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Abstract

This article deals with the regularity of entropy solutions of scalar conservation laws with dis-
continuous flux. It is well-known [Adimurthi et al., Comm. Pure Appl. Math. 2011] that the
entropy solution for such an equation does not admit BV regularity in general, even when the
initial data belongs to BV. Due to this phenomenon, fractional BV*® spaces, where the exponent
0<s<1and BV = BV are required to be wider than BV. It is a long-standing open question
to find the optimal regularizing effect for the discontinuous flux with L initial data. The optimal
regularizing effect in BV?® is proven in an important case using control theory, and the fractional
exponent s is at most 1/2, even when the fluxes are uniformly convex.
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1. Introduction

This article deals with the regularity aspects of the entropy solution for the following scalar
conservation laws with discontinuous flux:
ug + f(u), =0, if x>0,t>0,
u +g(u), =0, if x<0,t>0, (1.1)
u(z,0) =wp(x), if xeR,
where u : R x [0,00) — R is the unknown function, ug(-) € L*(R) is the initial data and the fluxes
f, g are C'(R) and strictly convex (i.e., f' and ¢’ are increasing functions).

The conservation laws (1.1) arises in several physical situations and applied subjects. For
example, it occurs naturally in the two-phase flow of a heterogeneous porous medium in petroleum
reservoirs [31]. The equation (1.1) is also useful for understanding the ideal clarifier thickener [14],
traffic flow models with varying road surface conditions [38], and ion etching commonly used in
the semiconductor industry [45]. These examples are just a glimpse at the broad applicability of
the equation (1.1) in the fields of applied sciences. For more details, see [14, 15, 20, 21].

The equation (1.1) does not have a global classical solution, even for smooth initial data.
Therefore, one needs to consider the following notion of a weak solution:

Definition 1.1 (Weak solution). A function u € C(0,T; L, .(R)) is said to be a weak solution
of the problem (1.1) if

[ [0 29 _

//UE + F(x, u)%dx dt + /uo(a?)¢(x, 0)dx =0,

0 R R
for all € C°(R x RY), where the fluz F(x,u) is given as F(z,u) = H(x)f(u)+ (1 — H(x))g(u),
and H(x) is the Heaviside function.

From the above-defined weak formulation, it can be derived that if interface traces u™(t) =

hI(I)li u(z,t) exist, then at x = 0, u satisfies the Rankine-Hugoniot condition, namely, for almost
T—

all £,
fu™(t)) = g(u™(1)). (1.2)

For the equation (1.1), the left and right traces u~,u™ play important roles in the well-posedness
theory and also in determining the regularity of solutions. In [7], the authors proved the existence
of the interface traces via the Hamilton-Jacobi type equation.

It is well known that the conservation laws (1.1) do not have unique weak solutions. To establish
uniqueness, an additional condition called the “entropy condition” is necessary even in the case of
f = g. Kruzkov [34] provided a generalized entropy condition and proved the uniqueness in the
case where f = g. However, (1.1) have the flux discontinuity at the interface, one also needs the
“interface entropy condition” to establish uniqueness, in addition to the Kruzkov entropy. In this
article, we use the following notion of the entropy solution.

Definition 1.2 (Entropy solution, [7]). A weak solution u € L>(R x [0,T]) of the problem (1.1)
1s said to be an entropy solution if the following holds.
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1. wu satisfies Kruzkov entropy conditions on each side of the interface x = 0, that is, in R\ {0}.

2. The interface traces u*(t) = lir(r)liu(x,t) exist for almost all t > 0 and they satisfy the
T—>

following “interface entropy condition” for almost all t > 0,
{t: (™ (t) > 0>g'(u ()} =0 (1.3)

Uniqueness has been proved in [7] when interface traces exist for a weak solution and they
satisfy the entropy condition (1.3). Additionally, the authors obtained useful Lax-Oleinik type
explicit formulas for equation (1.1). The notion of ‘A-B entropy solution’ is introduced in [5] and
it coincides with (1.3) when A = 6,, B = ;. The number 6 is defined by f(f;) = min f when f
admits a minimum and g(6,) = ming. The Lax-Oleinik type formula is also available [6] for the
‘A-B-entropy solutions’ It has been observed [1] that for the case A < 8, or B > ¢, ‘A-B-entropy
solutions’ belong to BV space for BV initial data and for A = 6,, B = 0; total variation of entropy
solution can blow up at finite time to > 0 for particular BV initial data (see section 1.2 for more
details). Therefore, we work with the choice A = 6,, B = ;. In this article, we rely on the
interface entropy condition (1.3), and we use the analysis of characteristics developed as in [7].

The well-posedness theory of the problem has been extensively studied from both numerical
and theoretical aspects. We refer to [5, 10, 12, 33, 43] and the references therein. The existence
of a solution of (1.1) has been proved by several numerical schemes [4, 9, 26, 47]. However, due
to the absence of total variation bounds for entropy solutions, even for initial data ug € BV, the
convergence of numerical schemes is typically established using the singular mapping technique
[4, 46, 47]. The singular mapping technique originates from the fundamental paper of Temple [46].
Recent works have generalized the Godunov-type scheme to handle cases where discontinuities of
the flux may have a limit point [26, 27, 28].

Since the entropy solution of (1.1) lacks BV regularity, it is natural to study its regularity in
a space that is bigger than BV. More precisely, in this paper, we quantify the sharp regularity of
entropy solution of (1.1) in suitable fractional spaces.

Structure of the paper

This paper is organized as follows: In Sections 1.1 and 1.2, we discuss regularity results for
scalar conservation laws where f = g and for (1.1), respectively. This leads to Section 1.3, where
we state the regularity problems corresponding to equation (1.1) in precise terms. In Section 2, we
describe our main results along with some remarks. To make this article self-contained, Section
3 recalls some definitions and preliminary results from [7, 11]. The detailed proofs of the main
results are presented in Section 4, which utilize the Hopf-Lax type formula and some results from
[7] and techniques from [1, 22]. The construction of a counter-example is provided in the last
section to show that the main results of the present article cannot be improved. Two appendices
contain basic useful lemmas and explanations regarding our adaptation of the result from control
theory [3].

1.1. Optimal reqularity results in BV?® spaces for a smooth flux: f =g

In this subsection, we focus on the case where f = g in (1.1). Even for Lipschitz continuous
flux, the well-posedness for the entropy solution of (1.1) is established in the L™ setting [32, 34,
35, 44], and many methodologies are available to study the regularity of the entropy solutions
(2, 11, 17, 18, 24, 25, 29, 35, 41, 42, 44].

The function space BV is considered as the natural function space for scalar conservation laws
since A. I. Volpert’s fundamental work in 1967 ([48]). It allows for compactness and provides a



convenient way to describe the structure of shock waves with traces on each side of the singularity
[8]. The BV regularity for entropy solutions was first observed in [35, 44] independently by P. D.
Lax and O. Oleinik. In the case where the flux is uniformly convex, i.e., inf f” > 0, the entropy
solution becomes BV instantaneously even when the data is in L°°. This well-known smoothing
effect is a consequence of the one-sided Lipschitz-Oleinik inequality [44].

Unfortunately, the BV space is ‘not enough’ [19] when the flux is not uniformly convex. There
are many examples of entropy solutions that are not in BV for positive time [2, 16, 24]. Although
the non-vanishing property of the second derivative of the flux is necessary and sufficient for BV
regularizing [25], smoothing effects can still occur in fractional Sobolev spaces [30, 36] for nonlinear
flux. The fractional BV spaces preserve the advantages of the BV space, such as regularity and
traces while allowing for more general flux functions [11]. The Lax-Oleinik smoothing effect was
generalized in BV® for a flux with power-law nonlinearity like |u[’*! and p = 1/s > 1, for C" or
strictly convex flux in, [11, 17, 29].

Fractional BV spaces, denoted by BV® 0 < s < 1, were first defined for all s € (0,1) in
(37, 39, 40]. Let I be a non-empty interval of R and s € (0,1]. The space of fractional bounded
variation functions denoted as BV *(I) is a generalization of the space of functions with a bounded
variation on I, denoted as BV (I). In the sequel, we denote S(I) as the set of the subdivisions of
I, that is the set of finite subsets 0 = (xg, 21, ..., x,) in [ with (zo<z1<r2<...<Ty).

