EXISTENCE AND UNIQUENESS FOR MULTIDIMENSIONAL
SCALAR CONSERVATION LAW WITH DISCONTINUOUS FLUX

D. MITROVIC

ABSTRACT. We prove existence and uniqueness of an entropy solution to a
multidimensional scalar conservation law with discontinuous flux. The proof
is based on the corresponding kinetic formulation of the considered equation
and a ”smart” change of an unknown function.

1. INTRODUCTION

In the current contribution, we consider the following Cauchy problem:
O+ divy f(2,u) =0, w=u(t,z), t>0, zc R (1)
uli—o =uo(z) € L*(IRY), a < wug <b. (2)
Here, the flux vector f(z,\) = (fi(z,A),..., fa(z, X)), A € IR, is assumed to be
continuously differentiable with respect to u € IR and discontinuous with respect to
x € IR so that for every A € IR the discontinuity is placed on the manifold I' C IR¢

of codimension one which divides the space IR? on two domains.
More precisely, we assume that there exist two domains Q;, and Qg such that

R'=Q,UTUQr, Q.NQr=T, (3)
and that, denoting
. ({I;)— 1, r € Qp p (x)_ 1, r € Qg
v B O, x%QL’ r B 0, I%QR’

we can rewrite (1) in the form
Opu + divy (g (z,u)kp(z) + gr(z,u)kr(2z)) = 0. (4)
Furthermore, we assume that the functions g7, gr € C*(IR%*!; IR?) have the form:
gr(z,u) = (g10(21,u), - . ., gar(€a, u)),
gr(z,u) = (1r(Z1,u), ..., gar(Zq,u)).

Remark 1. Here and in the sequel, by A(#;) we imply that the quantity A does not
depend on z; but only on x1,...,%;—1,%it1,..., 24

Scalar conservation law with discontinuous flux attracted great deal of attention
in recent years. It models different physical phenomena, for instance flow in porous
media, sedimentation processes, traffic flow, radar shape-from-shading problems,
blood flow. Still, almost all results were restricted to one dimensional case. The
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following incomplete list ranges over different admissibility concept and methods for
proving existence and/or uniqueness of a weak solution to the one dimensional scalar
conservation law [5, 14, 7, 8, 16, 1, 15, 4, 6, 3, 9, 12, 25, 22]. Beside confinement on
the dimension, in all listed papers some structural demands were imposed on the
flux (such as genuine nonlinearity, convexity, crossing condition) or on the form of
a solution (such as piecewise smoothness). In [21], we succeeded to replace all the
latter conditions by the assumptions that the initial data belong to the BV-class,
and to obtain both, existence and uniqueness.

On the other hand, there are incomparably less results concerning questions of
existence and uniqueness for a multidimensional scalar conservation law with a dis-
continuous flux. In the two-dimensional case, existence of a weak solution to the
corresponding Cauchy problem is obtained in [18] by using the compensated com-
pactness [28] under the genuine nonlinearity assumptions on the flux. Under the
same assumptions, in [25] the existence is proved in the d-dimensional case, d € IN
arbitrary. The basic tool was a modification of the H-measures [29, 13, 24]. Prob-
ably only result on the uniqueness of certain class of solutions to Cauchy problem
(1), (2) can be found in [26]. There, the flux vector f = (f1,..., f4) has rather spe-
cial form. Namely, it is assumed that f = f(8(z,u)) = (f1(B(z,u), ..., fa(B(z,u)),
where the function 8 € C'(IR,; L'(IR?)) is increasing with respect to u € IR and
discontinuous with respect to € IR%. Since the function 3 is increasing with
respect to u, there exists a function a(z,v) such that

Bz, u) =v=v=a(z,u).
Thus, equation (1) can be rewritten as
Ora(x,v) + div f(v) =0,
vli=0 = o, ug(x)).

Since the discontinuity in € IR? is removed out of the derivative in z, we can
apply standard Kruzhkov theory to prove the uniqueness.

In this paper, we shall prove existence and uniqueness assuming that:

a) the flux f = f(z,u), € R, u € IR, from (1) has compact support with
respect to u € IR which is usual and rather natural assumption which provides the
maximum principle for the considered problem.

b) that the discontinuity manifold is such that it holds for every i = 1,...,d:

I'={zecR: z;=;(z;)}, and
x € Qrif x; < o;(2;) and z € Qg if x; > a;(4;).

()

The proof is based on a combination of approaches used in [5] and [21]. We
remark that a class of admissible solutions is wider in [21] than here (compare (16)
here and [21, Figure 2]).

In the first part of the paper, we shall consider the case which we call ”the special
case”. More precisely, we shall assume that for every ¢ = 1,...,d, there exist the
functions o; = a(%;) € C*(IR4™1), i = 1,...,d, such that:

According to the latter assumptions, we can rewrite equation (4) in the form:

d
Oew+ Y Ou, (gin (B3, w)H (0i() — @) + gin(ds, w) H (x; — ay(£:)) = 0, (6)

i=1
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where H is the Heaviside function and the functions g;1,(¢;, A) and g;r(2;, \) depend
on A € IR and the coordinates z1,...,%;—1,%it1,...,24. Furthermore, we assume
that they are nonnegative, continuously differentiable with respect to all variables
and that for every i =1,...,d

suppgir (%, ), suppgir(%i,-) C (a,b) C IR, (7)
independently on z € IR%.

Example 2. We give two examples of equation (6).

a) Assume that we have two-dimensional scalar conservation law of form (6)
where the corresponding discontinuity manifold is hyperplane xo = 0. More pre-
cisely, we assume that T = {(x1,72) € IR?: 25 = 0}.

