® + u(0,u)?] da.
R R

In particular, this weak solution is total energy conserving, i.e., E(u(t,-)) = E(uo).
Finally, if mo has a definite sign then w is global in time. The sign of mg is
maintained by m(t,-) at all times ¢. It is possible to prove existence of local weak
solutions without the sign assumption on myg, see [22]. The proofs in [I5] 20] are
based on the momentum formulaton .

For other approaches to conservative weak solutions, we refer to [4} 5] 29].

More relevant from the point of view of the present paper is the result of Xin and
Zhang [38], which states the existence of a global (dissipative) weak solution for
any H' initial data (see [11}, [12] for similar results for a generalized Camassa-Holm
equation). These solutions are global in the sense that they are defined even past
the blow-up time (wave-breaking). More precisely, suppose ug € H'(R). Then
there exists a global weak solution

u € C(Ry x R)N L>¥(0,T; H'(R))
of (1.1))-(1.2)), satisfying the following properties:

[t M e gy < lvoll g -
(1.6) Ot € Lioe(Ry xR), - p <3,

loc
2
Ozu(t,z) < n +C, t>0,

where C' is a positive constant that depends only on [[uo|| 71 ()-

We remark that the last item in serves as an “entropy condition” that singles
out a (presumably) unique weak solution after the occurrence of wave-breaking.
This solution is often referred to as a dissipative weak solution as the total energy
is merely nonincreasing in time: FE(u(t,-)) < E(ug). The entropy condition is
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(formally) seen to hold by inspecting the equation satisfied by the spatial derivative
q := Oyu (cf. [38] for details), which reads

2 2
(1.7) 8tq+uaxq+%—u2+P:0, —8§xP+P:u2+%.
The proof of the existence result is based on the vanishing viscosity method,
which amounts to justifying the limit € | 0 of a sequence of smooth solutions u. to
the parabolic-elliptic system

1
1.8 Oytie + uOpue + Oy P = €0 ue, —0% P.+ P. =u?+ = (Oyue 2 ,
T xTrxr £ 2

which is not straightforward, however, due to the nonlinear nature of , see [38].

Currently there is no uniqueness result for weak solutions of type constructed
in [38]. The problem appears to be connected to a lack of temporal integrability
(of the L norm) of the spatial derivative. Indeed, if one furthermore knows the

existence of a function b € L2 (R, ) such that

10z 0(t, )| oo (my < D(F),

then the weak solution of Xin and Zhang is unique (in a particular class) [39].
For example, if mq is a positive bounded Radon measure, then 0,u is pointwise
bounded [20] and uniqueness thus holds.

For a different approach to dissipative weak solutions, see the recent work [3].

Let us now turn to the main topic of the present paper, namely, convergent
numerical schemes for the Camassa-Holm equation. Although there are few works
on convergent numerical schemes, there are several authors that employ numerical
schemes to obtain approximate solutions. The first numerical results are presented
in [8] where a pseudo-spectral scheme is utilized. Additional numerical simulations
with pesudo-spectral schemes are reported in [25] [31]. Numerical schemes based
on multipeakons (thereby exploiting the Hamiltonian structure of the Camassa-
Holm equation) are examined in [0, @, 10]. In a different direction, an adaptive
high-resolution finite volume scheme is deveoped and used in [IJ.

Regarding works that provide numerical schemes with some sort of theoretical
foundation, we know only of the papers [27, 28] [33]. In [28], the authors prove that
the multipeakon algorithm from [9, [I0] converges to the solution of the Camassa-
Holm equation as the number of peakons tends to infinity (in an appropriate
way). This convergence result applies to the situation where the initial function
up € H' is such that (1—092,)ug is a positive measure. In [33], the authors establish
error estimates for a spectral projection scheme, though under the (unrealistic)
assumption of smooth solutions.

It seems rather difficult to construct numerical schemes for which one can prove
rigorously the convergence to a solution of the Camassa-Holm equation, a fact
that is related to the nonlinear and nonlocal features of the equation. It has been
observed in [27] that certain “natural” schemes either diverge or converge to a wrong
solution. Indeed, a priori it is not even clear which one of the three formulations of
the Camassa-Holm equation, , , or , should be used as a starting point
for discretization. Nevertheless, in [27] the authors commence from the momentum
formulation , and thereby restricting themselves to initial data ug in H! for
which mg = (1 — 82,)up is a positive measure, in which case also m(t,-) remains
positive and consequently so does u. They prove that the following difference
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scheme converges strongly in H' to the weak solution identified in [I5] 20]:

%mj + D_(mju;) + mjDu; =0, mj=u; —D_Diu;, t>0,j€Z,
where D_, D, and D, denote respectively the backward, central, and forward
difference operators, and m;(t) = m(t, z;), u;(t) = u(t, z;), r; = jAz, and Az > 0.

The main aim of this paper is to provide a convergent finite difference scheme
that works for any H! initial data and not merely the subclass considered in [27].
Neither the scheme nor the analysis presented in [27] work in the general case.

At variance with [27], we shall herein take as a starting point the hyperbolic-
elliptic formulation . From the point of view of conservation laws (e.g., the
inviscid Burgers’ equation) and their shock wave (discontinuous) solutions, it might
seem natural to employ a conservative finite difference scheme of the upwind type
[34] to the u-equation in (L.3). As is well-known, the upwinding will render a scheme
stable since the difference stencil utilizes information only from the side where the
(discontinuous) waves are coming from. However, here one should keep in mind
that solutions to the Camassa-Holm equation are continuous, and that prospective
discontinuities occur only in the variable ¢ = 0,u, which satisfies the transport
equation in . Thus, herein we will not opt for this strategy.

Instead we will device a tailored difference scheme for the u-equation in
that yields an upwind difference scheme for the g-equation in (1.7). A key feature
of the scheme is the satisfaction of a total energy inequality in which only the ¢-part
of the total energy is dissipated (not the u-part!). To avoid complicating further the
convergence analysis, we restrict our attention to a semi-discrete finite difference
scheme. To turn the difference scheme into a fully discrete one we can rely on a
variety of different time-discretization techniques, see Section [12| for more details.

Now we outline the finite difference scheme (here only briefly since the details
can be found in Section . To this end, we start with discretizing the spatial
domain R by specifying the mesh points z; = jAx, x4/ = (j + 1/2)Az for
j = 0,£1,£2,..., where Az > 0 is the length between two consecutive mesh
points (the mesh size). Our numerical scheme will generate approximations

wjp1/2(t) R u(t,x;41/2), Pj(t) = P(t,z;), fort>0andjcZ,
where we remark that the discretization of P is shifted (staggered) one half-cell

compared that of u. Our finite difference scheme for {u; /o (t)}j ¢z, Teads

(19) EUj+1/2 + (Uj+1/2 V 0) D,’U/j_._l/g + (Uj+1/2 AN 0) D+Uj+1/2 + D+Pj = 0,
while the difference scheme for {P;(t)}

d
t

jez takes the form

2 2 1 2
—D_D+Pj + Pj = (Uj+1/2 V 0) + (uj—l/Z A O) + 5 (D—ulj+l/2) .
Of course, as we have already alluded to above, from the point of view of the
inviscid Burgers’ equation, (|1.9) is not a reasonable discretization. However, the
quantity g; := D_u;4, /o automatically satisfies the difference scheme

2
q.
g+ (wj—172 V0) D_gj + (w1172 AO) Dygj + =

(1.10) 2

— (w3172 V0)* = (i1o12 A 0)* 4 Py =0,
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which contains proper upwinding of the transport term in ((1.7). In our situation,
compare with [27], u does not have a definite sign, hence the splitting of w into
positive and negative parts. As with the “pressure” P, the discretization of ¢ is
staggered compared to that of the “velocity” u.