Definition 1.3 (BV*® [37, 39, 40]). Let 0 = (xg, 21, ..., x,) be in S(I) and let u be real function on
1. The s-total variation of u with respect to o is

TV u(o) = Z lu(z;) — u($i—1)|1/87

then define,
TViu(l) = sup TV?u(o).
oceS(I)
The set BV*(I) is the set of functions u : I — R such that TV u(I) < co.

1.2. Previous reqularity results for discontinuous flux

The regularity of the solution in the BV space is crucial for studying its convergence and the
existence of its traces. Without a bound on the total variation, it is difficult to establish the
convergence of numerical methods. However, it is not always possible to expect the total variation
of the solution to decrease, as a non-constant solution can arise from constant initial data. Despite
many decades of research on equation (1.1), optimal regularity results for its solution were not
yet known. There are only a few known results regarding the regularity of the solution, which we
describe below.

Although it has been proven that the solution away from the interface is BV in space [13],
the regularity of the solution near the interface remained unknown for a long time. The first
breakthrough result was achieved in 2009 by the authors of [1]. They constructed an explicit
example where min f # min g, demonstrating that the total variation of the entropy solution to
(1.1) blows up at time ¢, > 0 for BV initial data. To build this example, they exploited the lack
of Lipschitz continuity of f~'¢ near the critical point of f. Here ¢_*, f;l are the inverse of ¢, f in
appropriate domains, more precisely, they are defined as

9= J(g) TN (=00), () THO) = R & fE[(f)TH0) ()T (o) [ R (1.4)
The key functions f;l g(+) and g~' f(+) transmit information via the interface from left-to-right and
right-to-left respectively.



In contrast, several regularity results have been proven in [22, 23]. Surprisingly, it was shown
that the solution to (1.1) belongs to BV if the fluxes have the same minimum value, i.e., min f =
f(0f) = ming = g(f,). The author also proved that if f(6;) # g(6,) and the initial data is
compactly supported, then there exists a time 7" such that for all ¢ > T, the solution to (1.1)
admits BV regularity. However, the assumption of compact support cannot be relaxed, as it has
been shown by example that there exists a sequence of time, T,,, for which the total variation of
the solution to (1.1) blows up.

Earlier referred publications have uniform convexity assumption on the fluxes, in [23] it has
been proved that even for non-uniform convex flux (with a special structure when the flux losses
its uniform convexity) any L initial data gives the solution which is BV}, near the interface when
the connection (A, B) as in [6] are far from the critical point.

This discussion leads to conclude that working solely in the BV space framework is inadequate
for scalar conservation laws with discontinuous flux (1.1). Hence, it is appropriate to consider a
more generalized space than BV, such as the space of functions of fractional bounded variation,
denoted as BV?. In the following subsection, we outline the questions that are addressed in this

paper.

1.3. Questions on the BV?® regularity for discontinuous flux

As we discussed thus far, the entropy solution of (1.1) lacks the following properties:
1. If ug € BV(R), then u(-,t) € BV(R) for any ¢ > 0.

2. If f and g are uniformly convex fluxes, min f # min g and ug € L*(R), then for any ¢ > 0,
u(-,t) € BV

Based on these issues, we aim to address the following questions regarding the regularity of the
solution of (1.1):

Question 1.1. Can we expect that if the given initial data belongs to BV?® for a well-chosen
0 < s <1, then the solution of (1.1) stays in BV*?

Question 1.2. Can we expect that for any 0 < s < 1 there exists 0 < s1 such that if the given
initial data belongs to BV?®, then the solution of (1.1) belongs to BV**?

Question 1.3. What is the Lax-Oleinik type reqularizing effect for uniformly convex fluxes f and
g? In other words, does the entropy solution of (1.1) belong to BV?® for some s € (0,1) and for
any given L™ initial data?

Question 1.4. Can we choose 0 < s < 1 sharply and an initial data ug € BV?® space for which
the generalized total variation blows up for the corresponding solution of (1.1)?

Under certain assumptions on the fluxes f and g, we are able to answer all of the questions from
1.1 to 1.4. We also present counterexamples that demonstrate the optimality of the assumptions
in our main results. Additionally, we provide explicit estimates of s-total variation of the solution
with respect to time variable ¢t with some sufficient conditions on initial data.



2. Main Results

The paper assumes that f and g are C* strictly convex functions admitting a critical point. Let
6; and 6, be the unique critical points of f and g respectively, i.e., f'(ff) = 0 and ¢'(d,) = 0. The
notation g_" and f ' denotes the inverse of g and f for the domain where ¢'(u) < 0 and f'(u) > 0,
respectively. Note that the existence of a minimum for f and g are always assumed in this paper
as it allows the critical behavior of the admissible solution. However, if f and g have no minimum
but both are strictly increasing or decreasing, the situation is simpler [1]. Thus, throughout the
paper, it is assumed that,

f(0y) = min f # min g = g(6,). (2.1)
In the best case, when f and g are uniformly convex and satisfy (2.1), we obtain a smoothing
in BV? instead of BV. In the case of non-uniformly convex fluxes, the situation is worse. The
smoothing depends on the nonlinear flatness of the fluxes. To be more precise, we introduce the
following non-degeneracy flurz condition which is, there exist two numbers p > 1 and ¢ > 1, such
that for any compact set K, there exist positive numbers C; and Cs such that for all u # v, where
u,v € K,
[f'(u) = f'(v)]

u— vl

|9'(u) = g'(v)]
ju — vl

>(C; >0 and > Cy > 0. (2.2)

For p = 1, this is the classical uniformly convex condition for f and for p > 1 it corresponds to a
less nonlinear convex flux such as f(u) = |u[P.

An interesting subcase is when the loss of uniform convexity of the fluxes occurs only at their
minimum. That is, if f belongs to C? and is uniformly convex except at its minimum. For example,
convex power laws such as f(u) = |u|’*" with p > 1. The same assumption can be made for the
other flux g.

1", ¢" vanish only at 6; and 6, respectively. (2.3)

The assumption (2.3) combined with the previous one (2.2) is also called the restricted non-
degeneracy condition, and the fluxes that satisfy it are called restricted fluxes. In the subcase
where both f and g satisfy (2.3), stronger results can be obtained, which are presented in Theorem
2.1 for initial data in L° and Theorem 2.2 for initial data in BV*®. Two quantities are fundamental
to express the fractional regularity of the solutions, v and v,

1 1 . . .
— - if min f < min g,
N = Q‘{ U= 119 (2.4)
m 5 if min f > ming.

The constant v < 1/2 can be understood as a loss of regularity due to the interface and v < 1
as the smoothing effect outside the interface. More precisely, v comes from the singular mapping
technique as explained in the following remark.

Remark 2.1. Let f and g be the fluzes satisfying the non-degeneracy condition (2.2) and f(6y) #
g(0y). Then either f'g(-) or =" f(-) is Lipschitz continuous while the other one is Hélder con-
tinuous with exponent v. The value of v depends on p and q from the non-degeneracy condition
(2.2), and it is given by (2.4). The proof of this fact can be found in Lemma A.3.

Remark 2.2. In the statements of following theorems, the entropy solutions meant by the weak
solutions additionally satisfy the Kruzkov entropy and interface entropy condtions as mentioned in
Definition 1.5.



Theorem 2.1 (Smoothing effect for restricted nonlinear fluxes and L initial data).
Let f and g be two C* fluzes satisfying the restricted mon-degeneracy condition f(0;) # g(0,)
(2.1), (2.2) and (2.3). Let u(-,t) be the entropy solution of (1.1) corresponding to an initial data
up € L>(R). Then, for eacht > 0 and M > 0, the entropy solution u(-,t) € BV*(—M, M), where
s is determined as follows

s = min(y,v) (2.5)

and the following estimate holds with a positive constant Cyg 4, depending only on the fluzes
and the range of the initial data,

Cg lluoll . M

TV (u(-,1), [=M, M) < Cpgug), +3(2[uolloe) " + =

(2.6)
Remark 2.3 (Uniform convex fluxes and BVI/Q). If the fluxes f and g are uniformly convex
then the solution belongs to BVY2. So even for the uniformly convex case, the solution goes into
a fractional BV space.

Hence, in the following theorem for BV* initial data with 0 < s < 1, the previous result can
be stated as follows. The previous Theorem 2.1 can be seen as a limiting case of the following
Theorem 2.2 with s = 0, which states that BV? = L.

