MATHEMATICS OF COMPUTATION

Volume 76, Number 258, April 2007, Pages 699-744
S 0025-5718(07)01919-9

Article electronically published on January 3, 2007

CONVERGENT DIFFERENCE SCHEMES
FOR THE HUNTER-SAXTON EQUATION

H. HOLDEN, K. H. KARLSEN, AND N. H. RISEBRO

ABSTRACT. We propose and analyze several finite difference schemes for the
Hunter—Saxton equation

1 xT
(HS) Ut + uug = 5/ (uz)? de, xz>0,t>0.
0

This equation has been suggested as a simple model for nematic liquid crystals.
We prove that the numerical approximations converge to the unique dissipative
solution of (HS), as identified by Zhang and Zheng. A main aspect of the
analysis, in addition to the derivation of several a priori estimates that yield
some basic convergence results, is to prove strong convergence of the discrete
spatial derivative of the numerical approximations of w, which is achieved
by analyzing various renormalizations (in the sense of DiPerna and Lions) of
the numerical schemes. Finally, we demonstrate through several numerical
examples the proposed schemes as well as some other schemes for which we
have no rigorous convergence results.

1. INTRODUCTION

Liquid crystals are mesophases, i.e., intermediate states of matter between the
liquid and the crystal phase [I5]. They exhibit characteristics of fluid flow and
have optical properties typically associated with crystals. Liquid crystals consist
of strongly elongated molecules (typical sizes are 5 — 10A) that can be considered
invariant under rotation by an angle of 7. Nematic liquid crystals are commonly
described by two linearly independent vector fields; one describing the fluid flow and
one describing the orientation of the so-called director field that gives the orientation
of the rod-like molecule. In this paper we will specialize to stationary flow, and
hence focus exclusively on the dynamics of the director field, a map n: R? — §?
from the Euclidean space to the unit ball; see Saxton [14]. It is common to consider
the Oseen—Franck expression for the internal energy (see [14], [15], [6])

W(n,Vn) =alnx (Vxn)>+4(V-n)?++(n-V xn)?

where «, 3, and v are constants. Physically, a correlates with “splay”; § correlates
with “twist”; and v with “bend” (see, e.g., [I5] for an extensive discussion). The
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dynamics of n is governed by the action principle

1)
(1.1) 5 //(nf — W(n, Vn)) dzx dt.
Here we further specialize to consider planar director fields given by
n =n(z,t) = cos(Y(x,t))e, + sin(y(z, t))e,,

where e, and e, are orthonormal vectors in the z and y direction, respectively.
Inserting this into () we find the Lagrangian

= [[ wi-ewpt)ava
with
c(1p)? = acos®1p + Bsin® 1,
which yields the Euler-Lagrange equation
1btt = CW)(C(?/))%:)I

We now consider the equation satisfied by expansions around the constant state.
More precisely, assume [6]

U(w,t,e) = o + e (6,7) + O(?)
with 8 = x — ¢(p)t (assuming ¢’ (¢g) # 0) and 7 = et. Introduce u = ¢/ ()11 and
redefine « by x = sign (¢/(19))f. Then

1
(Ut + Uuw)w = i(uw)27 u|t:0 = Uo,

or
1 x
(1.2) Up + Uy = 5/ (ug)?dz,  uli—o = uo,
0
which is the Hunter—Saxton equation [6]. By introducing
U = Ug,
we may write this as
1
(1.3) v+ uv, = —Evz, V= Uy
or
L,
v + (uv), = U U= Ua

The equation possesses many intriguing properties: it is completely integrable [7];

indeed, let
1

Uy

L=0,—0,, Az%(u@x—i-axu).

Then

1
Ly =[L, A] is formally equivalent to (Ugt + Uty + 5“925)9: =0.

Equation (L3) also has infinitely many conservation laws (see [7]); the first few
reading

(loa] ") + (ulva]?)e = 0,
(v2)t + (uv2)w =0,

(uv?); — (2uvug +u?), = 0.
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Furthermore, it is bivariational and bi-Hamiltonian (see [7]). Characteristics are
given by
d

E@(m,t) =u(®(x,t),t), P(x,0)=x.

We consider the half-line problem and assume «(0,t) = 0 and v(x,0) = vy. If
vg > 0, then

@(x,t>::J£x<1+-%uOu»t>2dy,
M¢@¢%ﬂ(ﬁ?l+éw@ﬁwdwd%

v(P(z,t),t) = %.

In contrast to hyperbolic conservation laws where characteristics in general will
collide, the characteristics for the Hunter—Saxton equation will only focus, that is,
approach the same tangent.

Smooth solutions of (L3 can be expressed as the solution of a system (see []])

u = uo (&) +tg(§) + A (6),
v = &+ tuo(6) + 59(6) + h(E),

where £ is any function with h(0) = 1/(0) = 0, and ¢'(§) = Su((£)?. However, the
Hunter—Saxton equation will not in general enjoy classical solutions. More precisely,
if ug is not monotone increasing, then

(1.4) inf(u,) — —oo as t T t* = 2/ sup(—uy).

The concept of a weak solution is more complicated. Two different solution
concepts can be found in the literature, namely that of a conservative solution and
that of a dissipative solution (see Hunter and Zheng [8 @] and Zhang and Zheng
[18]). Before we recall these definitions, and for later reference, let us state the
problem that we intend to study in this paper, i.e., the Hunter-Saxton equation
augmented with appropriate initial and boundary conditions:

1
VUt + UVy = _§U27 Uy =V, (.f,t) € QT)

(1.5) v(z,0) = vo(z), z€RT,
w(0,t) =0, telo,T],

where T' > 0 is a fixed final time (7" = oo is possible) and Q7 denotes the space-time
cylinder R* x (0,7), where RT = (0,00). Sometimes we also use the notation Qr
for the set Ry x [0, 7], where Ry is shorthand for the half-closed interval [0, o).
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Conservative solutions of (L)) are defined as triplets (v, u, ®) satisfying

v e L>®((0,T); L*(RT)), uweC@r), @ @ €CQr),
v + (uv), = %vg,
(v*)¢ + (uw?), =0

0P (z,t) = u(P®(x,t),t), Po(z)=u,

<I>(12,t) @(12,0)
/ v(y,t)2 dy = / v(y, 0)2 dy, x1 < xa.
@(w17t) @(22170)

Uy =
in the sense of distributions on Qr,

Moreover, the function u(z,t) is zero at = 0 as a continuous function in x for
each t € [0, 7], while the function v(x,t) takes on the initial data vo(x) at ¢ =0 in
the sense of C(RT, L'(RT)). Since we are not interested in conservative solutions
in this paper, we refer to the papers [8, @] [16] 17, 18| 2] 0] by Bressan, Constantin,
Hunter, Zhang, and Zheng for more information about them and their properties.

However, in this paper we are going to work with dissipative solutions, so we
choose to state this notion of solution explicitly in a definition. It is convenient to
first define a weak solution.

Definition 1.1. A pair of functions (v, u) is a weak solution of (LH]) provided
v e L¥((0,T); L*(RY)), ue C(@Qr),

1
v + (wv), = 51)2 and u; = v in the sense of distributions on Qr,

/ v(x,t)? de < / vo(x)?dr  for almost all ¢ € (0,7T),
0 0

u(z,t) — 0 as  — 0 for each ¢ € [0, T,

(z,t

v(x,t) — vo(x) in C([0,T]; LY (RY)) as t — 04.

Definition 1.2. A pair of functions (v, u) is a dissipative solution of ([L3]) provided
the pair (v,u) is a weak solution of (L)) and

2
v < n a.e. on Q.

Dissipative solutions of the Hunter—Saxton equation are well understood, and
we refer to a long series of papers by Hunter, Zhang, and Zheng [8], @] [16] 17, [18]
for various types of results. This series culminated with the paper [I8] by Zhang
and Zheng, which established the existence and uniqueness of dissipative solutions
for the (natural) case of pure L? initial data vy.

Thus the Hunter—Saxton equation is well studied from a mathematical point of
view. However, there has been no rigorous analysis of numerical schemes for (LH).
For general initial data, there are no closed-form solutions to the Hunter-Saxton
equation, and therefore the study of numerical schemes is important. It is the
chief purpose of this paper to propose and analyze some numerical schemes of finite
difference type for the Hunter—Saxton equation.

The numerical schemes that we propose are deliberately based on discretizing the
nonconservative form ([3]) and not the conservative form (LZ). One might expect
the latter form to be natural since it can be viewed as a perturbation of Burgers’
equation, where the perturbation takes the form of a nonlocal integro operator.
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For Burgers’ equation and other nonlinear conservation laws there exist a rich lit-
erature on several types of numerical schemes. Many of the schemes developed for
conservation laws are also accompanied by a sound theoretical foundation, some-
times using rather sophisticated analytical tools like, for example, compensated
compactness. However, we have not been able to prove that any “reasonable” finite
difference scheme based on the conservation law form ([2]) converges to a dissipa-
tive solution. For this reason we will focus exclusively on the form (I3]), which is a
linear transport equation with a quadratic right-hand side plus an additional side
constraint relating the derivative of the “velocity” u to the unknown wv.

Let us be a bit more precise about our achievements in this paper. In the
case where the initial data vy is a nonnegative function in L' N LY with ¢ > 2,
we describe semi-discrete, implicit, and explicit upwind finite difference schemes,
and for all these schemes we show that the corresponding approximate solutions
converge to the unique dissipative solution of the Hunter—Saxton equation ().
Then we consider the more complicated case where vy does not have a definite
sign and merely belongs to L' N L2. Here we define a semi-discrete upwind scheme
and again we show that the suggested scheme converges to the unique dissipative
solution of the Hunter—Saxton equation.

The fact that our numerical schemes are of upwind type means that the finite
differencing of the transport part uv, is biased in the direction of incoming waves,
making it possible to resolve discontinuities without excessive smearing. We stress
that the use of upwind schemes is quite natural, as one would expect them to
dissipate the energy and as such generate dissipative solutions in the limit as the
discretization parameters tend to zero. Our analysis confirms this intuition. How-
ever, we stress that the results are not obvious. One can, for instance, show that
certain “natural” schemes for the related Camassa—Holm equation either diverge
or converge to a wrong solution; see [5]. Furthermore, some of the schemes tested
in Section [7 for the Hunter—Saxton equation indicate nonconvergent behavior.

Regarding the convergence analysis, we derive several a priori estimates in
Lebesgue and Sobolev spaces, which yield some basic convergence results. An
interesting mathematical issue is that we need to prove that the spatial derivative
of the numerical solutions, i.e., va; = (uaz )z, Which only is weakly compact a pri-
ori, in fact converges strongly. Strong convergence of va, is necessary if we want to
recover the Hunter—Saxton equation when we take the limit in the finite difference
schemes. Strong convergence of va, is obtained by analyzing various renormaliza-
tions (in the sense of DiPerna and Lions [3, 12} [13]) of the numerical schemes and
corresponding defect measures. In addition, to prevent v%, from exhibiting con-
centrations as Ax — 0, we need to derive higher (than L?) integrability estimates
for va;. Our arguments can be viewed as discrete counterparts of those employed
by Zhang and Zheng [16], (17, [I§] to prove existence of a dissipative solution.