By properly extending {Uj+1/2}j€Z7 {qj}jEZ to functions ua,, ga, defined at

all points (¢,z) in the domain, we prove that ua, converges strongly in H! to a
dissipative weak solution of the Camassa-Holm equation, which constitute the main
result of the present paper. Regarding the proof, we derive several a priori estimates
in Lebesgue and Sobolev spaces as well as a uniform upper bound on ¢; serving as
a discrete version of the “entropy condition”, among which a discrete total energy
inequality constitutes the key building block. The total energy inequality only en-
sures weak compactness of the sequence {qim } Az>0° However, it is crucial to know
that this sequence is strongly compact. Strong compactness is neeed if we want
to recover the original equation when sending Az | 0 in the finite difference
scheme. To establish the strong compactness property we apply ideas from the
theory of renormalized solutions (in the sense of DiPerna and Lions) to the finite
difference scheme . As a part of establishing strong compactness, a higher
integrability estimate for ga, is needed to ensures that weak limit points of g3, do
not contain singular measures. Our convergence proof can be best understood as a
discrete variant of the proof used in [38] for the vanishing viscosity method.

This paper is organized as follows: In Section 2] we introduce relevant notations
and recall a few mathematical results needed for the analysis. The finite difference
scheme is presented in Section [3] while the main convergence theorem is stated in
Section [ The main theorem is a consequence of the results stated and proved in
Sections Finally, in Section [I2] we present a few numerical examples.

Throughout this paper we use C' to denote a generic constant; The actual value
of C' may change from one line to the next in a calcuation.

2. PRELIMINARIES

In this section we introduce some notations to be used throughout this paper and
a few basic mathematical results that will be relevant to the convergence analysis
of the numerical scheme.

The following notations will be used frequently:

a+ |al a— |al

2 2

In what follows, unless otherwise stated, the index j will run over Z. For such
an index we set 2;,1/5 = (j + 1/2)Ax and introduce the grid cells

aV 0 =max{a,0} =

a A0 =min{a,0} =

Iy = [$j71/275“j+1/2),

where Az is a small positive number (“the discretization parameter”). The grid
cells I; are centered around the points z; = jAz. For any sequence {v;};_, we
introduce the following difference operators:
Vi1 — Vj Vj ~ Uj—1
, D_v;:

Az J
Duv.; = D+Uj + D_Uj _ Uj41 — V51

;= = .

2 2Ax

D+Uj =
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We also use the notations

p

|||, = (da X | o s = suploal,
jez J

2

= sz [v? + (D,vj)g}

JEL

[

Bt

Let {v;} ., be a sequence such that H{vj}ij1 p <00 Then
(N

2 = Aix H{vj}j

(2.1) H{Uj}jHZOO < \/% H{Uj}j

o
Let {v;},c; be a sequence such that H{U‘j}thl < oo. It is easy to see that the
following discrete Sobolev inequality holds:

(2.2) H{vj}jHZW < % H{“ﬂ‘}j‘

ht
Let {v;},cz ., {w;} ez be two sequences. Then the discrete Leibniz rule reads
(2.3) Dy (’ijj) =v;D1w; + Dyvjwjtq,

while the discrete chain rule states that for any C? function f there holds
Ax
(2.4) Dy f(vj) = f'(v)) D £ =~ f"(67)(Dvy)?,

for some 5?[ between vj4+1 and v;. A key difficulty in designing converging difference
schemes for nonlinear equations is that there is no exact chain rule for discrete
derivatives, but merely the formula showing that the chain rule only holds up
to a certain error term.

Later we routinely use some well-known results related to weak convergence,
which we collect in the remaining part of this section (for proofs, see, e.g., [24]).
Throughout the paper we use overbars to denote weak limits.

Lemma 2.1. Let O be a bounded open subset of RM | with M > 1.
Let {v,},~, be a sequence of measurable functions on O for which

sup [ (o (y)]) dy < o
n>1J0O
for some given continuous function ® : [0,00) — [0,00). Then along a subsequence
asn T oo
9(va) = g(v) in L(O)
for all continuous functions g : R — R satisfying
)] _
|[v|—o00 (I)(|’U|)
Let g: R — (—o00,00] be a lower semicontinuous convex function and {v,},~, a

sequence of measurable functions on O, for which

vp — v in LY(0), g(vn) € LY (O) for each n, g(v,) — g(v) in L*(0).
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Then L
g(v) < g(v) a.e. on O.
Moreover, g(v) € L*(O) and
/ g(v)dy < liminf/ g(vn) dy.
o o

n—oo

If, in addition, g is strictly convex on an open interval (a,b) C R and

g(v) = g(v) a.e. on O,
then, passing to a subsequence if necessary,

v (y) — v(y) for a.e.y € {y € O |v(y) € (a,b)}.

3. FINITE DIFFERENCE SCHEME

In this section we present a semi-discrete upwind difference scheme for generating
approximate solutions to the Camassa-Holm equation. A fully discrete version of
this difference scheme will be presented and examined numerically in Section [[2}

For t > 0, we let {u;q/2(t)} where w;i1/5(t) ~ u(t,zj11/2), solve the
following system of ODEs:

A

(3.1) %Uj+1/2 + (wjs1/2 V0) D_uji1/2 + (ujr1/2 AO) Diwjirjo + Dy Py =0,

where we specify the initial values as follows:

(3.2) jy1/2(0) = uo(xj41/2)-

For ¢t > 0, we let {P;(t)},c,, where P;(t) =~ P(t,x;), solve

(33) = D_DyPj+P; = (uji12V0) + (uj_1/2 A0)° + % (D_u;41,0)°.
Since {P;},, be expressed solely in terms of {uj+1/2(t)}j€Z7 cf. the proof of

Lemma below, we see that (3.1) constitutes an infinite dimensional system of
ODEs of the form

d
(3.4) () = F ({uj1200},0,) -

Lemma 3.1. For each fixzed Az > 0, the ODE system (3.1)) has a continuously
differentiable solution defined for all t > 0.

Proof. We view F as a function from ¢? to ¢?, and momentarily use the notations
F = {Fj}j€Z7 u = {’LLj_;’_l/Q}jez, and v = {Uj+1/2}jez.

For each fixed Az, we claim that F is locally Lipschitz continuous, i.e.,
(3.5) [F(u) = F()llz < C(lullpz + llll2) llu =l
for some constant C' = C(Ax) depending on Az.

To show (3.5 we write FF = —F* — F2, where the two sequences F! = {Fjl}

2 _ (2

and F< = {Fj }jeZ are defined by

JEZ

Fi(u) = (uj172V 0) D_wjiyo + (ujpry2 AO) Dy,
F?(u) = D, Pj.
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We will show that both F'' and F? are locally Lipschitz. We calculate
|Fj(u) = Fj (v)| = ’(uj+1/2 V0) D— (ujy1/2 = vjs1/2)
+ (454172 A 0) Dy (1172 = Vi1 /2)
+ [(wjh1/2V 0) = (vj41/2 V 0)] D_vjiayo
+ [(w41/2 7 0) = (V1172 V 0)] D+Uj+1/2‘

Ul| poo
< % (|“j—1/2 = vj172]
+2[uj4172 = vjsaya| + [Uj1sp2 — ”j+3/2|)

Aloll g

Ay ol (CESVER LU NEVEI B

Hence, there is a constant C such that

|} (u) = F} (v)]”

C 2 2
< = (lulf= + ol )
2 2 2
X (|“j—1/2 —vjm1ye] + uierge = visge| + |ujiase = vjiael ) ~

Multiplying with Az and summing over j € Z, we get

C
|7 @) = F @) < & (lullf + ol ) lla = vl

which, thanks to (2.1]), implies
C
|F (u) = F'(v)||,» < s u— vl -
We proceed by demonstrating the local Lipschitz continuity of F2. Let
2 2 1 2
£ = (412 V 0) + (w5172 1 0)° + 2 (D_usa72)°.
Then we have that
1
150 = 501 = (14 3 ) (el + )

X (’“j+1/2 = 12|+ [ujmaje = vj_1/2|),

from which it follows that
1 2
550 = 5P <0 (14 5 ) Ul + ol)?

