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Abstract

We propose new entropy type conditions for the scalar conserva-
tion law with discontinuous flux and prove existence and uniqueness of
appropriate entropy solutions.
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1 Introduction

We consider the following problem:

uli=o = up(x) € L>®(IR), r € R, 1)
where H is the Heaviside function.

We assume that the functions f and g are non-negative, continuously dif-
ferentiable in the interval [0, 1], and such that f(0) = f(1) = g(0) = g(1) = 0.
For the initial condition ug, we assume that 0 < ug(z) < 1, z € R.

Equations like (1) have received a considerable amount of attention in re-
cent past since they occur in a variety of applications, including flow in porous
media, sedimentation processes, traffic flow, radar shape-from-shading prob-
lems, blood flow, and gas flow in a variable duct.

Assume, for instance, that we want to describe oil flow in a heterogeneous
media (so called two phase flow) or traffic flow on a road on which condi-
tions are not homogeneous. Then, the unknown function u(x,t) represents oil

{atu + 0, (H(z)f(u) + H(—2)g(w)) =0, (z.t) € R x R*,
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saturation (or car concentration) at the moment ¢ and the point x. Roughly
speaking, if u(z,t) = 0 then there is no oil at the point z (or no cars at the
point of the road) while if u(x,t) = 1 the saturation is maximal (or the road
is filled with cars). Therefore, it is standard to assume that the functions g(u)
and f(u) are zero if u ¢ (0,1) (or some other finite interval since there is no
sense to consider equation for values that u can not possibly reach).

Problem (1) is not interesting only from the viewpoint of applications but
also from purely mathematical reasons. It appeared that the it is rather com-
plex and that it is not possible to directly generalize methods from the theory
of scalar conservation law with smooth flux [10].

In the case of a scalar conservation law with smooth flux, the existence
was proved by the shifting of variables method applied on a sequence of so-
lutions to the corresponding Cauchy problem regularized with the vanishing
viscosity. The method does not give results if the flux is discontinuous. There-
fore, we need to apply more subtle arguments involving singular mapping [15],
compensated compactness [9] or H-measures [2, 14].

Even more difficult is the question of uniqueness of a weak solution to (1).
As well known, considered problem has several weak solutions satisfying the
same initial condition. Therefore, we have to find additional conditions which
should be satisfied by a weak solution in order to single out the proper one
(admissible one).

Many different criterions were proposed in the past. We mention mini-
mal variation criterion [6], I" condition [5], entropy conditions [8], vanishing
capillary pressure limit [7], admissibility conditions via adapted entropies [3],
geometric type conditions [1]. In every of the mentioned approach, the as-
sumption on existence of traces for an admissible solution plays a crucial role.
Still, the question of existence of traces is very complicated in itself (see e.g.
11, 13]).

Successful attempt on settling the uniqueness and existence issue for a
special case of (1) without using traces or a non-degeneracy condition was
made in [4]. Their proof is based on the kinetic formulation of conservation
laws [12].

A question posed there is whether it is possible to prove existence and
uniqueness for (1) by using only Kruzhkov’s technique of doubling of variables.
Here, also with no hypothesis of convexity or genuine nonlinearity on g and f,
we give a positive answer on that question.

2 Uniqueness and Existence of the Admissible
Weak Solution

Before we introduce a definition of admissibility, we will try to motivate it.
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kp, x>0

Take the following step function k(z) = for positive constants

k R, X < 0
kr and kg, and consider the following special situation of (1) (this is the
equation considered in [4]):

Owu + O k(x)g(u) = 0, (2)

where ¢ is taken from (1), and we additionally assume that g is convex on
(0,1).

Then, assume that k;, > kr > 0 and consider (1) as the following Riemann
problem:

k=0, Oyu + 0y (kg(u)) =0,

kr, <0 up, x <0, (3)
k‘t:() = u‘tZO = UO(LU) =

kg, x>0, ugr, x> 0.

Also, assume that 0 < ur,ur < 1. We look for the weak solution of (3) which
is admissible in the Lax sense. Note that there could be several admissible
weak solutions since the system is not strictly hyperbolic.

We find eigenvalues Aj, Ay of the Jacobian of the flux F' = (0, kg(u)).
Clearly, A\ = 0, Ay = kg'(u). Since both characteristics fields are either
linearly degenerate (the first one) or genuinely nonlinear (the second one) on
the set (kg, kL) % (0, 1) the Lax conditions are rather natural demand here. It
is not difficult to see that an admissible weak solution to (3) has the form:

ur, < L)y

ur—17?
kp, <0 1, Wy < <0
k(z,t) = k(z) = ’ w(z,t) = 7wl ’ 4
() = k() {kR,x>0, (=) 0, 0<a < omy @)
UR, %}fj)t<x,

where the states (kp,ur) and (kp,1), as well as (kg,0) and (kgr,ug) are con-
nected by 2-shock waves, while the states (kr, 1) and (kg,0) are connected by
1-contact discontinuity.