The organization of this paper goes as follows: in Section [2] we introduce some
(finite difference) notation and recall a few well-known mathematical results useful
for the subsequent analysis. In Section [B] we present and analyze the semi-discrete
scheme. The particular form of the scheme and the analysis rely on the assumption
that the initial data are nonnegative and belong to L' N LY for some ¢ > 2. Sections
[ and (] are devoted to similar analyses for implicit and explicit upwind schemes.
In Section [6l we extend our analysis to the case of initial data in L' N L2. Finally, in
Section [[] we present several numerical examples, which demonstrate the proposed
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numerical schemes as well as some other schemes which do not have a theoretical
foundation.

2. SOME PRELIMINARIES

We start by introducing some notation needed to define the finite difference
schemes. Throughout this paper we reserve Az and At to denote two small pos-
itive numbers that represent the spatial and temporal discretization parameters,
respectively, of the numerical schemes. Given Az, At > 0, let D1+ denote the dis-
crete forward and backward differences, respectively, in the spatial direction, i.e.,

Dig(x) = :I:Aix(g(x + Az) — g(m))

for any function g: R — R admitting pointvalues. Similarly, we let DY denote the
forward and backward differences, respectively, in the time direction, i.e.,

Dl h(z,t) = iAit(h(x,t + At) — h(z, 1))

for any function h: Q7 — R admitting pointvalues.

For j € Ng = NU{0} we set z; = jAzx, and forn =0,1,..., N, where NAt =T
for some fixed time horizon T' > 0, we set t,, = nAt.

For any function ¢ = g¢(z) admitting pointvalues we write g; = g(z;), and
similarly for any function h = h(x,t) admitting pointvalues we write 7 = h(z;,t,).
Furthermore, let us introduce the spatial and temporal grid cells

Ij = [xj_1/2,%j41)2), I' = 1I; X [tn, tnt1),

where 21, /5 = x; = Az/2. Thus in this notation, Dig; = +(gj+1 —g;)/Ax. Also,
a discrete Leibniz rule holds:

(2.1) D+ (gjhj) = gjD+hj + hj+1D+g;.

If we extend a sequence {g;}
(actually on [—Az/2,00)) by

(2.2) gan(z) = 3 9711, (),

J€No

jen, o a piecewise constant function defined on RS

where 14 denotes the characteristic function of the set A, viz.

1, forz € A,

Lale) = {0 forx ¢ A

then clearly

1/p
l980llor) = (A2 3 lgsl”)

JENo
Let f be a C? function. By using a Taylor expansion we find
1
(2.3) F(b) = f(a) + f'(@)(b—a) + 5 f"(€) (b~ a)®

for some ¢ between a and b. Let {v;},cy,
expansion (2.3) on the sequence {f(v;)},cy, We obtain

be a given sequence. Using the Taylor

(2.4 Daf(ty) = (o) Dy + 50 (€ (Day)?
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for some §ji between v,11 and v;. We will make frequent use of (2.4]), which states
that a discrete chain rule holds up to an error term of order Az(Dyv;)?.

In this paper we will exploit some well-known results related to weak convergence
and convex functions. For the convenience of the reader we collect these results in
a lemma (for proofs, see, for example, [4]).

Lemma 2.1. Let O be a bounded open subset of RM | with M > 1.
Let {Un}n21 be a sequence of measurable functions on O for which

sup / B(Jun(y)]) dy < o,
n>1.J0

for some continuous function @ : [0,00) — [0,00). Then there exists a subsequence
(which is not relabeled) such that

g(vn) = g(v) in L*(0)

for all continuous functions g : R — R satisfying

lg()| _

1m =
|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

v, — v in LY0), g(vn) € LY (O) for each n, g(v,) — g(v) in L*(0).
Then

g(v) < g(v) a.e. on O.
Moreover, g(v) € L'(O) and
[ sy <timint [ gt dy
o o

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

g(v) = g(v) a.e. on O,
then, passing to a subsequence if necessary,
vn(y) — v(y) for a.e.y € {y € O [ v(y) € (a,b)}.
Occasionally we will use the following standard interpolation inequality.

Lemma 2.2. Let O be an open subset of RM | with M > 1. Let 1 < py < ps <
p1 < o0, 0 €(0,1), and

1 06 1-46

R + .

Po Po P
Then, for any v € LP°(O) N LP*(0),

0 1-6
HUHLPB(O) < ||U||Lpo(0) HUHLm(O) < ||U||Lpo(0) + [[vllpe 0) -

Finally, let us recall the definition of a standard mollifier, which will be used
several times in this paper. Let w(x) be a smooth non-negative function with
support inside [—1,1], w(—z) = w(x), and [wdx = 1. Then a standard mollifier
we = we(x), € > 0, is defined by
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3. THE SEMI-DISCRETE UPWIND SCHEME

In this section we present and analyze the semi-discrete scheme, relying on the
notation introduced in Section
For the analysis in this section we assume that the initial function satisfies

(3.1) vg > 0 and vy € L' (RT) N LY(R™T) for some ¢ > 2.

By interpolation the function vy belongs to LP(R™) for any 1 < p < q. The general
case where vy belongs merely to L? and may change sign is more involved and
will be treated in Section Bl The L' requirement is a natural replacement of the
compact support condition on vy used by Zhang and Zheng [16], (17, [1§].

Let {v?}jeNo be sequence of discrete initial data chosen such that

(3.2) W], (2) = Z vg-)l]j (x)

Jj€Ng
converges to the initial data vg in L?(RT) as Az — 0. We make the approximation
such that v§ > 0 and v = 0 for j > Ja, := 1/(Az?). Tt is not hard to construct
such a sequence. For example, we may take

1
U?ZA_x/[jvo(x)dx7 J=12...,Jas,

and set v) = v) and v = 0 for all j > Ja,. For t > 0, let {(v;(t),u;(t))}

satisfy the finite system of ordinary differential equations

J€No

. 1 . .
Vj +UJD7’UJ = _i(vj)27 J € [07 JAIL Uy = 07 J > JAazy
(33) D+Uj = vy, j € No, Uo(t) = 0,
Uj|t:0 - ’U?a .7 € [07 JAQ:]7
where v; denotes differentiation of v; with respect to t. Whenever it is convenient

we also extend v; and u; to be zero for j < 0. Observe that it follows from (B.3)
that

j—1
uj(t) = Ax Zvi(t) for j € N.
=0

Using the discrete Leibniz rule (2]), we have
D_ (ujvj) = ujD_vj +vj1D_uj = u;D_v; + (vj-1)*,

and hence we may write the scheme (B3] in conservative form:
. 1 1
(B4) b+ D (wyvy) = 5(05)° + (v-1)* = (v5)* = 5(v))* — Az D (v))”.

For positive Az, equation (3.3) is a finite-dimensional system of ordinary differential
equations, which has a C! solution at least until some blowup time. Below (see
Lemma [B2]) we shall show that blowup does not happen. For the convergence
analysis, we need to introduce the two pointwise defined functions

xr
(35)  vae(mt) = S 0015 (x) and use(e,t) = / van(y, ) dy,
j€No 0
which are piecewise constant and piecewise linear and continuous, respectively.
Before we continue we need to establish that the numerical solution (uaz,vAz)
remains nonnegative if it initially started nonnegative. We also prove that va, is
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bounded from above, independently of Az, as soon as t > 0. This latter estimate
is a consequence of an Oleinik-type (one-sided Lipschitz) estimate for ua,. Besides
ensuring uniqueness of the dissipative solution, the Oleinik-type estimate is not used
directly in the convergence proof in this and the next two sections. It will, however,
play an important role in the convergence proof in Section[f] where we allow vy (and
thus the solution) to change sign. We emphasize that for the arguments in this and
the next two sections it is important that the functions ua,, vA, are nonnegative.

Lemma 3.1. Fort >0 and j € Ny we have

2

(36) 0<u) <2
Proof. We have that vo(0) = vJ > 0. Since
. 1

Vo = 7_(,00)27

2
it trivially follows that vg(t) > 0 for all ¢. Let ty > 0 and k > 0 be such that
vk(to) = 0, and v;(to) > 0 for all j < k. Then D_v(to) < 0 and ug(ty) > 0, and
hence
@k(to) = —’U,kD,Q)k(to) Z 0.

Hence v;(t) > 0 and u;(t) > 0 for all j and ¢.

Set

k(t) = sup{k | vi(t) > v;(t) for all j}

and Az (t) = vy (t). Since vaz(t) is the maximum of a finite number of continu-
ously differentiable functions, it is continuous and differentiable almost everywhere.
At every differentiable point, we know that

d 1 ,
adf < _ 75
dt VAx (t) > ZUAx (t) s

since if & > 0, then D_wvg(t) > 0, while if £ = 0 the above inequality is an equality.
Now the comparison principle for ordinary differential equations yields the last
inequality of the lemma. O

Let f: R — R be a twice continuously differentiable function. Multiplying the
scheme B3) by f’(v;) and using the discrete chain rule (24]), we find that

d Az, TR
(3.7) o Wi) + Do flvg) + —-u; f (&)(D_v;)* = —5/ (v;) ()

This is our main tool for proving the next lemma, which collects some uniform a
priori estimates satisfied by the numerical approximations.

Lemma 3.2. Suppose B.I) holds. Then for any t > 0 we have
(3.8) HUAQf('vt)||LP(R+) < lvaa( '70)||LP(]R+) <C, pel2q.
Furthermore, there holds
2
||”Az||Lq+1(QT) < qTQ [vaa( '70)HLq(R+) <C

For any t > 0 there holds

t
[vae (5 Ol ey < llvas(-5 0l gy + B lvaz (- 0)ll L2 gy < C(1).
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For any t > 0 there holds

[uaz(- Ol e @e) < vaz(, 0l Liwe) + 5 ||”Az( O 2y < C (1)

Remark 3.3. The first estimate ([B.8) also states that the approximate solutions
remain inside some ball in “R72+” and thus do not blow up. Therefore the solution
of the system of ordinary differential equations ([B3]) exists for all ¢ > 0.

Proof. Choosing f(v) = v? in B1), we obtain

d plp—1) 2 2 P
(3.9) )+ D () + =gl (Do) Aw = =5 ()",
with £ = {{;},en, being a sequence of nonnegative numbers. Multiplying (3.9)
with Az and summing over j yields (using that u; and v; are nonnegative) the
fundamental identity

d pp—1 _
D Ol + 22 (202 3 el (D)
J

p
= —AxZUij(”j)p 2 ’vaZl ’ )‘ L1(R+)
(3.10) y
P 1
_ Ax%:(p+uj)(vj)p -3 Hvz (- ,t)’ L1(RY)

]

Integrating ([BI0) from 0 to ¢ we end up with

1
R D)

LY(R+)

108 Olla s, + (221 / R

=(1-5) [

for some constant C independent of Az. As the second term of the left-hand side is
nonnegative and the first term on the right-hand side is nonpositive, ([B.I1]) implies
that the first and second claims of the lemma hold.