2 2
x (\“j+1/2 = V12| [uimaj2 = v ) :

Hence, making use of (2.1)),

C 1
(3.6) I f(u) — f(v)llﬁ < VAz (1 + (Am)z) Ju— UHﬂ .
Next, in view of (6.4) and (6.5) (cf. the proof of Lemma [6.1] below),
|Ff (u) = Ff(v)] < CAz Y e ™ lgs, gy = [ fi(u) = f3()].-
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Therefore

’Ff(u)fFf(vH gCszze (=gl + k=i g. g0

ik
C i
§§A$2i§;e (=3l +E=51) (g2 1 g2) |

We multiply with Az and sum over j € Z. This yields
P20 = ), < €At Y el (g2 4 gi)

(N

— OAz3 Z e rli=ilHk=iD g2 L oA Z e~ rli=il+lk=j]) 42
i,5,k i,5,k

= CA2? Z e_”‘i_j‘gi2 + CAz? Z e‘“lk—j‘gi
4,J k,j

— oAy g2+ Ay g =C gl
i k

Combining this with gives the local Lipschitz continuity of F2. This concludes
the proof of (3.5)).

Thanks to, there exists a continuously differentiable solution to for t
in some open interval (0,tg), where ¢y is such that

li t = 0o0.
ln [u(t) = = o0

Lemma [5.1{ below shows that |lu(t)||,2 remains bounded for all £ > 0, and thus the
proof of the lemma is completed. O

Next, let us derive the difference scheme satisfied by

(3.7) 4 = D_uji1)s.

This will be done by applying the difference operator D_ to the u-equation (3.1).
To this end applying the discrete Leibniz rule we get

D [tyeas2V 0) Dtyesss] = (172 0) Dot + D (uy12720) g
and
D_ [(ujq1/2 AO) Dyujpaya] = (w172 A0) Dygj + D (ujpr/2 AO) g5,
so that
D (1172 V 0) D-ttjiaso+ (ujyaya A O) Dy o]
= (uj-1/2V 0) D—g; + (uj41/2 N 0) Dsg; + 45
The P-equation rephrased in terms of ¢ reads

(3.8)

1

2

Employing (3.8) and (3.9) when applying D_ to the u-equation in (3.1]) yields
q; + (wj—172 vV 0) D_g; + (w172 A0) Dig;

(3.10) q?
+5]+PJ — (Uj+1/2\/0)2* (Uj_l/g/\O)Q =0.

(3.9) —DyD_Py+ Py = (w312 vV 0)* + (w12 A 0)* + =2,
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Regarding the initial values, it easy to see that

1 .
g;(0) = A—x/l Ozug(x)dx, j€Z.

Inasmuch as ¢ can be discontinuous, (3.10) is a reasonable discretization of (|1.7]).

4. MAIN CONVERGENCE RESULT

The main aim of this paper is to prove that the numerical scheme defined in
Section [3] converges to a solution of the Camassa-Holm equation. Before we can do
that we need to define what we mean by a “solution”.

Definition 4.1. We call a function v = u(t,z) : [0,00) x R — R a weak solution
of the Cauchy problem (1.1))-(1.2) provided

(i) u e L*(R,; H'(R)) 1 C((0,00) X R);

(19) w satisfies (L.4) in the sense of distributions, that is, V¢ € C°(R4 x R))

(4.1) / / w0 + F(u, 0pu)0,¢ dxdt = 0;
Ry JR

(#it) u(0,z) = ug(x), for every x € R;
(i) Tt Vs ey < loll g gy, for cach £ > 0.

If, in addition, there is a constant C' > 0 depending only on ||u0||H1(R) such that

2
(4.2) Uy (t, ) < n +C, (t,z) € (0,00) x R,
then we call u a dissipative weak solution of the Cauchy problem -.

Supplied with the sequences {Uj+1/2(t)}jez, {a;(1)};c; defined by (3.1)-(3.7),
we introduce the function

(4.3) uag(t,z) = q;(t)(x — xj_H/Q) + Uj_l/g(t), t>0,z€l;,j€Z,
Observe that uaz(t,-) is piecewise linear and continuous. Besides,

Ung(t, Tjx1/2) = Ujr1/2(t), t2>0,j€Z,
Orung (t, ) = q;(t), t>0,zecl;jjcZ.

We are now in a position to state our main result.

Theorem 4.1. Suppose (1.2)) holds. Let {uaz}a,~o be a sequence of difference
solutions defined by (4.3)) and (3.1)-(3.7). Then, along a subsequence as Ax | 0,

upne — u in HL (Ry x R),
where u is a dissipative weak solution of the Cauchy problem (1.1))-(1.2).

This theorem is a consequence of the results stated and proved in Sections
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5. DISCRETE TOTAL ENERGY ESTIMATE

The finite difference scheme — is designed to admit the discrete total
energy estimate stated below, which contains a dissipation term resulting from the
upwind nature of the scheme for the g-variable (notice that there is no dissipation
associated with the u-variable).

Lemma 5.1. For eacht > 0,

2 t
H{Ujﬂ/z(t)}j‘ i + AmQZ/O ‘Uj+1/2(3)’ (D+D7Uj+1/2(5))2 ds
J

2
Bt

= H{uj+1/2(0)}j‘

Proof. We multiply the u-equation in (3.1)) by ;41,2 and use ¢; = D_uj;1/2 to
obtain

d (W 0)2
(52) dt 2 + (uj+1/2 ) q]
2
+ (4172 A 0)” qjr1 + (D4 Pj) ujyrye =0,
while multiplying the g-equation in (3.10) by ¢, yields

d (¢
P (5) + (uj—1/2 V 0) (D_q;)q; + (uj41/2 A 0) (Dyq5)g
(5.3)
q?-’ 2 2
+5 = (4112V0) g = (412 A 0)" g5 + Pjg; = 0.

Adding (5.2) and (5.3) and multiplying the result with Az and summing over j
yields

d u2»+1/2 q2
@ Ytz 9 _
= Ax% ( - +2> FI4TI+T0 =0,

where

3

q,

I=Azx E (uj,l/g \Y, O) D_g;q; + Az E (’U,j+1/2 A 0) D.gjq; + Az g ?J,
J J J

II = AJ]Z (Uj+1/2 V 0)2 q;j + ALEZ (Uj+1/2 VAN 0)2 qj+1

J J
— Ax Z (ujH/Q Vv 0)2 g; — Az Z (uj,l/g A 0)2 g; =0 (by shifting indices),
J J
IIT = Ax Z Dy Pjujiq/2 + Ax Z Pjq; =0 (by summation by parts).
J J

Let us now deal with term I. The discrete chain rule implies that

2

q; Ax
D+qjq; = D+ <2]) F 7(Dﬂ:%’)2-
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Hence
2
qA
I= Aajz (wj_1/2 V0) [D <2j> + ;(qu)ﬂ
J
¢\ A 4
+A.’L’Z (u]+1/2/\0) D+ E — 2 (D+qj) +A.’L’Z§
J J
= Il + 127
where
q; q; 4
IlexZ(uj—l/Q\/O) D_ (5) +A$Z(Uj+1/2/\0) DJr 5] +A$Z§J,
J J J
A 2
I = Tx [(%‘-1/2 \ 0) (D_g;)* — (Uj+1/2 A O) (D+‘Jj)2]
J
A 2
= Tx [(uj+1/2 V0) (D-gj41)* = (w172 A 0) (D+qg')2}
J
712 ) D.g.)? >
Z [wjtr1/2/(D4q5)” > 0.
J
To handle the I;-term, we use the discrete Leibniz rule, which implies
q; q; 4
O BN CAREROIRTIE
4 q; 4
Do (o210 5| = s 002 () 4 Doy §
q; q;
SCTTTCEN (o FENTATES
to obtain
2 e
Il —AIIZZD l u]+1/2\/0) 5] ALL’ZD ]+1/2\/0)5]
J J
e @
+AIZD+[ Uj— 1/2/\0 AZL‘ZD J+1/2\/O)§j AIJJZEJ
J J

