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FRACTIONAL RATE OF CONVERGENCE FOR VISCOUS
APPROXIMATION TO NONCONVEX CONSERVATION LAWS*
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Abstract. This paper considers the viscous approximations to conservation laws with nonconvex
flux function. It is shown that if the entropy solutions are piecewise smooth, then the rate of L1-
convergence is a fractional number in (0.5,1]. This is in contrast to the corresponding result for
the convex conservation laws. Numerical experiments indicate that the theoretical prediction for the
convergence rate is optimal.
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1. Introduction. In this paper, we consider the initial value problem for non-
convex conservation laws

(1.1) Opu+ Oy f(u) =0, t>0, zeR,
which is subject to the initial condition prescribed at ¢t = 0,
(1.2) u(z,0) = uo(x),

where f € C?. We shall investigate viscous approximations to the entropy solution of
(1.1):

(1.3) Opu’ + Oy f (u) = €0ypu’
subject to the initial data
(1.4) u(z,0) = up(z).

In this work, we assume that f”(u) vanishes at a finite number of points. It is also
assumed that the entropy solution to (1.1) and (1.2) is piecewise smooth with finitely
many shock discontinuities. The existence and uniqueness of the solutions to (1.1) in
the class of piecewise smooth weak solutions were studied by Ballou [1].

When the flux f is convex, the solution structure for (1.1) and (1.2) has been
obtained; see, e.g., Lax [10] and Dafermos [2]. If f has inflection points, then the
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situation is more complicated. In this case, some analysis for the solution structure
and asymptotic behavior has been done; see, e.g., Dafermos [3], Liu [11], and Zumbrun
[32]. However, we are still far from having a complete understanding of this general
case, since the geometric structure of the solution, when f changes convexity, is much
more complicated due to the presence of contact discontinuities, and there is a large
variety of asymptotic states.

The asymptotic convergence of solutions to the viscous problem (1.3) and (1.4)
to the corresponding discontinuous solutions of the inviscid problem (1.1) and (1.2)
has been the main driving force for the mathematical theory of shock waves from
both theoretical and numerical points of view. Substantial progress has been made
in the past in this regard (see [29, 20] and the references therein), pioneered by Hopf,
Lax [10], Oleinik [18], and Krushkov [7], to name a few. For BV entropy solutions,
Kuznetsov [8] was the first to establish the half-order rate of L!-convergence for
viscosity approximation and monotone schemes. It was proved by Tang and Teng
[25] that this half-order rate of convergence is optimal in the BV solution class;
see also Sabac [19]. However, for convex conservation laws with piecewise smooth
solutions the L'-convergence rate can be improved to first-order; see, e.g., Teng and
Zhang [27] for the monotone scheme, Tang and Teng [24] for viscosity approximation,
and Teng [26] for the relaxation method. The basic method in obtaining the first-
order rate of convergence is the matching asymptotic method developed by Goodman
and Xin [5] and Liu and Xin [14]. One of the key ingredients in this method is the
nonlinear large asymptotic stability of viscous shock profiles. For systems of viscous
conservation laws, this stability theory has been extensively studied in the past decade.
Important progress has been made by Goodman [4], Matsumura and Nishihara [16],
Liu [12], and Szepessy and Xin [21]; see also some recent new approaches by Howard
and Zumbrun [6], Liu [13], and Kreiss and Kreiss [9]. In particular, convergence
with a rate to viscous shock profiles was obtained by Liu [13] by using a pointwise
estimate for the approximate Green’s function. Even in the case of nonconvex fluxes,
the nonlinear large time asymptotic stability has been established for some special
systems; see, e.g., [15] and [17]. The convergence of viscous solutions to piecewise
smooth solutions for general systems was established by Goodman and Xin [5]; see
also [31] for a recent improvement. For the convergence of viscous solutions in the
presence of physical boundaries, we refer to [30] and the references therein. We also
point out that there are some first-order pointwise convergence results for viscous
approximations to convex conservation laws; see, e.g., Tadmor and Tang [22, 23], who
used the energy method with some bootstrap extrapolation technique. It is proved
in [24] that, for convex conservation laws whose entropy solution consists of finitely
many discontinuities, the L!-error between the viscosity solution u¢ and its inviscid
limit » is bounded by O(e|In¢|). If neither central rarefaction waves nor spontaneous
shocks occur, the error bound is improved to O(e); see also [28]. In this work, we
will show that for nonconver conservation laws, the L'-error between the viscosity
solution and its inviscid limit is bounded by O(e*|In€|), where 4 < a < 1, even in the
piecewise smooth solution class. The constant « is determined by the index numbers
of shock curves to be defined in the next section. Based on the form of the flux
function, the rate o can be any number between % and 1. This result suggests that
for the viscous approximations the L'-convergence rate of the nonconvex conservation
laws is substantially different from that of the convex ones.

We close the introduction by outlining the rest of the paper. In the next section,
we give some preliminaries, define an index number for a shock discontinuity, and list
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some properties of the index number. In section 3, we state our main convergence
theorem, whose proof occupies section 4 to section 8. Finally, in section 9 numerical
experiments are performed to verify the theoretical estimates.

2. Piecewise smooth solution. Throughout this paper, we assume that the
entropy solution of (1.1) and (1.2) is piecewise smooth, with finitely many shock
discontinuities. More precisely, we can divide the given time interval [0, T] into finite
intervals {[t,,_1,tm]}}_, such that in each interval [t,,_1,tm,] the entropy solution
is a finite combination of the cases plotted in Figures 1 and 2 (demonstrated in the
case with three inflection points for f(u)). Thus, if we denote by S(¢) the set of the
discontinuous curve of u(-,t) in the time interval [t,,—1, ], then it consists of finitely

many shocks:
St) :={(z,t) |z =Xp(t), L <k < K; ty1 <t <tp},

where X (t) < Xgy1(t) for t € (tm—1,tm). It is understood that u is smooth with
bounded limits u(X%(t) £0,t) (denote by uf(t)) and ug (X (t) £0,t). For simplicity,
we will not consider the newly formed shock wave here, although this case was inves-
tigated extensively in [24]. As a consequence, we always have u; (t) — u;, (t) # 0. For
ease of notation we omit the dependence of S(t), X (¢), and K on m. Each of the
noncontact shocks X (t), plotted in Figure 1, satisfies the Rankine-Hugoniot and the
Lax conditions

oy — oy Sl (1) = Flug (1)
(2.1) X5(t) = o(ug (), uy (1)) = Sz(t)_ug(’;)

(2.2) a(ug (t)) > X;(t) > a(u} (t)), where a(v):= f'(v).