Next, we set p =1 in (BI0) and ([B.8) with p = 2 to obtain

(3.11)

p+1
Az

po(.
Ll(QT) + H'UAw( ’O)HLl(R-f-) S Cv

d 1 2 1 2
dt HUAm('at)||L1(R+) 9 ||UA$("t)||L2(R+) < 9 [vaa( '70)||L2(]R+)’

which proves the third claim. The fourth claim follows from the third one, since
[uas (@, )] < flvaz(- )l @)

t 2
< lvae(+,0)llpr sy + B lvae (5 Oz ey - O

Using the estimates above we can prove some useful convergence results.
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Lemma 3.4. Suppose vy satisfies the conditions in [B1)). Extracting subsequences
if necessary, we have the following basic convergence results as Az — 0:

unz — u uniformly in [0, R] x [0, T] for each R > 0 and pointwise in Qr,
(3.12) and the limit u belongs to W9t (Qr);

VUAz = Oping — Opu =: v in LITH(Qr),
(3.13) and va, = Opups — Opu =: v in L°°((0,T); LY(RT) N LY(RT));

(va)” = w in L% (Qr),
(3.14) and (vaz)? = w in L=((0,T); L*(RT) N L? (RY));

UrzVUAz — uv in LTN(Qr),
(3.15) and upzva, = wv in L=((0,T); LY(R*T) N LI(RT)).

Proof. The second part of Lemma shows that 0,ua; = va, is bounded in
Li*Y(Qr) independently of Ax. Next, we bound O;ua,. Recalling that u_, =
v_1 = 0, we find that

d -
Euj = Az Z’[Ji
=0

-1
1
= Az Z [—D (uv;) + 5(1)1-)2 — AxDUiQ]
=0
Az i
= —Uj—1Vj—1 — A.Z‘U?fl + 7 Z’UZQ
i=0

Thus, using [3.8), we find
a'
Fix any R > 0 and let J be an integer such that JAxz < R. Then it follows that

J
Az Z
§=0

where C; and Cy depend on R but are independent of Ax. Consequently, ua, is
uniformly bounded in W4+1([0, R] x [0, T]), a space which is compactly embedded
into the Hélder space C%([0, R] x [0,T]), where £ =1 —2/(g+ 1). In other words,
there exists a continuous function u: Qr — R such that the following convergence
holds, extracting a subsequence if necessary:

< H“Ax”Loc(QT) [vj—1] + lvaz(- 7O)||L2(]R+) .

q+1 )
<Ci+ ||UAI||%j+1(QT) < Oy,

d
"

ua, — u uniformly on [0, R] x [0,7] and pointwise in Q7 as Az — 0.

Now the claim ([BI2]) follows from this and a standard diagonal argument on a

sequence Ry, — oo.
The claims (3.I3) and (3I4) are consequences of the uniform Lt bound on

vAz, while (BI8) holds thanks to B12]) and EI3]). O

Remark 3.5. By the weak lower semicontinuity property of norms, the limits u,v
inherit the a priori bounds in Lemma [3.2 that is, Lemma [3.2] holds with uaz, Vaz
replaced by wu, v, respectively.
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We are going to prove strong convergence of {vaz } o, by analyzing a particular
renormalization (in the sense of DiPerna-Lions) of the numerical scheme and its
limit. As mentioned before, strong convergence is needed if we want to prove that
the weak limit v solves the Hunter—Saxton equation.

Lemma 3.6. The limit triplet (v, u,w) from Lemma B4 satisfies

1

(3.16) v+ (uv)y = W Uy = 0,
in the sense of distributions on Qr, and
(3.17) v e C(O0.TEIP®R)),  Jim o(-.1) vl o sy = 0.
for any p € [1,q]. Moreover,
(3.18) we + (uw), <0
in the sense of distributions on Qr and

. ° . 2 o
(3.19) }g% ; (w(z,t) —vo(z)?) dz = 0.

Proof. Set
1
oi)= 5 | el

where ¢ is a nonnegative test function, that is, 0 < ¢ € C°(Qr). We multiply
B4) with Azy;, integrate from 0 to T, and sum over j, obtaining

T T
—/ Az Z v dt —/ Az Z wjv;Dyp;dt
0

J€No 0 j€No
T 1 T
(3.20) = / Az Z 5(%)2% dt —|—/ Az Z (v;)?Ax Dy p; dt,
0 J€Ng 0 J€No

Eq

after a partial integration in ¢ and a partial summation in j. Due to the choice of
¢, we can rewrite this as

1
_ // [UAI% + UAL VAL Pz + §U2Am(p:| dtdx
T

T
=F +/ Z {Axujij“aj 7/ VAzUAZ P dx} dt.
0 I

Jj€Np J

Es

To establish ([BI6]), we must show that lima,—o(E; + E2) = 0. Observe
T o]
B2 Arledingy | [ daetded

T oo
< Az ||90m||Loo(QT) /0 /0 v, (r,0) dr dt

= Az lzll Lo (o) T 0aa (0l e »
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and thus Fj vanishes with Az. Regarding F5 we have that the integrand equals

Z v]/ u; Dy quxgor] dx.

Jj€No

We split the integrand A above by writing

A= (uj —uaz) Dygj +uas (Digj — ¢a).
For z € I; we have

u;(t) — une(z,t) = (Tj-1/2 — T)v;

and
Y+ A:c t) — p(y,t
D.i(t) - pulant) [ W1 _ 1) ay
y+Aa:
(2,t) — pu(x,t)] dzdy
y
y+Azx
gom(w t) dwdz dy.
v
Therefore

[D4;(t) = @u(@,1)] < panll oo () A
Collecting this we find that

\E2|</ ng/ (@172 = 2) vj [ Pall Lo () + B2 [ 0aa | oo (g | du dt
j€Ng

< (3Worllimian + loesliman ) A0 / ™ oAt

J€No

1
< 8¢ (Jlenlimin) +lasliman ) Tlluscliman -

From this we also see that Ey vanishes when Axz becomes small, and the first part

of (3I8) holds. The second part of (316 follows from BI3).

To prove the time continuity/initial data statements ([BI7) we can apply stan-
dard renormalization arguments; see for example [16, [17].

To prove that (B8] holds, we recall that we have a scheme for (v;)? using ([3.9)
with p = 2:

d 2
27 (0)7 + D (v))* +u; (Dv;)” Az = —(v))*.
Using the Leibniz identity (21), we can rewrite this as

(321) %(Uj)Z + D_ (uj(vj)Q) + Uj (D_Uj)Q Az = —AxD_(vj)S.
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The third term above is certainly nonnegative, so after multiplying with Ax ;,
summing over j and integrating over ¢, we find that

- // [vix@t JruAvaAzsax} dx dt
T

< Aol [[ vhedo
Qr

T
+/ [ Z Azu;(v;)?Dyp; —/ UAZ VAL P d;v] dt.
0

j€Ng 1

E3

Since va, € L3(Qr) with an L3 norm that is independent of Az, the first term on
the right-hand side vanishes with Az. The second term FEj3 is similar to Fo, the
only difference being that we have vix instead of va,. Hence we can bound Ej3 as

1 T 2
|Bs| < (2 2l e omy + ||som||Lw(QT)) A [ s Dy

1 2
< 80 (5 loalioqn + Inallinin ) Tlosa( O sgaey

Consequently, lima, .o F5 = 0 and (3.I8]) holds.
Finally, let us prove (319]), which also follows from standard arguments. Thanks
to B13), we have that

(3.22) v (z,t) < w(z,t) for ae. in (z,t) € Qr,

so that by the energy estimate (the first part of Lemma with p = 2, cf. also
Remark B.5]) we obtain

lim v(z,t)* de < 1iminf/ w(zx,t) dx
0

t—0 Jg t—0
o0 oo
< limsup/ w(z, t)dr < / vo(x)? da.
t—0 0 0

On the other hand, BI7) yields

lim v(x,t)? de = / vo(z)? d,

t—0 /o 0
which finishes the proof of (EI9). O

We state and prove the next lemma in a form that is slightly more general than
what we actually need in this section to conclude that the sequence {vaz} 5 18
strongly convergent.

Lemma 3.7. Suppose u is bounded and continuous in Qr with u(0,t) = 0 fort €
0.7, v € L=((0, T); 2(R*)NL¥(Qr), v > 0 a.e. in Qr, w € L=((0,T); L' (R*))
N L%(QT), and w > v? a.e. in Qr. Assume that

o

(3.23) lim ) (w—2%) (-, t)dz=0
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and that the triplet (v,u,w) satisfies the system

(3.24) v + (W), =
(3.25) wy + (uw), < 0
(3.26) Uy =0

in the sense of distributions on Qr. Then

w =12 a.e inQr.

Proof. The proof is a standard exercise in the theory of renormalized solutions, so
we include it only for the sake of completeness. Set v° = v % we, W® = w * we,
where w, is a standard mollifier acting on the spatial variable. Then according to
the DiPerna—Lions folklore lemma [3], as well as (8:224) and (3226, v° solves

1
(3.27) vi +uv;, = §w5 — ()% 4 r°,

where r¢ = uvs — (uv,) *x we + (v°)? — v? % w, and

r® — 0 in LP(Qr) for any p € [1,3/2].
Multiplying this equation by v we get

(%)t +u (%) = St — () 410,

or, thanks to (3:26)),

(@)t + (ug)r = lwﬁv‘E — (%) + v(v€)2 + rfo®.

Sending ¢ | 0, we obtain
(vg)t + (qu)I —wov -3 = (w —v2) v >0,

where we have used (3:22)) to derive the last inequality. Comparing this inequality
with ([3.25]), keeping in mind that w > v? a.e. in Qr, we find

(10— 2), + (u (w—2%)), <0

in the sense of distributions on Q7. In particular, this implies that

/ / (z,t)0pp dxdt > 0

for any nonnegative ¢ € C°((0,T')). Hence, for any two Lebesgue points t1,ts €
(0,T), t; < to, of the L* functlon

(0,7) 9t»—>/ooo (w —v?) (z,t) da,

we obtain
/ (w —v?) (z,t2) dz < / (w —v?) (z,t1) da,
0 0
and combining this with ([3.23]) we have proved the lemma. O

We summarize our findings in the following main theorem.
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Theorem 3.8. Let vy be a function satisfying B1). Define the semi-discrete finite

difference approzimation (Vaz,uaz) for Az positive using B.3), B2), and B3).
Then {(vac, Uaz)}apso COnverges to a dissipative solution (v,u) of ([LI) in the
sense of Definition [L2L More precisely, as Ax — 0

(3.28) |luas — ullpoe(gpy — 0 [vae = vllpopy — 0 foranyp € [1,q+1).

Proof. In view of Lemmas B.6, B.7] and 2.1l we conclude that w = v? a.e. in Qr
and that there exists a subsequence of {vaz} A, that converges to v a.e. in Qr,
where v is the (weak) limit from Lemma [B4l Moreover, Lemma B4 implies that
v e L2((0,7); LP(RY)) N LH(Qr) N C([0,T]; LP(RT)), p € [1,4],
which clearly proves the second part of ([3.28). The first part follows from (B.12)).
The fact that the limit (v,u) solves the Hunter—Saxton equation (LX) in the
sense of distributions (i.e., the second requirement in Definition [[L2]) follows from
Lemma [3.6] and the identification w = v? a.e. in Q7.
The remaining requirements in Definition are straightforward consequences
of the subsequent strong convergence of {vaz},~o and Lemmas B.1] .2 B.4]
For any given sequence we have proved that we can find a subsequence Az; — 0
for which all statements hold. However, Zhang and Zheng [18] have proved that
the Hunter—Saxton equation has a unique global dissipative solution. Hence the
limit exists for all subsequences, which concludes the proof of the theorem. (I

Remark 3.9. In addition to the properties stated in Theorem [B.8] the proof also
shows that the limits u, v possess the following properties:

ue WH(Qr),
v € L=((0,T); LP(RF)) N L™ (Qr), p € [L,dl,
v e C([0,T); LP(RY)), pel,q.
Moreover, since vg € LI(R*) with ¢ > 2, which implies v € LT} (Qr) and in

particular v € L3([0, R] x [0, T) for any R > 0, the dissipative solution constructed
in Theorem B8l is energy conservative, that is, for any ¢ > 0

/000 v(x,t)? do = /000 vo(x)? da.