@
:—AwZD u3+1/2 "‘AxZ?j:—A:ﬂZ J + Az Z?ZO'
J J

J

Summarizing our findings, the following discrete energy estimate holds:

A 2
dt A”’Z( R ) +TxZ|“j+1/2|(D+qg')2=0~
J

Finally, integrating over [0, ¢] we get (5.1]). O
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Remark 5.1. In view of (5.1]) and (2.2)
(5.4) ‘{Uj+1/2(f)}jH£m < Clluollgrgy, =0,

where C' > 0 is a constant that is independent of Ax.

6. BASIC ESTIMATES ON {P;},_,
Next we derive some estimates on {P;} ., that are all consequences of (5.1)).

Lemma 6.1. For eacht > 0,
(6.1) 1B, B3], < €Tl

(6:2) [E=XRCTONN [ (e X STO)

where C' > 0 is a constant independent of Ax.

2
o <C ||u0||H1(]R) )

Proof. Introduce the notations
2

q.
fj = (Uj+1/2 V 0)2 + (uj—l/Q A 0)2 + Ej,
and
e —1 2
1—e " Ax Ax

. h=(1+2=——5 =In(1+— +="V4+Az?).
(03 (1+2%Gr) x5+ FVaras)
Then the solution of (3.3) has the following form:
(6.4) Pi=2hy e riTilf el

We observe that
65 h=22iome, U g iome, U Lo

’ 2 ’ Az ’ Az ’

We shall need the following estimate (cf. (5.1)):

2

(6.6) U], < 20X (e + @) < [{usn120}]| -

For any ¢t > 0 and j € Z, using , we have
Pt < c|{n1,

for some constant C' > 0 independent of Ax. Furthermore, using again ,

1701, =25 |Ae S e < C el
i J

2
o <C HuOHHl(R) )

for some constant C' > 0 independent of Az. Hence, we have proved (6.1)).

From ((6.4),

P — P
D+pj:M
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e—rli=j—=1) _ g—r(i—j) i1

oo

en(if.j*l) — e’i(if.j)

; Ax fit i;oo Az f
[e’s) 7—1 —k
_ (i€~ 1, O
QhZ;e A fH—ZhiZX_:OOe L

Using (6.5) and we acquire from this the following two estimates:

1Dy Pi(t)] < 2hC > e Il < Clugl 7 g

and
"{D+Pj(t)}jHel < 2hCAx Y eI f < O ol sy
J?
for some constant C' > 0 independent of Ax. Therefore (6.2]) holds. O

7. DISCRETE OLEINIK ESTIMATE

The aim of this section is to prove that the quantity ¢; = D_u; /o is uniformly
upper bounded on {t > 0}, thereby revealing the dissipative nature of our scheme.

Lemma 7.1. Fort >0, j € Z,
2
(71) s <2 +e,
for some positive constant C that is independent of Ax.
Proof. By (5.4)) and (6.1)), it follows from (L.10]) that
2

q; .
(72) q; + 5] <L- [(Uj,l/g V 0) D_q]' + (uj+1/2 A O) D+qj} , JEZ,t>0,
for some constant L > 0. Since ‘lirin ¢;(t) = 0 there is an index i(t) € Z such that

Jj—=xoo
(7.3) ity (t) = sup (1), t>0.
JEZ

At j =i(t) for t > 0 there holds D, g;)(t) <0 < D_g;1)(t), so that

(wiry—1/2() V 0) D_qicry (t) + (wige)+1/2(t) A O) Digisy(t) 20, ¢ >0,
which inserted into (|7.2]) yields

qi2(t) (t) <

. t>0.
5 <

(7.4) i (1) +

One can check that f(t) := % + /2L is a supersolution of the ODE ¢ + % =L on
{t > 0}, while (7.4) shows that g;(t) is a subsolution. Hence, by the comparison

principle for ODEs and ([7.3)),

2
Qj(t)ﬁ%(t)(t)ﬁz-l-vQLa JEZ,t>0.
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8. DISCRETE HIGHER INTEGRABILITY ESTIMATE

In view of we infer that (9,ua.)? converges (in the sense of measures) along
a subsequence as Az | 0. To ensure that the limit does not contain concentration
effects (singular measures), we shall derive a discrete higher integrability estimate.

To prepare for the derivation of this estimate (but also for later use), we will
derive a “renormalized form” of the finite difference scheme for g;. To this end, let
f be a nonlinear function (renormalization) of appropriate regularity and growth.
Multiplying by f'(g;) and using the discrete chain rule, which in the present
context reads

A
Digsf'(a)) = Daf(a)) ¥ 5 1"(6) (Disa)*

for some numbers fji between ¢; and g¢;+1, we obtain the following renormalized

difference scheme:
2

if(qj') + (uj—1/2V 0) D_f(q;) + (ujp1/2 A 0) Dy f(g5) + %f’(%‘)

(8.1) dt
+ [Pj — (ujp1y2 vV 0)* = (uj_1/2 A 0)2} F(a5) + Ing.prj =0,
where
Ing,prj = %{(%‘—1/2 Vv 0) f”(ﬁj_)(D—Qj)z — (uj41/2 N O) f’l(§;r)(D+(Jj)2}~

Let us now write (8.1)) in divergence-form. To this end, observe that the discrete
Leibniz rule (2.3) implies the following relations:

D_ [(ujs1/2 vV 0) fg5)] = (uj—1/2 Vv 0) D_f(q;) + D (w1172 V 0) f(q;),
Dy [(uj—1/2 AO) f(g;)] = (ujs1/2 A0) Dy fqj) + D (uj—1/2 A0) f(g;)
= (w1172 N 0) Dy f(q5) + D (uj41/2 A O) flgy),

and therefore, using that q¢; = D_u; /2,
(wj—1/2V 0) D_f(g;) + (ujq1/2 A 0) Dy f(gy)
= D_ [(ujg1/2 V0) f(g5)] + Dy [(uj—1/2 A0) fla5)] — a5 f(g5)-

Hence, we end up with the following divergence-form variant of the renormalized
difference scheme (8.1)):

%f(%’) + D_ [(ujp1/2 V 0) f(g5)] + Dy [(uj—1/2 A O) f(g5)]

2
(8.2) N %f,(qj) — a4 f (@) + [pj — (412 V 0)* = (1j_1 2 A 0)2} f'a5)

+1ae,g5 = 0.
We are now in a position to prove the following lemma.