Conservation law (6) can be rewritten as

Oy + 0z, 91(x2,0) + Ogy, (gor. (21, w)H(—22) + 11 (21, w)H (22)) = 0,

i.e. here gi(x2,u) = qir(x2,u) = g1(x2,u) since there is no discontinuity with
respect to x1 and we do not need the function oy, while as(2s) = as(x1) = 0.
b) We consider again two dimensional scalar conservation law of form (6), this
time assuming that T' = {(z1,22) € IR® : my + 17 = 1}.
Equation (6) can be rewritten as
Opu+ Oy, (11 (22, u)H (22 + 1) + g1r(22, u)H(x1 + 22))
+ Ou, (g2r(x1,u)H (21 + 22) + g1 (x1,u)H(z2 + 1)) = 0,
i.e. aq(d1) = aq(x2) = —x2 and ag(s) = ag(z1) = —x1.
In the last part of the paper, we consider equation (4) in ”the general case”. It
represents a slight generalization of ”the special case” (see Example 2).
More precisely, we assume that there exists, without loosing on generality, finite
partition of the set IR? so that
n
N pd
Cl( j:1QJ) IR®,

where €2; C IR? are domains in IR?, CI is closure of a set, and U denotes disjoint
union. Furthermore, we assume that for every j = 1,...,n, there exist functions
ol =al(#;) € CYIR™Y), i =1,...,d, so that:

TNQ={zecQ: z=a()}
Also, we assume that

codim(Q,NQ,NT) >2, pg=1,...,n.

Denote
1, z€Q;
Hj('r) = ! ’
07 x ¢ Qj
i.e. r; are the characteristic function of the set €;, j =1,...,n.

According to the latter assumptions, we can rewrite equation (4) in the form:

6tu+§dj 01,30 15 (0) (o 6o H(0(82) — 20+l 0 H s — 0 (02) ) =0,
o ¥
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where gg ;, and g{ r are nonnegative functions such that for every j =1,...,n

giL(xAia ) = giL(:ﬁia ) and ng(fu ) = giR(‘fia ')a 1= ]-7 ce ,da or (9)

glp (@i, ) = gir(@,-) and g]p (i, -) = gir(#,-), i=1,...,d.

The discontinuity manifold in the following example does not satisfy conditions

(9). We hope to remove the conditions in future work. Still, in one dimensional

case, conditions (9) is always fulfilled making the current work step forward with

respect to the previous contributions (since we do not have any confinements on
the flux or the initial data).

Example 3. We shall give an example of two dimensional variant of equation (8)
when the discontinuity manifold T is a unit circle.
More precisely, we assume that we deal with the equation:

dyu+ 0z, (910 (w2, w)kp(0,1) + 91R(T2,u)EDC(0,1))
+ Oz, (920 (%1, u)kp(0,1) + 92r(T1, U)Kk pe(o,1)) =0,

where D(0,1) C IR? is the unit disc centered in 0 € IR? and D (0,1) is its comple-
ment.

With the previous notations, we partition the space IR? on four domains €,
1=1,2,3,4:

O ={(x1,20) € R*: x1 >0, 29 > 0},
Q2 ={( )
Q3 ={( )

( )

Qy ={(z1, 22 eR?: 21 >0, zo < 0}.

x1,x2) € R?: 21 <0, 9 > 0},

r1,29) € R*: 1 <0, 29 < 0},

J

The functions g{L and g{R as well as o}, 1 =1,2, j =1,2,3,4, are given by:

Q%L(CEZ,U) = g11.(22, 1), Q}R(ﬂﬂz,u) = gir(x2,u),
j =1: g%L(.’El,U) = gZL(xlau)a g%R(xluu) = gQR(mhu)?
at(zg) = /1 —22, al(z) =/1— a2,
g%L(ieru) = glR(x27 U)7 g%R(LC27’U,) = glL(x27u)7
]:2 g%L(.’Ifl,U) :.QQL(xlau)a g%R('xla’Lo :.QQR(xhu)?
af(ze) = /1 —27, aj(z1) = —+/1—a3,
gil))L(:I:Qau) = glR(x27 u)7 g%R(JIQ/U,) = glL(:U27u)7
]:3 ggL(xlvu) :g2R($1;u>7 ggR(‘rhu):gQL(Ihu)?
aj(ze) = —/1—ai, az(z1) = —/1 - a3,
gzllL(x27u) = glL(x27u)a géllR(:L‘Qa ’LL) = glR($27u)7
.7:4 ggL(xlvu) :g2R(xlau)7 g%R(xhu) ZQQL(xlau)7
aj(ze) = —/1—22, ai(z) = /1 — 22
It is clear that in the domains Qy and Qg4 we do not have conditions (9) fulfilled.

The paper contains the following sections.
Section 1 is the Introduction where we formulate and explain problems that we
will consider.
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In Section 2, we introduce several admissibility concepts. They are based on
a combination of concepts used in [21] and [5]. We formulate the main theorem
about existence and uniqueness of certain classes of our entropy solutions to Cauchy
problem (6), (2).

Section 3 is a collection of notions and auxiliary results that we shall use in the
rest of the paper.

Section 4 is the proof of the main theorem stating the existence and uniqueness
for certain classes of entropy solutions to (6), (2).

Section 5 deals with Cauchy problem (8), (2). We prove existence and uniqueness
of appropriate entropy admissible solution to the latter Cauchy problem.

2. ADMISSIBILITY CONDITIONS

First, we shall introduce admissibility conditions similar to the ones that we used
in [21].
We need the following step function:

k i < ai(T; ‘
W)= P TS eE) e R o1, d (10)
kr, xi> a;(Z;)
Notice that, according to the assumptions on the discontinuity manifold I, the
function k is well defined.
In the sequel, we denote as usual IRt = (0, 00) and:

z, z2>0 _ 0, z>0
|2|* = 2|~ =
10, z2<0’ -z 2<0
sgn (2) = (|2[F)'.

Definition 4. We say that the weak solution u € L*>(]0,00) x IR?) to Cauchy
problem (6), (2), is the k-entropy weak super(sub) solution if the function v(t,z) =
u(t,z) — k(z) satisfies for every £ € IR

d
Oulo = €1 + 3" uisens (v — ) (900 (F1 v + ki) = gin (4, € + ko)) H e (&) — 1)

i=1

+ (9ir(Zi,v + kg) — gir(%;,§ + kgr)) H(x; — Oéi(fi)))

d
= gL (@, &+ kr) — gin(di, & + kr)[Fo(z; — as () <0,
i=1
where §(z; — a;(4;)) is the Dirac ¢ distribution supported at x; = o;(£;).
If the function u is the k-entropy weak super and sub solution at the same time
then we call it k-entropy weak solution.