)

Each of the contact shocks Xy (t), plotted in Figure 2, satisfies the Rankine-Hugoniot
and the contact conditions

(2.3) Xp(t) = ol (8),uy, (1))
(2.4) a(uy (t

We now define index numbers G for a shock curve x = X (t):
1. If X/ (¢) > a(u}), then the index number 8 = 0.
2. If X},(t) = a(u; ) and there exists a positive number 8 > 0 such that

(2.6) la(uf) —atw)| ~ fuf —ul® as w—

then the index number 2‘ = (. In (2.6), the notation “ ~ ” means equiv-
alence. More precisely, g(u) ~ h(u) as u — ¢ means that there exists a
constant D > 0 such that D~'h < g<Dhasu—c.
3. Similarly, we can define 3, for the shock curve z = Xy (t).
The following result gives a rule for calculating the index number.
THEOREM 2.1. If f(u) € C"(R), o(u),u;) = a(u)), the derivative of a(u) is
zero at u = ul up to (r — 1)th order but a(’l3 (u;) # 0, then B =r.
Proof. Applying Taylor’s theorem to a(u) gives

a(u) — a(u'k") = %a(r)(u:)(u — u:)r +o(Ju — u: ™.
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Fic. 1. Ilustration of noncontact shocks: Thin lines are characteristics, and thick ones are
noncontact shock curves. Here characteristics come into shocks from both sides.
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FiG. 2. Illustration of contact shocks: Thin lines are characteristics, and thick ones are contact
shock curves. Here characteristics are tangent to shocks at least in one side.

This means that |a(u) —a(u) )| ~ |u—u|" as u — u; . Therefore, it follows from the
definition (2.6) that 8 = r. a
The following result is an immediate consequence of the above theorem.
COROLLARY 2.1. If f”(u) has only a finite number of zero points, then the index
number can take only a finite number of values.
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Example 2.1. Let f(u) = u?™*!. Assume the entropy solution is of the form

o ou for z < o(uy,u_)t,
(27) U(Z‘,t) - { Uy for z > J(U+,U7)t,

where u_ > 0 is a given number, and uy < 0 is the solution of the equation
o(ug,u_) = a(uy). In other words, uy is determined by

2m
D ()P () = (2m 4 1) (ug )™
s=0
It is easy to show that a(u_) > o(uy,u_) = a(us), and hence S~ = 0. Since

a'(uy) > 0, it follows from Theorem 2.1 that 51 = 1.
Ezample 2.2. If f(u) = (1 —u)P(1+u)? withp > 1, ¢ > 1, and p+ ¢ > 2 and an
entropy solution is given by

-1, r <0,
(2.8) u(z,t) = { .y 23>0

then the curve x = X (t) = 0 is a contact shock with o(1,—1) = a(1) = a(—1), and
the index numbers are 3t =p—1and 3~ =¢q— 1.

3. Main theorem. In this section, the main result of this paper presented; its
proof will be given in the next few sections.

THEOREM 3.1. Let f € C? and assume that f" may change its sign at most at
a finite number of points. Let u be the piecewise smooth entropy solution of (1.1)—
(1.2) with finitely many shock discontinuities, and let u® be the viscosity solution of
(1.3)~(1.4). Then the following error estimates hold for any 0 <t < T':

. C(T)e|lne| for B <1,
(3.1) (1) = ul D)l m) < { C(T)eH+1/B)/2| I ¢ for B >1,

where 3 = maxo<i<7 B(t), B = max{p+, 37}, BT = maxk{ﬁff}, and b’ff are index
numbers defined by (2.6).

The above theorem will be established by using a matched asymptotic analysis,
a stability lemma, and some detailed analysis for the traveling wave solution. The
stability lemma to be used is valid only for the scalar conservation laws, which makes
the present analysis much simpler than the system case. For the hyperbolic system,
Goodman and Xin [5] constructed high-order approximations in obtaining a local
first-order rate of convergence for the viscous approximations.

In the analysis of this work, we have to deal with the L' estimate of piecewisely
continuous functions, some of which involve derivatives of some other piecewisely
continuous functions; see, e.g., (7.10). In order to avoid confusion, we define the
L'-norm for a piecewisely smooth function ¢ by

I+1

||Q(')||pis(R) = Z HQ(')HLl(n,l,m),

i=1

where Y, with Yy := —oco and Y711 := 00, are all the possible discontinuous points of
q(z). The proof of the following stability lemma can be found in [24].
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LEMMA 3.1. Letu® be the viscous solution of (1.3)—(1.4). Letv¢ € C(Rx[0,T]) be
a piecewisely smooth function with jumps in the derivative in the set A = {(x,t) |z =
Yi(t), 1 <i<T}. If v° satisfies

(3.2) 0pv° + Oy f (v°) = €0pgv° + g(x, 1)
everywhere except on the set A, then for any 0 <17 <t <T

[u(, ) = v (Dl wy < ([uCom) = v°(, )[Ry
1 t
+e§;/
=177

where the jumps are defined by

t
00t oot + [ o0 ot

[w(,t)]|z=y @) = w(Y (t) +0,t) —w(Y (t) = 0,1).

Remark 3.1. It will be seen in sections 7 and 8 that g(x,?) in (3.2) may involve
some derivatives of a discontinuous function, so we use the norm ||  [|;i5r) to define
its L'-norm.

It follows from Theorem 3.1 that both first-order and fractional-order rates of
convergence may occur for nonconvex conservation laws, which is in contrast with that
for the convex conservation laws. We will demonstrate this fact with the following
examples.

Example 3.1. Let f(u) = u?™*L. If the entropy solution u(z,t) is defined by
(2.7), then it follows from Example 2.1 and Theorem 3.1 that

(3-3) Ju (- 8) —ul D)) < C(T)elInel.

Ezample 3.2. Let f(u) = (1—u)?(1+u)?, with s := max(p,q) > 1. If the entropy
solution u(x,t) is defined by (2.8), then it follows from Example 2.2 and Theorem 3.1
that

C(T)e|lne| for 1<s<2,
. “(- - : < s
(34) luCot) =l )l < { C(T)e™ T |Ine| for s> 2.