Theorem 2.2 (Smoothing effect for restricted nonlinear fluxes and BV* initial data).
Let f and g be two C? fluzes such that f(0f) # g(0,) and fluzes satisfy the restricted non-degeneracy
condition (2.2) and (2.3). Let u(-,t) be the entropy solution of (1.1) corresponding to an initial
data uy € BV*(R) for s € (0,1). Then, for each t > 0 and M > 0, the entropy solution
u(-,t) € BV*Y(=M, M) where sy is given by

s1 := min{vy, max{v, s}} (2.7)

the following estimate holds with a positive constant Cy g .. depending only on flures and the
range of the initial data and a constant D > 0,

L+ DTV (u).  (2.8)

Chaiuoll M
TV (u(-,8), [=M, M]) < Cpgual, + —20=— + 2]|2ug

We note that the assumption on vanishing points of f” and ¢” is restrictive. We can relax this
assumption at the cost of smaller s;. More precisely, we have the following result.

Theorem 2.3 (Smoothing effect for L™ initial data). Let f and g be two C? fluzes such that
f(0r) # g(8,) satisfying the non-degeneracy condition (2.2) with exponent p,q respectively. Let
u(-,t) be the entropy solution of (1.1) corresponding to an initial data uy € L>(R). Then, for each
t >0 and M > 0, there exists positive constant C g ju,|| Such that

Ct.guoll. M

TVS(U(-7t), [_Ma M]) < Of,g,\luo\loo + 3(2““0“00)1/5 + t

where s is determined as follows
s="U. (2.9)

Remark 2.4. [f the initial data ug € BV, then the entropy solution u(-,t) considered in Theorem
2.3 belongs to BV** with so = ymax(sg, ). However, we do not present a separate proof of this
result as it can be obtained by following a similar argument as in the proof of Theorem 2.3.

In general, away from the interface, the expected fractional regularity is min(1/p,1/q) [11]
which is always bigger than s in (2.5). In particular, near the interface, for BV initial data, a BV
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regularity for the entropy solution cannot be expected [1]. At most, a BVY2 regularity is possible.
Getting BV regularity of entropy solution can be impossible near the interface. The situation is
better far from the interface. Far from the interface, the constant v plays no role. The following
theorem gives estimates which are sharp for small time.

Theorem 2.4 (Regularity outside the interface). Let f and g be the fluzes with f(0f) # g(8,).
Let u(-,t) be the entropy solution of (1.1) corresponding to an initial data ug € BV?*(R) for

€ (0,1). If f and g satisfy (2.2) with exponent p and q respectively, for any t > 0, € > 0, then
there exists a constant C g |juo|| > 0

Colusll t
TV (u(-, 1), (—00, = U [e; 00)) < —FH e 4 9TV (u1g) + 2(2] gl o)/ (2.10)

for sy =min{p~ ', ¢ s}

Remark 2.5. All of the reqularity results in Theorems 2.1, 2.2, 2.8, and 2.4 can be extended to
fractional Sobolev space W*P with the same exponent s, up to any € > 0. This is possible due to
the embedding BV C W*=V* for all e € (0,5) [11]. In other words, if the initial data is in a
fractional BV space, then the entropy solution also belongs to a fractional Sobolev space. This is
because BV*® is more suitable than Sobolev space for entropy solutions since it recovers the exact

reqularity and BV-like traces [16, 24].

Now we discuss the optimality result. The assumption min f # min g forbids the favorable
case f = ¢, which does not have the interface. Here, the optimality of Theorem 2.2 is proved
in the best case with uniformly convex fluxes. For this purpose, examples are built with optimal
regularity and not more up. The same construction is valid with a power law on one side of the
interface. These examples highlight the sharpness of Theorem 2.2.

Theorem 2.5 (Blow-up for critical BV® semi-norms). Let p > 1 and ¢ > 0. Then there exist
fluzes f, g and an initial data uy € BV (R) such that

1. the flux f satisfies the non-degeneracy condition (2.2) with exponent p,

2. the function g is uniformly convex,

1
3. the corresponding entropy solution u(-,T) ¢ BV;;.(R) for some T >0 and s = ——] +e.
p

The proof of Theorem 2.5 is postponed in Section 5 and Appendix C.

3. Preliminaries

The present work builds upon the fundamental work of Adimurthi and Gowda in [7], where they
established an important foundation of the theory on scalar conservation laws with an interface
and two convex fluxes. The author proposed the natural entropy condition (1.3) at the interface
which means that no information comes only from the interface but crosses or goes towards the
interface. Such entropy condition is in the spirit of Lax-entropy conditions for shock waves. To
make this paper self-contained, we recall some definitions and results from their paper.

The following theorem, which provides a Lax-Oleinik or Lax-Hopf formula for the initial value
problem (1.1), can be found in [7, Lemma 4.9, pp. 51]. The notations introduced in Theorem 3.1
will be used in the statements and proofs throughout the paper.



Theorem 3.1 ([7]). Let up € L*=(R), then there exists the entropy solution u(-,t) of (1.1) corre-
sponding to an initial data uy. Furthermore, there exist Lipschitz curves Ri(t) > Ro(t) > 0 and
Ly(t) < Lo(t) < 0, monotone functions z.(x,t) non-decreasing in x and non-increasing in t and
t+(x,t) non-increasing in x and non-decreasing in t such that the solution u(x,t) can be given by

the explicit formula for almost all t > 0,
(

() %M) if ©> Ry(t),
() %@ﬂ) if ©<Lit),
O () ¥ e<e<o

Furthermore, if f(07) > g(0,) then Ry(t) = Ra(t) and if f(0) < g(8,) then Li(t) = Lo(t). We
also have only three cases and following formula to compute the solution:

Case 1: Ly(t) =0 and Ry(t) =0,

[t i w0,
u(x’t)_{u()(z_(x,t)) if x<0.

Case 2: Ly(t) =0 and Ry(t) > 0, then

f;lg(uo(z+(x,t))) if 0<x < Ryt),
u(z,t) =9 fi'9(0,) if  Ra(t) <o < Ri(t),
up(z_(x,t)) if x<O.

Case 3: Ly(t) <0, Ry(t) =0, then
9= fuo(z—(2,1)) if  La(t) <z <0,

w(z,t) = ¢ up(z_(z,1)) if  x < Ly(t),
g=' f(0y) if  Li(t) <z < Ly(t).
L 1M=L 5®)=0 Ro(t) R4
T, 000
Z_(x,1) z, 060 z, 060

Figure 1: An illustration of solution for Case 2 and L;(t) and R;(t) curves

There is a maximum principle for such entropy solutions, but more complicate than for f = g,

HUHooémaX<HuOHoo, sup | f'(g(v))|, sup !gil(f(v))l) =: S.g.lluoll.. (3.1)

[v[<[luolloo [v[<[luolloo

Without loss of generality, we may assume that min f < min g for the proofs of the main results



f(w)

Figure 2: Illustration of the fluxes

below, as illustrated in Figure 2. This choice enforces the values of the entropy solution at the
interface lie outside (Ay,0;). Thus the function f’ is far from 0 at the interface. Moreover,
the function f~! is Lipschitz outside (éf,H_f), and for restricted fluxes, the function f;' is also
Lipschitz outside (0}, 0r). The singular maps f;'g and g~' f are shown to be Lipschitz and Holder
continuous, respectively, in Lemma A.3 in Appendix A.

4. Proof of main results

This long section aims to establish the fractional BV regularity of the entropy solution, which
depends on the degeneracy of the fluxes. A crucial aspect of this is estimating the regularity of
the traces at the interface. In subsection 4.1, we study the fractional regularity in a favorable
case when the traces at the interface are not near the critical values 0; or 6,. Here, spatial BV*
estimates for trace values issued from the interface are studied in Subsection 4.2. Moreover, only
traces issued from the initial data are considered. The crossing of the interface is studied later in
Subsection 4.3.

4.1. Regularity when traces are far from critical values

Our first objective is to establish fractional BV estimates for the solution in the time variable,
assuming that the traces at x = 0 are far from the critical values 0y or 0,,.