Lemma 8.1. Let a € (0,1), T > 0, and ja,j» be integers such that j, < jp. Set
a = jo,Ax and b := jyAx. There exists a positive constant C, depending only on
ug, o, T, a,b, such that

T Jb
(8.3) / Az g ()T dt < C.
0 j=ja
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Proof. Our proof exploits ([7.1). We start by introducing the notations
\.7: {jav"’,jb}v
Nt ={jeT|aqt) <0}, Pt)={jcT]|q¢)=0},

T
I :/ Az g () dt,
0

S

T
Z |Qj(t)|2+a dt, I+:/ Ax Z ‘qj(t)‘2+a dt,

JEN (1) 0 JEP(1)

T
I,:/ Ax
0

and observing that
J=N®UPQR), I=1I+1_.
By (5.1), (7.1), and since a < 1,
T a
2 (2 2
ns [ e ¥ lw0r (24c) asomaliwoyl.
0 jerw®
We have to estimate I_. With f(£) = [¢]'T2, (8.2) reads
d (0% (0% (0%
7 g5 + D- [(Uj+1/2 v 0) g } +Dy [(uj—l/z O }

«
+

sign (¢;) |q;[*T + (1 + o) P;sign (¢;) |¢;|*

2 2 . «@
—(14a) [(uj+1/2 V0)” + (uj_1/2 A0O) ] sign (g;) |g;1" = —Iaa,g7,; <0,

where we used the convexity of f to conclude the inequality. Let x be a smooth
cutoff function such that

0<x<l fefabt+l]=x(€) =1 ¢¢la-1,0+2 = x(£)=0.

Multiplying by Azx(jAx), summing over j € Z, and integrating over t € (0,T) we
arrive at

0< 2237 (la; (O |y (T)[**) x(GA)

1—a [T . a_ -
+ 5 / Axg s1gn(qj)|qj|24r x(jAx)dt
0 -
J

T
_/0 AxZD, [(uj+1/2 Vv 0) |qj\1+°‘] x(jAz)dt
. J
(8-4) _/0 Ax;m [(ujfl/z ) |qy‘\1+o‘} X(jAz)dt
o) [ AcY Bl xA) d

T
+(1+a) / Az > (uji1p2 vV 0)* g X(jAZ) dt
0 -
J

T
+(1 —l—a)/ Az E (uj_1/2 /\0)2 lg;|” x(jAz) dt.
0 -
J
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Next, we introduce the notations
Nity={iez | <0},  PO={jeZ | qt) 20}
and observe that, since N'(£) C N(t) and N (t) UP(t) = Z, there holds

T
/ Az sign (g5) ;[T x(jAz) dt

0 J

T T
:Am/ > gl dt—/ Az S g7t at
0 0

JEP() JEN(t)
T
< / Az Z g Pt dt —1_.

JEP()
Therefore, from (8.4)),

11—«
(8.5) I_ <L+ 1+ I3+ 14
where

11—« r 24«
I = 5 /0 Az Z lg;|° e dt,
JEP(t)

I = sz (|qj(0)|1+a _ |qj(T)|1+a) X(]Aﬂﬁ),
T
L=~ /O Azd D [(%m vV 0) Iqj\“ﬂ X(jAz) dt

T
- [ 232D (172 10) I atide)
J

T
14:—(1+a)/ Az Y|Pl g;* x(jAz) dt
0 N
J

T
2w .
+(1+a)/ Amg (uj+1/2\/0) lg;1" x(jAz) dt
0 -
J

T
2, a -
+ (1+a)/ Az E (uj—1/2 AN 0)7 |g;|* x(jAz) dt.
0 -
j
For I we repeat what we did for 1. Indeed, due to (5.1)), (7.1), and o < 1,

1 [T 5 (2 @ 9
5L < 5/ Ax Y gl (t +O> dt < C(T,a) ||[{uj11/2(0)};]],: -
JEP(t)
For the other terms we use Holder’s inequality for sums, the discrete Leibniz rule,

G.1), B4, and
B < ([l y], g+ [{lwmre},

J

) losan, |,
14+a 14+a

2
11—«

~ (Jfaston,

+|[tasmy,

) Jexaaan,

02 02
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< C1l{u (0},

{x(jAz)

T
b= [ 803 (a2 v 0) o] Dox(G - DAa)de
0 -
J

T
0 -
J

14+«

< /TH{ujH/z(t)}.H [y,

(H{D X((G - DAz}, H L +H{D+x (j + 1)Az)dt}, H 7) dt

< G [[{w;(0 )}gll2+“

(XY A T )
I4<(1—|—a)/OTA:UZ(H{Pj}j ,

< Ca {0 }jnhl/ oo

< Cull{uy O}, 2 7 | (i) }jH@ﬁ 7

(jAz) j

l2—a

)t ) a

19

where the constants C1, ...,y are independent of Az. Now a bound on I_ follows

from (8.5)), and thereby the proof is concluded.

9. BASIC CONVERGENCE RESULTS

O

In this section we present some convergence results that are straightforward

consequences of the & priori estimates established earlier.
Lemma 9.1. There exists a limit function

u € LR, ; HY(R)) N C([0,00) x R),
such that along a subsequence as Az | 0
(9.1) upnz = u in L (R, ; HY(R)),
(9.2) uaz — u uniformly on [0,T] X [a, b],
for each set [0,T] x [a,b] C R?. Additionally,
(9.3) ut,z) Y ug(z) for each x € R.
Proof. Tt is not hard to see that imply

/Ruixdx—AxZui_l/z < Aa:Zq?- Ax, t>0,
J J

and

/R(aqum)2 dr = Aifijz, t>0,
J
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so, by (5.1)),
/ |:(UA30)2 + (aqux)Z} dx
R

(9.4) < /R [(uAm(O,Q:))Z + (arum(o,x))ﬂ dz + O(Ax)

<C (HUOH?tIl(R) + A@‘) ) t>0,
where C is independent of Az. Claim (9.1 is an outcome of (9.4]).
To verify claim (9.2 we willl show that
(9.5) {urs}ausp is bounded in W2 ((0,T) x (a,b)),

for any (fixed) set (0,7") x (a,b) C R?, where « is provided by Lemma (8.1
Without loss generality, let us assume that a = j,Az and b = j, Az for some
integers j, and j,. Then Lemma [8.1] tells us that

T b Jb T
06 [ [ st dvi=acy g asc,
0 a j=ja 0

for some constant C = C(ug, @, T, a,b) independent of Azx.

Taking into account (4.3, (3.1), and (3.10)), there holds for any = € I}, j € Z,
|Ovuna(t, z)| = ‘q;(t)(x — T 1)+ u;,l/z(t)‘
< [w1 o (0] + g5 0)] A
(9.7) < |ujs1/2as] + [uj1j20541] + 1D Byl
+ AI( |tj1/2D—q;] + [uj41/2D15)

2

q,

+ é + U?+1/2 +U?—1/2 + |Pj|)-

Observe that Az g; = O(1) for all j, which is clearly true thanks to (3.7)) and (5.4).
Using this and (5.4)), (6.2)) in (9.7) we acquire the pointwise estimate

(9.8) |0vunz| < C (1 + |gj—1] + |gj] + |gj+1]), for each x € I}, j € Z,

for some constant C' independent of Az. Consequently, in view of (8.3)),

T b Jb T
/ / |Ouns > dedt < C 1+ Az Z / lg; Pt at | <c,
0 a j=j 0

for some constant C = C(ug, o, T, a,b) independent of Ax.

Summarizing, we have proved that holds. Since W12+((0,T) x (a,b)) is
compactly embedded into C%¢([0,T] x [a,b]) with £ = 1 —2/(2 + «), there exists a
continuous function w : [0,00) x R — R such that along a subsequence

ua; — w uniformly on [0,T] X [a, b] and pointwise in Ry x R as Az | 0.

Combining this with a diagonal argument we conclude that claim (9.2)) is true.
Finally, let us prove that the limit u satisfies the initial condition. We fix an
arbitrary point o € R and let ¢t € (0,1). Then we proceed as follows:

[u(t, mo) — uo(wo)| < |u(t, x0) — uax(t, o)l
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+ uaz(t, z0) — uaz(0,20)| + [uaz(0, 20) — uo(zo)|,
< Ju(t, z0) — uax(t, zo)|
2
2+
where we used to derive the last inequality (C' does not depend on Ax).