So, one of 'natural’ jumps with discontinuity at the interface o = 0 is the
one connecting uy;, = 1 and ug = 0. Since uy and ug from (3) are arbitrary,
the latter implies that any admissible weak solution should have values close
to ur, = 1 in the left neighborhood of xy = 0 and values close to ug = 0 in the
right neighborhood of xy = 0 which is obvious shortcoming of our admissibility
concept. On the other hand, it appears that we can apply similar concept for
(1).

Furthermore, if we model e.g. traffic flow problem, solutions such as ours
are possible. For instance, if we are on the road which is divided by a point
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which is completely impermeable (such as a ramp) then we will have exactly
the solution which we propose. Furthermore, in our admissibility setting, it is
easy to prove uniqueness — the paper perfectly fits into the standard Kruzhkov
theory, and also to construct admissible solution to (1).

We stress that, although it is a rather special, the mentioned situation was
not covered in any of the previous works.

First, we need auxiliary notion of admissibility. L!(IR)-closure of the set of
weak solutions to (1) satisfying such admissibility conditions will be set of all
admissible weak solutions.

Definition 1. Let u € L°(R x R) represents a weak solution to (1). We say
that u is the germ admissible weak solution (g.a.w.s) to (1) if for every ¢ € R
and every non-negative ¢ € C5°([0,7) x R) there exists a positive constant oy
such that for every o < oy, it holds:

/0 /(;Oo ‘U<SL’, t) — C|8t(p<l’, t)dm (5>
+/0 /OOO sgn(u(z,t) — e)(f(u(x, ) — f(c))dpp(x, t)dxdt
+/OOO|UO(:E)—C|<P(O,:I:)CZ:B—/O %/Oa(f(u(:v,t))—f(c))gp(x,t)dxdtz()

and
[ [ tutety = clovote. v o
+ /OT /_: sgn(u(z,t) — c)(g(u(x,t)) — g(c))Oup(x, t)dxdt

" /_(; () =l 0, )dar — /OT . /_i(g(u(:c,t)) ()00, )t > 0.

Theorem 2. For every T > 0 and every non-negative ¢ € C3°([0,T) xR), the
g.a.w.s. solutions u and v to (1) with the initial conditions uy and vy satisfy
for almost every t € [0,T):

/R|u(x,t) —v(z,t)|dr < /R|u0(:£) — vo(zx)|dx. (7)

Proof: We use standard doubling of variables technique. Denote by

®p(u,v) = sgn(u —v)(g(u) — g(v)) and @r(u, v) = sgn(u —v)(f(u) = f(v)).
Instead of ¢ in (5) we put ¢ = v(Z,t). Instead of ¢ from (5) we put

¢ = o(x,t,7,1) = (&2, B Lyl p(2=E),
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We get after integrating (5) over (z,t) € (0,00) x [0,T):

/OT /Ooo /OT /0°° |u(z,t) — v(Z, 1) Owp + Pr(u(x, 1), v(Z, 1) Oppdudtdzdt  (8)
> [ tate.) = fota, D)pte. b7 Bdadedrt

L
+/OT/0°° /OOO uo() — vo(&, B (. 0, 7, DdwdzdE > 0.

Then, we change places to u and v and sum such obtained inequality with (8).
We get:

[ [ e npec st s o)

1 t—t. -7 o

+/0T/OOO/OT/OOO<I>R(U(:C¢), ( i)éxw(w t—;t)x

1 t—t. z—7
X ;P(W)P( 5

// /T1/ (0(z. D)0 (:c—i-x t—gt)x

1 t—t. x—=x

X —Qp( 5 )p( ”

_//m/é /00<f<v<xa t))—f(U(f,t_)))w(xQﬁ, %x

1 t—t. x—= o

T (oo poo - x4+ t. 1 —t x—7 o
+/0/0 /0 [uo(2) — v(@, DY (5= 5) 5 (5 )p(—5 —)dedzdt

T o) o) B 4T f 1 _t_ - o
+/0 /0 /0 |U(x,ﬂ—vo(x)\w(Ti)ﬁp(g)p( 5 \dzdzdi > 0.

Ydxdtdzdt

Vdxdtdzdt

14
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We apply the same procedure on inequality (6) and get

// // (1) — oz Do (T, ) (10)

1 t—t, x—= o
X ;p( 5y )p( 5 Ydxdtdzdt

T N A B AT R PR R
o Sty ) 2

1 t—t. ax—= o
X ;p( 5y )p( 5 Ydxdtdzdt

[ [ A ottt -atetz e

1 t—t. z—=z

X ﬁp(g)P( 5

[ [ L] et stz e

x_yx)d:):dtd:)?df

Vdxdtdzdt

// / o) — o@D D)oo Dydedzai

v

/ / / u(e.8) — vo@ L Lo ydazdi = 0.