4. Traveling wave solution of viscous equation. Our construction of an ap-
proximation solution is based on some detailed properties of viscous shock profiles for
(1.3), whose nonlinear asymptotic stability was studied by Matsumura and Nishihara
[15]. We will summarize some of their results in this section, which will be used in
our error analysis. Some results not obtained in [15] can be derived by using the
techniques developed in [24]. Let

(4.1) ut(z,t) = V(x — ot;uy,u_),
which is subject to the boundary conditions
Ve up,u_) —ug as & — £oo.

If Ve(z — ot; ug, u_) satisfies (1.3), then it is called a traveling wave solution of (1.3).
Applying the solution from (4.1) to (1.3) gives

(4.2) Ve = —oVE+ f(V)e.
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Integrating the above equation over (—oo, &) gives
(4.3) Ve = —o(VE—u )+ f(V) — flu_),

It is easy to show by rescaling n = £/e that V¢(&uy,u_) = V(E/euy,u_). In
the following we will use the notation V (n;u,u_) to denote V1 (n;uy,u_). We also
denote by V(n; a,b), and V(n; a, b), the partial derivatives of V' with respect to a and
b, respectively. Note that V¢(§;uq,u_) = V(£/€; us, u_), which satisfies

(4.4) Vi=—o(V—-u_)+ f(V)— f(u-).

It is well known that a necessary and sufficient condition for the existence of a traveling
wave solution is that the constants uy and o satisfy the Rankine-Hugoniot condition

(4.5) —o(uy —u-)+ fluy) = fu_) =0
and the entropy condition

<0 fupr <u<u_,
>0 fu_ <u<ug.

(46) Bususiu) =t —o(u—us) + F(u) - flus) {

LEMMA 4.1. Let uy and o satisfy (4.5)—(4.6) and
(4.7) 1D (w;uy,u)| ~ Ju—ue) P+ as u— uy

with By > 0. Then there exists V(n;uy,u_), unique up to a shift, which is determined
by the ordinary differential equation (4.4). Moreover, for k =1,2
1. if B+ =0, then f'(uy) <o < f'(u_) and for n — oo

V(5 uges um) = H(nyug, us)| ~ exp(—c|n]),
(4.8) VE (g ug,us)| ~ exp(—cln]),
[V (n; us, u)uy — 1] ~ exp(—cin]),
where H(n;us,u_) is the Heaviside function satisfying H = uy forn > 0
and H =wu_ forn <0y
2. if B4 > 0, then o = f'(uy.) and for n — 400
V(s gy us) = ug | ~ [ =0,
(4.9) VE (g, )| ~ || =R
V(3w u )y, — 1~ [ =0
3. if B >0, then o = f'(u_) and for n - —oco
V(5w u) = us | ~ [ 7P
(4.10) VS (g )| ~ g =0 7F,
V(g u)u =1~ [ 717

Proof. For completeness, we briefly outline the proof for this lemma. It follows
from (4.4) that V(n;uy,u—) can be defined implicitly by

1%
(4.11) n= / ®(v;uy,u_) tdv.
(uttu-)/2
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The proof of this lemma is mainly based on the above definition and the assumption
(4.7). Here we show only some of the estimates in (4.9); other estimates can be
obtained similarly. The assumption (4.7) implies

DM —u o — g [ < (054, u)| < Dlo— u_ [P o — uy [155%

where D > 0 is a constant. It follows from the above inequalities and (4.11) that, for
n>0,

—1o—(1+6-) 2 | Y -1-8
D™2 - (v—uy) +dv
U— — Ut (ug+u_)/2
) (1+8-) \%
<n<D|—— / (v—u+)717’8+dv .
U— — Ut (ug+u_)/2

Solving the above inequalities for V' gives

-1/p
Uy —u_ 1+84++8- +
— B+n

1464 +6- —1/B+
/3+77> .

This proves the first estimate in (4.9). It is easy to show that as n — 400

u_,_2u_‘ (1 + D2+8-)

Uy — U

Uy — U 1
<|V - <|—|(1+D
<V -l < |5 ]( 0t |1

V! (30 )| = [B(V 3w )|~ [V — g [P
~ |m—1/ﬁ+(1+ﬁ+) - ‘77|—1//6’+—1.

Thus the second estimate in (4.9) follows. d
COROLLARY 4.1. If (4.7) holds and B+ > 0, then

(4.12) la(u) — a(us)| ~ Ju —usl®™ as uw— ug.
COROLLARY 4.2. Under the same assumptions as in Lemma 4.1, the following
results hold:
1. If B+ =0, thenVn e R and k= 1,2

(4.13) V(nug,u_) — H(nyug,u_)| < Cexp(—c|n|),
[V (s up, us)| < Cexp(—c|n]).

2. If 8, >0, thenVn e RT and k =1,2

(4.14) V(i ug,us) —uy| < O+ In)) =10,
VE (g, u)| < C(1 A+ [nf) = /P+F,

3. If B_ >0, thenVne R~ and k=1,2

(4.15) V(s up,us) —u_| < C(L+ [n)) /P,
VE (s up,us)| < O+ |n|) =0k,
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4. If B+ > 0, thenVn € R

(4.16) [V (3 ug, us ), tg + V(s ug, us )yt — H(n; iy, 0 )|
<O+ )7,

where § = max{fB_, B+} and W = w'(t).
Remark 4.1. It is noted that the constant C in the above inequalities depends
on |uy —u_|~1. Since it is assumed that u; (t) — uy (t) # 0 on all [t,—1,t,), C can
be regarded as a constant uniform with respect to both t € [0,T] and k =1,..., K.

5. Construction of an approximate solution. In this section, we construct
an approximate solution u°¢ to v and u° by using the method of matching asymptotic
expansions. As in [5] and [24], the main idea of constructing ¢ is that @° is a small
perturbation of w in the smooth region that posseses a viscous shock profile in places
of discontinuities. We begin with the simpler case of one single shock.