In order to prove that the latter admissible solution exists, in one dimensional
case [21], we used a special vanishing viscosity approximation and a result from
[25] stating about strong LlloC precompactness of the family of solutions to the
conservation law with such vanishing viscosity. The crucial [25, Theorem 2] that
we used in [21] demands a kind of the genuine non linearity condition (see [25,
Definition 2]). In [21], by using the Lipschitz regularity in time of a sequence
of approximate solutions [18, Lemma 4.2], we succeeded to replace the genuine
nonlinearity condition by the BV assumptions on the initial data.
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Here, we are dealing with the multidimensional case and we can not use tricks
from [21]. We shall need more subtle arguments similar to those given in [5]. We
shall need kinetic formulation for conservation laws [23, 27] as well as notions of
the nonlinear weak-+ convergence and entropy process sub and super solution.

Definition 5. Let 2 be an open subset of IR and (u,,) C L>(2) and u € L>( x
(0,1)). The sequence (u,) converges toward u in the nonlinear weak-x sense if

/Q( n(2) dm—>// (x)dxdX as n — oo,

vy € LY(Q), Vg€ C(R).

Any bounded sequence of L () has a subsequence converging in the nonlinear
weak-* sense.

Theorem 6. Let Q be an open subset of IR? and (u,) be a bounded sequence of
L>(Q). Then (uy) admits a subsequence converging in the nonlinear weak-x sense.

This result is established in [11]. It is a modification of the Young measures
concept [10] which is more convenient to work with since instead of measures, we
are dealing with L*° functions.

Now, refereing on [5], we can introduce the notion of the weak entropy process
sub and super solutions.

Definition 7. Let ug € L= (IR?), a < up < b a.e. on IR?. Let u € L>(]0,00) x
R x (0,1)).

1. The function u is a k-weak entropy process subsolution (respectively k-weak
entropy process supersolution) of problem (6), (2) if the function v = v(t,z,\) =
u(t,z, \) — k(z) satisfies for any ¢ € IR and any ¢ € C} (IR x IRY):

1
/ d\ (v — &)FOppdtdx (11)
0 R+ x IR

1 d
—|—/ d)\/ sgn, (v — &)X
0 R*xﬂ%d; i( )

x ((gin (i, + ke) = g (@i, € + bu)) Hlen (&) — 1)
+ (9ir(Zi, v+ kr) — gir(%i,§ + kr)) H(x; — %(@')))@M

+ [ w0+ b@) = *o(0.0)ds

R . + R
-> / (9in(£i,& + k) —gir(@i, & + kRr))T @lo,—ay(2,)d2: > 0.
R+ xR4—1
2. The function u is k-weak entropy process solution if it is weak k-entropy
process sub and super solution ad the same time.

It is not difficult to prove existence of a k-weak entropy process solution to (6),
(2) for any step function k from (10).

Theorem 8. There exists k-weak entropy process solution to (6), (2) for every step
function k from (10).
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Proof: In order to construct wanted solution, we use a procedure similar to the
one from [21].
First, we introduce the following change of the unknown function

u(t,z) = v(t,x) + k(z), t>0, zec R

for the function k from (10).
Equation (6) becomes:

d
O+ Y O, (gin(Fi,v + k) H (0 (2:) — 25) + gin(di, v + kr)H (z; — 0 () = 0.
i=1
(12)
Then, we proceed as in [5]. Consider the sequence (v.) of Kruzhkov entropy admis-
sible solutions to the following smoothed flux regularization to (12):

d
5tvs+z O; (9ir(Zi,ve + k) He(ai(2:) — 23) + gir(Zi, ve + kr)He (2 — i (7)) = 0,
i=1
(13)
augmented with initial data (2). Above, H.(z) = fféz w(p)dp for a smooth even
compactly supported function w with total mass one, represents a regularization of
the Heaviside function.

Next, notice that for an A such that A < a — max{a,b} < ug(x) — k(z), it holds
gir(Zi, A+ k1) = gir(#5, A+ kg) = 0, for all i = 1,...,d and every x € IR%.
Similarly, for a B such that B > b+ max{a,b} > ug(z) — k(x), it holds g, (¢;, B +
kr) = gir(#;, B +kgr) = 0, for all i = 1,...,d and every x € IR?. Therefore,
the constants A < ug(z) — k(z) and B > ug(x) — k(x) represent Kruzkov entropy
solutions to equation (13). According to the maximum principle, we conclude
that the Kruzkov entropy solution v, to equation (13) with the initial condition
Velt=o = uo(x) — k(x) satisfies

A<wv.<B, £>0.

Furthermore, since it is the Kruzkov entropy solution, the function v, satisfies for
any o € C3(IR x IRY):

d
/1R+szd(v€(t’ z) — §)FOp(t, x)dtdx + z:sgni(vg(t7 z) — €)X (14)

Rt xR ;5
< (o vet,a) + ki) = gin (@0, € + ki) Hlou(d:) — )

+ (gir(@s, ve(t, ) + kR) — gin(Fi, € + kr)) H(a; — ai(@)))aw(t, z)dtdzd)
~ [ (uofa) + ko) ~ €440, 2)do
Rd

Ty — OZ(JCAZ)

d 1
+; /1R+x1m sgny (ve(t, ) — g)gw(f)x
X (9in(€3, & + k) —gir(%:, € + kR)) o(t, x)dzdt > 0.
Noticing that
—sgny (v—E) (gir. (%5, € + k) —gir(Zi, € + kr)) < (gir (%4, € + k) —gir (£, € + kr))T
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from (14) after letting e — 0 along a subsequence and taking Theorem 6 into
account, we arrive at (11) for a nonlinear weak-x limit of a subsequence (v, ) C (v.).

a

We shall prove the following comparison principle which gives uniqueness and
existence of certain classes of the k-admissible weak solution to (6), (2).