14

Then, we add (9) and (10) and let v — 0. We get:

/0 /R lu(z,t) — v(x, t)|0p(x, t)dx (11)
+/0 /R(<I>L(u(x,t),v(x,t)) + Or(u(z,t),v(x,t))) Optp(x, t)dxdt
+ /R |ug(z) — vo(z)|(0, z)dx > 0.

Estimate (7) follows from (11) by standard choice of the test function (see

[10]).

O
Notice that the shock wave (more precisely, the contact discontinuity):

1 <0
u(t,x):{o’ 9“">O, te R,
, L2
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is a g.a.w.s. to the conservation law from (1) with appropriate initial condi-

tions. Also, notice that any g.a.w.s. to (1) must satisfy the Kruzhkov entropy

admissible conditions for test functions supported out of the interface o = 0.
Using this observation, we can prove:

Theorem 3. For every function uy € L'(IR?), 0 < ug < 1, such that there
exists € > 0 satisfying

1, —e<zxz<0
= ’ - 12
uo(@) {0, 0<z<e (12)

there exists g.a.w.s. to (1).

Proof: First, denote by

b (z) = {uo(x), r < —¢

1, T > —€.

Then, denote by u? € L' N L>®(IR x IR") the Kruzhkov entropy admissible
solution to the following Cauchy problem:

&gUL + (%g(uL) =
Ui = uf.

Clearly, it holds:
uF(z,t) =1, t€ R", < —¢,

and, according to the maximum principle, 0 < u* < 1.

Indeed, notice that if the left state of a weak solution u to (1) is equal to
one then only admissible simple wave corresponding to such left state is either
(see Figure 1)

e the shock wave moving toward —oo since it moves with the velocity
c= % < 0 (since 0 < U < 1), and the germ entropy admissibility
conditions coincides with the standard Kruzhkov entropy admissibility

conditions for x < —¢; or

e the rarefaction wave whose points moves along the characteristics. Since
g'(1) <0, a point corresponding to the state u = 1 must move away from
the interface zy = 0.

Similarly, let vt € L' N L>®(IR x IR™) the Kruzhkov entropy admissible
solution to the following Cauchy problem:

o™ + 9,9(u™) =0

Rl {uo(x), x>
u |t=0 = .
0, T <E.
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As for the function u”, it holds:
uf(z,t) =1, te RT, x>c¢,

and 0 < uf < 1.
The germ weak admissible weak solution to (1) where ug is given by (12)
is given by:
ul(z,t), =< —¢
1, —e<x<0
0, 0<z<e
ufi(z,t), x>,

u(z,t) =

since in a neighborhood of the interface xy = 0 we have the germ weak ad-
missible contact discontinuity, while out of the neighborhood the Kruzhkov
admissibility conditions are satisfied.

Figure 1: Arrows show directions of propagation of appropriate waves.

O
Now, we introduce definition of thickened admissibility. The term ”thick-
ened” was (indirectly) proposed by J.Vovelle.

Definition 4. We say that the function u € L' N L (IR x IR) is a thickened
admissible weak solution (t.a.w.s.) to (1) if for every ¢ > 0 there exists a
gaw.s. u. € L' N L®(IR) corresponding to the initial conditions ug. € L' N
L*(IR) such that ||u — uc||11(mxjo,r) < T, T > 0, and |Jug — uoe||p1(m) < €.

Theorem 5. For every ug € L* N L>®(IR), there exists a unique t.a.w.s. to

(1).
Moreover, any two a.w.s. u and v to (1) corresponding to the initial data
ug and vy, respectively, satisfy:

lu = vl qorxm) < Tluo = vollzr(my- (13)
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Proof: First, we construct the g.a.w.s. u. such that ||u — u.|| L1 rxo,r) <
Te.
We consider the following approximation to (1):

{ Oru + 0y (g(w)H (—2) + f(u)H(z)) = 0, 14
uli—o = uge(x) € LY(R) N L>®(R),
where
1, —e<zx<0
uoe(z) = < 0, 0<zxz<e

uo(z), else.

According to Theorem 3, there exists g.a.w.s. u. to (14).

Now, for two parameters 1,5 > 0, we have two germ admissible solutions
te, and u., to (14) with the initial conditions ug., and ug.,. According to
Theorem 2, it holds

/ ey (1) — 1o ()| d < / g, () — ey (),
R R

implying that u. strongly converges in L}, (IR x IR").

Clearly, L;,. limit of the family (u.) will represent the thickened admissible
weak solution to (1) in the sense of Definition 4.

Now, take two t.a.w.s. u and v to (1) corresponding to the initial data wug
and vy, respectively. It holds for appropriate g.w.a.s. u. and v. according to

Theorem 2:

[ = vl L2 (mxpo,m)
< lu — ucllrmxiory) + U = vell L @mxjor + v — Vel Lrmxjom)
S £+ T”an — UO&HLl(le) + €.

Letting € — 0 here, we immediately reach to (13).
O
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