5.1. An approximation to u and u€ with one shock. Assume that there
is only one shock curve z = X;(¢) in the entropy solution u(z,t) in the time inter-
val [tm—1,tm]. We construct a continuous approximate solution ¢ to u and u€ in

[tm—1,tm],
5.1)  @(x,t) =m <“””§1(t)) I(a,t) + (1 —m (3”;"1@))) O(a, 1),
where
(5.2) I(@,t) = ula,t) + V (“762(1@) ws (b), u_(t))
—H (W;u+(t)7u_<t>> ,
(5.3) O(z,1) = u(w, 1)

are called first-order inner and outer solutions, respectively, uy (¢) = w(X1(t) £ 0,1),
H (& uy,u_) is the Heaviside function, 0 < v < 1 is a constant to be determined later,
m(§) € C*°(R) satisfying 0 < m(¢) < 1, and

_f L ks
(5.4 meo={ o K5y
The approximate solution can also be written in an equivalent form:
- Xq(t - X (t
(5.5) @(z,t) = u(z,t) + m <5”671()) (V- H) (”“’61() uy (t), u_(t)> .

The following lemma shows that %€ is a good approximation to v in the L! space.
LEMMA 5.1. Assume that there is only one shock curve x = X1 (t) for the entropy
solution u(x,t) in the time interval [tpm—1,tm]. Then, for any t € [tm—1, tm],

y Ck, B <1,
68 0= Dlom < G0, 5o

where 3 = max; 3(t) and 8 = max{B;, B }.
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Proof. Tt follows from (5.5) and (5.4) that

ut(t) - )”Ll(R)
2e”
/zm / = u+(t) (t)) ‘(VfH) (%;%(t)au—(t))‘dz
=1 +1I;.

Using the change of variables ¢ = z/e and the estimate (4.14), we have for 0 < 8; < 1
that

14y

2€
(6.7  I=c / (Y (E g u) — H(E ug,u)|de

2e 1Y
:CG/
0

On the other hand, for 3; > 1 using the change of variables §Bfr = x /e gives

—1/8} Ce, 0<pf <1,
(L+le)= T de < { Cellne,  Bf =1.

Q1/8y —a-wy/sf

r=sfe | m( e )|V — ) (7 s )€
0
o/8f —a-myef
< Ol -G -1/8t / (14 |€)P5) =167 g
0

(5.8) < Ot 1+71)/[’1+|1ne|.
It follows from the above results that

Ce, 0< B <1,
(5.9) I, <{ Celine, pr=1,
Cel==NGE-1/8] In¢|, 1< By

Similarly, we can obtain the estimates for I_:

(76, 0 <:[3; < la
(5.10) I_< Ce|lne|, By =1,
Ce' == =D/B | Ine|, 1< ;.

Combining the estimates for I, and I_ gives the desired result (5.6). a

We can also estimate the difference between ¢ and u¢. The result will be given
below, but its proof will be deferred to section 7.

LEMMA 5.2. Assume that there is only one shock curve x = X1 (t) for the entropy
solution u(x,t) in the time interval [tpm—1,tm]. Then, for any t € [tm—1, tm],

(5.11) [a( ) —u (- )l wy

<@ (s time1) = u (s tne1) L1y + Cel=MB+D/B 4 cev+(1-7/8,

5.2. An approximation to u and u€ with two shocks. Assume that in the
time interval [t;,—1,t,,] there exist two shock curves x = X;(t) and z = Xy(¢) for
the entropy solution w(z,t) which either collide at t = t,,, i.e., X1(t;m) = Xo(tm),
or at t = ty,_1, i.e., X1(tm—1) = Xa(tm—1). We construct a continuous approximate
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solution € to w and u€ in [t,,—1,ty,] by using the method of matching asymptotic
expansions:

(5.12) @(x,t) = m (f”Xl(t)) Li(z,t) + (1 —m <5”X1(t)>> O1(,t)

e e

+m (x_f(”) (1) + (1 —m (”3_;(2(’5)» Os(z, 1),

where
(5.13) L t) = ula, t) + (V — H) (W;ui+(t)7ui(t)) i1
(5.14) Oj(z,t) = u(x,t), 1=1,2,

are the first-order inner and outer solutions, respectively. Here, u;y(t) = u(X;(t) &
0,t), H( & uy,u_) is the Heaviside function, 7 is a constant to be determined later.
This approximation can be also written in an equivalent form:

w0 = w0y +m (S5 0 - i (T2 0,0 0)

€

(5.15) +m (9”_)52(”) (V - H) (a:_EXQ(t);ung(t), ug_(t)> .

€

LEMMA 5.3. Assume that in the time interval [t,,—1,t,] there exist two shock
curves © = X1(t) and x = X5(t) for the entropy solution u(x,t) which either collide
at t =ty or att =tm,m—_1. Then, for any t € [tm—1,tm],

Py Clk, 8 <1,
(5.16) [uc(-,t) —u(- )| L1y < { CatU=N/Bne|, §>1,

where 3 = max; B(t) and B = max{B;, B, 85,65 }-

LEMMA 5.4. Assume that in the time interval [t,,—1,tm] there exist two shock
curves x = X1(t) and x = Xa(t) for the entropy solution u(x,t) which either collide
att =t,, or at t =tmy,_1. Then, for any t € [tm_1,tm],

(5.17) lu(-t) —u (D))
<@ tim—1) = w s tne1) 1 m) + Cel=MB+D/B L ey +1=m/8 1 027,
The proof of Lemma 5.3 is similar to that of Lemma 5.1 and will be omitted here.
We defer the proof of Lemma 5.4 to section 8.

6. Proof of main theorem. We will prove Theorem 3.1 by considering only
the case 3 > 1, i.e., the nonconvex case; the convex result was obtained in [24]. Recall
that it is assumed in each time interval [t,,_1,%,] the entropy solution w is a finite
combination of some noncontact shocks, contact shocks, etc. Theorem 3.1 will be
established by induction on m. Namely, we will prove

. C(T)e|lne| for B < 1,
6.1 Jultm) = u( tm) L1 m) < { C(T)e+/B 2 Ine|  for > 1
under the induction assumption

. C(T)e|lne] for g < 1,
(6.2) ful, tm—1) = u (s tm-1) 22wy < { C(T)e D2 Ine|  for > 1.
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The induction assumption holds for m = 1 due to the fact u(z,0) = u¢(x,t). Observe
that

(6.3) [l tm) = (s )l 1)
< lustm) = 0Cotm) Ly + 100 tm) = G tm)l L1 (w)-

It follows from Lemmas 5.1 and 5.3 that
(6.4) [u(ytm) = 0(-y b)) | 21 (my < CEHATV/8] e,
On the other hand, Lemmas 5.2 and 5.4 imply that

(6.5)  [0°Cotm) = u ()l L2 ()
< ||@€('7t'rn—1) - U’E('vtm—l)HLl(R) + 06(177)(ﬁ+1)/ﬁ + C€V+(1*’Y)/ﬁ + 062’)/ .