Formally this is obtained by multiplying the equation for v by v, which gives

’U2 ’U2

from which the claim follows. To make this argument rigorous one appeals to the
DiPerna-Lions folklore lemma [3] and the local L? estimate on v.

4. THE IMPLICIT UPWIND SCHEME

In this section we show how to extend the convergence analysis from the previous
section to an implicit upwind difference scheme, where we still work under the
initial data assumption (). Since many of the arguments are very similar, we
have attempted to make this section brief.

Referring to Section [2] for the notation, the implicit finite difference solution

{(v’-’ u}’) | 7 € Ny, n:0,1,2,...,N}

VRS
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is defined by

1 2
t +1 +1 _ +1 +1 _ +1
(4.1) Div? +uf™ D_vi™" = —3 (v]” ), D™ = o™,

for 0 <j < Jarandn=0,...,N — 1, where we have set v =0 for 7 > Ja, and

set v_1 = 0. The final step N is chosen such that NAt = T. The initial values

{v? }jeN are defined as in Section Bl and boundary values as specified as uf = 0
0

forn =0,1,...,N. Based on { vy, ] } we define the functions va, and ua, as
in Section by

x
(4.2) vaz (T, t) = Z vl and  uag(z,t) = / vaz (Y, t) dy.
€Ny 0
n=0,...,IN
As for the semi-implicit scheme, we can derive a conservative form of ([£.1):

n n ]' n n
(4.3) D'wl + D_ (u +1vj+l):§(vj+l) — AzD_(v] )2

We can solve (1)) “upwards from left to right”, by rewriting it as

(4.4) witt =0,

u;?“ n+1+Axvj 5 0<j<Jdag 0<n,
4.5
0 o T ).

where (the constant) A = At/Az. We have chosen the plus sign in front of the
square root, since otherwise v"+1 would be negative.

Lemma 4.1. Assume that the initial approrimations are chosen so that
lim At N =o.
i, S ()

Then forn € N and j € Ny we have

2

4.6 0 < <
(4.6) < R

where t, = nAt and {Ka+} is a bounded sequence such that limas—o Kar = 1.

Proof. From @Z) and (£3) it is straightforward to see that if v} > 0, then also
v} > 0 and u} > 0. In order to show the upper bound, note first that if U;LJFI >
v”+1 then u”HD U"H > 0, and hence, using (@1]),

Jj—1>
At 2 1
n+1 n n+1 n+1 n
vj §vjf?(vj ) or v; <E[,/1+2Atvjfl}.

n+1 > vn+l n+1

i 1fv

Set v, = max; {v } Since vy

1 20
Tpyr =0T < = [\/1 T 2AtD, — 1} -
1 = At V1Tt 2At, + 1

= Up41, we deduce that
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Thus in particular we see that v,, < 7y, and we can use this to deduce that

1 1 20,

(v V< — (=" 5
A7 (Onit = On) S 15 <\/1 T 2Ato, + 1 U")
Up, (1—\/1—|—2Atvn)

T At \ 1+ 1+ 2A00,
- 207
(14 1+ 2A10,)?
2
c e 2
2 "1+ 1+ 2At0
1
(4.7) =~ 5T Kar
Applying (Z4) with f(v) = 1/v we find
1 At 2 1
t t -
D+a - g (D+Un) > §Km-
Multiplying by At and summing over the time variable yields
1 1 t,K
> _— 4y p
Un+1 Vo 2

where .
P =A#’ Z% (DL9;)* > 0.
j=0 >J

Rearranging we finally get

_ 27 2
Un+1 S — — S .
’U()tnKAt + 2+ 2UOP KAttn

Using that
Attg — 0 as At — 0,

i.e., Ka¢ — 1, we conclude the proof. (]
Similar to (370), if we multiply the scheme (@II) by f’(v;“rl) we get
(4.8)
DLF () + Do (1)
1

g [Be ) (D) + Aaf () (Do )] = =51 (657) (0 )",

where 1" is between ’U;H_l and v}, and ;' between v} and v}_;. With this we can
show the following result.

Lemma 4.2. Lemma holds also for va, and ua, defined by (E2) and [@I).
Proof. Choosing f(v) = v? in (L) yields
(49) (D% ()" + Do (7))

— 1 _ _
S22 (41 (41 (D) g () (D7) )

_ _ P nt1yptl
- 9 (1) ) '

J



NUMERICAL SCHEMES FOR THE HUNTER-SAXTON EQUATION 717

Therefore, we can proceed as in the semi-discrete case (cf. (B9)—@BI0)) to find
(4.10)

DZ- ||’Uir( : tn)||L1(R+)

A Z ( n+1 n+1 p— Q(D,u;‘“) Ax—l—( n+1) (Dfr j) At)
Jj€Ng

Al
( 2) o5 ¢t

Multiplying by At and summing over the time variable yields
p 1
(411) R, Cstur)ll ey + P = (1= 2) &

where

LR+

+ ||U2x( ) 0)||L1(]R+) ;

LY (Qr)

P = AtAx@ Z {u’”l (5n+1)p—2 (DJ)?H)QAJ:

J J
J€ENg
n=0,...,N
n 2 1y 2
+ ()T (DR At}'

Recall that p € [2,¢], hence the first term on the right-hand side of ([@IIl) is non-
positive; similarly P is nonnegative, hence (3.8)) holds. The proof of the rest of the
lemma is identical to the proof of Lemma O

We continue as in the previous section to prove the following result.

Lemma 4.3. The conclusions of Lemma B4l hold for the sequences {va,} and

{uaz} defined by [E2) and @EI).

Proof. The proof is almost identical to the proof of Lemma[34l We estimate DY u

Diuf} = Ax Z D' v?

’I’l n ]' n n
—sz (1) + 2 () = AeD_ (07 +)?]
LA =
:—u;”ll v 1 Ax( ;Z n+1
i=0

Next define tiaz(z,t) as

(1) = o (s = s ta) + (= f)uau(e,tar)

for t € [tn,tni1). Then diin, = DYy u?? for (z,t) € I Furthermore, 0,iia, is
a convex combination of v} and v"“. Therefore ta, is uniformly bounded in
Whatl([o, R] x [0,T]), and thls space is compactly embedded in C%*([0, R] x [0, T)
with £ =1 —2/(q + 1). Thus there is a continuous function u : Q7 — R such that

(if necessary for a subsequence)

fianz — u uniformly on [0, R] x [0, 7] and pointwise in Qr as Az — 0.
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Furthermore, by the definition of ua,, we also have
linz(z,t) — uaz(z,t)] < At|0iuny(z,t)| < AtC,

for some constant not depending on Az. Hence ua, also converges uniformly to u.
This concludes the proof of Lemma 431 O

Lemma 4.4. Lemma holds for the triplet (v, u,w) from Lemma B3l

Proof. First we claim that 3.I6]) holds, i.e.,
1
(4.12) — // [vgpt + uvp, + 511)(,0] dzdt = 0.
T

To show this, we choose a test function ¢ € C°(Qr) and set

n 1
Y= AaAt //J o(z,t) dedt.

Next we multiply the scheme with Aa:Atgp?H, sum over n = 0,..., N — 1, where
NAt =T and j € Ny, to find that
N—-1
(413)  —AzAt Y > wpDiel
n=1 jeNy
N—-1
(4.14) — AzALY > wtvi Dyl
n=1 jeNy
= 1 2
(4.15) —AxAty o)) e
n=1 jeNg
N—1 )
(4.16) — AtAx Z uj-\[vévD+30§V + AzAt Z Z (v;”rl) Dyl Az
J€No n=1 j€Ny
=0.

The first term in (@I6) can be bounded as

EI0), < Atlluasll (@) 192l (@r) Ivaa (-, T = Ab)|| 1 gy — 0
as At — 0. Similarly, the second term in (£I0]) can be bounded as
[EI8), < AT [use (-0l e [0l (o)
which also vanishes when Az becomes small. Hence the whole line ([@I6) will

vanish in the limit. We compare the remaining expressions (£.I3])-(ZI6) with their
expected limits. To this end first note that for (z,t) € I7 we have that

|e(@,t) — D1@?| < C(Az 4+ At) and  |py(x,t) — Do} | < C(Az + Ab),
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for some constant C' depending on ¢ but not on Az or At. Now

’// VAzr dedt — AxAt Z v;»‘Dﬁrgo?

T n,j

T
<C(Az+ At)/ lvae (-, Ol @+ dt
0

T2
< C(Az + At) <T lvaa (-, 0)ll s ey + - lvaa( ',0)|2L2(R+)> :

We also find that

Z’A%At U?U?D+@? - //I" UAzVAzPx d$dt‘
n,jy j
< Z//I |“§l - “Ar(ﬂfat)\ VAg |D+<p}1| dxdt
n,J J
t2 / /, uasVAz | D@} = pu| dudt
n,J J
< Z// VAs |9C - xj—l/Q’ \D+<p?| dzdt
n,j J

T
+ C(Az + At) ||qu||Loo(QT) /0 lvaz(- 7t)||L1(R+) dt

< AaT foaa(-, Oz l10ell L (gm
+ C(AT + A [[uaall e (gn (T loac(- Ol gz

T2 5
+ e lvaz(+,0)l| 2+ )-

Collecting all these results, and noting that

1
@ID) = —// SR dad,

we end up with

1
- // [’UAxQOt + UALVAZ Pz T §U2Ax§0] dx dt
(4.17) T

—l—/ vAxgp‘g dr = O (Ax + At).
0

Hence ([AI2) is proved.
Next, we claim that B8] also holds, i.e.,

(4.18) wy + (uw), <0,
weakly in Q7. To demonstrate this we consider (£9) with p = 2, giving
DL () 4 D (w0t (o)) + [up ™ (Dvp ™)’ Aw 4 (Do) Al
=—AzD_ (U?H)?’.
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The terms in the square brackets above are non-negative, hence

(4.19)
N-1
— AtAz Z Z {(v;‘f DY ol +ulf (v;’)2 D+g0ﬂ + AtAx Z uly (vév)Q Dy}
n=1 jEN, J€Ng
N-1
< AtAE Y ST Dien (02 A
n=1 jeNy

In the same manner as proving ([{I7) this can be used to verify ([@I8]); the details
are left to the reader. The only additional ingredient is that we use that va, is
uniformly bounded in L3(Qr) in order to prove that the right-hand side of the
above inequality vanishes with Az. O

Theorem 4.5. Theorem B.8 remains valid if va, and ua, are defined by the im-
plicit difference scheme [@2)) and @I).