Equipped with (9.2) and (1.2]), (3.2) we deduce (9.3]) by sending first Az | 0 and
second t | 0. This concludes the proof of the lemma. O

Equipped with the sequence {P;}, , defined by (8.1)-(3.7), we introduce the
piecewise linear and continuous function

Observe that 0, Pa.(t,z) = Dy Pj(t) for t > 0, x € Ij 112, j € Z.

+ Ct' + [uag(0,20) — uo(wo)|, £=1

Lemma 9.2. There exists a limit function
P e L®Ry; WHP(R)) N L=(R1; WH(R))
such that along a subsequence as Ax | 0

(9.10) Pay — P in LP

loc

(Rt x R) for each 1 < p < 0.
Proof. First of all, it is not difficult to see from and Lemma that
{Paz}Az>0 is bounded in L (R ; WH(R)) N L (Ry; WHEH(R)).

Next, we prove that {9;Paz}a,~q 18 bounded in L*([0,T] x R), for each fixed
T > 0. To this end, we write P; = P, ; + P j, cf. (6.4), where

Pl,j = ZhZ <€_R|j_i|) ((ui+1/2 \Y 0)2 + (ui_l/Q A 0)2) N
1EZL
Pyj=h e rli—il .
2] EZZ ( ) '

We shall prove that there is a constant C, independent of Az, such that

(9.11) /OT szj: %PM dt < C,
T d
(9.12) /O szj: Az D, (dtpl,j)‘ dt < C,
(9.13) /T Az iPQj dt < C,
0 — |dt >
T d
(9.14) /0 Az |AzDy (dtpzj)‘ dt < C.

J
Note that (9.12) and (9.14) follow from (9.11) and (9.13]) respectively, since if
la;| < C for all j, then |[AzDya;| < |a;| + |ajx1]| < 2C for all j.
To prove (9.11]) observe that

Pl ;= 4hz (e—qu—u) ((Ui+1/2 V 0)uiyq 0+ (wim1y2 A 0)“24/2)
iez
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—wlj—i]\ (2 / 2, .2 / 2
< 2h E (e ) (“i+1/2 + (Wig1/2)” +uiq /0 + (45_1)2) ) ;

and thus, using ) and (| .,
sz |P1',j| < 2hA:cZ (e‘“'j_“) (u?H/Q + (u;H/Q)2 + u?fl/Z + (u§71/2)2)
J 4,

5 2
<C {e""m} + 1) H U, o+ {u’- }
where C' > 0 is a constant independent of Az. From and (5.1)) it follows that
{u;+1/2} . is bounded in L?(0, T} ¢?), which implies (9.11)).
je
To prove ([9.13]) we use (8.2) with f(q) = % to obtain
N d [

r —klj—=il\ & [ i

P%_Qhé(e ’ )dt (2)

=23 () <D {“@ﬂ/zv‘)) Q}JFD* {(“"‘”MO) q;D

iEZL

—on Y (el [ i — (w000 0) g — (w10 A 0)
zEZ

+ = {(ul 172V 0) (D-:)* = (w4172 A 0) (D+qi)2H

2

2
_ —wlj—il
(0 () )
g2,
_ —rlj—il
thezz (D+ (e j ))
— QhZ (675‘] z‘) [ 5@ — (Uip12 V 0)2 @ — (w12 A 0)2 4
i€Z

* % {(ui—1/2 V0) (D—g;)* — (wiy1/2 A 0) (D+qi)2H’

and hence follows from (5.1 . .7 and .

Since 0y Pas(t,z) = Pj(t) + (x —x;)DyPj(t), t > 0, * € I;11/2, the bound

on {0:Pay}Axso follows from - As a result the sequence {Paz}az>0
is bounded in I/V10C (Ry x R). Comblmng this with the L*>*-bound in Lemma
yields the existence of a subsequence that converges as claimed in ((9.10). D

10. STRONG CONVERGENCE RESULT

Endowed with the sequence {qj(t)}j ¢z, defined by (3.1)-(3.7), we introduce the
function

(101) QAm(tvx):qj(t)v t20,$€Ij7j€Z~
Observe that
(10.2) Optng(t, ) = qaz(t,z), t>0,z€l;, j€.
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The ensuing lemma is a straightforward consequence of the main estimates es-
tablished in earlier sections.

Lemma 10.1. Fiz rany 1<p<3andl<r< % Then there exist two functions
ge Ll (Ry xR), ¢? € L, (Ry x R) such that along a subsequence as Az | 0

(10.3) gaz = ¢ in Lis.(Ry; L*(R)), qaz = ¢ in Li, (R x R),
(104) @R, @ in Lo (R, xR).

Moreover,

(10.5) @(t,x) < ¢3(t,x) for a.e. (t,z) €RL xR

and

(10.6) Ozu = q in the sense of distributions on [0,00) x R.

Finally, there is a positive constant C' depending only on ||u0||H1(R) such that
2
(10.7) q(t,x) S -+, t>0,z€eR

Proof. Claims , (110.4) are direct consequences of -, 1 7)), and Lemmas
and Clalm (10.5) is true thanks to (10.4), cf. Lemma while (10.6) is a
consequence of (10.2)) and Lemma Finally7 by (7.1)),

2
QAx(t,$)§¥+C7 tZOa I6R7
and hence, because of (|10.3)), cf. again Lemma claim ((10.7)) follows. O

In view of the weak convergences stated in ((10.3]), we can assume that for any
function f € C1(R) with f’ bounded

flaae) = flg) in Li.(Ry; L*(R)),
flaas) = f(q) in L, (R4 x R), 1 < p <3,
where the same subsequence of Ax | 0 applies to any f from the specified class.

In what follows, we let ¢f(q) and f’(q)g? denote the weak limits of gazf(qaz)
and f'(qaz)qa,, respectively, in L (Ry x R), 1 <r < 3.

(10.8)

Lemma 10.2. For any conver function f € C1(R) with f' bounded we have that

//R+><R F(@)0p + uf(9)0a ) da dt
//R+XR< Fa)e = af @+ (P - )f’(@)god:cdt,

for any nonnegative v € CP(RL xR).

Proof. Set ¢;(t) = fl (z,t) dz. We multiply (8.2 . ) by Azp;, sum over j € Z,
integrate over t € R+, and take into account the convexity of f. After a partial
integration and a partial summation, the final result reads

/ Az S Fla)e, dt
R, 5

+/R Axy” [(ujﬂ/z V0) f(g5)Dyj + (uj—1/2 A 0) f(q]')D*(pJ} dt
g

(10.9)
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+/ AxZ[q-f(q-) - qu’(q')}wdt
R, - J J 2 J J
+/ AxZ[ wje12V0)" + (i 12 N0)° = Bi] f'(ay)is dt = 0.

We write this 1nequahty as
Ei+ FEy+ E3+ E4 > 0.
Clearly, by the choice of ¢; and (|10.8),

E, :/ /f(qu)atspdxdt—)/ /?q)ﬁgpdxdt as Ax | 0.
Ry JR Ry JR

Ey =/ /quf(QAx)awﬁﬂdxdt-i-Ez,l + By,
R, JR

Next,

where
By = /R Z/ [(ujJrl/z V0) f(gj)Dypj — (uaz vV O)f(QAx)axw] du dt
+ 5 Y
and
Bro= [ 2 [ (12 00) F) Dy = (war N O)flasr)one] o
+ 5 Y
We decomposeJEg,l as follows:

Fay = /R 2]: /I (5172 v 0) — (use v 0)] (200 v i

J

+ /]R+ E]:/ (ujs1/2 V 0) flqaz) [D+¢ - aw} dr dt

I
=:Fy11+ Ea1 0.
For z € I;, we have by
(10.10) |(wj41/2 V 0) = (uagz V 0)| < |ujii2 — uas| < C1AzT ;).