Lemma 4.1 (Fractional BV estimate for the traces of the solution). Let f, g be satisfying (2.2)
with exponents p, q respectively. Let 0 < a < b < oo. Then the following holds:

1. If u(0—,t) > 6, for a.e. t € (a,b), then we have

TVi(u(0—, ), (a,b)) < ng, (4.1)
where Cy > 0 is constant depending only on g.
2. If u(0+,t) < 0 for a.e. t € (a,b), then we have
TV (u(0+, ), (a,b)) < Ofg, (4.2)

where Cy > 0 is a constant depending on f.
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Proof. Since u(0—,t) > 6, and ¢’ > 0 on (6,, +00), the value of the left trace comes from the left.

t —2_(0—,t
Using Theorem 3.1, we have (¢') " (z—(x,) that gives u(0—,t) = (¢')* (%) for
€ (a,b), where t — z_(0—,t) is non-increasing. Since g satisfies the non-degeneracy condition

(2.2), from Lemma A.1 (¢')"" is a 1/g-Hélder function with a constant H, such that

(0=t (0=, ty) |9
(0~ t1) — uw(0—, t,)| < H, |- (0=t) 2 (0=ts)
1 ta
We observe that
Z_(O—,tl) Z_(O—,tz) 1 1 1
— < lz_(0—.t —_ = — — t1) — 2_(0—,1t9)].
- | < e 0l | = | 5 0 ) (0, )
For any partition a <t <ty <--- <t,, <b,
m—1
S w0 1) — u(0— t51)|"
j=1
= 11 1
< B3 (0=t 7 = |4 - 0m ) = 2 0=t
o i it 41
m—1
1 1 1
L tn +- Z |2-(0—,1;) Z—(0—7ty+1)|]
1 =1

20Dl (b—a) | [=-(0-.0) 0=

a
Since |z_(0—,a) — z2_(0—,b)| < |2-(0—,b)| and b — a < b we have,
—1

b
(0=, 1;) — u(0—, t;)|" < 2H, qw.

1

J
We obtain an upper bound on |z(0—, b)| from the finite speed of propagation, which gives |z2(0—, b)| <
Mgb where Ky g juo. = sup{|g'(v)]; |[v] < luoll,}. Hence, we get a new constant C,

m—1

b
D (0=, t5) — u(0—, t4)]" < Co-
=1

This proves (4.1). Similarly, we can prove the (4.2). O

Better fractional BV estimates for the traces of the solution can be obtained when the fluxes
are less singular.

Lemma 4.2 (Fractional BV estimate for traces away from critical values). Let r > 0 and f, g be
satisfying (2.2) with exponent p,q respectively. Let 0 < a < b < 0.

1. If u(0—.,t) > 0, +r and ¢" vanishes only at 0, (2.3), then there exists a constant Cyy > 0
independent of r such that the following inequality holds,

TV(u(0—,-), (a,b)) < C b

< il @) € B + 7 luolll} @ (43)

2. If u(0+,t) < 07 +r and f" vanishes only at 0, (2.3), then there exists a constant Cy > 0
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independent of r such that the following inequality holds,
Cy é
min{f"(v)|v € [~[[uo|lo, O — 7]} @

TV (u(0+, ), (a,b)) < (4.4)

Lemma 4.2 will be used later with constant r given by either 6; — éf or H_f — 05 as shown in
(see Fig 2). The fact that r is a positive constant is crucial to get uniform estimates later.

Proof. For any x,y € R consider

lz—yl=1g'(¢" () —g' (¢ W] = 9g"(©) |9 () =g (W),
where ¢ € (x,7). Now for (4.3), Theorem 3.1 gives, u(0—,t) = (¢')* <#O_’t>> for t € (a,b)

where ¢ +— z_(0—, ) is non-increasing. Thus,

P ()
(0= t) 2 (0-8)|

ot
Now the similar calculation as to prove (4.1) gives (4.3). By similar arguments (4.4) can be proven
for f. [

|U(O—,t1> — U(O—,tg)’ =

< min{g"(v);v € [0, + 7, [Juol| ]}

4.2. Spatial BV?® estimates for values originating from the interface

Now, far from the interface and restricted flux, when the values of the solution are far from
the critical values of f and g, a BV estimate is available. The following inequalities are also valid
in BV? and used later along with other BV® estimates.

Lemma 4.3 (BV and BV estimates for the solution). Let u be an entropy solution and Ry(t) > 0
for some fived t > 0. Let 0 < a < b < Ry(t) and Sjg ) be as in (3.1). Let v > 0, f satisfies
(2.2) and f" vanishes only on 0y (2.3). If u(z,t) > 0 +1r for a < x < b, then there exists a
constant C' g 1uo).. > 0 such that

: Crallule (t —t,(b,1) ) E
Ve (u(- b |
T (U< >t)7 [a, ]) < min{f"(v); = [ef s Sf,g,HuoHoo]}% ‘_ t+(a,t) ) (4 5)

forall0 < s < 1.
The same result holds for the left side of the interface as follows:

Lemma 4.4 (BV and BV*® estimate for the solution). Let u be an entropy solution and L,(t) <0
for some t > 0. Let Li(t) < a < b <0 and Sy, be as in (3.1). Let r > 0, flux g satisfies
(2.2) and ¢" vanishes only on 0,. If u(x,t) < 0, —r for a < x < b, then there exists a constant
Ofvgv”“OHoo > 0 such that

C.,luo —t g
TV*(u(-,t), [a,b]) < 1.9/l o 1 (t t (b,t))
min{g”(v);v € [=Spg a0 — I} \E—1-(a:1)

)

forall0 < s < 1.

Proof. Theorem 3.1 gives,

u(z,t) = (f)7" <ﬁ

> for x € (0, Ry(t)).
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Fix a partition a < x1 < x5

<
B m—1
Z’u x], x]+1at>’ :Z
Jj=1

- < &y < b. Then, as in the proof of inequality (4.3), it follows,

()" (t—tfw> S <t B tfj;l“’ )

1

0 |=

m—
1 Tj+1

IN

W =

min{f"(v); v € [0 +7, Sy ol )} 11— t+ Tipt)  t—ty(Ty00,0)

We calculate

‘ - N 25 — 41

t—ti(r,t)  t—t(z540,0)

1 1 1
t—to(z,t) t—t+(i€j+1,t)‘ t—t(zj41,1)
Sb‘ ! - ! ‘+ ! |z; — xj11].

t—ty(wy,t)  t—ty(z,t)|  t—ty(at) 7

‘S ||

Hence, by the convexity yields, (a + b)% <2 (a% + b%) and we get

-1

3

1
Lj _ Lj+1 °
t—t(xy,t) b=t (@540, t)

=1

<
Il

1
t—ti(xy,t)  t—ti(xj4,t)

1 m—1
1
< (e
25 \ o
1 1
t—to(a,t) t—t.(bt)

<Ly
9%
b 1
<o [ ——
N (t_t-‘r(a?t))

In the last step we have used b —a < b and (t —t,(b,t)) — (t —t.(a,t)) <t —1ty(b,t). Note that
b < Kﬁg,HUOHN(t — t.,.(b, t)) where Kfvg:HUOHOO = sup{|f’| ; |’U| < Sf’97||U0||oo} where Sf’97||U0||oo is defined
in (3.1). u

@
|
=

The following lemma deals with the spatial regularity of the entropy solution on the right side
of the interface. Inequality (4.5) does not use the restricted non-degeneracy condition.

Lemma 4.5. Let u be an entropy solution and Ry(t) > 0 for some firedt > 0. Let 0 < a < b <
Ry(t) and Sggju|.. be as in (3.1). If f only satisfies (2.2) with exponent p then we have

t —t.(b,t)

TV (u(-t),la,b]) < Cf,g,\luoumm~

(4.6)

The same result holds for the left side of the interface as follows.

Lemma 4.6. Let u be an entropy solution and Lq(t) < 0 for some t > 0. Let Li(t) < a < b <0.
If g satisfies (2.2) with exponent q then we have
t—t_(b,t)

TVa(u(-1),a,b]) < Cf,g,l\%l\oom'

(4.7)

Using a similar argument to that of the previous Lemma 4.3, we can prove the inequality (4.6)
of Lemma 4.5, so we omit the proof here.
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4.8. Smoothing effect for restricted nonlinear fluzes

We are now ready to prove Theorem 2.1. Accordingly, we first fix an arbitrary partition and
divide it into several parts. Some of these parts are far from the interface, where we estimate the
generalized variation using the regularizing effect for scalar conservation laws without a boundary.
For the parts near the interface, we apply the Lax-Oleinik formula (explicit formula in Theorem
3.1) for the solution, along with previous lemmas.