Proof. The proof is identical to the proof of Theorem 3.8 In order to conclude that
w = v? a.e. in Q7, we appeal to Lemma 3.7 and note that the limit triplet (v, u, w)

satisfies all the assumptions of that lemma. ([l

5. THE EXPLICIT UPWIND SCHEME

In this section we analyze an explicit version of the scheme from the previous
section. This presents some additional technical difficulties, but the analysis has
many similarities with what we have already done.

We assume that the initial data (BJ]) is nonnegative, bounded with compact
support, specifically,

(5.1) 0<wvy<M, and supp(vy) C [0,X],
for positive constants M and X. The explicit scheme we shall study is similar to

the implicit scheme. It is defined by

1
Div;f + u?D,U;-L =—3 (v?)z

ug =0

(5.2) neNy, 0<7<Jaq,

n__.n
Dyuj =vf,

with the initial data {’u})} given by B2), and Ja, = X/Az. For convenience we
define v, = v™; = 0. We define the functions va, and ua, as

(5.3) vaz (T, t) = Z vy,

n6 N
(5.4) uag(z,t) = /091 vaz(y, t) dy.
On conservative form the scheme reads
(5.5) DY + D_ (ujo}) = %(’U?)2 — Az D_ (v?)z.

Fix T > 0 and let N = T/At. The scheme has finite speed of propagation, and if
(5.6) supp(vaz (-, 1)) C [0, X7,
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then

XT§X+NAx:X+§.
Choosing
(5.7) Az = ACMXAL,
where M is given by (B1]), or X

A= dowx

where C' > 1 is a constant to be decided later (cf. (£23)), we find that
(5.8) Xr < X +4MCXT.

Thus we can without loss of generality assume that X is so large that v} = 0 for
alln < N and all 7 < Jag.
For convenience we will use the notation

t
ot and o= —u.
J Ax

In this notation, the difference scheme (£.2)) reads

(5.9) a=v}

— —
j—1 b_Ujv c=

At
(5.10) c= <1—a—2b>b+aa.

Lemma 5.1. Let At < 1/(2M) and assume that
(5.11) 0<v) <M

for all j € Ng. Then
0< U;‘ <M
for alln < N and all j € Ny.

Proof. Assume that the lemma holds for some n. Then we get

j—1
0<u}=Az) o' <AzJa,M < XM.
i=0
Hence 0 < a < AMX < 1/(4C) < 1/4. Observe next that we have
At 1
12 XA+ —< —
(5.12) + 2 —2M’
from our assumptions At < 1/(2M) and (E1). The condition (5.12) implies
+ Atb < L
at+ —p< =
2 2
in the notation (59), and thus
b
c> 3 + aa.

From this it follows that if v >0, then also v;-”l > 0. Hence u}”l > 0 for all n
and j. Therefore we also get the bound

c<(1-a)b+ aaq,
which trivially yields, since 0 < « < 1/4, that

(5.13) max v}-“'l < max v} < M. O
J J
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We will from now on tacitly assume that the initial approximation satisfies (5.1T]).
Now we proceed as before, similar to (48], that by multiplying the scheme ([5.2))
with f'(v}), we get

(5.14) Dgf( P +uiD_f (v])
3 [Fae ) (D) + Aaf(€) (Dg)?] = =08 () ()’

+

where 77 is between v}/ ! and vy, and &' is between v} and v,

Lemma 5.2. Suppose (&) and (B7) hold, and that At satisfies

1
.1 At < —
(5.15) L
Then
4 3
(5.16) ||UA1||L4(QT) <MT ”vAz( : vO)”LS .
For any 0 <t <T we have
At
2
(5.17) [vaz (- D72 @) < llvaa(-, )||L2 ®+H) T 5 ||UAa:||L4(QT)
(5.18) vaz(, Ol L ey < lvac(-, 0l gy + § [vas( 'aO)HLz(Rﬂ
tAt 4
+ 4 ||”Ax||L4(QT) )
and
(5.19) luae( )l oo @ey < llvae( Ol 1@y -

Proof. Observe first that (5.19) follows if we can establish the other bounds. Choos-
ing f(v) =P in (514) yields
(5.20)

DLar T () +ar S HEE )" (Do)
(1——)AZ myPH 4 _1AZ "2 (DLt At

The reason for the inconvenient extra term on the right- hand side is that we had
to expand the Taylor series about v}’ rather than U;”rl. By the definition of the
scheme

t . n\2 n)2 n\2 1 n\4
(Dhof)” <2 (uf)” (D-vf)" + 5 (o)
We group the first part of this with the second term on the left-hand side of (520).
In order to make this approach work we must then ensure that

(6:21) ()" up (Dovp)’ Ar =2 (u)” ()" (u})” (D-v})* At 2 0.
This will hold if we can choose At so small that
(5.22) Az —2X}u}At > 0,

where
n\ P2
7’.
Xt=|[22 .
’ (5?>
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Since uj < MX, this can easily be achieved for p = 2. We need to be able to do
this also for p > 2, so we investigate X' further. In terms of a, b and ¢ from (5.9),
we have that

P =pP +pbp_1(c—b)+p(p_l)(c—b) (%)p 2’

o = b+ pbr(a—b) + PPV (g2 (€)"7.

This gives
B (P +bP(p—1) — pbP~Ic) (a — b)?
77 (aP +br(p—1) — pbP~1a) (c — b)?
_wP—pw+ (p—1) (y—1)?
(w—1)2 yw—py+ (-1

where w = ¢/a and y = a/b. Now we have that

p
2P —pz+(p— z—lzz 1)zP~F.
k=2
Thus we arrive at
xr = 4w
j b
q(y)

where ¢ is the polynomial

=
(V)

For z > 0, the function ¢ is clearly increasing, ¢’(z) > 0, and satisfies ¢(z) > p — 1.
By the bounds on ¢, we have that

1
§+ay§w§ (1-a)+ay,
where « is defined in ([B.9)), and therefore

1Gtoy) yn a@-atay) 0 ¢(1=a)+ay)

(5.23) q(y) q(y) T a€l0,1],yeR q(y)

=:C.
The constant C', which we may assume is greater than one, is the one appearing in

BT). Now At is so small that

(5.24) ﬁCMX < 1

and therefore (5.21)) holds for any p > 1. Consequently
DL [ary ()]
J

< (1) ar X @y PEar S ) )

J J

(5.25)
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Next, (5.I9) also implies that 7} At < 1/4. Using this we can derive a number of
useful estimates from (5.25]). First we set p = 3 to find that

Di [AmZ(U?)S] < —leZ U;‘ —I— sz Atnj
J
RYEEN S
Hence
(5.26) [vae (s ta)l7s@s) < lloaz (- 0)l7s @+ -

This also implies that (5.16]) holds by using v} < M. Now we are ready to tackle
p = 2, which yields in (.25

m2] o At 4
(5.27) DY, [Am Z (v}) ] < TA:U Z (U] )
J J
Summing (527) over n after multiplying with At gives
2 2 (At)? o4
(5.28) Ax Z (vf)" < Az zj: (v?) + TA$ XJ: (vf)

J
which implies (5I7). Finally, setting p = 1 in (5:25) we find, using (5.28)), that

Dﬁr [Avaj"} < %sz (vj")2
r r

1 2
< EMZ ||vm||L4 @)

which gives the L' bound (5.I5)). O

Lemma 5.3. Suppose vy satisfies the condition ([B.J)), and that Az, At satisfy
B0 and (BIR). Then, extracting subsequences if necessary, we have the following
convergence results:

unz — u uniformly in [0, X] x [0,T] for each X > 0 and pointwise in Qr,
(5.29) and the limit u belongs to WH*(Qr);
Az = Oping — Opu = v in L3(Qr),
(5.30) and va, = Optng = pu = v in L=((0,T); LY(RY) N L3(RY));
(vaz)® = w in L*(Qr),
(5.31) and (vag)? = w in L=((0,T); LY(RY) N L3/2(RY));
UpnzvAz — uv in L3(Qr),
(5.32) and up,va, — uv in L°((0,T); LY(RT) N LA(RT)).
Proof. We can bound Dj_u}‘ as for the implicit scheme, the only difference is that

the terms on the right-hand side are evaluated at t = t,, instead of ¢,,;.1. We end
up with

Diu} = —uf v} | — Az (v?71)2 + - Z ().



NUMERICAL SCHEMES FOR THE HUNTER-SAXTON EQUATION 725

Via the bilinear interpolant ua, we conclude that ua, is uniformly bounded in
WL4([0, X] x[0,T]), and this space is compactly embedded in C%'/2([0, X] x [0, TY).
The rest of the proof is identical to the proof of Lemma 3.4l Il

Lemma 5.4. Lemma holds for the triplet (v, u,w) from Lemma B3l

Proof. Repeating the arguments from the implicit case, it is straightforward to
show that

1
(5.33) v+ (w), = 3
in the sense of distributions in Q7. To show (B8] we consider the explicit scheme
for (v7)?,

w,

Di (U”)2 + D_ (1/-l (U?)Q) + Aacu;-l (D,U?)2

J J
= —AzD_ (u7)" + At (D4 o).
After the same type of manipulations that we have carried out so far we find that
DY (v?)2 +D_ (u;I (vy)2) +uf (DJ)?)2 (Ax — Qu?At)
m3 | At 4
< —AzD_ (v})" + > (v})".
Since u} < M X and we have (5.1)), the last term on the left is positive. Therefore
this term can be dropped, and, with the LP? bounds that va, satisfies, it is not
difficult establish that
we + (uw), < 0.

d

Theorem 5.5. Let vy be a function satisfying (B1). Define the explicit difference
approzimations (Vaz, uaz) by E2)-GEA). Assume that Ax, At satisfy B7) and
GIH). Then {(vaz,uns)} converges to a weak dissipative solution (v,u) of (L5
in the sense of Definition [[LIl Precisely, we have that

uas — UHLW(QT) —0 and [lvaz — UHLP(QT) — 0, foranyp € [1,4].

Proof. The proof consists only in noting that the assumptions of Lemma [3.7] hold
for the limit triplet (v, u, w). O

6. THE CASE vy € L' N L?

In this section we treat the pure L' N L? case. We make no assumption about
the sign of the initial data vy and assume simply that

(6.1) vg € L*(RT) N L?(RT).

The space L? is the natural one for the Hunter-Saxton equation, whereas L' is as
before a convenient replacement of the compact support condition used in [I7} [I§].

To handle sign changing solutions, we need to modify the numerical schemes. In
addition, the convergence analysis becomes more complicated. The modification of
the schemes concerns the discretization of the transport term uv, in (L), which
must account for a “velocity” u that may be both positive and negative. Moreover,
this discretization must be “compatible” with the equation v = u, in (LH).

Instead of giving the details for all the numerical schemes, we have chosen to
focus on the modification of the semi-discrete scheme from Section Bl
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We begin by stating the modified version of the semi-discrete scheme. Let
{(v;(t),u; (%))}, satisty the system of ordinary differential equations

1
(6.2) 05+ (u; V 0) Dovj + (ujy1 A0) Dyvj = =5(v5)%, Dyuj = v,
’Uj|t:0 = 1}?, ’U,Q(t) = 07
where we have used the notation (a Ab) = min{a,b}, (aVb) = max{a,b}. The
scheme (6.2) holds for j = 0,...,Ja, = J/(Az?) for some large constant J. As

for the other schemes, for convenience we define u_; = v_; = 0. Moreover, by the
definition of the scheme,

j—1
uj(t) = AmZUi(t) forj=1,2,...,
i=0

and vg(t) = uq(t)/Ax for any t > 0.