Hence, keeping in mind that |f(q)] = O(1+]q|) for all ¢ € R and using (10.1)), (5.1)),

Baral < Cobe |0l iy [ dhsdoit < Cata,

supp ()
where the constant Cy depends on ¢ but not on Az. For x € I,

|D+¢ - a:1:90| < CgALB,
where C3 depends on ¢ but not Az, and thus by ((10.1)) and (5.1)),

|Ea1 2] < CiAx // gag dz dt < CsAz,
supp (¢

where the final constant C5 depends on ¢ but not on Az. To summarize, we have
proved

|E21| = O(Az) — 0 as Az | 0.
Similarly, we can prove

|Ea2| = O(Az) — 0 as Az | 0.
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Consequently, by (9.2)) and (|10.8)),
Ey — / /uf(q)axgodx dt as Az | 0.
R, JR

We can take the limit in Fs5 directly:
Bo= [ Jaseflasn) - B2 pasn)] dods
Ry xR

=[] o - ] awa

Finally, let us analyze F,, which we write as the sum of four terms:
E, = // [uXy — Pac] ['(qas)pdadt + Eqy + Esp — Ey 3,
R4 xR

where

Eyy = /]R Z/ [(“j+1/2 V0)? f(g))e; — (uas v 0)? fl(QAz)‘P] dz dt,

I

Eyo = /R Z/ [(uj,l/g A 0)2 f'(g5)e; — (uaz A O)2 f’(qu)go} dz dt,

I;
Bua= [ 3 [ [P @)es - Past tass)e] duat
Ry S
Let us write

E4’1 = /]R Z/ [(ujqu/g vV 0)2 — (qu V 0)2} fl(CIAa:)QO dx dt

J

Egq1
+/ Z/ (ujp1/2V0)° f (qm)[ g@} da dt .
Ry I
Eqa,2

In view of (5.4) and (10.10), we have the following estimate for z € I;:
2
’(Uj+1/2 V0)" = (uaz V 0)2‘ < ‘Uj+1/2 - UA:E’ ‘Uj+1/2 + uA:E’ < CAzx|gjl,

where the constant C' does not depend on Az. Hence we infer |Ey ;1] = O(Ax)
(cf. the treatment of Es11). As |¢; — | = O(Ax), we can argue as we did with
E 1,2 to reach the conclusion Ey 19 = O(Ax). Therefore, By 1 = O(Ax).

Along the same lines we can prove that Ey o = O(Ax).

Similarly to the estimates of E, 1 and Ey 2 we can show that Ey 3 = O(Ax), by
exploiting and to conclude that |P; — Pa,| = O(Ax) for x € I;14 5.

By the previous calculations,

By — //RMR [u2 — P] f(Qpdrdt as Az | 0.

This concludes the proof of (10.9)). O
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We know that {gA,} .0 Ry x R) for

1 <r < 3. Additionally, from (8.2) with f(q) = q— (cf. the proof of Lemma ,
it follows that {atqgw}ADO is bounded in L'(0, T W=LYR)) for each T > 0. The

Ascoli-Arzela theorem then implies the following convergence for each ¢ € C°(R):

is a subset of L>®(R; L*(R)) N LI

loc

(10.11) / qA,pdr — /q7¢ dx  uniformly on compact subsets of [0, c0),
R R

and thus
(10.12) [0,00) 5t /q7¢ dx is continuous on [0, 00).
R

The statements (10.11]) and (10.12)) hold with ¢, and ¢2 replaced respectively by
f(gaz) and f(gaz), for any convex function f € C1(R) with f’ bounded.

Lemma 10.3. Let ¢ and ¢2 be the weak limits identified in Lemma m Then

1—
(10.13) // (qOrp + uqdyp) dx dt = // (—q2 + (P - uz)) @ dx dt,
R+ xR R+><]R 2

for any p € CF (R4 x R).

Proof. Starting off from (8.2) with f(¢) = ¢, we argue as in the proof of Lemma
to conclude the validity of (10.13]). O

The succeeding lemma tells us in which sense the weak limits singled out in
Lemma [I0.1] satisfy the initial data.

Lemma 10.4. Let ¢ and ¢2 be the weak limits identified in Lemma m Then

ltino1 ¢ (t,x) de/(axUO)Qd%
(10.14) e p

lim [ ¢2(t,z) da::/(axuo)2 dzx.
R R

10

Proof. In view of (10.6)) and (9.3]), a couple of integration-by-parts will reveal that

lim [ q(t,2)p(x) dx:/amuogada:, Yo € C(R).
tl0 Jr R

Since ¢ € L>°(R,; L?(R)) this translates into the statement

q(t,-) = Opup in L*(R) as t | 0.
Hence, cf. Lemma
(10.15) /((’95,3710)2 dr <lim inf/ ¢*(t, ) dx.

R tlo Jr

On the other hand, 1.) tells us that uAL (t,-) = u(t,-) in HY(R) for a.e. t > 0,
and thereby, using also (9.2] ., , and Lemma .
(10.16) /( (t,z))* dz +/ 2(t, ) dx < / ud dr + /(agguo)2 da.
R R R

Since (10.12)) holds, this inequality is valid for all ¢ > 0. By exploiting the continuity

of u (see Lemma , (110.16) yields

(10.17) limsup/?(t,a:) dx < / (Bpu)? dx.
tlo Jr R
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Clearly, (10.5), (10.15), and (10.17) imply (10.14). 0

We are now in a position to conclude the strong convergence of {gaz} a0

Lemma 10.5. Let ¢ and ¢2 be the weak limits identified in Lemma m Then
(10.18) A(t,x) = ¢(t,z) for a.e. (t,z) € Ry x R.

Consequently, as Ax | 0,

(10.19) qre — q in L3 (Ry x R) and a.e. in Ry x R.

Proof. Lemma tells us that for any convex function f € C1(R) with f’ bounded
there holds

(1020)  3T@ + 0, (wT@) < 2@ — 3 F@E + (o~ P) F(@),

in the sense of distributions on Ry x R. Moreover, by Lemma [10.3]

1
(10.21) Orq + 0, (uq) = §q2 +u?—P,

in the sense of distributions on Ry x R. Equipped with (10.20]), (10.21)), Lemma
10.14} and (10.7)), we can argue exactly as in Xin and Zhang [38] to arrive at (10.18)).
In view of Lemma claim ((10.19)) follows immediately from (10.18)) and (9.6). O

11. CONCLUDING THE PROOF OF THEOREM 4.1

Lemma Lemma and (4.2) show that the strong H! - limit u satisfies
conditions (i), (iii), (iv), and Definition It remains to prove that u
satisfies condition (ii), i.e., the weak formulation .

We start by deriving a divergence-form version of the scheme . To this end,
introduce the functions fy, fn defined by

ie, fu(u) = F(uV0)? and fa(u) = F(u A 0)%. Observe that f, and fs are
piecewise C2, and the absolute value of the second derivatives are bounded by 1.
By the discrete chain rule,

(2172 Y 0) D-ttjs1/p = D fulujsnjo) + O (Az (D-uji10)?)
and
(5412 A 0) Ditijinjo = Dy fa(tje1/0) + O (Ax (Dyuji70)”)
Consequently, we can replace by
u;H/Q + D_fu(ujp1/2) + Dy fa(ujir)2) + Dy P;
(- =0 (ac {(Dujirya)* + (Drugns)}).