Proof of Theorem 2.1: Since f(6y) # g(6,), without loss of generality assume that f(0;) < g(6,)
as in (see Fig 2). It is enough to consider the following two cases, the other cases are similar.
Case(i): Lyi(t) =0 and Ry(t) > 0.

Consider an arbitrary partition {—-M =2_, < - <2 1 <20 <0<z < - <1 < Ro(t) <
T < < Ty < Ry(t) < Xppg < -+ < xy = M}, Then,

n—1

Z ’u xh x1+17 1/8 Z |u xla lerlat 1/8 + Z ‘u L, ) u(xi+17t)‘1/s
i=—n i=—n i=m+1
m—1
+ Z |u xza xl+17t 1/5 + Z |u Ty, ) u(£i+1a t>’1/s
i=l+1

+ \u(mo,t) —u(zy, )M 4wz, t) — (@, )Y + |u(@m, t) — w(@mar, £
From Theorem 3.1, it follows that the solution w is constant between Ry(t) to R;(t), which means

variation is zero for this interval. Using the Lax-Oleinik formula from Theorem 3.1 and bounding
the last three terms yield

n—1
Z (i, t) — w(zi, )] < Z (s, t) — w(mig, 1) + Z (i, t) — u(zi, 1)
i=—n i=—n i=m-+1

~
I

~
III

+Z!f+ (uo (24 (2i,1))) = f1g(uo (24 (irr, 1))V +3(2luollc) .

J/

1
Now we wish to estimate the terms I, II, and III. The simplest terms I, III are estimated as in
[11, 17]. First, let us take into account the term I. Since f and ¢ are satisfying the flux non-
degeneracy condition (2.2), by Lemma A.1, the maps u + (¢') "' (u) and u > (f')"*(u) are Holder
continuous with exponents ¢~! and p~!, respectively. From Theorem 3.1, we have that

UQJyZ@q*(fiﬁ#ﬁﬁ), for = < 0,

then for —M < z; < z;,1 <0, from Lemma A.1

wm@—mMmmq:’@p(ﬁ;%@ﬁ)_@)(mﬁ—tmﬂﬁ>

_g— 1| T — Z_(Ii,t) Tit1 — Z_(IZ'_H,t) 1 1
= (02 q t a t

q

?

using triangle inequality we obtain,
Ty — Tip1

w(w;, t) — u(zip, t)]? < Ot
+ 2 ;

+ 5yt

z (mi,t) — 2 (g1, 1) ’
; :
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Since |2, |xit1] < M and x = z_(z,t) + ¢'(u(z, 0))t hence, we get
_ AM 1
TV (o 0 [-M,0)) < 2 + s {9/ ()] [ol < luoll ey} - (48)
Cot Oy
In similar fashion, for the term III we have,
_ AM 1
TV (o 0 R0, M) < g + s {701 I < ol - (49)
Now we will estimate the term II. From the definition of s, s < 1/p and s < 1/(q+ 1). The rest
of the proof for this case is divided into two sub-cases.

1. Consider the situation when t7 () = inf{ty(z,t);2 € (0,R1(t))} > t/2. The fact that
™" > t/2 > 0 implies that the characteristics reaching the left side of the interface at
(0—,t4+) have a positive speed. Hence, u(0—,t,(z,t)) > 0, for all z € (0, Ry(t)) (see Fig 2).

1 . t
Therefore, the inequality (4.1) of Lemma 4.1 gives TVa (u(0—,-)(t7", 1)) < Cgt/Q 2C,.

1 1
Since s < —— < — Lemma B.1 yields
g+1 ¢

TV (u(0—, ) (7", 1) < osc(u) /- TV i (u(0—, ) (£, 1))
< osew)/1C,,
that gives

IT < osc(u)*7C,.

2. Next, we focus on the sub-case when ¢7"(t) = inf{¢, (z,t);x € (0, Ri(t))} < t/2. As previous
subcase, we already have T'V*(u(0—,-)(t/2,t)) < 2C,. Let jo > 0 such that ¢, (x;,t) > t/2
for 0 < j < jo and ty(z;,t) < t/2 for jo < j <1 —1. Since u(z;,t) = w(0+,t+(x;,t)) =
f;lg(u(O—,tJr(xj,t)) for 0 < j <l —1, from Lemma A.3, f;lg is Lipschitz function, hence

1
s

Z|U l’], x] 17t>| Sch,g-

Let 8; > 0 be such that f(Gf) = g(0,) as shown in (see Fig 2). Then by Rankine-Hugoniot
condition (1.2) observe that u(xj, t) > 6;. From the inequality (4.5) of Lemma 4.3 we get

1
Z u(z), t) — u(zjr, t)|°

Jj=jo+1

< Cglluolloo -

Subsequently, we get
I < Cg.jjuolloc- (4.10)

Hence combining the estimates on I, IT and IIT for constant C' g . > 0 we have

s 1
Z |u xz’ x2+17t)|1/ S Cf7g7|‘u0”oo (1 + ;) :

Case (ii): Ry(t) = 0, Ly(t) < 0. Unlike the previous case, this case is not as good due to the fact
that ¢~' f is only Hélder continuous and not Lipschitz. Let us consider the partition 0 = {—M =
Top < -0 < Ty SLg(t) :Ll(t) < Tt < - < X SRQ(t) :R1<t) =0< oy < - an:M}
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and then

Z ‘U -TH $1+17t)‘1/s = Z ‘u a:la $1+17 l/ + Z ’u xl? (lerl?t)'l/s

i=—n i=—n

©S Il t) — e, O+ fueo,t) — uan, D]

i=m+1

+  |u(zp,t) — u(xm+1,t)|1/s.

From Theorem 3.1 we get,

Z |u(a;, t xl+1,t)]1/s = Z lu(x;,t $z+1>t)|1/s +2(2|’U0||oo)1/8

1=—00 ’L—*’ﬂ

+ Z\u iy t) — u(wig, t)|Ve .

J/

II1

Similarly to Case (i) we bound I, III as in (4.8), (4.9) to get

I+III < Cf,g,HuOHooM
—_— t .

We now estimate the term II, and similar to Case (i), we divide this analysis into two sub-cases.

1. We first consider the situation when t™"(t) = inf{t_(z,t);x € (L.(t),0)} > t/2. The
Rankine-Hugoniot condition (1.2) implies that w(0+,-) < 6y, (see Fig 2). The inequality
(4.4) of Lemma 4.2 gives

TV (u(0+, )t 1)) < Crg o). (4.11)

. Hence we have

Note that g~' o f is Holder continuous function with exponent

_1
Z w2, t) = u(@jen, 7T < Cr g, (4.12)

j=m+1

2. Next we focus on the sub-case when t™"(t) = inf{t_(x,t);x € (Li(t),0)} < t/2. Let jo, <0
such that t(x;,t) > t/2 for jo < j < 0 and t4(x;,t) < t/2 for m+1 < j < jo. In the
previous sub-case we have

1
Z u(z,t) — u(xjtr, )] < Crgjjug).. - (4.13)
j=jo
Note that for m +1 < j < jo, u(z;,t) = u(0—,t_(z;,t)) < 6,. From the inequality (4.7) of
Lemma 4.6 we have
Jo—1

> Julagt) = (@i, )] < Crgul, - (4.14)

j=m+1
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Subsequently, we get

IT < Crgual,, + 120l - (4.15)
Hence, from the estimates on I, IT and III we get
a2 CrgM
Z u(i,£) = u(@iss, T < Cpg . + 3 lulloe) 7 + 22 (4.16)
O

4.4. Generalization for BV?® initial data

Now we can prove Theorem 2.2. To do this, we divide the domain into several parts. Here, the
initial data belongs to BV?. If s is very small, then far from the interface estimates come from the
regularizing effect. If s is near 1, then outside interface initial data regularity propagates. For the
estimate on the solution near the interface, again we use the Theorem 3.1 (Lax-Oleinik formula

from [7]).

Proof of Theorem 2.2. Since f(6;) # ¢(0,), without loss of generality we assume that f(6;) <
g(8,), (see Fig 2) because other cases can be done in a similar way. Hence, from Theorem 3.1 we
have Lo(t) = L1(t) then it is enough to consider the following two cases.