Regarding the compatibility mentioned above, the variable sign scheme ([6.2)) is
set up such that the following identity always holds:

Dy (u; VO) + D (ujy1 A0) = Dyuy = v,

which is important for the convergence analysis.

As in Section 3 we let {U?} be sequence of discrete initial data chosen such
that
(6.3) @) = 3 01y, ()

J€Ng

J€No

converges to the initial function vy in L?(RT) as Az — 0, and as before we introduce
the pointwise defined functions

(64) VAz (xat) = Z Vs (t)]‘Ij (:E), qu(xat) = /OaC UAm(y’t) dy.

J€No
For later use, let us write our scheme (6.2)) on conservative form. To this end, first
note that
u;D_vj = (u; VO)D_v; + (u; A0) D_v;
= (u; V0)D_v; + (u; A0) Div;_;.

Using this and the discrete Leibniz rule ([27]) we find that
(uj VO)D_vj + (uj+1 AN0) Dyvj = u;D_v; + D_ [(uj11 A 0) Dyvj] Az

= D (ujv;) = (vj—1)*+D— [(uj11 A 0) Dyvy] A
Hence, the conservative version of the scheme (6.2]) reads
63) 0 + D (ujv;) = (vj-1)% = %(Uj)g — AzD_ [(uj+1 A 0) Dyvyl
_ %(U]V — AeD_ (v;)* — AxD_ [(uj41 A0) Dyvj].

In Lemma [6.2] we show that va,(-,t) is bounded in L?(R"). As for the scheme in
Section [3] this implies that we do not only have local (in time) existence of a C*
solution to the ordinary differential equation ([G.2), but that a C! solution exists
for any positive t.
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We now prove an Oleinik-type (one-sided Lipschitz) estimate. In this section the
Oleinik-type estimate will be of crucial importance for the convergence analysis.

Lemma 6.1. Set Ua,(t) = maxjen, vj(t). Then fort >0 and j € Ny we have
_ QEAI(O) 2
) (1) < Tanp(t) < —B82) 2
(66) UJ()—UA()—t@AI(O)+2—t
Proof. If vi(s) > vg+1(s) for some k and s, then
D_vi(s) >0 and Djug(s) <O0.
Using this in ([@2)) for £ and s, we find that

(s) < — 502 (5).

The function A, (t) is continuous and differentiable almost everywhere, since dif-
ferentiability fails at most at a countable number of times. At all points of differ-
entiability va, satisfies

. 1
Vas(t) < _§@2Ax(t)'
By the Gronwall inequality we have that
20A,(0)
4

(6~7) T)Az(t) < W

2
< -
—t

O

Let f be a twice continuously differentiable function. Using the scheme ([G.2))
and the discrete chain rule (24 we find
1

%f(vj)Jr(Uj V0) D f(vj)+(ujp1 AO) Dy f(vj)+1ae i (f) = —5(%)2]”(%),

where Ia, ;(f) is the numerical dissipation associated with the upwind nature of

the scheme, which takes the form

(6.9) Tax;(f) = % (5 v 0) 77 (&7) (D) = (341 A 0) £ (&) (Ds07)°)

(6.8)

with fji being a number between v; and v;4;.
Starting off from (6.8]), we derive some basic a priori estimates for vaz,uaz,
most notably a uniform L? estimate for va,.

Lemma 6.2. Suppose (6.1)) holds. For anyt > 0 there holds
lvas(- at)||L2(R+) < lvaz(-, O)HL’A’(]}M) )

t
[vas(- at)||L1(R+) < Jlvax( 'aO)HLl(RJr) + ) lvas (- 70)”22(]1%-) ]

3 2
luaz(- at)||L°°(R+) < llvaa( '70)||L1(]R+) + ) [vaq (- a0)||L2(R+) :

Proof. Multiplying (€8] by Az and summing over j yields, after doing summation
by parts on the “transport terms”,

d 1

priat D F) + Iaa(f) = Az Y v (flvy) - 30l (v)),

J€Ng j€Ng

(6.10)
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where we have assumed that f(0) = 0 and Ino(f) = Az} 5o Iaz,;(f). If f is such
that f” > 0, then Ia.(f) > 0. In particular, for f(v) = v? we find, by integrating
from 0 to ¢

(6.11) ||UAr('at)||L2(R+) < ”vAUE("O)HLZ(]RJr)?

which proves the L? estimate, but also shows that

t
(6.12) 0< / Ine(v?)dt < C
0

for a constant C' independent of Az. Next we choose f(v) = |v| in (6I0). Then,
via an approximation argument that we omit, (610) yields

Az 2
—A:c Z |v;] < Z sign (v; |UJ| 9 Z |vjl™
J€No J€Ng J€No
which proves the L' estimate. The L™ estimate can established as in the proof of

Lemma O

The next lemma contains an improved integrability estimate showing that va,
is uniformly bounded in L? for any p € [1,3). This estimate is important, as it
prevents v3, from exhibiting concentrations as Az — 0. Our proof makes use of
the one-sided Lipschitz bound in Lemma [6.1] and the L' N L? bound in Lemma (.2

Lemma 6.3. Suppose (61 holds. Then there exists a finite constant C' such that
(6.13) [vaallpoigry <€ PE23).
The constant C depends on T, p, and the L' N L? norm of vy, but not on Ax.

Proof. Fix any x € [0,1). For any ¢t € [0,T], let NV'(t) denote the set of indices
j € Ny such that v;(t) < 0 and P(t) denote the set of indices j € Ny such that
vj(t) > 0. We start by writing

T
||UAIHL2+V QT) —/ A$ Z |U]"21LH dt = I+ + I,,
0 j€No

where

T T
L= / Ar S fyFran 1= / Ar ST P dt.
0 0

JEP(t) FEN(t)
In view of Lemmas and [6.2]
T K 1—
2 R l=r

JeP(t)
It remains to estimate I_. Choosing f(v) = |v|"™" in @I0) yields

—Am Z o] 7T < ;HALL' Z sign (v;) |v; |77
J€No J€Ng

We have .
/ Az Z sign (v;) |v; > dt =T, —1_.
0

J€No
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Therefore
2 1+k 1+k
I < I+ 57— | Ilvaa( SO = lvas (- Tl

orTI=k 9 "
Tt lvas( S 0) i

where ([6.I14]) was used to derive the second inequality.
From the bounds just obtained for I, we conclude that

< HUAx('vo)||i2(R+)

1—

T
2 HT " 2
/0 Az Z v [P dt < 2'F F— lvas (-, 0)l[L2 @ty
(6.15) J€No

+ [vas (-, 0) || 1L -

1—«x

Since vy belongs to L1** by interpolation, we deduce that there is a finite constant
C, depending on T, k and the L' N L? norm of vy but not Az, such that

T
/ Az Y o de < O,
0 j€Ng

which concludes the proof of the lemma. (I

Using the three previous lemmas we can prove some basic convergence results.

Lemma 6.4. Suppose (6]) holds. FEuxtracting subsequences if necessary, we have
the following convergence results as Ax — 0:

uaz — u uniformly in [0, R] x [0, T] for each R > 0, pointwise in Qr,
(6.16)  and the limit u belongs to W'P(Qr) for any p € [1,3);

VAz = Ogiaz — Ogu =: v in LP(Qr) for any p € [1,3);
(6.17)  and var = Opuing — Opu =: v in L>=((0,T); L*(RT) N L2(RY));
(6.18)  (vaz)® — v2 in LP(Qr) for any p € [1,3/2);

UAzVUAy — wv in LP(Qr) for any p € [1,3);
(6.19)  and uazvar — wv in L((0,T); L*(RT) N L2(RT)).

Proof. By Lemmal6.3] the function 0,ua, =va, is uniformly bounded in L2T%(Q7).
Next, we bound O;una, as follows:

d =
E’u]‘ = Az Z f]i
=0

j—1
1
= Ax Z l:—D (U/Ul) + §(Ui)2 — AxD_ (’Ui)2 — AxD_ [(ui+1 A 0) D+1)i]:|
=0
2 Az - 2
= —Uj_1Vj—1 — AIUjfl — (Uj N 0) (’Uj — ’Ujfl) + 7 ;(Uﬂ .

Hence, thanks to Lemma [6.2] we can find a constant C, independent of Az, such
that |%uj| < Ci(|vj_1]+v;|+1). Fix any R > 0 and let J be an integer such that
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JAz < R. Then
J
Az Z
§=0

where Cs, C3 depend on R but not on Az, and thus ua, is uniformly bounded in
WH2+5([0, R] x [0,T]), which is compactly embedded into C%([0, R] x[0,T1), with

¢ =1-2/(2+ k). Consequently, there is a continuous function u: @7 — R such
that, up to extracting a subsequence if necessary,

24K
2
< Cy + |lvax(- 7t)‘|Li—fm(R+) < (s,

d
'

uaz — u uniformly on [0, R] x [0, 7] and pointwise in Qr as Az — 0.

Now (6.16]) follows from a standard diagonal argument as R — oo.

Finally, (€17) and (GI8)) are consequences of ([6.13]), while ([G19)]) is a consequence
of (6.16) and (G.I7). O

In the remaining part of this section the aim is to improve the weak convergence
of {vAz}a,so tO strong convergence. As in the previous sections, the idea is to
derive a transport equation for the evolution of the nonnegative defect measure
v2 — 0?2, thus if it is zero at time ¢ = 0, then it will continue to be zero at later
times ¢ > 0. The proof is, however, complicated by the fact that we do not have
a uniform bound on va, from below but merely (6.6), and that we only have
uniform LP bounds on va, for p < 3. For these reasons we decompose the function
f(v) = v? into its increasing part f* and its decreasing part f~, and then work with
appropriate truncations fﬁ of the functions f*. This strategy was implemented
first by Zhang and Zheng [18] in their proof of existence of a dissipative solution,
and we will herein adapt this stategy to our numerical scheme. We commence by
defining:

1
5(0\/iv)2, v ER,
0, for v < 0,
1) =4 302, for v € [0, R,
Rv— 1R? for v > R,
—Rv — 1R?, for v < —R,

frw) = %vz, for v € [—R, 0],
0, for v > 0,

fr(v) = fr(v) + fz(v).
In the next lemma, we derive the system of equations satisfied by the limit triplet
(v,u,v?), as well as certain renormalizations of this system.

Lemma 6.5. The limit triplet (v,u,v?) from Lemma satisfies
(6.20) vy + (uv), = %ﬁ, Uy =V

in the sense of distributions on Qr and

(6.21) v e CQO.TELY®),  lim (- 1) = voll ey = 0.
for any p € [1,2). Moreover,

622) e OO TEEA®).  lim o(-.t)  vollpagary = 0.
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where C([0,T]; L2(R™)) denotes the set of functions in L>((0,T); L*(R™")) that
are right-continuous in time on [0, T] with values in L2(R*). In addition,

t—0

(6.23) lim v2(z,t) do = / vo(x)? d.
Rt R+
For any R > 0, the renormalized equations

(6.24) (fE ), + (ufi (), = (fg)'(v)(%z? — ) +ofi(v)

hold in the sense of distributions on Qr. Moreover, (21 and [©.22) hold with
v, vy replaced by f}% (v), fﬁ(vo), respectively.