Theorem 9. Assume that the step function k from (10) is such that there exists
an interval (¢,d) C IR such that for every x € IR%:

giL(fzﬁf—’—kL) EO7 §Zc and giR(fiaE+kR) 507 €§d7 Vi = 1)"'ad7
or
ng(fhf_'_kL) E07 gZC and giL(‘fiag_FkR) 507 €Sd7 Vi = 17"'ad'

Then, for any two k-weak entropy process solutions u and v to (6) with the initial
conditions uy and vy, respectively, it holds for any T > 0 and any ball B(0, R) C IR%:

1 1 T
/ d/\/ dn/ / (u(t, 2, \)—v(t, z,n))Fdxdt < T/ (uo(x)—vo(z))Fdu,
0 0 0o JB(O,R) B(0,R+CT)

(15)
for a constant C > 0 independent on T, R > 0.
Remark 10. In the sequel, we shall assume that
9ir(Zi,§ +kr) =0, £>¢
( ) (16)

gir(Zi,E+kp) =0, £<d.

The proof of Theorem 9 is based on a kinetic formulation of (6) to be introduced
in the next subsection.

2.1. Kinetic formulation. We denote for functions u € L>®(IR* x R? x (0, 1)),
ug € L=(IR% [a,b]) and the function k from (10):
Rt 2, ), €) = sgn (u(t, 2, A) + k(2) - €),
hoi,k(xvf) = sgny (ug(z) + k(z) — §).

The functions h we call equilibrium functions.

Definition 11. Denote

Gir(2,€) = 0egir(x,€), Gir(x,&) = 0cgir(z,§).

Let ug € L®°(IR%;[a,b]) and u € L= (IRt x IR x (0,1)).

The function w is k-kinetic process supersolution (respectively k-kinetic process
subsolution) to (6), (2) if for the function v = u — k € L®(IR* x IR? x (0,1)), k
given by (10), there exists my € C(Rg;w — M (IR x IRY)) such that m (-, &)
vanishes for large £ (respectively m_(+, ) vanishes for large —¢), and such that for
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any p € CH(IRT x IR x (0,1)),

1
/ d\ / Rk x (17)
0 t,z,§

d
><<3t+; (Gir (24, + kp)H(i(2;) —4) +Gir(23, § + kr) H (2 — i (25))) 8xi)%0

+ / hS ppli—oduds — (9ir. (€5, € + k1) — Gir(€i, & + kr))T Oeplei—a(e,) dEdtde

€ t, 2,8

= Ocpdm 4. d§.
t,x,&

It can be proved by a simple modification of the procedure from [5] that the
notions of k-weak entropy process solution and k-kinetic entropy process solution
are equivalent. Still, for our purposes, it will be enough to prove that the k-weak
entropy process solution is, at the same time, the k-kinetic process solution.

Proposition 12. The k-weak entropy process admissible solution is at the same
time the k-kinetic process solution.

Proof: Take an arbitrary k-weak entropy process solution to (6), (2).

According to the Schwartz lemma for non-negative distributions, for every fixed
¢ € IR there exist non-negative Radon measures m. (-, &) € M,y (IRT x IR?) satis-
fying for every ¢ € C(IR+2)

1
/ aggpmidfz/ dA/ (v —&)F D0
t,x,& 0 t,x,&

+// 3 s (0— €)

i€ =1
X ( (gir(Z5,v +kr) — gir(25,& + kr)) H(a(2;) — ;)
+ (9ir(Zi,v + kr) — gir(@i, € + kgr)) H(z; — Oéi(fi)))amja&sﬁ

+ / (uo(z) + K(z) — £)*Deip(0, z, €)dedt

EINS
Integrating by part in & € IR the right-hand side of the previous expression we
arrive at (17).
It is clear that the measures my € C(Rg;w — xM4 (IRT x IR?)) satisfy the
conditions of the theorem. a

d
+ Z/ (9ir (%4, € + kp)—gin(£i, € + kr))™ Ot | ;= (3) AT dtd
=17t

3. AUXILIARY RESULTS

We will prove in this section some of the results and introduce some of the notions
that we shall use in the proof of Theorem 9.

In the sequel, we shall denote by h% and j% equilibrium functions corresponding
to k-weak entropy process solutions v and v to (6) with the initial conditions ug €
L>*(IR%; (a,b)) and vy € L>®(IR%; (a,b)), respectively.
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Introduce the cut-off function

[s]
wels) = / pe(r)dr, po(r)=c'p(c'r), se R, re R, (18)

where p is compactly supported non-negative function with total mass one.
Let ¢p,,1vr € C*°(IR) be nonnegative monotonic functions such that

V(&) +Yr§) =1, (€ R,
Yr(§) =0, £>d, (19)
¢R(€) = 07 g S C.

Next, take the functions

d
R x R xRS (t,2,8) = peoc(t,z,&) = prctfcﬁ > o (O)pc(€)po (i),

d
R* x R 3 (t,2) = peo(t, @) pr (tz) = pe(t)po(zi),

i=1

where p. is defined in (18), and let
JE ,€5,05,C5 (t7 z, ga 77) = jﬁ * Pej,o,C5 (t7 z, ga 77)
hlj— €h,0h,Ch (ta z, 57 /\) = hﬁ- * Pen,on,Ch (tv T, f; /\)’

and
J—rejo0; = Cljlm J=ej,05.¢ = J=*Pejo;

k _ k
+,€h,0n T hm h+ EhOThCh h+*p5h70'h7

where the limit is understood in the strong L}, sense.
We shall need the following lemma:

Lemma 13. Assume that for everyi=1,...,d
gin(€,§ + k) > gir(2,§ + kr), € R, ¢<pelR. (20)
Then, for 1 € C1((—o0,p)), 8 € CA(IR* x R x IR):

/0 LY E wez( i1 (1, €+ ko) H (0 ()~ (21)
+Gip(2:, &+ kR)H(fEi—Oéi(ffi))>3xiw1/n($1 — (7))
_ 7/t (0= 1/nlan = aa(2)) e 00)dm € +0a(1)

where 0,(1) — 0 as n — oo and it depends only on 0, 0,0 and 0:0.
Similarly, if for everyi=1,...,d

gir(Zi, €+ kr) < gir(4i, €+ kr), v € R ¢>pe R (22)
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Then, for 1 € C1((p,0)), 8 € CL(IRT x RY x IR):

/d)\/tx hkwez in (24, € + k) H (o (27) — ;)

i=1

+Ginli, €+ k) H (@i (8) ) 00,1 /(1 — o (1))
:-1[ (1= =03 (6))) () 00 (1),

where 0,(1) — 0 as n — 0o and it depends only on 0, 0,0 and 0,0.