Case (i): If Li(t) = 0 and Ry(t) > 0.
Consider the partition c = {-M =z, < - <z 1 <2 <0<z < - <13 < Rot) <
Tpp1 < o < Ty < R(t) < 1 < -+- <, = M} and
s1 = min{~, max{r, s}} € (0,1).
Then

Z (s, t) = ulzis, 1))

i=—n
- Z |u l'“ —Uu 'Tl-i-l; 1/81 + Z |U xla xl+17t)|1/81
i=—n i=m+1
m—1
+ Z |U ZL‘Z, xl-}—lv ) 1/81 + Z |U’ xw ) u(xi+17t)|1/81
i=l+1

+ yu(xo,t) —w(zy, )|V 4 Julzy, t) — u(w, t)Y
+ |U(Im, t) - u('rm-l-lv t)|1/81'

From Theorem 3.1, the entropy solution is constant between Ry (t) and R;(t) which means
variation is zero for this interval. Hence

Z|uxz, I/I—Zm, wlwin, )] +3(2uoloc)

i=—n i=—n
.

~
I

+ Z |f+ (uo(24(74,1))) — f;1g<u0(z+($i+lat))>|1/81

S/

-~

II
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- Z |u x;,t xz+1at)’1/81'

i=m-+1
A

J/

~
II1

From the choice of s;, we get s; < max{s,1/q}. If 1/q¢ > s, then s; < 1/q. By a similar
argument as in (4.8) we have

. AM 1
S hutent — uleiin, O < 5+ 5w {1605 ol < ullu oy -

i=—n
If s > 1/q then s; < s and we use the regularity of initial data to estimate I so from Lemma
B.11< D -TV?*(uyp). Combining both the estimates we can write

. AM 1
L<TV () + g+ g sup {190 < o] < [l pqagory - (4.17)
Similarly we have
) AM 1 ,
< TV (o) + g+ o {17 0] ol < [l o) } (4.18)

From Lemma A.3 we know that f'g(-) is a Lipschitz continuous. Hence, the term II can
be estimated as

= Zm (o2 (20, 1))) = 7 gluo(ze (e, D))V

< C- Z Juo(z4 (i, 1)) — uo(z4 (wiya, 1) [/°0.

If s > 1/q, then we have s; < s. Using Lemma B.1, we obtain II < D - TV?*(ug). For the
case s < 1/q, it is uncertain whether s; < s, but we certainly have s; < 1/¢. In this case, we
use the regularizing effect for solutions of conservation laws due to the non-degeneracy of ¢
[11]. Thus, for term II, we obtain the estimate (4.10) similarly as in the proof of Theorem
2.1. Hence, combining the estimates on I, IT and III we get

Cfg

S le1t) - i, O < DTV (un) + 320l + L

i=—n

Case (ii): Ri(t) =0, Li(t) < 0.
This case can be handled in a similar fashion as in the previous case.

Only difference is the estimation of II which can be done same as in (4.15).
Hence, we have proven that u(-,t) € BV*'(—M, M). To show that u(-,t) € BV*(R), we consider
a partition —oo < z_,, < --- < x, < oo which is not necessarily contained in [—M, M]. We can

choose M — tsup{|'(v)],1g/(0)]; [o] < luoll.0}. Suppose [z;] < M for —my < j < m for some
0 < mq,mg < n. From (4 16) we get

S i #) — w17 < Cpy + 20 luglla)

i=—mq

From the choice of M, we can see that Ry(t) < M, Ly(t) > —M. Hence for i < —my, u(z;,t) =
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up(z—(x;,t)) and for i > mg, u(x;,t) = ug(z4(x;,t)). Subsequently,

—mi1—2 n—1
Z (i, t) — u(wi, £)]* + Z (i, 1) — w(@ig, )] < TV (uo).
i=—n i=mo+1
Therefore, we obtain
L s
Zﬂu%, (i, DT < Cpgual, + 42 o] 0) 71 + TV (ug)
This completes the proof of Theorem 2.2. [

4.5. Non restricted fluzes

We now consider the case of weaker non-degeneracy conditions on the fluxes. In this case, we
cannot utilize Lemma 4.2, 4.3, and 4.4 to obtain estimates on the solution near the interface. As
a result, the regularity of the solution is weaker here.

Proof of Theorem 2.3: Fix a time ¢t > 0. We only show for the case when R;(¢) > 0. Note that in
this case L1(t) = Lo(t) = 0. Suppose tg = I}izrr(l) ty(x,t). First consider ty > t/2. From Lemma
x—R1(t)—
4.1, we have
1 Cyt
TV (U(O—, ')7 (t()? t)) < t_ < 209

Since u — f'(g(u)) is Holder continuous with exponent 7o e get

[u(0+, 1) — u(0+,t2)| < Cf g juo) [w(0—, 1) — u(0—,t)[#F1 .

Subsequently, we have

1
TV (u(0+,-), (to, 1) < Ct i here s = ——.
(u(0+.). (t)) < . whete s = ———
Note that for z € (0, R1(t)) we have u(z,t) = u(0+,ty(x,t)). Therefore,
TV (u(-, 1), (0, B1(1))) < Crg juoll. - (4.19)
n—1 :L’—Z_,_(.T,t) . .
For x > Ry (t) we have u(z,t) = (f') — for a non-decreasing « — z(z,t). By using

flux condition (2.2) of f, we obtain
Crg.luolle M

TV (u(-, 1), (B (1), M) < =2

(4.20)
Hence,

TVS(U(-, t)? (07 M)) < TVS(“('? t)a (07 Rl(t)))

e T IV (u(, 1), (Ba(t), M)
< C’f,g,HuoHoo + ||2u0”[;,00(R) +TVe» (U(,t), (Rl(t)7 M))

1 C M
1 f.9.lluoll.,
< Chgluoll., feomy
Next we consider the case when tg < t/2. Let xg = sup{x; t,(z,t) > t/2}. By Lemma 4.3 we have
Cralul M
TV (u(-,1): (@0, M)) < Crgpuo, + 200 (4.21)
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Similar to (4.19) we get
TV (u(-,t), (0,20)) < Cf,g,HuOHOO with s =

g(p+1)
Subsequently, we obtain
. 1 Crglluolle M
TV (u<7 t)a <O7 M)) < Cf,g,HUOHOO EOO(R) + g+‘

Note that for z < 0 we have u(x,t) = (¢/)* <%_(x,t)) Then by using flux condition (2.2)
we can show that

TV (u(-,t); (=M, 0)) < M (4.22)
The other case when Li(t) < 0 follows from a similar argument. This completes the proof of
Theorem 2.3. [l

4.6. Propagation of the initial regularity outside the interface

In this section, we show the regularity of entropy solutions outside the interface is better than
at the interface.

Proof of Theorem 2.4. We consider the partition € < 2y < 27 < --- < x; < Ry(t) < w49 < -+
Then

Z |u xza Iz—&—la 1/8 - Z |u xza xl-i—la 1/8 + Z |u Zi, ) - u(xz—&—la )|1/S

=l
-1
/s N L . N — L
Z|u (25, t) — w(zig, t)]° < ZZ; (f") l(t_tJr(xi,t)) (7 l(t—t+($z‘+1at))

+ Ju(z,t) — u($z+1,t)|1/s + > Juo(y(wi, 1) — Uo(y(IHlat)){l/s'
i=l41
Since t(x,t) is a monotone and bounded function such that ¢, (x,t) < t for all x > ¢, it follows
that the infimum of ¢ — ¢, (z, ) positive. Hence, we obtain
£ < x < M
T~ t—ty(x,t) ~ h(e,T)
where h(e,T) = inf{t —t,(x,t) : ¢ < o < Ry(t),0 < t < T}, which also implies that (f/)~" is

Now from Theorem 3.1 we get,
1/s

M
Lipschitz continuous function on interval % he, T)} . Then,
-1 T T 1/5
i i 7t s < C 7t : - et
Zm, w01 S O Y | e

+ Z |U0<y(xi,t)) —uo(y(xi+1,t))|1/5,

The estimate on first sum follow from,
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~
|
—_

1/s
T; Tit1

t—ty(zit)  t—to(Tig, )
l—

I\
o
-

T Ti i Ti Tit1 Ve
t—ti(@t) t—ti(vint)  t—ti(@it)  t—ti(@nt)|

@
Il
o

from triangle inequality we get,

~
I
—

1/s
T; Tit1

t =t t) =t (i)

s
Il
o

1/s
T Z; Tit1
S + - )
Zz: <'t—t+ (@i, 1) t—t+(a7z‘+17t)’ ‘t—t+(x,~+1,t) t—t+($z‘+1,t)D
now from the inequality a/* 4 b"/* < (a + b)'/* we get,

I—

—_

1/s
T Ti+1

t—ty(zt)  t—to (@i, 1)

i
o

1/s
‘+‘ i Tit1 ‘
|t =t (x,t) =t (@i, ) t—te(@ip1,t)  t— (T, 1) '
Therefore, we get the following estimate,
T Tit1

3~ . " e (= | MO0 -t R0 t>|)”s
— |t = ty (@i, t) t =t (zig, t) B |t —t4(e, )| |t =t (e, ) '
Thus we have,

1/s
t) — t)|t t)—t t),t
E :|U ziyt) = u(zgy, )Y < C sup < By(t) —e | Ra()lti(et) +(f231( ), )|>
o<t<r \ [t =t (€, 1) |t —ty(e,t)|

+ TV*(ug) + (2[|uol)"*,
< C(e,t) + TV (up) + (2||uol])>.