Proof. Set ¢;(t) = &= Ji, (@, t)dz for ¢ € C°(Qr). Using the scheme (1), we
find

T
1
|2 Y [neg +unDees + 5002 @
JENg

T
S D SN

J€Ng

T
- / Ax Z (Uj+1 N O) D+UjD+(,Oj dt
0 3€No
=: E2 + EQ.

We have that
2
|E1] < AzT 9ol oo (@qpy Vollz2@®ey = 0 as Az — 0.

For the second term we write

T
B = Aa [ 37 VA= (w50 1 0) IDps| VB (g0 1 0) D] e
0

J€No

< VAz ||UA:cHLoc(QT) H<Pm||L2(QT) Vaz(v?),

where we have used the Cauchy—Schwarz inequality and the notation

Tac?) = [ A0 3 [0 0) (D-y)” = (a1 A 0) (D10 < €
j€No

cf. (6.8) and ([@3). The bound comes from (6.12). Hence E; — 0 as Az — 0.
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Now we have

T
1
/ “§:%%+%W%%—jW%4ﬁ

0 j€Ng

1
= // VAPt T UALVAz P — §U2A;c‘pd$ dt
T

/ Z/“JUJ (Dipj — o) da dt

j€Ng

/ Z/ — UAg) Vg dt .

7>0

Ey

// VAzpr dr dt — // v dx dt,

QT T

// UALVAz Py dT dt — // uvp, dx dt,
Qr Qr

1 1—
// —v o drdt — // —v2pdx dt.
Qr 2 7 2

It remains to show that terms E3 and E4 tend to zero as Ax — 0. Regarding Fjs,

Clearly,

and

B3| < Az [luacllpo (@) 1022l 1 (@) 1Pzell oo @y < C(T) Az

where we have used the L' estimate in Lemma Consequently, E3 — 0 as
Az — 0. Regarding Ej, for « € I; we have

’U,j — UAgx — ($j+1/2 — I) ’Uj,

and therefore

|E4|</ Z/\xw 0)? lpal de dt

j€Ng
2
< Az H‘PIHLOO(QT) l[voll72 (R+) T <C(T)Ax

where we have also used the L? estimate in Lemma [6.2 Hence Iy — 0 as Az — 0.
This concludes the proof of the first part of [E20). The second part is already
contained in (GI7).

The two statements in ([G.21) follow from arguments that are standard in the
theory of renormalized solutions (see, for example, [I8]) and also from the definition
of the numerical scheme. Let us now prove (6:22) and ([6:23]). Here the arguments
are also rather standard, but we include them for completeness. By ([6.20) and [12]
Appendix C] it is not hard to see that v(-,t) — vg in L?(R) as t — 0, so that by
the weak lower semicontinuity of norms we have on one hand

(6.25) / vo(z)? do < lim inf v(x,t)? da.
R+

t—0 R+
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On the other hand, by the L? estimate in Lemma [6.2]
/ v2(z,t) dx < / vo(z)? d, for any ¢t > 0,
R+t R+
so that
(6.26) 1imsup/ v2(z,t) dz S/ vo(x)? da.
R+ Rt

t—0

Clearly, ([€.25) and ([©26]) imply ([6.23) and the second part of ([6.22)). To prove the
first part of ([6.22) apply the above argument for any ¢ € [0,7] (not just ¢ = 0).

Let us prove (6.24)). Since u, = v, we also have that

1
(6.27) Vg + UV = QW= v?

holds in the sense of distributions, where we have reverted to the notation w = 02.
Set v. = v *w., w. = V2 *x w,, where w, is a standard mollifier. Then according to
the DiPerna—Lions folklore lemma v¢ solves

1
vg +uv = §w5 — (%) 477,

where ¢ — 0 in LP(Qr) for all p € [1,3/2). This equation can now be multiplied
by (f)(v°) to yield
1

(F @), (F5 09)), = (7)) g — (F5) 09 )2 + (F) (),
Now since |(f;§)’ (v¥)| < R, we infer that
(ff.%)/ (v°)r® — 0 in L' (Qr) as € — 0.

Therefore, [@24]) will follow by first using u, = v and then sending ¢ to zero. The
final claim of the lemma is obvious since ’( iy ‘ is bounded by R. O

Let f*(v) denote the weak limits of {f*(vas)}a,~0- Hence, up to extracting
subsequences if necessary, as Ax — 0

fF(vag) = fF(v) in LP(Qr) for any p € [1,3/2),

and f*(v) < fE(v) ae. in Qr. Similarly let f(v) denote the weak limits of
{flz'%(UAI)}Axw' Hence, up to extracting subsequences if necessary, as Az — 0
f}%(vAw) — f}}t(v) in LP(Qr) for any p € [1,3)
and f5 (vaz) = f5 (v) in L([0,T7; L2(RT)),
where the same extracted subsequences work for any R > 0, Moreover, there holds
the inequality f;%(v) < f;(v) a.e. in Q7.
In the next next lemma we derive transport equations for fi (v). Below we
denote by

VW)~ SRR ()

the weak limits in LP(Q) for any p € [1,3/2) of the sequences

{UAzf}:{j: (UA:L’) - %/UZ:E(]CE)/(UA!L’)}

For later use, let us collect some useful formulas.

Az>0
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Remark 6.6. For each v € R, the following formulas hold:

1 1
Fr(v) = 5% = S(R = [o)* (<o - Ryu(r.00) (V);
fr(v) = v+ (R —[v]) sign vl (o, —r)u(R,00) (V)
1 1
frlv) = 2(U+>2 S(B— 0)*1(R,00) (V)
(f2)'(v) = vs + (B = 0)1(5,00) (v),
_ 1 1
Falw) = 50 = 5(RH0P1 ooy (0)
(fg)'(v) = v- = (R4 0)1(—o0,—p) (V)
Introducing the notation v_ = (0 Av) and vy = (0Vv) for v € R, the following
formulas are obvious:
V=vy V- =03 +02,
v = (v3)? + (v)?, a.e. on Qr
v? = (v3)? + (v-)2,

Lemma 6.7. For any R > 0, the equations

628 (FFOW), + (FEOW®) = o) - 2GR0, w=v

hold in the sense of distributions on Qr and
(6.29) tig [ [FE@@0) - f (e do =0,
Proof. Similar to the derivation of (6.0, we can prove that a conservative version

of the scheme (G.8) for any twice differentiable function f(v;) reads
(6.30)

d
21 (Wi) + D (u; f(v)) + Laa;(f)
1
=v;f(v;) — §(Uj)2f'(vj) —Azv;D_ f(v;) = Az D_ ((uj41 A 0) Dy f(vy))
where the numerical dissipation term Ia, ;(f) is defined in (€3]). Choosing f = ff%[
in (630) and using the convexity of f3, it follows that
(6.31)
d 1
afﬁ(vj) + D (ui frp (v5)) <vifp(v;) = §(Uj)2(f§)/(7fj)
— Azv;D_fE(vj) — Az D_ ((ujp1 AO) D+f§(vj)) .

When we send Az — 0 in (631) we can proceed as in the proof of Lemma [6.5]
since

|[fix ()| < Rlojl, [Difiz(v))| < R|Dyvyl.
This concludes the proof of (G.28]).

Next we prove ([6.29). By Lemma [6.5] and specifically ([G.21)), it is sufficient to
establish

(6.32) lim /R ) [%(x,t) - fgg(v(m))] dz = 0.
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Then observe that

Fal®) — falv) = & (7 —0?) - (% -~ fn0) - [30° - wa)D.

Since fg and 1v? — fg(v) are convex functions,

0< fr(v) — fr(v) < %(ﬁ— v?),

which, combined with ([622)) and ([623]), yields

lim | [ Fa()(@,t) = falv(z,0)] dz =o0.
R+

t—0

Since fi(v) — fi(v) < fr(v) — fr(v), we conclude that (632) holds. O

Remark 6.8. Observe that because of the dissipation in our numerical scheme, we

cannot claim any continuity of [0,T] 5 ¢t — fﬁ(v)( -,t) as an object taking values
in some Lebesgue space, not even when the Lebesgue space is equipped with the
weak topology. However, it possesses a right-continuity property that can be used
to make sense to the initial data; cf. (E29)).

The purpose of the next three lemmas is to deduce that v2 = v? a.e., which
will imply the desired strong convergence. Since we do not have a lower bound
on va., we decompose into positive and negative parts, and use truncations of
the negative part. The main step is to derive transport equations for the defect

measures fT(v) — fT(v) and f5 (v) — 7 (v).

Lemma 6.9. For a.e. t € (0,T), there holds

(6.33) / [ 0) — )] de <o,
R+

Proof. From Lemmal6.5] and equations (6.24]) and (6:20]), we deduce for each R > 0
the transport inequality

(7 = fE) + (u [ @) - Fif@)])
(6.34) < [ofF ) - vfE@)] - % () () = o) )]
5 (7= (),
which holds in the sense of distributions on Q7. As f is increasing,

(6.3) ~5 (@ =) (S () <0

Moreover, for each v € R we have the identity
1 R
0 (0) = 5P () = — S 0(R = )10 (0),

which implies

VT (@) — 5P URY(0) = — 0B~ )10 (0],
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and hence

(6.36) 0 (0) — 50T () = 0 () — 223V () = 0,

in Qpr = R x (£,7T) (ic., whenever R > 2). In view of (634)-(6.36), the
following transport inequality holds in the sense of distributions on Qg 7:

(6.37) (FF@ = @), + (u[FFe - rr]) <o,

for t > 2/R. Along the same lines as in the proof of Lemma B.7, we conclude from

([637) that

(6.38) L
< [ [0 3 - s vl 3)] o

for a.e. t > 2. Now, by appropriately sending R — oo in (638) and using (6.29)
or ([632), we obtain the desired result (6.33)). O

Lemma 6.10. Fiz any R > 0. For a.e. t € (0,7,

[, [T - st ] < T [ t | R @ de s
2 t
_ %\/O \/ﬂ§+(R+U)1(_OO’_R)(U) dl'ds

+R/Ot/R+ [m_fg(v)] dx ds
(6.39) +];/Ot/R (002 = (04)?] duds.

Proof. From Lemma[6.5] and equations (624 and ([620]), we deduce the transport
inequality

(Fr0) = fz ) + (v [0 - fz0)])
(6.40) < [0Fal0) vz )] - § [PURV @) v )]
5 (# =) Gy,

which holds in the sense of distributions on Q7. Since —R < (fz)" <0,

(6.41) f% (v_tv?) (fz) (v) < g (quﬂ).