Proof: We will prove (21). Relation (23) is proved analogically.
It is enough to choose in (17):

ot 2, &) = 0(t, 2, P(E) (1 — wi/n (21 — ar (1))

and to notice that 1 — wy /(71 — a(#1)) — 0 almost everywhere. We get:

1
/d/\/ h’wez ir (23, & + ko) H (0(45) — )+ Gig (23, € + kr)H (x;
0 t,z,§

X am(l — wi/n(z1 — a1 (21)))

/‘JM@M+M)mM%SWMV%memmeﬁ
t, %y,
= / {(1 — wi/n (@1 — 01(41)))0¢ (V) dm_dS + on(1).

t.x,

Due to assumption (20), we conclude from here

1
Iy B 00> (Gun (€ + bi)H{0s(62) 22+ Cunln € + k) (o
0 t,z,§

=1
X Oy w1 /n(T1 — 1 (1))

— 7/15 5(1 — wl/n(xl — a1 (£1)))0: (YO)dm_d€ + o0,(1),

which we wanted to obtain.

11

(23)

—ai(7;))) X

@i (%)) %

a

Remark 14. Notice that if we assume that ¢ > 0 and 0§ € C3(IRT x R?; L*°(IR))

such that, in the sense of distributions, d¢6 > 0, we can write instead (21):

/d)\/ h’“wz in (%4, & + kp) H (0 (27) —4)
t,x,§

1= 1

(24)

+Gir(4i, &+ kR)H(fEi*ai(fi)))axqzwl/n(ml —ai(71))

< —/ (1 = wi/n(z1 — a1(1)))00:pdm _d§ + 0, (1), n — oo,
t,x,€
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Similarly, instead of (23)

/ o hiwez (@0 € + ko) H 0 (&) —a,) (25)
t,x,& = 1

FGin(ds, €+ kR)H(xi—ai(afi)))axiwl (@1 — a1 (41))

<- [ 1wl - ar(@)0cudma e +0u(1), 1 oc,
t,x,€

We shall also need the following known formula. It holds for a § € C3(IR* x IR?):

1d>\ 1dn (—hE %) (00 (26)
0 0 t,x,g (

+Z 1 (s ) H (0i(5) )+ Gin (3, €) H (mi = 0i(44))) 02,0

/ d)\/ dn/ lu(t, 2, \) — v(t,z,n)| 0,0
t,x

+ngn+ (t,x,\) —v(t,z,n))X

X ((giL(‘fiau(tvxaA)) — gin (&5, v(t, 2,n))) H (i (€:) — 1)

+ (9ir (&5, u(t, 2, \)) — giR(fi’U(ty33777)))1{(331‘—041'(331)))33;19

We finish this section by a lemma stating about traces of the k-entropy process
solutions at the line ¢ = 0.

Lemma 15. Assume that the functions v = u(t,z,\) and v = v(t,z,n) € L™
are two k-entropy process solutions to (6) corresponding to the initial condition
ug € L®(IR% [a,b]) and vy € L (IR%;[a,b]), respectively.

It holds for every ¢ € C3(IR x IRY):

1 1
lim d)\/ dn/ lu(t, z, \) — v(t,x,n)|iw1/n(t)<p(t,m)dtdw
0 R+ x R4

n—o0 0

(27)
< [ Juo(e) = wo(a) (0, )itds
Rd,
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Proof: By using standard Kruzhkov’s doubling of variables method [20], it is not
difficult to prove that for every ¢ € C} (IR x (IRU\T)):

1 1
/ X dn/ (w(t, z, \) — v(t, z,n)) Foppdtdr
0 0 R+ x R

+/01dA/01dn/wwizd;sgni(u(t,x,x)—v(t,x,n))x
x ((gin (s, ult, 2, 2) + k) = gan (s, ot 2, m) + k) H(oa() — 22)
+ (g9ir (@, u(t, 2, A) + kr) — gir(4s, v(t,2,m) + kg)) H(2; — ai(f,;)))amigp
+ /]Rd (uo(x) — vo(z))F (0, z)dz > 0.
We put here

p(t, ) = (1 —wi/n(t) we (21 — a(1))0(, ),
where 0 € C}(IR x IR?), and let n — co. We get:

1 1
— lim d)\/ dn/ (u(t,z,\) — v(t,x,n))iwi/n(t)e(t,x)dtws(xl — aq(41))dx
0 0 R+ x R4

+ / (o (2) — vo (@) w. (21 — a(e1))(0, 2)dz > 0.
Rd

Finally, letting here ¢ — 0 we arrive at (27). a

4. PROOF OF THEOREM 9

The proof is based on the procedure from [5].
On the first step, choose the following test function

(,O(t,l',g) = 9 *pE,O',Ca

where suppf) C IRt x (IR¥\I') x IR, in the place of the function ¢ from (17).
For ¢, 0, small enough, it holds as well

suppl * pe .c C IRT x (R\I) x IR.

Therefore, (17) becomes for the equilibrium functions hy:

1
/ d\ hE % pey o .cn 060 (28)
0 t,x,§

d
+Z (hljE (Gir (@i, & + kp)H (i () — ;)

=1

+Gin(@s, € + k) H (@i =0i(52))) ) * L, ., 00,

= / DeOm T dtd.
t,x,&
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where m%7" " = mi * pe, op.cn» while for the equilibrium functions j.

1
[an [ dbwpoco0 (20)
0 t,z,§
d
7 (50, (Gir s + ku) H(i() ~2)
=1
+Gir(Zi, € + kR)H(xz—az(fz)))) Ly sy Ot

— De0g 7% dtd,
t,z,§

where qij’aj’Cj = Q4 * Pejio5.¢;e

With the notation from Section 3, take in (28) instead of + the sign 4+ and
0(t,x,&) = fqu({)ga(t,x)jf’ej’gj’Cj where ¢ disappears in a neighborhood of the
discontinuity manifold I, and integrate over n € (0, 1). Similarly, for the same func-
tion ¢, take in (29) instead of + the sign — and 0(¢, z, &) = —¢L(&)e(t, x)hi,gh’o_h’ch,
and integrate over A € (0, 1).