Using the induction assumption (6.2) and (6.3)—(6.5) gives

(s tm) —u(, tM)HLl(R)
< CtU=D/8|ne| + CeHA/2 I | + Cet=MBHV/E L e t(=m/8 L 02T |

Setting v = 1/2 in the above estimate leads to (6.1), which completes the induction
proof.

7. Proof of Lemma 5.2. The main tool for establishing Lemma 5.2 is the
stability lemma, Lemma 3.1. Let v¢ = ¢ as defined by (5.1). Then v° satisfies (3.2)
on its smooth region {(z,t) : x # X;(t)}, with

g(,t) = up + (m(V = H))o + flutm(V = H))o = e(tioe + (m(V — H))ao)
= —a(w)u, + my(V — H) — mV’XlT“) +m(V —H)y, iy +m(V — H),_t_
+ (a(u+m(V — H)) (um +m,(V —H) —&—mV’i)

1 1
— € (um + Mg (V — H) +2m, V'~ + mV"Q) .
€ €

It follows from Lemma 3.1 that, for any ¢ € [t;,—1, tm],

(7.1) [ (-,t) = u (-, )l L2 (w)
< ||ﬂ€(',tm_1) - u£('7t7n—1)||L1(R)

t
ve [ 10wt b

tm—1

t
dit [ gt Dllpurde

tim—1

t
< ||ﬂ6(~,tm,1)—u€(~7tm,1)||L1(R)—|—Ce—|—/ 19 8)llpisrydt,

tm—1

where we have used the facts that [0,u(z,t)] |o=x, () = [ue(2,1)] |s=x, () and the
limits of u, (X (¢) +0,t) are uniformly bounded on [t,—1, t;n]. We now claim that g is
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sufficiently small such that u satisfies (1.3) approximately. To this end, we rewrite g
as follows:

glw,t) = m ((alu+m(V - H)) = K1)V = V") !
+ (a(u+m(V — H)) — a(u))u,
+ ((au+m(V = H)) = Xy(&)m —m"e =) eV = H)
—2m'e V' — €Uy + m(V H)y, iy +m(V —H)y_t_
= (a(u+m(V — H)) (t) (mV'e ! +uy +m'(V — H)e )
= mV"e !+ (Xi(t) — a(u))uy —m"(V = H)e' ™ —2m'e V' — eug,
m (Vuy g 4+ Vit — H(z — Xq(t); 04 (t), 0—(t))) .
Using the traveling wave equation V" = (a(V) — X1 (t))V" gives
(72) g(z,t) = (a(u+m(V = H)) = a(V))mV'e"!
+ (a(u+m(V — H)) — X1(t)) (uz +m'(V — H)e™)
+ (X1(t) = a(u))ug —m"(V = H)e' ™27 —2m/e V' — euy,
m (Vu, ty 4+ Vit — H(z — Xy (t); a4 (t), 0_(t))) .

Without loss of generality, we will consider only contact shock curves, i.e., ﬁfﬂ > 1.
The assumption S > 1 implies that X;(¢) = a(ux), which leads to

(7.3) g(a,t) = (alu+m(V = H)) —a(V))mV'e"?
+ (a(u+m(V — H)) — a(ux)) (uy +m'(V — H)e™?)
+ (a(us) = a(w)uy —m"(V = H)e' ™2 = 2m'e V' — euy,
m (Vy, iy + Vit — H(z — X1 (t);04(t),u—(t))) -

We now split [|g(-,?)||pis(r) into the following three parts:

ot Ol = | +f + e
0<|z—X1(t)|<ev eV <|z—X1(t)|<2eY |z— X1 (t)|>2€7

(7.4) — [+ IT+1II.

7.1. Piecewise constant solution. In order to estimate I, II, and III above
we first consider a simple but important case: the piecewise constant solution, i.e.,

2 e = {7 T2

where u and u_ are constants and X (t) = (f(u_) — f(ug))/(u_ —uy). Tt is easy
to show that g(x,t) = 0 for 0 < |z — X1(¢)| < € and |z — X7 (¢)] > 2€7. Therefore
I = III =0, and what we need to estimate is the term II. Let

(7.6) =1, +1I_,

where
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X1 (t)£2€e”
Iy =: :I:/

(a(ur + m(V —uy)) —a(V))mV'e™!
X1 (t)£eY

+ (a(u:t +m(V —uy)) — a(ui))m’(V —ug)e 7
(7.7) —m/(V —ug)e' =27 —2m/ e V' |dx

X1 (t)£2¢”
Xq(t)LeY

(a(us +m(V —ug)) —alug))(mV'e +m/(V —ug)e )

— (a(V) —a(us))ymV'e™ —m"(V —uy)e =27 —2m/e V' |du.

Using the change of variables € = (z — X1 (t))/€” gives

+2
I = :I:/jEl ‘(a(ui +m(V —uy)) — a(ug)) (mV'e " +m/(V —uy))

(7.8) — (a(V) = a(ug))mV'e Y —m"(V —uy)et ™7 —2m'V’

dg,

where m = m(¢£) and V = V(¢/€!77). The following estimates can be obtained from
Lemma 4.1 and Corollary 4.1:

IV —us| < CeO=M/BF V| < Cel=A+1/B),
la(us +m(V —us)) — a(us)| < OV —us|f < Ce,
la(V) — a(ux)| < CV — us| < Ce,
provided e is sufficiently small. It follows from (7.8) and the above estimates that

(7.9) I, < Cel=MA+1/87)

The above results, together with the facts I = II1 = 0, give the desired upper bound
for |lg(-,?)|lpis(r). Therefore, Lemma 5.2 is established in the case of the piecewise
constant solution.