In a similar way the other case x < —e can be handled, to yield

Z [u(wi, ) = ul@i, 1)]° < Cle,t) + TV (uo) + 2(2|luol[)*.

5. Construction of counter-example

We now proceed to construct a counterexample to show that when the initial data is in BV, the
corresponding solution may not be in BV at a fixed positive time T" > 0, for some specific choice
of flux. To do this, we refer to the backward construction for conservation laws with discontinuous
flux introduced in [3]. However, before we apply this method, we need to recall some notations
and results from [3]. In particular, we use the following result from [3]: given functions A, and z,
we can construct an entropy solution that satisfies the Hopf-Lax type formula for (1.1) with A,
and z.
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Proposition 5.1 (Backward construction, [3]). Let f,g are C* strictly convexr functions. Let
R >0 and z : [0, R] — (—00,0] be a non-decreasing function with zo = z(0+) and z; = z(R—).

Suppose
R 21
h = ——
- <T — tl) t’

20 21

g(u) =75 g (v) === v = fi (g(v-)), (5.1)

where hy is defined as

he=gogi o fo (/)™ (5.2
We additionally assume that hy is a locally Lipschitz function. Then there exists an initial data
up € L>(R) and the corresponding entropy solution u to (1.1) such that

w(@,T) = (f)! (ﬁ) where — % N (ﬁ) for z € [0, R] (5.3)

and additionally, it holds u(z,T) = u_ for x <0 and u(z,T) = v_ for x > R.

fv) g()

9 u

N

Figure 3: An illustration of fluxes

To be self-contained the main ingredients of the proof are given in Appendix C. We now
proceed with the proof of Theorem 2.5.

Proof of Theorem 2.5. Let f(u) = \u]pﬂ and g(u) = u? — 1. Note that by Lemma A.4 f satisfies
the non-degeneracy condition (2.2) with exponent p and g is uniformly convex.

Let {a}x>1 be a sequence defined as ag; = i and @91 = 17 with 8 > a > 0 which will be
chosen later. Consider an increasing sequence {¢;} such that ¢, — 1 and

1
]_ - t2k+1 - W(l - tgk) and t2k+2 - t2k+1 - ]C_A (54.)
where A > 1 will be chosen later. Then we have
t —t 1 1 1
S2k+2 T V2k41 — > . (5.5)
Lokt1 kA topyr — K

We define {z;} as follows
z; = (1 —tai)ag = (1 — tai1)azir- (5.6)

Since {tg;};>1 is increasing and {ag; };>1 is decreasing sequence, {z;};>1 is a decreasing sequence.
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Let h : [0,00) — R be defined as

_2\/1 +(p+1) 13 H
for © > 0. Observe that

+1
s 1 + (i+1)— p
; \/ +1 \/ +1 1
Mla2it1) p r < - . (5.7)

1
ilaaivz) \/1+<(z+1) >1+ B R

Pl

1
Then if A < Iia we get
p

h(agi+1) 1 [SYED)

— 1. 5.8
h(agit2) toiy1 (58)
Therefore, we have
tair1h(azisr) < tairoh(agise). (5.9)
Note that
1 —ty; 1
Can <1. (5.10)

1—1y N B
Hence, toir1 > to;. Since h(a2i+1) > h(agi) we have t2i+1h(a2i+1) > h(agi)t%. Let §(ac) be SOlVng
the following problem

€ —Z(@)H; “(cora) 10
§(xi) = taita, (5.12)
§(@it1) = laito (5.13)

Note that C' > 0 and d > 0 are determined by (5.12) and (5.13). In particular, the existence of
such ¢ can be shown from Lemma 3.4 and 3.5 of [3]. Next, we show that £ < 0. To do this, we
differentiate both sides of (5.11) and get the following
C 2
(e 7a)
&) +d (5.14)

0< (1 + %) zr = —¢€(z) (1 + %) (1 - €&(2))

, 1+ 2C ¢
—€(2)(1 = &))" (&(z) + d)? <£(ﬂf) + d) |

B =

Therefore, we get &'(x) < 0. Let ®(x) be defined as

O(r) = {(x)\/l + (1 _Z(x)> . fgf)(j—)d (5.15)

Observe that
/ !/ C Cg(x) :| ! Cd
P'(x) =€ (x — =¢(r)— < 0. 5.16
W=€0) |era @ o) = e sap (5:16)
Finally we define the function ¢(z) such that t(z;4) = to; and t(z;—) = t9;41 for i > ip and ¢
satisfies (5.11)—(5.13) for = € (2441, 2;). Let p: (0,00) — R be defined as

plz) = —t(z)h (1 _‘”’; m) . (5.17)

By (5.9) and (5.16), = — p(x) is increasing. By Proposition 5.1 with R = z;, there exists an
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entropy solution u such that

w(ai, 1) = ( b > and u(zi—, 1) = ( o ) . (5.18)

(p+1)(1 —t) (p+ 1)1 = toi1)

=
hSAS

By (5.6) we get

D=

w(zi+,1) = < ‘fil) and u(z;—, 1) = (‘””1) . (5.19)

p
Therefore,

u(zi—, 1) — u(zit, 1)| = ‘( - )

p+1

— (14p) [i—% i } . (5.20)

Let € > 0. Then, we have

p+1 _a(ptl) _Bp+1)
u(z—, 1) — u(z+,1)| T > C(p) [z pitd p<l+e>} (5.21)
Now, we set
2p p+1 dp 42 p+1 2(3p+2)
A=1+ , a=1+ and S e el 5.22
32p+ 1) p 320+ 1) b 32p+1)° (5:22)
1 1
We check that 5 —a =X—1and ]iﬁ > 1+e. Hence, u(-,1) ¢ BV, .(R) for s = —— + ‘

Note that by Proposition 5.1 initial data uy € L>(R). Now we find a data which is in BV (R).

From the construction we have z1 < Ry(1) where Rs(t) is as in Theorem 3.1. Choose a point
xo € (21, Ro(1)). Note that 0 < ¢, (xo,1) < 1 and u(z,t;(zo,1)) = v_ for > 0. We also observe
that Ly(t) = 0 and Ry(t) > 0 for t = t,(xo, 1). Therefore, for t = ¢, (z() we have

r—z_(x,t)

e, = (@) (255

Since ¢ is uniformly convex we have u(-,ty(xg,1)) € BV ((—00,0)). To conclude the Theorem 2.5
we set vg(x) := u(x,ty(xo, 1)). Let v(z,t) be the entropy solution to (1.1) with initial data vy. Note
that v(z, 1 — to(zo, 1)) = u(x, 1) for all x € R. Hence, the proof of Theorem 2.5 is completed. [

) for z < 0. (5.23)

Appendix A. Holder continuity of singular maps

In this section, we collect useful lemmas on the Holder exponent and non-degeneracy of fluxes,
which are used throughout the paper. Some commentaries are added for all lemmas. The follow-
ing lemma recall that the non-uniform convexity of a flux function corresponds to a loss of the
Lipschitz regularity for the reciprocal function of the derivative. This key point enforces a BV*®
(or generalized BV regularity [17, 29]) instead of BV regularity [35, 44] for the entropy solutions.

Lemma A.1. Let g € C'(R) be satisfying the non-degeneracy (2.2) with exponent q. Then (g')™*
is Holder continuous with exponent 1/q.