By adding the resulting expressions, we obtain:

1 1
/0 d)\/o dn/tx 5(*hi,5h,g,“<hjf,sj,gj,gj)wL (5:& (30)
d
+ Z (GiL(fiv f =+ kL)H(ai(fi)_xi)‘f‘GiR(fi, f + kR)H(aji—ai(a?i))) 6%)()0
=1
1

> / dﬂ/ @35(*¢Ljﬁ,sj,g7.7<j)mi_h’gh’c"‘ dtdzdé

0 t,z,§ ’

1
* / d)\/ wa&(71/)Lhﬁ-,sh,ah,(h)q{ijﬁwg dtdmdf
0 t,x,&

-k k
+ Reh,UmCh (30-7—753-70],@) + QEJ'vUjaCj (¢h+78h>0h74h)7

where,
d
Reh,ﬁh,Ch (90) :hi,sh,,ah,,ch Z (GZL(fza 5 + kL)H(az(fz) _:Ez)
i=1
+Ginli,€ + k) H(2i—0i(32)) ) Or, 0
d
- <hli (Gir (i, & + ko) H (ai(2i) —2i) +Gir(Zi, § + kR)H(wi*ai(fi)))) DL, oy.c,Oni P
i=1
d
Qo0 (D) =% e D (Gin (@& + Fu ) H (ca() )
i=1

+ Ginlds, € + kr)H (@i i(5) ) 0a, 0

d
— (3 Y (Cunl@is € + ku) H @) ~2)+Cin(@i, § + k) H(@i=0u (1)) ) % e, 0,.0,02.,

i=1
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and, according to the Friedrichs lemma:

G k Ch
5h0h>7 ijﬁjﬁﬁj <L‘0h+;5hagh:Ch) = O(%

RghvghyCh((ij7€j’gj’Cj) = O( )

Finding the derivative in & on the right-hand of (30), and having in mind that
85(—3'5,5],70779) > 0 and 85(—/1’_7_78%0}“@2’) > 0, we conclude from (30) after letting
Chm CJ — 0

1 1
x| ot oo (o (31)
0 0 t,x,&

d
D (Gin i€ + ko) H @) =)+ Gin(@i, € + k) H(wi—au(#1))) O, ) ¢
i=1
1
> —/ dn/ <pjﬁ,sj,Jjangmih""hdtdxdg
0 t,x,§

1
- / dA / ohk ., . Oetbrq”” dtdudg
0 t,x,&

Next, notice that, it holds according to (16):
9in (1,6 + kL) > gin(£:,§ + kr) =0, =€ R?, £ € suppyy,. (32)

Now, we let in (31) €;,0; — 0:

1 1
/ d\ / dn / (—hﬁe,“ahjﬁ)wL(at (33)
0 0 t,x,&

d
+ Z (Gir (23, &+ kp)H (0 (%) —x;) +Gir(%3, € + kr)H (2, — o (£5))) 8@-)90

i=1
1 1

> — / dn / ©j" Ot m " dtdzdé — / dX / ohk .. o, Octhpdq_dé
0 t,z,§ 0 t,x,§

Let us now remove the conditions imposed on the support of the function . Put
in (33):

o(t,z) = 0(t, x)wy /n (21 — 1 (21)),
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for an arbitrary function § € C(IRT x IR?). We get:
1 1
L[ [ R e = o) (34

(at-i-z (i, E+kr)H (Oéi(fi)—l'i)‘f'GiR(fia§+kR)H(33i_ai(3§i)))ari)e

/ d)\/ dn/m WY ey o )¢L9(5t+; i (%3, § + k) H (0 (%) — i)
+Gir(2;,€ + kR)H(CCz‘*ai(fi)))am>w1/n(931 —ai (7))

1
[ [ 67 B (o — ) T dedds
0 t,x,&

1
_/ d)\/ 5eh’fmh,(,hwl/n(gcl — a1 (#1))0etbr.dg_dE.
0 t,x

Accordlng to Remark 14, more precisely (24), we conclude from (34) since d¢ (—h }“Uh) >

0 (in D) and g;.(4,& + k) > gir(2:,& + kg) for every i = 1,...,d, z € IR?,
§ € suppyr:

/ ax / an | (- ’ B oS )11 (1 — (1)) % (35)
(3t6‘+z iL(Zi, &+ ko) H (o (2;) — )+ Gir (@, € + kr)H (x '_0%(552)))8219)
f/ (1= wm(@r — aa(@0)0(—E ., )0etrdg_de + 0,(1)
t,x,
é.1
[ [ 6t — ar(a)m 7 dedsds
0 t,x,&

1
f/o d)\/ £9hi75h70hw1/n(az1 — a1 (71))9¢prdq_dE.
t,x,

From here, letting n — oo, we obtain:

/ aA / dn / ey o0 (010 (36)

+ Z( 1 (@i €+ ko) H (@) =)+ Gin(@s, € + k) H (w5 —0i(54))) 04,0

1
/ dn / 05" Dby m " dtdwdé — / X / o . . detordqde.
t,x,& 0 t,x,&

Now, take in (28) instead of + the sign + and —¢r(&)p(t, z)j* ;,05.¢; 0 the
place of the test function, where ¢ € C'(IRT x IR?) disappears in the neighborhood
of the discontinuity manifold T', and integrate over n € (0,1). Similarly, for the
same function ¢, take in (29) instead of + the sign — and —¢r(§)p(t, z)hi naomiCh
in the place of the test function, and integrate over A € (0,1).
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Applying the same procedure as for the function v, we get for an arbitrary
0 € CLHIRT x RY):

1 1
/ dx / dn / (~HE 5% ), Vo (046 (37)
0 0 t,x,§

d
+ Z (Gin (@4, &+ k) H (o (4;) — ) +Gir(2s, § + kr)H (2 — o (£5))) axie)

1 1
> — / dn / 05% . Oetprdm, dEdE — / dX / OhE Oethrq- ., o, dtdade.
0 ta,€ B 0 t,a,€

Now, we put ¢ =¢; = ¢}, and 0 = 0; = oy, in (36) and (37), and add the resulting
expressions.