One can easily check that

0 0) ~ 50 (FR) () = ~ (R4 0)1 ooy (0);
(6.42)

0 (0) — 52T (0) = ~ SR+ O (e (0]
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Inserting (€41]) and (642) into (640) yields the transport inequality
(Fa0) = f2©) + (u|[fa ()~ fa@)])

R R R (—
< SR+ )L oomp(v) = FUEF )L r) (V) + 5 (U2 _ Ug) ’

which holds in the sense of distributions on Q7. As in proof of Lemma 3.7 we
conclude from this that for a.e. t € (0,7) the inequality

/w [fﬁ(v)(m,t)—f};(v(x7t))} de

¢

SE// V(R +v)1(_oo,—py(v) drds
2 Jo Jr+ ’

(6.43)

R t
——/ / V(R +v)1(_oo,—r)(v) dz ds
2 Jo Jr+

+§/ot/ng+ {U_2—U2}d$d8
1—

Fa (@)~ fr(0) = 500 — 5 (07

1 1
+ §(R + ’1))21(_007_3) (’l)) — §(R + U)z]-(—oo,—R) (’U)

holds. One can check that

Hence, by (6.43),
| [ = fpm]ar<—3 [ t [ r—Or
+§/Ot /IR+ V(R +0)1(_ oy (v) der ds
+R/Ot/ [ Fr(0) = fr(v)] dods

R+
R t
- 5/0 /RJF(RJrv)zl(_oo’_R)(v) dx ds

t
+§// R+ 0L (0) de dt
2 Jo Jr+

+ ];’/Ot /R+ [(v+)2 - (v+)2} dz ds.

Finally, applying the identity £(R 4 v)? — Zv(R + v) = RTZ(R + v) twice yields

639). O

Lemma 6.11. There holds the equality

(6.44) v2 =% a.e in Qr.
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Proof. Adding ([6.33) and ([€39) gives for a.e. t € (0,T)

%/}M {(W— (U+)2)+(m—fg(v))} de

RrR? [
< 7/0 /]R+ (R+v)1(—oo,—pr)(v) dr ds

(6.45) - R72 /Ot /R+(R+v)1(_oo)_R)(v) dz ds
JFR/;/R+ [ 77 (0) = fr(v)] dwds
+ g/ot /R+ [(m_)2 — (v+)2} dx ds.

v+ (7)) = 0= (R4 01y (),

vy + (fr)'(v) = v = (R4 0)X(~00,~R) (V)
and the convexity of the map R 3 v — vy + (fy) (v), we infer

0< (77 = va] + [(FR)(0) = () ()]
= (R+0)1(—o0,—p)(v) = (R4 0)1L(—o0,—p)(v).
Since R 3 v+ (R + v)1(_oo,—p)(v) is concave,
(R+ 'U>1(—oo,—R) (v) = (R+ 'U>1(—oo,—R) (v) <0 a.e. in Qr.

Inserting this into (6.45)) yields for a.e. t € (0,T)

0< [ [GET = 5007 + () - f7(0)] da

By the formulas

<[ [ QTP jen + Gaw -z s

so that by Gronwall’s inequality we conclude that

/ [(%W— %(u)ﬂ) +(fa ) — fa@)] dz =0 forae teQr.
R+

By Fatou’s lemma we can send R — oo, with the result that
/ [F(x,t) - (U(:L‘,t))Q] de =0 forae. te(0,T).
R+
This concludes the proof of (G.44]). d

Let us summarize our findings in the main convergence theorem.

Theorem 6.12. Let vy be a function satisfying [GI)). Define the semi-discrete
finite difference approzimation (Vagz,uaz) for Ax positive using ([6.4), €3), and

6.2). Then {(vaz,Uaz)} apso COMVErges to a dissipative solution (v,u) of (LI)) in
the sense of Definition L2l More precisely, as Az — 0

uaz — UHLoc(QT) — 0, lvas — UHLP(QT) — 0 foranyp € [1,3).

Proof. Equipped with Lemmas [6.1] [6.2] [6.3] B4 6.5 and in particular [6.I1], the
proof is similar to that of Theorem [3.8 O
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Remark 6.13. In addition to the properties stated in Theorem [B.8] the proof also
shows that the limits u, v possess the following properties:

u € WHP(Qr) for all p € [1,3),

ve L¥((0,T); L*(R")) and v € LP(Qr) for all p € [1,3),
v e C([0,T); LP(RT)) for all p € [1,2),

v e Cy([0,T]; L*(RY)).

7. NUMERICAL EXAMPLES

In order to test our schemes in practice, we compared them with two other
schemes, the first order Engquist—Osher scheme proposed in [6] and a central scheme
which is an adaptation of schemes presented in [I0]. We have no convergence proofs
for these schemes. The Engquist—Osher scheme is a scheme that works directly with
the u variable, that is, the scheme is based on discretizing ([2)), and is given by

1 < 2
(7.1) Diu? + D_fEO (U?H,u?) = 5Az ; (uf —uly)",

where we have set u™; = u? = 0, and fE© denotes the Engquist-Osher flux
1
FEO(un,u2) = 5 [((ur A 0)) + ((u2 v 0))°]

Of course, if v > 0, then fFO(uy,us) = u3/2. To calculate the v variable, we set
vi =D_u}, j=0,1,....
The central scheme we use is formally second order and is defined as

~n __ n n ,n
aj = MMy (uf_y,uj, ujiy),

j—1
n n 1 ~T 2 ~1 2 . n
(7.2) s;p =81+ Az [(uj_l) + (uj) } , 3>0, s5=0,
n+1/2 _ n A ns~n At n
J = Uy 5“1“] o9 i

where MMy denotes the limiter

MMy (a, b, ¢) = MM <cb, 02a,ba>

with
min;{a;}, if a; > 0 for all j,
MM(a1, az, . ..) = { max;{a;} if a; <0 for all 7,
0 otherwise.
Next let
~n+1/2 n+1/2 n+1/2 n+4+1/2
U = MMy (“j—l Ui U ) »

1 2 2
n+1/2 n+1/2 ~n+1/2 ~n+1/2 . n+1/2
s = {(“j—l/) +(7 /” 7>0 ST =0,
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and set

(11’?_1 —2uy + 12?“)

)\ n+1/2 2 n+1/2 2 n+1/2 2 n+1/2 n+1/2
-5 <uj71/> — 2y, /) +(uj+1/) +At(sj+1/ _3j71/ ),
aj+1/2:MM(AUj,AUj+1), ]:0,1,2,

Finally we can define u;“rl by
n 1 ~
wp = g (s 2uf ) = e (@7 - @)

j
A nt+1/2\ 2 nt+1/2\ 2 1, - n+1/2
(YY) )+

For completeness we define

(7.3)

1 _
(74) 'U;*H_l = Eu?
As a test case we consider the problem with the exact solution given by
2 2
== for0<z<(t+1
(7.5) N E e
0 otherwise,

where t > 0. We use the initial value v(z,0) and calculate the approximations at
t=1.

We have calculated the approximations for x in the interval [0, 5], where neces-
sary, we have defined v”; by linear interpolation, and set uf = 0. For the semi-
discrete scheme we used a standard fourth order Runge-Kutta scheme to integrate
in time. Figure [Il shows the approximations to v(x,1) calculated by the various
schemes with Az = 5/64. In each figure the exact solution is indicated by a bro-
ken line. At this level of discretization, it seems that the explicit scheme performs
“best”. However, we tested the convergence of all the schemes, and this produced
Table [l which shows the L? errors, or more precisely

> (v(z5,1) — o)
Zj“(xj71)2 ’

where ty = 1. We use a discretization Az = 5-27% where k = 4,5,...,11.
Indeed it seems that the explicit scheme produces the smallest errors, but both the

100 -

TABLE 1. The relative L? errors in the v variable for the various schemes.

k| Semi Implicit Explicit EO Central
4 29.3 30.4 41.6  42.2 37.0
5 22.9 28.0 22.4 278 22.3
6 20.6 26.2 9.5 21.0 18.5
7 16.8 21.4 8.4 15.8 14.1
8 13.8 17.6 8.6 124 114
9 11.8 15.1 5.7 9.9 9.1
10 10.3 12.9 4.7 83 7.8
11 8.6 10.8 3.9 6.7 6.2
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Engquist—-Osher and the central scheme work with the w variable, and then use a
first-order differentiation to find v. If we measure the L error in the u variable
instead, i.e.,

max; [u(z;,1) — ul|

100 - J

max; [u(z;, 1)

we get Table[2l From Table 2] we see that for the u variable the results produced by
the explicit scheme and the central scheme are comparable, a somewhat surprising
result.

—o— Semi-discret
— - Exact

0.6

0.4

0.2F

—o- Central
— - Exact

1 e 4

FIGURE 1. The approximations to (1) for ¢t = 1.
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TABLE 2. The relative L errors in the w variable for the various schemes.

k| Semi Implicit Explicit EO Central
4 6.5 11.3 17.5  18.7 15.0
5 7.4 12.3 6.8 6.7 5.4
6 8.1 12.1 2.1 3.0 2.0
7 5.5 8.6 1.1 2.1 1.3
8 3.8 6.1 0.8 1.5 1.2
9 3.0 4.7 0.5 14 0.5
10 2.3 3.5 0.5 1.2 0.3
11 1.6 2.5 0.3 0.8 0.2

If we solve (6:2) numerically by the forward Euler scheme, we get the following
numerical scheme:

At
ot = o = At ((uf V0) Dol 4 (wfyy A0) Do) + - (vf)]
(7.6)

j—1
Wt = Ax E ot
J K2
i=1

with the boundary condition uf = 0. We call this the variable sign scheme. Note
that this amounts to an explicit version of the scheme analyzed in Section [ and
we have not been able to show any convergence properties of the scheme defined by
([T8). Nevertheless, it seems to work well in practice. As a test example we used
the exact solution defined by

(77) ’U(Iﬂf) = 2—72]51{1<(27t)2}-

This solution is called a negative kink-wave. For t > 2 it formally continues as
a positive kink wave. In this case the L? norm of v is constant, so that this is
the conservative solution. We may however also continue the solution past t = 2
by setting v(z,t) = 0 for ¢ > 2. This would then be the dissipative solution.
We have tested the Engquist—Osher scheme, the second-order central scheme, and
our scheme defined in Section [@] for this example. In all the computations we
have used Az = 1-107?. In Figure [ we show a contour plot of the computed
v(x,t) for (z,t) € [0,1.1] x [0,3]. We see that the Engquist—Osher scheme produces
an approximation which does not seem close either to the conservative or to the
dissipative solution. The central scheme and the variable sign scheme produce
approximations that seem close to the dissipative solution.

It is also interesting to plot the L? norm of the approximate solutions as functions
of time. We show this in Figure [l Here we have plotted the L? norm of the three
approximations as functions of ¢ for ¢t € [0, 3]. We see that the variable sign scheme
is the only scheme that gives a nonincreasing L? norm in this case. Based on this
experiment, we guess that of the three schemes considered, the variable sign scheme
would be easiest to analyze, since the analysis in the case where the L? norm can
increase is probably much more difficult.
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2
15
+

0 0.2 0.4

FIGURE 2. Contour plots of the approximations to (Z.7) for (x,t) €
[0,1.1] x [0,3]. Left: The Engquist—Osher scheme. Center: The

0.6

0.8

0.4

0.6

0.8

0.2

central scheme. Right: The variable sign scheme.

discrete /2 norm

— — — — - Engquist-Osher

o Central

Variable sign

1.5

time

FIGURE 3. The L? norm of the approximate solution as a function

of time.
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