Proof. Fix a compact set K. Let x and y is in ¢/(K). There exist #,§ such that & = (¢') () and
j=(g)""(y). Then,
(@@=l eyl eyl ]
|z — y[1/a 9'(@) =g @Y |g'(@) — g @IV~ o)/

24



This proves the Lemma A.1. [

The interface condition (1.2) requires the use of some reciprocal functions of the fluxes g or
f. The fact that the reciprocal function of g is never Lipschitz near min g forbids the classical
Lax-Oleinik BV smoothing effect for a uniform convex flux.

Lemma A.2. Let g be a C* function satisfying (2.2) with exponent q then gy satisfies (2.2) with
exponent ¢ + 1 on domain (6, 00).

Proof. Since 6, is the critical point of ¢ hence, ¢'(6,) = 0, then we consider
1
@) = 9() = (= 9) [ g0+ (1= N)ir
0

= (z —y) /Ol(g’(A:v + (1= Ny) —g'(6,))dA.

We know that ¢'(-) is an increasing function and ¢ satisfies the non-degeneracy condition (2.2).
Let x >y > 0, then

19(2) — 9()] = |z — 4| / (¢ (A + (1 \g) — g'(6,))dN

1
> Cafo— | [ Ot (1= N)y) 6,700
0

1

1
> 1 — _ g+1
_q+102(($+( A)y) —by) )0
1
> —Cal(o = 8,)" (g = 6)™)
Cy
> — ylrtt, Al
> el (A1)
O

The previous comment of Lemma A.2 is even more important for the non-Lipschitz regularity
of the singular map.

Lemma A.3. Suppose fluzes f and g are C'(R) and convex functions with f(0;) < g(6,) which
additionally satisfies the non-degeneracy condition (2.2) and let K is any compact set of R. Then
forz € K, f'g(:) is a Lipschitz continuous function and g—" f(-) is a Hélder continuous function.

Proof. Since f(0y) < g(6,), there exist a; < 0y < as such that f(a;) = g(6,) = f(az). Hence, we
have

¢:=min{|f'(a)]; a € (—o0,a1] U[az,00)} > 0. (A.2)
Without loss of generality, we can assume that g(z) # g(y) because if g(x) = g(y), then the result

holds anyway. There exist Z,§ > 6; such that f(Z) = g(z) and f(§) = g(y). As f1" is increasing,
we get T,y > as. Consider the following

[filg(@) — fa)l _ 1fitg(e) — el lg(e) — g(y)
|z —y| l9(x) — 9(y) lz—yl
fi @) = @) lg(@) = g(y)]

1f(@) = f(9)] [z —y|



-9l lg(@) —g(y)|
f@) =@l e -yl
L g(x) —g(y)]
f'leo)  Jz—yl
for some ¢y in between Z,7. Note that ¢y > ay and f' > ¢. Since ¢ is a Lipschitz continuous
function, we have |g(z) — g(y)| < ¢1 |z — y|, where ¢; depends on g and K. Therefore, we get

-1 1
2 9@) — f9Wl o (A.3)
|z =y
We know that for f(z) > g(6,) there exists Z such that f(z) = ¢g(z) and ¢'(Z) > 0, without loss of
generality we can assume that g(z) # g(y) because if g(x) = ¢g(y) then result holds.

9= (@) == fF I 9= (@) =g fW)T [ f(@) - Sl

|z —y] |f(z) = f(y)] |z — ]
9= 9(%) — g~ 9@ |f(z) = f(y)]
9(%) — 9(7)] lz—yl
=gt [f(=) = f(y)]
9(%) — 9(7)| lz—yl

Now from the Lipschitz continuity f and (A.1),

lg=" f(x) — g~ fy)]""!
[z =y

<cC. (A4)

Hence, it implies that

92" f(@) = g=' f ()] < Cla — y|Vo*
]
The following lemma shows that power law fluxes satisfy the non-degeneracy condition (2.2).

Lemma A.4. Let M > 0 and g : [-M,M] — R be defined as g(u) = |ul’ for p > 2. Then g

satisfies the non-degeneracy condition (2.2) with exponent p — 1.

This is the simplest example with power-law degeneracy p — 1 [11, 16].

Appendix B. BV?® embedding

The continuous embedding between fractional BV spaces is explicitly expressed using the L™
norm or, more precisely, the oscillation in the following lemma. It is important to recall that the
oscillation of a function v on an interval I is defined as follows

ose(w) = sup{fu(z) ~u(y)} < 2l

Lemma B.1. Let u : I C R — R be bounded function on a given interval I and 0 < s < t such
1 1

that w € BV' C BV®. Letp=~->q = 7 then,
s

TVAu(I) < osc(u)’~? TV u(I). (B.1)
Proof. When osc(u) < 1, the inequality y” < y? for all y € [0, 1] gives a direct estimate. More
precisely, let o = (xy,- -+ ,z,) be any partition of I,

3 lu(e) — uleien) € 3 fuw) — i) < TVAu(D).
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This inequality can be improved as follows if u is non constant, that is osc(u) > 0. For this
purpose, consider v = u/osc(u) so osc(v) < 1. Now, on a subdivision, we have,

n—1
osc(u) ™ 3 [u(r,) — (i) = Z o) vl
i=1
n—1
< Z [v(z;) — v(zig1)|? = osc(u Z |u(z;) — u(xipr)|%
i=1

That is to say, the following inequality which is also Vahd when osc(u) =0,

Z lu(z;) — u(zipr)|P < osc(u)P™ qz lu(z;) — u(zipr)|?

This is enough to Conclude the lemma. [

Appendix C. Backward construction

The proof of optimality presented in section 5 needs a construction of initial data and solution
by borrowing ideas and techniques from control. We only give a sketch of the existence of such
solution along with initial data that is stated in Proposition 5.1. The complete construction can
be found in [3].

Proof of Proposition 5.1. We first approximate z(x) by piece-wise constant increasing function as
follows

( = wo<wy < - < wp = 21,

(wip1 — wi| <+,
b (€1)
O=xg<a1 <---<ux =R, ‘
2(xy)) =w; for 1 <i<k—1,
[ with 2o = 2(0) and z; = z(R—).

We set to =T and t;, 1 <i < 2k,, ¢;,d; 1 <1 < k as follows

h < Z; ) Wi—1 h ( Z; ) W
+\ = = T I+ =T
T— to;—1 t2z& T — 2% loi (02)

f'(caim1) = T_x—;?_l, f(ca) = T and d; = (f(az))

Then we observe that co;_1 > ¢oj, doi_1 > do;, T = to > t1 > -+ >ty = T}. Consider Lipschitz
curves 1;,T;, a;, b; defined as follows

f(C2z 1) f(CQi)

9(dai—1) — g(dz)

5 = 5= , 1<i<k,
C2i1 — Ci Ay — dy;i (C.3)
ri(t) = g'(di)(t — 1), 7i(t) = [(ci)(t — ta), 1 <@ <2k, '
(t) T; + S,( T), bl(t) = Sz(t — qi), a,(qz) = O, 1 S 1 S 2/{3,
ro(t) = g'(bo)(t = T) = g'(u_)(t — to). (C.4)
Now, we define ul’ as below
U_ if x < wy,
doi_1 if Wil < T < bZ(O),l <1< k,
v_ if wo, < <0,
v_ if x > 0.
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Let #;(z) be the unique solution to

x 2
hy | ————— | =—+"—f € (ry,xi1), 1 <i< k-1 C.6
+<T—ti(a:,t)) L@ " (@0, ia), 1< < (C6)
Corresponding entropy solution u” is the following
(u_ if < ro(t),
(gl)il (l' _t Zi) if Tgi(t) <z < Hlin{r2i+1 (t), 0},
(f/)_l (ﬁ) if maX{ng_l(t),O} <z < fgi_l(t),
— U\T,
UN(LU, t) = doj_1 if 7'21',1(15) <x < HllH{SZ(t), O}, 1< < k, (C?)
do; if Sgl(t) <z < min{?”m'(t),()}, 1< < k,
Coi—1 if max{fgi_l(t), O} <z < Si(t)7 1< < k?,
C2i if max{s;(t),0} <z <7y,1 <i<Kk,
v if rop(t) <z <0,
[ U if x > max{7y, 0}.

By assumption we have h is a locally Lipschitz continuous function and we can prove TV bound
of ¢'(ud)') (see [3] for more details). Then, by applying Helly’s Theorem we can find a uy € L=(R)
and corresponding entropy solution u satisfying (5.3). This completes the proof of Proposition

o.1. [l
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