1 1
[an[an [ nss o va(o0 (39)
0 0 t,x,&

d
+ Z (Gin (@, &+ k) H (o (£;) — ) +Gir(&5, § + kr)H (zi— o (£5))) 3ri9)

=1
1 1
w[anan [ k(a0
0 0 t,x,&

d
+ Z (Gir (@, &+ k) H (o (£;) — ) +Gir(&5, € + kr)H (i — o (£5))) 3ri9)

1 1
> / dn / 05* ety = dtdads — / d\ / OhE _ Derdg.de
0 t,x,& 0 t,x,§

1 1
_ / dn / 03" .. o Detrdm . dide - / X / Ohk Dctprq o pdtdrde.
0 t,x,€ ’ 0 t,z,§

Next, notice that

1 1
/ dy [ e 055 mS didadt + / dy [ 9¢vr0i* . dmide  (39)
0 t,z,§ 0

t,x,§

1
= / dn/ 01 ((9]5) * Pe,o — ﬁjf,&a) dmidé — 0 as ,0 — 0,
0 t,x,&

according to (19) and since
||(9jﬁ) * Peo — ejﬁ,fs,(rHL“(ﬂ%Jr xR?) = O(E + U)'

Similarly,

1 1
/ dA O ORY =7 dtdzdé + / dX / OerOnY . ,0¢dq_dé  (40)
0 0 t,z,§

t,x,§

1
= / d/\/ detbr ((ORE) % pes — ORE _ ) dg_dE — 0 as &,0 — 0.
0 t,z,§



18 D. MITROVIC

Finally, we conclude from (39) and (40) after letting €, — 0:

1 1
/dn/ d)\/ (~n% %) (000
0 0 2,6

d
+ Z (Gin(£4,& + kp)H (o (25) —24) +Gir (24, § + kr) H (2, — i (7)) awie) >0,
i—1

and from here, appealing on (26), we conclude:

1 1 d
/ d)\/ dn/ (|u(t7 2, ) —v(t,z,n)| 700 + Z sgn (u(t,z, A) —v(t,z,n))x
0 0 t,x

i=1
o (gus (s ult, ) = i (s, ot m))) H(e() )

+ (gin(di,ult, ,\)) — giR(:fi,v(t,m,n)))H(mi—ai(a?i)))ax,ﬁ > 0.

From here, using the standard procedure (e.g. [20]) and (27), we arrive at (15).
This completes the proof.
Simple corollary of Theorem 8 and Theorem 9 is (see e.g. [5, Page 377]):

Corollary 16. Assume that the function k from (10) is such that (16) is satisfied.
Then, there exists a unique k-entropy weak solution to (6), (2).

5. GENERAL CASE

In this section, we are concerned with Cauchy problem (8), (2). We shall mainly
rely on the results of the previous section. Definitions and concepts are little bit
more involved, but they are basically the same as in the case of equation (6), (2).
Accordingly, introduce the function

k Q
k) =" T h kpe R (41)
kR, T € QR
By k; we denote restriction of the function k on the set 25, 7 = 1,...,n. We write

R > k), = k(x) for = € Q; such that ; < of (41), and we write IR 3 k} = k(z) for
z € Q; such that x; > af(#). Notice that instead of i = 1, here we could put an
arbitrary 1 = 1,...,d.

Definition 17. Let ug € L¥(IR?), a < ug < b a.e. on R Let u € L>®(IRT x
R x (0,1)).

1. The function u is a k-weak entropy process subsolution (respectively k-weak
entropy process supersolution) of problem (8), (2) if for the function v = v(t, z, \) =
u(t,z,\) — k(z), k given by (41), every £ € IR and:
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a) For every fixed j = 1,...,n, it holds for every ¢ € C} (IR x Q;):

1
/ d\ (v — &) 0y pdtda (42)
0 R+ xIRd

1 d
+/0 d)\/lI%+XRdi_legni(v—f)x
% (gl oo+ k) — gl (50,6 + K])) Hlol(2:) — )
(Gl 0 + k) = Gl € + k) ) H (@ — o () ) Or.0

+ [ (w0t bla) = p(0.0)ds

d
. . . . +
) I CACN SR AR NE RS A) R R )
i=1 xARET

b) For any ¢ € C3(IR x Qp):

1
/ d\ / (v — &)F 0 pdtdx (43)
0 R+ xIR4
1 d
+/0 dA/wXRd;SgHi(U_S) (9iL(#i,v) — gir (45, € + kL)) Oz, 0

+/ (uo + kz — &) (0, z)dx > 0.
R

¢) For any ¢ € C§(IR x Qg):

1
/ dx (v — &)= dypdtdn (44)
0 R+ x IR
1 d
+/ d)\/ > seng (v — &) (gir(£i,v) — gir(£i, & + k) Or, ¢
0 R+ xR

+/ (uo + kr — )% (0, z)dz > 0.
Rd

2. The function u is k-weak entropy process solution if it is weak k-entropy
process sub and super solution ad the same time.

Now, we shall introduce appropriate kinetic formulation of the considered prob-
lem.

Denote for functions u € L*®(IR* x R? x (0,1)), ug € L*°(IR%;[a,b]), and the
function k from (41):

hL(t .\, €) = sgny (ult, z, \) + k(z) =€),
hg k(2 €) = sgny (uo(x) + k(z) — €).
As before, the functions A4 we call the equilibrium functions.
Definition 18. Denote for j=1,...,nandi=1,...,d:
GgL(xvf) = a’fgfL(xvg)a GzR(wvf) = 35933(%5),
Gir(2,€) = 0¢gir(,§), Gir(x,§) = Oegir(z,§).
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Let ug € L°°(IR%;[a,b]) and u € L>®°(IR* x IR x (0,1)).
The function w is k-kinetic process supersolution (respectively k-kinetic process
subsolution) to (8), (2) if for the function v = u+k € L®(IR* x R x (0, 1)), k given

by (41), there exist m’., mi, m¥ € C(IR¢; w—+M (IR x IR?)) such that m?’, (-, &),
mf(-,f), mi(-,f) vanish for large ¢ (respectively m’ (-, ¢), mf (-, &), mL (-, &) vanish

for large —¢), and such that:
a) For every j = 1,...,n and every ¢ € C} (IR x Q; x R),

1
/ d\ / hk x (45)
0 t,x,&

d
><<(9t+z (GgL(-fiag + k) ) H (0 (£7) — )+ Gl (5, € + kﬁ)H(%*Oéz(fz)» azi)sﬂ
i=1
+/ hS. pli—odadé
z,§
. . . . +
[, (o€ kD) — g €t k) Bl
t7fi7,
= Depdm’?, de.
t,x,&
b) For every ¢ € CL(IRT x Qr, x IR),
1 d
dA/ A0+ Gip (24, €+ k)0, )@ 46
/ [ o > Gl hu) ) (46)
+ / hS. pple—odadé = / Depdmb de.
z,£ t,x,§

c) For every ¢ € C(IRT x Qr x IR),
1
[ x| (o Gintan000..)¢ (47)
0 t,x,&

+ / hS ppli—odzdé = O pdmb dg.