7.2. Piecewise smooth solution. We now consider a more general case, i.e., u
is piecewise smooth. It follows from (7.3) that g(z,t) = —euy, for | — X1 (t)] > 2¢€7,
and

(7.10) g(z,t) = (a(u+ (V= H)) —a(V))V'e?
+ (a(u+ (V= H)) = a(u))ue — €ty
+ Vi ity + Vit — H(z — X1 (t); ity 1)

for 0 < |z — X1 (t)] < €. It is easy to see from (7.4) that
(7.11) I = e/ |tge|dx < Ce,
|lz—X1(t)[>2€7

where ., (-,t) is assumed piecewisely in L!. It follows from (7.10) that

(7.12) I'<h+1D+ I3+ Iy,
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where

I = / a(u+ (V — HY) — a(V)[V'e'da
0<|z—X1 (t)|<ev

el
I

/ ( (qu(VfH))fa(u))uz|d:1c7
0<|z— X1 (t)|<ev

/ €|ugy|de,
0<|z—X1(t)|<e™

A:/ Vit + Vi — H(z — X, ()35, 0 )| da.
<|lz—X1(t)|<eY

We now estimate I;,1 < ¢ < 4. Since u is piecewise smooth and v — H — 0 as
x — X;(t) £0, we have

la(u+ (V= H)) —a(V)| =" (V +0(u— H))(u— H)|
< Clz — X1 (1)].

Therefore, we can find a positive function A(§) such that Vo € (—o0, 00)

o la(u+ (V —H))—a(V)| < Az — X1(t));

o A(£) < Cl¢f;

. [A(e)] < 1L,
where M is a constant. It follows from the above auxiliary function A and the esti-
mates (4.9) and (4.10) that

(713) I, < / IR (OGS X1 (1))/€)e\dx

=/F VI(€)de
/ (V(€) — H(€))'de  (using the fact A(0) = 0)
NIV 1) H(E [+ A=)V (=) = H(=e )]

et

—|—M6/ |[V(¢&) — H(&)|d¢ (using integration by parts)

—e

< 0= 'y/ﬁ_|_06 A="QA-1/8) < r+(1-71/5

Observe that |a(u+ (V — H)) — a(u)| < C|V — H|, which, if applied to I3, gives

(7.14) I < C’/ \V — H|dx
lz—X1(t)|<eY
et

<ce[ Wi H©
<ce [ i

—ev—1

< Cet—(1=-10A=1/8) — cer+(1-7)/8,
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Moreover, by the definition of I3 we can easily obtain I3 < Ce!*?. Using the change
of variables £ = (z — X;(t))/e and the estimate (4.16) gives

et

(715) I, < Ce/ (14 |e))~VPde < Ot ==MU=1/8) — ger+(1=7)/5,

—er—1

Combining the above estimates yields
(7.16) I<cC <€v+<1—v>/ﬁ + D) 4 ene| + 6(1+7>) .

It remains to estimate II. It follows from (7.3) that
5 . 5 .
m<i+m+> 09 +3 1,
i=1 i=1
where IT is defined by (7.7) and
X1 (t)£2¢7
) = j:/ (a(u+m(V — H)) — a(us +m(V — H)))ymV'|e \dx,
X1 (t):i:eW

X1 (t)+2€7
e -+ [ (ol +m(V = H)) = a(u)us|dz,
Xq(t)Ler

X (t)£2€”
nf - | @+ m(V = H)) = alus +m(V — H))m'(V — H)|edo,

Xy (t)£ev
)(1(t):|:26’Y

Hj(f) = i/ €|ty |d,
){1(t):|:6'Y

X1 (t)+£2¢7
If(f) :i/ m|Vu+’d++Vu7ﬂ_ _H(x—Xl(t);iL+,1l_)|d$-
Xq(t)Ler

It follows from (7.9) that
(7.17) I < Cel=M0+1/57)

The estimate for II(il) is similar to that for I, with the same error bound as (7.13),
namely,

(7.18) Y < ceat-1/8,

The estimate for Hf) is similar to that for I, with the same error bound as (7.14),
namely,

(7.19) <o (a““’) +e 1ne|) .

The estimate for II(f) is similar to that for I, with the same error bound as (7.15),
namely,

(720) II:(E5) < Cel—(l—’Y)(l—l/ﬁ) — CE’H‘(l—’Y)/ﬁ.
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Using the facts that a(u +m(V — H)) — a(ux + m(V — H)) = a'(e)(u — uy), and
lu —uy| < Cle — Xy (t)] for £(z — X1(t)) > 0, we obtain

X1 (t)£2e”
¥ < ica/ \(V — H)|e Vdz.
Xq(t)£eY

Applying the change of variables (x — X1 (t))/e = £ to the above integration gives

. +2¢7 1
e I (GRS

It then follows from (4.14) and (4.15) that

42771
2y P <xce | (ele) R ag< e oush
+er—1

— Ct-0/BF

Moreover, using the definition of IT (f) gives

X1 (t)£2e”
(7.22) n < +c eltigg|dr < Ce .
Xq(t)£eY

Combining the estimates (7.17)—(7.22) leads to

(7.23) I < 0(6(1—w><1+1/5) 4 TA=N/B) L YUHD) 4 ¢ Ine| + 61+7)

< C(gm)(m/ﬁ) T Ev+(1ﬂ)/ﬁ)>.
Adding the estimates for I, II, and III gives

(7.24) lg( )llpisry < C (eW(l*Wﬁ + 6(1*7><1+1/5))

<C <€w+(1—7)/5 n 6(1—7)(1+1/B)) .

This completes the proof for Lemma 5.2.

8. Proof of Lemma 5.4. The main difference between Lemmas 5.2 and 5.4 is
that Lemma 5.2 deals with only one shock, while the latter deals with two interact-
ing shocks. The main tool for the proof of Lemma 5.4 is still the stability lemma,
Lemma 3.1. Let v¢ = @€, which is defined by (5.15). Then v¢ satisfies (3.2) on its
smooth region {(z,t) : x # X;(t), i = 1,2}, with

g(z,t) = (alu+mi(Vi — Hi) + ma(V2 — H2)) — a(u)) uq
+ m) (a(u+mi (Vi — Hi) +ma(Va — Ha)) — a(H1)) (Vi — Hi)e”
+ may(a(u+mi(Vi — Hy) +ma(Va — H2)) — a(
+ my(a(u+mi(Vi — Hy) + ma(Va — Hy)) — a(Vl))Vle_l
+ mo(a(u+mi(Vi — Hi) +ma(Va — H2)) — a(V2))Vy
— €Uy — (my (Vi = H) +my (Vo — Hz)) €727 = 2(m{ V] + myVy) e 7
+ m1(Viu Gy + Vig_tn— — Hy) + ma(Vau, oy + Vau_tia— — Ha)
=01 +92+93+94+ 95+ 9gs + g7,
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where for ¢ = 1,2

m; = m((z — X;(2))/€7), uix(t) = wigrc?io u(z,t),
i (t) = uis(t), Vi= V(@ — Xi(0) /e i uin),

Hi = H((x — X;(1))/€ uit, ui-), H; = H((z = X(t)) /€ iy, it ).
Similarly, it follows from Lemma 3.1 that, for any t € [t,—1,tm],
(8.1) [ (-,t) —u (-, )l L2 (m)

< u (o tim—1) = u (s tm-1) L (m)

t
[6zaé(xat)] ‘I:Xi(t)’dt +/ ”g('vt)HPis(R)dt

i=1 Ytm—1 tm—1

t
<o tmt) — 0ot 3y + Ce + / 190G+ )l piscry .

tm—1

In order to estimate the last term above we need to estimate ftt B 19 (-, ) || pis(r) dt,

1 <@ < 7. It is noticed that the estimates for ||ge||pis(r) and ||g7|lpis(r) are similar
to those in one shock case, so they can be bounded above by the right-hand side of
(7.24). Therefore, we just need to estimate ||g;||pis(r) for 1 <i <5.