Observe that

D_+D 2
=12t MDD =D,-D.,  f+f=%

(11.2) D 5
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Using these identities, we can restate (11.1]) as

2
Uitz 1
“;'+1/2 +D_ |2 1 / + 5 (fv(uj+1/2) - f/\(uj+1/2))]
2
11.3 Uiy 1
(1L3) + Dy %/ +t3 (Falujgaje) = folujprye)) | + D4 P

=0 (Ax { (D_Uj+1/2)2 + (D+uj+1/2)2}> :
Using, cf. ,

- (fv(uj+1/2) - fA(Uj+1/2)) + Dy (f/\(uj+1/2) - f\/(uj+1/2))
= AzD_Dy fa(uji1/2) — AzD_Dy fu(ujia2),

equation ([11.3) becomes
Uz
u;+1/2 + D (]‘5/) + D+Pj

=0 (A${(D_Uj+1/2)2 + (D+Uj+1/2)2}>
+ Az {D—D+fV(Uj+1/2) —D_Dy fa(ujpry2)}-

Fix ¢ € C°(R; x R), and set ¢;(t) = < f[ (z,t) dz. We multiply (T1.4) by
Azxyp;, sum over j € Z, and mtegrate over t € R+ After a partial integration and
a partial summation, the final result reads

2

us
/ A:cZujH/ggp;-dt—i—/ Amz H;/QDcpjdt
R, 7 R, r

(11.5) = =k
+/ Az PiD_g;dt = O(Ax),
R+

J

(11.4)

::Eg

where the right-hand side is a consequence of ([5.1)).
First, since |uj+1/2 — uAI| < CAz|gj|, cf. (4.3), and using Lemmasand

E] :/ /quat(Pdt—F/ Z/ (uj+1/2_qu) 8t(pdxdt
R, JR R, &

I;

= // upazOrp da dt + O(Ax) 4zlp // udyp dx dt.
Ry xR Ry xR

2
3t<pdt—|—/ /< EARYLY ) j ”§f8x<p> dx dt,

2,1 E212

Next,

e fl
R+ xR
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Let us analyze the term Fs 5. We have that Fy o = Fs 21 + Eo 22, where

2
Uii12 Ui
Ey01 =/ / 2 CAx Oy dx dt,

J

2
us
Esp0 = / Z/ 7j+21/2 (Dpj — Oyp) dxdt.
Ry 571

J
Since, by (5.4]),

2 2
uj+1/2 o UAg

2 el < CArlgl, |Dg;—dupl SCAz, el €T,

where C' does not depend on Az, we use again (5.1]) to conclude |Es 2| = O(Ax).
It remains to analyze F3. We have

o 2
b3 = / ZhA:cZ (e*"”"“*") ((ui+1/2 vV 0)2 + (wi—1/2 N 0)% + qé) D_qp;dt,
R+ 4y

Due to (6.3) and (6.5)), we have

h
(11.6) lim — = lim ——— =
Azlo Ax Azlo Ag + 21—A€Z

1 1

Moreover, for all i,j € Z,

o 2 —lj—il
e—ﬁlj—i‘ — (CR)7|J71| — (1 + (A.’,U) + g /4+ A$2)

2 2
= (14 Az +0(A2%) " = (14 0(Ar?)) e lrial,

(11.7)

where the final result comes from replacing 1+ Az with e2* + O(Az?). By (T1.6),
(11.7), Lemmas and and arguing along the above lines, we infer

=g [ [ [t ((u(t,yw ¥ §<q<t,y>>2) dy] Ouplt, ) du dt.

Summarizing, our calculations show that by sending Az | 0 in (11.5) we obtain
(4.1). This concludes the proof of Theorem

12. NUMERICAL EXAMPLES

The finite difference scheme we analyzed in previous sections is semi-discrete
as well as infinite dimensional, and to use it we must integrate the defining ODE
numerically and impose some numerical boundary conditions. We chose to do this
by a simple forward Euler method, which results in the scheme

L
j+1/2 j+1/2 n n
(12.1) A + (uj+1/2 v 0) D_ujiy s
(W12 A O) Dty o+ Dy PR =0 for || < Jag,

where Ja;Az = X and the computational domain is [-X, X]. We set u? , , =

Ugp,+1/2 for j > Ja, and u?+1/2 =U_j,,+1/2 for j < —Ja,. Here At is a small
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positive number (the time step), and we used At = 0.5Az. The sequence {P}'}
is defined by

jez

2 2 1 2
—D,D+Pjn + Pjn = (U?+1/2 V 0) + (U?71/2 AN O) + 5 (D*uyﬁ»l/Q) .

The first example uses a two-peakon solution with initial data
(12.2) ug(z) = 2e~ 174 4 e~le—4l,

The exact solution is given by
2
u(t) ;1;) = ij (t)e*‘z*qj(t)‘7
j=1

where (p, ¢) solves the system of ODEs

qi(t) = > _p;(t)p;(t)e 1O =u
(12.3) =
Pi(t) = pi(t) Z p;()sign (i(t) — q;(t)) e~ 1= O

The “exact” solution of is calculated using a high-order Runge-Kutta method.

The example is a case of a two-peakon collision, where the faster peakon overtakes
the slower peakon. See Figure [1| where we show the exact solution and a numerical
approximation with 1024 gridpoints in the interval [—15,45]. From Figure (1] it is
clear that the quality of the approximate solution is not very good. However, to
resolve such a two peakon collision is a difficult numerical problem, see, e.g., [1]
and [33]. Our scheme requires a very small mesh size Az to compute reasonable
solutions for this example, which however is not surprising and appears to be the
case with other schemes in the literature as well. To improve the accuracy, in
particular at a wave crest, we could attempt to build a high-order version of our
scheme that also utilizes an adaptive mesh strategy, see [I] for a finite volume scheme
along these lines, which achieves third order accuracy by employing Marquina’s
local hyperbolic reconstruction technique.

In what follows, we use the simpler one peakon solution to measure the (rate of)
convergence of the scheme (12.1)). We measure the relative H' - error defined as

UAg — US
erry: = max —” Aw Aalln
tefo, 1] [luc]p

)

as well as the £ - and ¢! - errors defined as

max; ‘U?H/Q — u¢(nAt, :rj+1/2)‘

eITpoo = MAax
¢ nAte[0,T] max; |ue (TLAt, l’j+1/2)|
_ e
errp =  max —”qu Ul
nate0,] [Jut]p

Here u° is the piecewise linear function defined by interpolating the exact solution
linearly between the points {le/Q}jEZ. As initial data we used ug(z) = e~ 1*l,

which implies u¢(t,z) = e~ 1*~!l. We computed the approximate solutions in the
interval z € [—15,15] for ¢t € [0, 6.4] with mesh sizes Az = 30/2" for n = 7,8,9,...;
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FIGURE 1. The numerical (solid) and exact (dashed) solutions of
(12.2)), at t = 0 (top), t = 10 (middle) and ¢ = 20 (bottom). For
the numerical solution we use Az = 60,/1024.
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The errors are reported in Table [II This experiment indicate that we do indeed
have convergence, but it is not clear whether we have a convergence rate.

n |7 8 9 10 11 12 13 14
errpy | 0.95 0.67 0.57 036 0.31 0.18 0.13 0.12
errpo | 023 0.14 0.08 0.04 0.03 0.01 0.005 0.01
errg | 052 024 0.11 0.05 0.03 0.01 0.01 0.04

n 7 8 9 10 11 12 13 14

errpr | 1.21 0.87 0.46 0.74 0.64 0.57 0.43 0.09

erry~ | 0.40 0.23 0.12 0.13 0.10 0.07 0.04 0.02

errpn | 1.25 0.57 0.49 040 0.26 0.16 0.09 0.08
TABLE 1. Errors for the single peakon example, for Az = 30/2",
n="738,...,t=3.2 (top), t = 6.4 (bottom).

In our final example we choose initial data corresponding to a peakon-antipeakon
collision:

(12.4) ug(z) = e~ 1o — e~lz—dl,

In this case we have a collision at ¢ ~ 4.6. In Figure [2] shows the approximate
solution. It is clear that our scheme generates the dissipative solution, and for ¢
larger than the collision time, the approximate solution vanishes.

FIGURE 2. The numerical solution to the initial value problem

(12.4) for Ax = 20/2°.
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