13 t,a,8

The following proposition can be proved in the completely same manner as
Proposition 12. We leave it without prove.

Proposition 19. The k-weak entropy process admissible solution to (8), (2) is at
the same time the k-kinetic process solution (8), (2).

Using the latter proposition and repeating the proof of Theorem 9, it is not
difficult to prove the following theorem. We leave it without prove.

Theorem 20. Assume that the function k from (41) is such that there exists an
interval (c,d) C IR such that for every j = 1,...,n and every x € IR%:
gl (#, €+ kp)=0if £>¢ and glp(di, & + kr)=0if £<d, Vi=1,...,d
or (48)
(@i, €+ kp)=0if E>c¢ and g/, (4,6 + kr)=0if € < d, Vi=1,....d.



SCALAR CONSERVATION LAW WITH DISCONTINUOUS FLUX 21

Then, for any two k-weak entropy process solutions u and v to (8) with the

initial conditions ug and vy, respectively, it holds for every j = 1,...,n and every
v € C3(IR x )
1
/ d)\/ (v — u) o pdtdx (49)
R+ xIR?

d
X ((gf (%30 + k) giL(:cy,quki)) H(od (&) — x;)
(ng Bi v+ k) — glp (i u + kgz)) H(x; — af(@)))aﬂgi@
+/ (vo — up)E (0, x)dz > 0.
Ré

Remark 21. Notice that, according to the assumptions on gf ;, and gg r as well as
k} and k},, i =1,...,d, j = 1,...,n, we can rewrite (42) for every j = 1,...,n,
and every ¢ € C} (IR x Q;):

1
/ d)\/ (v — u)Edppdtdx
0 R+ xR

1 d
+/ d)\/ seng (v — u)X
0 B+xﬂ2d; *

X ( (gir(Z5,v +kr) — gir (@5, u+ k1)) k()
+ (9in(, 0 + ki) = ginlEisu+ k) wn(@) ) 0up
+ /le (vo — o) T (0, x)dx > 0.

As noticed in the proof of Lemma 15, using the standard Kruzhkov doubling of
variables method, it can be proved:

Theorem 22. Any two k-weak entropy process solutions u and v to (8) with the
initial conditions ug and vo, respectively, satisfy for every ¢ € CL(IR x (2, UQR))

1
/ d\ / (v — u)oppdtdx (50)
0 R+ xR
1 d

+ / d/\/ ngni(v —u) ( (gir.(Z3,v + k1) — gir (Z5,u + k1)) k()

0 Rt xR ;5

+ (9ir(Zisv + kr) — gir(Li,u + kR)) KJR(x)>axi@

+/ (vo — u0) (0, x)dx > 0.

Rd

From Theorem 22 and Remark 21 we will deduce the following theorem:

Theorem 23. Assume that the step function k from (10) is such that there exists
an interval (c,d) C IR such that for everyi=1,...,d and every x € IR? (48) holds.
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Then, for any two k-weak entropy process solutions u and v to (8) with the initial
conditions ug and vy, respectively, it holds for any T > 0 and any ball B(0, R) C IR?:

1 1 ' —o(t,z,n)) dx ug(x)—vo(x)) Fdx
/0 d/\/0 dn/o /]3(07R)(u(t7:5,)\) (t,xz,n))"d dt<T/B(O,R+CT)( o(x) 0(()))d ,
51

for a constant C > 0 independent on T, R > 0.
Proofi On the first step, denote by T' = Uz =1(€ N Qg NT) and notice that
codimI’ > 2.

Then, notice that any test function ¢ € C}(IR x (IR*\I')) can be written as a
sum

n
e=pL+or+ > ¢
j=1

where suppyr, C IR x Qr, supppr C IR x Qg and ¢; CIRxQ;, j=1,...,n.
Therefore, from Remark 21 and Theorem 22, we conclude that it holds for every
¢ € CHIR x (IRA\T)):

1
/ d)\/ (v — u)E0ppdtdx (52)
0 R+t xIR?

1 d
+/ d)\/ sgng (v —u)X
0 ﬂ%+xﬂ%d; -

X ((giL(fi,U +kr) — g (@i, u+kr)) kr(x)
+ (gin(d@i, v + k) = gir(Fsu+ kr)) fr(w) ) Or, 0

—|—/ (vo — uo) (0, x)dx > 0.
R4

Now, denote by T an e-neighborhood of the set T'. Let w. € C'(IR%) be such that

LLJ(.’IJ)_ 17 .’E¢F25
: B 0, zel..

Notice that

C
|0z, we| < —
9

meas(supp(9,,w.)) < Ce?,

for some constants C' and C, since codim(supp(9,,we)) > 2.
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Then, take an arbitrary ¢ € C}(IR x IR?) and put in (52) pw.. We conclude
m (53):

1
/ X (v — u) T, pdtdx
0 Rt xR?

1 d
+/ d)\/ sgn (v — u)X
0 R+ xIR4 ; i( )
X ((%L(fi,’v +kr) — gin(Zi,u+kp)) kp(z)
+ (9ir(Ls,v + kr) — gir(Zi,u + kr)) F«'R(@)@ﬁﬂ

+ [ 0wt aie = 00)

Letting ¢ — 0 here, and then using standard procedure [20], we arrive at (51).

0

As in the special case, simple corollary of the last theorem is existence and

uniqueness to the k-admissible solution to (8), (2).

Corollary 24. Assume that the function k from (41) is such that (48) is satisfied.

Then, there exists a unique k-entropy weak solution to (8), (2).
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