In what follows we assume that the two shock curves start at a same point, i.e.,

(8.2) X1(tm—1+0) = Xa(tm—1 +0),

but do not become tangent to each other at this point:

(8.3) X1 (tme1+0) < Xa(tm_140).

This implies that there is a constant ¢ > 0 such that

(8.4) 6(t) = Xa(t) — X1(t) > c(t — tm—1) for € [tm-1,tm].

Note that the support of m((- — X;(t))/€7) is [X;(t) — 2¢7, X;(t) + 2¢7]. Hence, if
Xo(t) — X1(t) > 4€7, then for each z € R only one of m; and my appears in g(z,t).
Therefore, when Xo(t) — X (t) > 4€7, the estimates for ||g;||z1, 1 < i < 5, are similar
to those for the one shock case. Let 7 € (t,—1,tm) such that

(8.5)  Xo(r) —Xi(1) =4 and Xa(t) — X1(t) > 47 for t€ (7,tm].

The above analysis implies that we only need to estimate ||g;||z1, 1 < i < 5, for
te [tmfh T].
We first estimate ||g1||z1 for ¢ € [ty,—1,7]. Observe that

(8.6) 191+ ) lpisry = / lon|dz

{z<X1(t)—2e7 }U{z>X2(t)+2€7}

+/ |g1|da
X1(t)—2e7<z<Xa(t)+2€Y

= G111+ Gio.
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Since only one of m; and moy appears in G171, the estimate of G1; is similar to that of
Iff) in the one shock case, and it follows from (7.19) that

(8.7) G < c(amﬁ) +e lne|>,
where § = max{0,52}. The integrand of G145 is bounded, and therefore
Gro < C(Xg(t) Xy (1) + a).

It follows from (8.5), (8.4), and (8.2) that 7 — t,,,—1 < Ce¥ and X3(t) — X1(t) <
C(t —tm-1) as t — t,,—1 + 0. Therefore,

T

G12dt S C€2ﬂy,

tm—1
which, together with (8.7), gives
(8.5) [ ool < (&7 4+ @249 4 4],
tm—1

Next we estimate ||g2||pis(r). Observe that

92 lpisr) = / lga(z, t)|dz < C Vi — Hylede
2e7>|z—X 1 (t)|>eY 2e7>|z— X1 (t)|>eY

= / (VA(E/e™7) — Hy (€)' 77)|dE < Cel=1/Br,
2>1€1>1
Therefore,

(8.9) / ||92('7t)||pis(R)dt < Cel=7)/81+~
tm—l

Similarly, it can be shown that

(8.10) [t 0llde < cO0

tm—1

We now estimate ||g4||pis(r). Note that

E1) o Olber = [ + [ 91, 1)
0<|z—X1(t)|<eY |lz—X1 (t)|>eY

=Gy + Gao.
The integrand in G4; satisfies the following inequality:

lgal in Gay = |a(u+ (Vi — Hy) +ma(Va — Hp)) — a(V1)|(=V})e!
< la(u+ (Vi = Hy) +ma(Va — Hy)) — a(Vi + ma(Va — Ha))|(—=V])e!
+ la(Vi +ma(Va — Ha)) — a(V1)|(=V{)e !
= |ga1| + |gaz|-
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The integration of |g41] is similar to that of (7.13), so it follows from (7.13) that
(8.12) / |gar|dz < Cer =781
{0<|z—X1[<e}

We estimate the integral of g4o by observing

/ |ga2|dx
{0<|z—X1|<e7}

|gaz|dz

/ |g42|d$+/
{lz—X1|<ev}In{|z—X2|<6(t)/2} {lz—X1|<e }n{lz—X2[>6(t)/2}
= Ga11 + Gaia,

where 6(t) := Xa(t) — X1(¢). Since |gs2| < —CV/e™ !, we have

Cun < Ce_l/ V(@ — X (1)) /e)da
|lx—Xo(t)|<6(t)/2

Gaipdt < Ce'/maxe (t— tm71)1_1/max1s B1

which leads to

T

‘
tm—1
tm—1

— Cel/maxt B (’T _ tmil)l—l/maxt ﬁ17

where we have applied the inequality (8.4) to the above integration. Since 7 —1t,,—1 <
Ce" we have

(8.13) / Gy dt < Cert(1=7)/ max; b1

tm—1

On the other hand,
|9a2| < C|Va — Ha|(=V{)e™!

by the mean value theorem. Substituting this inequality into G412 yields

Gai2 = / |942|d$
{lz—X1|<er}n{|z—X2|>6(t)/2}

< c‘vg (%2) - (‘52“))\ | Vil - x)epe i

Therefore, on account of §(t) > ¢(t — ty—1) and 7 — t,,—1 < Ce?, we obtain

(8.14) /T Gapadt < Cel/ max ,326’7(171/maxt B2) _ CEV+(177)/maxt ,62'

tm—1
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This result, together with (8.13) and (8.12), yields

(8.15) / Gudt < C+=/5

tim—1

where 8 = max{max; 31, max; 32}. In order to estimate G4 in (8.11), we first split
it into two parts:

(8.16) G = /
{er<|z—X1|<2e7 IN{|z—X2|<5(t)/2}

+ / g4l da
{7 <|o—X1|<2e7IN{|2—Xa|>5(t) /2}

= Gyo1 + Ga22.
The integrand |g4| in G422 can be estimated as

|g4] in Gaoo = mala(u +my (Vi — Hy) +ma(Va — Ha)) — a(V1)|(=V{)e™?
< mila(u+mi(Vi — Hy) + mo(Vo — Hy))
— a(Hy +mi(Vi — Hi) +ma(Va — Hy))|(=V{)e™!
+ my (Ja(Hy 4+ mqi (Vi — Hy) + mo(Va — Ha)) — a(H))|
+ |a(Hy) — a(Hy + Vi — Hy)|) (=V{)e!
< C(ju— Hil + [V = Hy* + V3 = Hol ) (~V])e !,

where we have used the facts that |V; — Hi| — 0 and |Vo — Hy| — 0 as € — 0 for
{7 < |z — X4| <27} N {]z — X2| > 6(t)/2}. Therefore,

Guaz < C lu — Hy|(=V{)e tda
{ev<|z—X1|<2e7 IN{|z—X2|>6(t)/2}
+C Vi — Hy| (=V{)e tdx
{er<|o—X1|<2e7 )N {|z—X2|>6(t)/2}
+ C |Va — Hy|P (=V])e Lda
{ev<|z—X1|<2e7 IN{|z—X2|>6(t)/2}
=:J1+ Jo + J3.

The estimate for J; is similar to that of I;, with an upper bound the same as (7.13),
namely,

(8.17) J < Cta=m/61
It follows from (4.9) and (4.10) that

< Cel=7 A=DA+1/B1) ~1 7y < (1 (1=7)(1+1/81)
(8.18) Jo < Ce e € €’ <Ce .
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Observe that

J; = C |Va — Ho|P (=V/)e tda
{lz—X1|<2e7}0{|z—X2|>6(t)/2}

"2) )
gc(é() | -vicepae
< 51/52 ( 2;)1/52.

Therefore, on account of §(t) > ¢(t — t;—1) and 7 — t,,—1 < CeY, we have

<C

B1 0o
/ (~V{((x — Xy)/e))e Ndx

— 00

(819) / Jadt < 061/ maxy B2 e’Y(l 1/ maxi B2) _ Ce'er(lf'y)/ max; ﬁg'

tm—1

This, together with (8.17) and (8.18), yields

(8.20) ’ Gaoodt < C(ew(l—v)/ﬁ + 6(1—v)(1+1/ﬁ))7

tm—1

where 3 = max{max; 31, max; 32}. Since |g4| < —CV/e™!, we have

G < e / —VI((x — Xy (1)) /)da
lz—X2(t)|<6(t)/2
% 1/p1+1 c 1/61
<Ce | == < — .
= e <6<t>) o <0 <5<t>>

-
/ G421dt § Cel/maxt 51 (t 7 tm_l)lfl/maxt BT

Thus

tm—1
tm—1

_ Ccl/maxt 51 (7_ o tm_l)lfl/maxt ,617

where we have used the inequality (8.4). Since 7 — t,,—1 < C€”, we have

Gyopdt < Cev+(1=7)/ max; fr

tm—1

This result, together with (8.20), gives
/T Cuodt < C(ew(l—w/ﬁ L 6(1—w)(1+1/5))_
Combining the above result and (8.15) gives

(8.21) / 19a(, )| pisrydt < C(E“H(lfv)/ﬁ + e(lfv)(1+1/ﬁ)>.
tm—1
Similarly, it can be shown that

(8.22) / 1195(» )| pisrydt < C(E“H(lfv)/ﬁ + e(lfv)(1+1/5)>.

tm—1
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Therefore, we have proved that

/ g D)llpisqrydt < C(€HA=0/7 4 1= OH1/)),

tm—1

(8.23)

This result and (8.1) yield Lemma 5.4.

9. Numerical experiments. To verify the theoretical results obtained in this
work, we shall carry out a computational study in this section. The main purpose
is to demonstrate the existence of the fractional rate of convergence. It is generally
believed that monotone schemes have the same rate of convergence as that for the
viscosity approximation. Therefore, to make the numerical verification available, we
consider the (generalized) Lax—Friedrichs scheme

u’r}-&-l — M

A
j Ui =3 (f(ufye) = fuj 1)) + B} (ujps — 2uf +uj_y)
to approximate the conservation law (1.1), where u! is an approximation of u(z;,t,),
and z; = jAz, and t, = nAt, with Az and At being the spatial and temporal grid

sizes, respectively; u is a constant satisfying 0 < p < 1, and the temporal and spatial
grid ratio A = At/Ax satisfies a Courant—Friedrichs—Levy condition,

[ (w)] < p.

(9.1)

A sup
lu|<[[uollee
The theoretical properties of the scheme (9.1) were investigated by Liu and Xin [14].
Ezxample 9.1. In the first example, we approximate

Oru + axf(u) =0, f(u) = (1 - u2)3>

with the initial data ug(x) = sgn(z), by using the Lax—Friedrichs scheme (9.1).

The entropy solution for the above Riemann problem is u(x,t) = ug(z). It can
be verified that max, <1 [f'(u)] < 6/v5. We then choose p = 0.5, T = 1, and
A= \/511/6. It follows from Theorem 3.1 that the rate of convergence should be
(1+ 3)/2 = 2. It is observed from Table 1 that the numerical rate of convergence
agrees very well with the theoretical prediction.

TABLE 1
The L'-error and the convergence order for Example 9.1.

1 1 1 1 1
Mesh Az 8 16 32 51 =
Ll-error | 3.22x 1071 | 2.01 x 107! | 1.23 x 1071 | 7.44 x 10~2 | 4.46 x 10~2
Order 0.680 0.709 0.725 0.738

Ezxample 9.2. In the second example, we approximate

Opu + 0, f(u) =0,

flu) =1 -wP’1+u)?

with the initial data ug(z) = sgn(z), by using the Lax—Friedrichs scheme (9.1).

The entropy solution for the above Riemann problem is again u(z,t) = ug(z). It
can be verified that max),|<; |f'(u)] < 2. We then choose p = 0.5, T' =1, and \ =
11/2. Tt follows from Theorem 3.1 that the rate of convergence should be (1+34)/2 = 2.
It is observed from Table 2 that the numerical result is again in excellent agreement
with the theoretical prediction.
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TABLE 2
The LY-error and the convergence order for Example 9.2.

Mesh Az % % 3% 6%; %8
Ll-error | 2.79 x 107! | 1.89 x 1071 | 1.25 x 107! | 8.05 x 1072 | 5.11 x 1072
Order 0.562 0.597 0.635 0.656
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